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a b s t r a c t

Biofouling of food industry equipment and other surfaces that food products contact during processing is
a threat to food safety, which results in infectious outbreaks and economic losses due to corrosion,
equipment impairment, and reduced heat transfer efficiency. Once firmly attached to a surface, biofilms
can be almost impossible to remove using current sanitation procedures. Self-cleaning surfaces with TiO2

coatings that are activated with ultraviolet (UV) light may be effective in preventing bacterial growth or
killing or removing adherent organisms but require studies to demonstrate their efficacy and determine
optimum conditions for use. Therefore, we examined the efficacy of TiO2-based polymer coatings against
key food-borne pathogens namely, Escherichia coli, Listeria monocytogenes, Pseudomonas aeruginosa, and
Salmonella typhimurium. Upon photo-catalytic activation of the coatings, the viability of early stage
biofilms formed on each coated surface and the relative contribution of reactive oxygen species was
evaluated. Results show that the relative antimicrobial activity strength was dependent on the length of
UV irradiation; 5e10 min exposure was sufficient to inhibit/kill biofilms of each pathogenic species
tested. The results of this study render contact surfaces less attractive for pathogenic biofilms while
doubling as an effective mitigation strategy to remove biofilms that form despite coating.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Within the food manufacturing and processing industry, mi-
crobial biofilms constitute a difficult challenge to overcome
because they cause spoilage and threaten public health by
contaminating food products (Shi & Zhu, 2009). Regulations of
increasing strictness are being placed on food processing plants,
and the widespread and sensational publication of contamination
events and foodborne illness outbreaks pressures the food industry
to take every possible precaution to prevent food contamination.
Biofilms can form on almost any surface (dependent on the or-
ganisms involved) including silver, aluminum (Al), stainless steel,
and glass, which are commonly used surfaces in the food pro-
cessing industry (Araújo et al., 2010). Once a biofilm forms, it is
notoriously difficult to remove as the formation of complex three-
dimensional biofilm structures protects inhabitants from chemical
disinfectants and mechanical cleaning processes (Kordmahaleh &
Shalke, 2013; Sim~oes, Simoes, & Vieira, 2010). The frequent and
jan).
excessive use of disinfectant agents to remove biofilms has resulted
in a sharp and dangerous increase in the number of microbial
strains due to the development of resistance (Dorotkiewicz-Jach,
Augustyniak, Olszak, & Drulis-Kawa, 2015). The implementation
of self-cleaning surfaces can enhance current cleaning and sanita-
tion protocols by providing sustained surface cleanliness and
minimizing the incidence of insufficient cleaning practices that are
unable to completely remove adherent organisms (Araújo et al.,
2010). Advances in surface and cleaning technology will likely
help to prevent and control biofilm contamination without the
overuse of disinfectants that give rise to resistance. Such ap-
proaches may be more effective mitigation strategies for improving
food safety and reducing the risk of contamination.

In recent years, the interest in the antimicrobial and self-
cleaning coatings has grown rapidly, mainly because these appli-
cations may be a valuable weapon in the fight against microbial
biofilm contamination, which may fall under more than one anti-
fouling technology category - those that prevent attachment and
those that facilitate detachment (Araújo et al., 2010). The photo-
catalysis of titanium dioxide (TiO2) is one strategy that has been
widely investigated and successfully applied to disinfection and the
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development of self-cleaning surfaces (Bonetta1 et al., 2013; Cai,
Strømme, & Welch, 2014a; Robertson, Robertson, & Bahnemann,
2012; S�anchez et al., 2012); TiO2 has been largely exploited for
the ability to kill microorganisms upon photoactivation, which
signals radical release (Matsunaga, Tomoda, Nakajima, & Wake,
1985). TiO2 is considered an excellent photocatalyst because of its
high efficiency, low cost, general lack of toxicity and its photo-
stability (Ubonchonlakate, Sikong, & Saito, 2012). The mechanism
of TiO2 induced photocatalysis involves the formation of reactive
oxygen species (ROS), including superoxide radicals (O), hydroxyl
radicals (�OH), and hydrogen peroxide (H2O2), which can be
induced by the absorption of light at a wavelength of 385 nm or
less, depending on the size of the band gap. ROS are very strong
oxidants, which cause the oxidation of organic materials, deterio-
ration of cellular membranes, growth inhibition, and microbial cell
death, which may consequently prevent or destabilize biofilm
growth (Dalrymple, Stefanakos, Trotz, & Goswami, 2010).

In this study, we used the durable coatings of polyurethane and
TiO2 as food contact surfaces to test against food-borne pathogenic
bacterial biofilms. The novelty and key advantage of such photo-
catalytic polymer coatings is that they increase the stabilization and
dispersion of TiO2 particles throughout the polymer matrix by
chemically and permanently attaching the TiO2 particles directly to
the polymer backbone as it is formed. Linking TiO2 to the polymer
backbone enhances its necessary optical properties; light is
required to penetrate the coating to in turn activate the photo-
catalytic sites within the polymer (Faure et al., 2013). This process
also allows for the catalytic properties to be fully transferred to the
bulk material, for example in event that the surface is damaged.
This method also offers a solution to safety concerns related to TiO2
dust formation, because the nanoparticles are chemically attached
to the polymer backbone and unable to detach and form dust
particles.

The overall aim of this study was to test the antimicrobial effi-
cacy of an innovative antibacterial polymer coating using TiO2,
which was applied to steel and aluminum surfaces. We selected to
evaluate its efficacy against common and relevant food-borne
pathogens Escherichia coli, Listeria monocytogenes, Pseudomonas
aeruginosa, and Salmonella typhimurium.

2. Material and methods

2.1. Bacterial cultures and material

E. coli (ATCC 25992) was purchased from the American Tissue
Culture Collection (ATCC). All other bacterial stains (P. aeruginosa
BK-76, L. monocytogenes and S. typhimurium) were isolated from
clinical samples and received as a gift from the Canadian Research
Institute for Food Safety (CRIFS) and from the Centre for Public
Health and Zoonoses (CPHAZ) of the Ontario Veterinary College of
University of Guelph. All other reagents were purchased from
Sigma-Aldrich (Oakville, Canada). TiO2 polyurethane photocatalytic
film coatings (SunWash EverPur PA401) were obtained as a gift
from Sun-Wash Technologies Inc., (London, ON, Canada). SunWash
EverPur is a 2-part polyaspartic photocatalytic coating. Steel and Al
substrates (grades Q-Panel QD36 and A36) without coating (con-
trol), coated with polyurethane alone, and coated with 1% TiO2 and
polyurethane were cut into 20 mm diameter discs.

2.2. Material characterization

The surface morphologies of the bare surface, polyurethane, and
dual-coated (polyurethane and titanium oxide) films on steel and
aluminum surfaces were observed using a scanning electron mi-
croscope (JCM-5000 NeoScope™, JEOL, QC, Canada) and a portable
Raman system (Sierra, SnRI, WY, USA) with a laser of 785 nm at
70 mW with 5 s exposure time and 5 accumulations.

2.3. Photocatalytic characterization of coatings

Methylene blue (MB) degradation assays were performed under
UV irradiation to evaluate the photocatalytic activities of TiO2-
based polymers coatings. Briefly, MB solution was prepared to a
concentration of 0.05 mM (Navabpour et al., 2014). Four-hundred
mL of MB solution was placed on these substrates and irradiated
by an integrated power flux of 950 mW/cm2 at a height of 5 cmwith
a 6 W UV handheld lamp (UVGL-55 handheld lamp- 254/365 nm,
CA, USA) for the following intervals: 0, 10, 30, 60, and 90 min.
Spectra of the MB solution were taken by a portable compact VIS-
NIR spectrometer (CCS175, ThorsLab, QC, Canada). Viability tests
were performed on glass slides using the LIVE/DEAD® BacLight™
Bacterial Viability Kit (Life Technologies Inc., Burlington, ON, Can-
ada). Fluorescence images were acquired using a Confocal Laser
Scanning Microscope (Leica TCS SP2, Leica Microsystems, ON,
Canada). Live bacteria were imaged using an excitation wavelength
(Ex) of 488 nm and emitted light in the “green” channel was
collected in a 514e535-nm window. Dead bacteria were imaged at
Ex543 and collected in the “red” channel at 633 nm.

2.4. Photocatalytic disinfection against bacteria

L. monocytogenes, E. coli, Salmonella typhymurium, and
P. aeruginosa were used to test the antibacterial efficacy of TiO2-
based photocatalytic polymer coatings. L. monocytogenes, E. coli,
S. typhymurium, and P. aeruginosawere grown overnight in 5 mL of
brain heart infusion broth (BHI) and tryptic soy broth (TSB) at 37

̊

С.
The bacterial cultures were adjusted to 0.5 McFarland Standard cell
densities (optical density (OD) at 600 nm between 0.08 and 0.1
before a test. Then, 400 mL of diluted culture (of each species) was
pipetted individually onto the steel and aluminum discs and glass
slides. After incubation at room temperature for 4 h, the solution
was removed and the unbound bacteria were gently washed away
with 500 mL deionized water. Antibacterial activity tests were
performed under UV irradiation (6 W, 1200 mW/cm2, UVGL-55
handheld lamp- 254/365 nm, CA, USA) kept at a height of 5.5 cm
from discs for 0, 5, 10 and 30 min. Bacteria were swabbed off from
the substrates both with and without coating (control) were per-
formed the swab test (Path-Check, Microbiology International, MD,
USA), and the CFU counting test. For the colony counting, swabbed-
off bacteria were inoculated into the corresponding broth medium
for overnight incubation at 37 �C. Ten-fold dilution series of the
overnight bacterial culture (broth) were prepared (10�4 to 10�6

final dilutions). 100 mL of each dilution in triplicate were spread-
plated onto Mueller Hinton agar and incubated at 37 �C for 24 h.
The numbers of bacterial colonies appeared between 30 and 300 on
each plate were counted and recorded as estimates of the viable
bacteria counts. To directly demonstrate the sanitizing effects of the
coated substrates with photocatalytic treatment, the disinfection
efficiency was estimated by the following equation:

D ¼ N0 � N
N0

� 100%

Where N0 is the average number of colonies on the control plates,
and N is the average number of colonies counted on plates for
treated bacteria samples.

2.5. Metabolic activity assays for reactive oxygen species (ROS)

TiO2-based photocatalytic polymers can produce ROS, free
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hydroxyl radicals (�OH), and hydrogen peroxide (H2O2), by
receiving energy from UV irradiation. This metabolic activity assay
based on resazurin is a method used to evaluate the contribution of
ROS to the antibacterial effects of TiO2-induced photocatalysis by
measuring the accumulation of resorufin (pink) from resazurin
(blue), which is produced due to bacterial metabolism (Cai,
Strømme, & Welch, 2014a, 2014b). For a typical test, overnight
bacterial cultures were first collected by centrifugation (850 � g,
5 min) and re-suspended in PBS containing the ROS scavengers D-
mannitol and catalase, which bind and block �OH and H2O2,
respectively. An optimized concentration of scavengers (1 mg/mL)
based on Cai's (2014a) study was used. Sixty mL of the sample
suspensionwas spread evenly over the surface of the discs and then
irradiated (6 W, �254/365 nm) for 0, 5, 10, and 20 min. After irra-
diation, the discs were transferred into sterile centrifuge tubes
containing 1 mL of PBS and were mixed at 300 rpm for 5 min
(IncuShaker Mini, Southwest Science, NJ, USA) to re-suspend the
bacteria from the surface. One-hundred mL of the bacteria suspen-
sion was transferred to a test tube containing 900 mL of BHI broth
and resazurin (2.5 mg/mL), which was incubated at 37 �C for 20min.
A series of untreated bacterial dilutions of known OD values were
made for the preparation of the standard solutions. Visual color
changes were compared to the standard solutions to investigate the
bacterial metabolism by reading the absorbance values.

2.6. Statistical analysis

Biological experiments were performed independently twice
with 3 biological replicates. Characterization experiments were
performed twice with triplicate repeated measures for each time
point. Statistical significance was calculated by Student's t-test in
each group with significant differences defined as p < 0.05 (R Open
Source Statistical Programming, Auckland, New Zealand).

3. Results and discussion

3.1. Titanium dioxide coating forms

The coatings use a combination of rutile and anatase. From a
formulation point of view SunWash polymers use 2% TiO2 - where
1% is pure rutile and 1% is Evonik P25 where the anatase to rutile
ratio is 80/20. So a final ratio of Anatase to Rutile is 2:3. The novelty
and key advantage of the nTiO2-PU technology is that it increases
the stabilization and dispersion of TiO2 nanoparticles throughout
the polymer matrix by chemically attaching the TiO2 nanoparticles
directly to the polymer backbone as it is being formed. From a
chemistry point of view, this is accomplished by coordinating the
TiO2 to the polymer through carboxyl group coordination. Better
dispersion of TiO2 in the polymer matrix has several key advan-
tages. It not only improves the photocatalytic activity or “self-
cleaning” but it also decreases the tendency of TiO2 agglomeration.
It also allows for the catalytic properties to be fully transferred to
bulk material i.e. if the surface is damaged the newly exposed
surface retains its catalytic properties.

3.2. Characterization and methylene blue (MB) degradation

Fig. 1AeD shows SEM images and RAMAN spectra of the bare
surfaces, polyurethane only, and dual-coating (polyurethane and
titanium oxide) films on both steel and Al surfaces. Results show
that the dual coatings were not uniform on both substrates. This
feature in coating may increase the roughness of the surface,
possibly leading to the differences in the disinfection efficacy due to
the non-uniform photocatalytic reaction. The major characteristic
peaks of titanium oxide (Hardcastle, 2011), 394 cm�1,
448 cm�1,516 cm�1, 613 cm�1 and 640 cm�1, were observed in the
RAMAN spectra of the dual-coated (polyurethane and titanium
oxide) film. The spectra show similarities and are indicative of the
film coating on both surfaces. The presence and the appropriate
concentration of titanium dioxide are being confirmed by the ob-
tained RAMAN spectral data. Fig.1E shows photocatalytic activity of
the coating by the degradation of MB with respect to the length of
UV irradiation. There was a significant increase in MB degradation
from 0 to 10 min, the rate of which slowed after 30 min for both
coating on aluminum and on steel. However, we determined that
steel exhibited enhanced photocatalytic activity, evidenced by its
more rapid and complete degradation of MB, as compared to the
curve for aluminum. These findings suggest that while both sur-
faces may be suitable substrates for TiO2 coating, steel may be a
superior substrate in terms of its photocatalytic activity.

3.3. Viability tests by confocal imaging

The confocal laser scanning microscopy aided in the visual
confirmation of a reduced live bacteria count indicating the in-
crease in the dead bacterial count on the polyurethane-titanium
dioxide coated surfaces. L. monocytogenes biofilm was uniformly
grown across both the polyurethane-TiO2 coating and the uncoated
glass substrate. Seven different sections of the samples were
imaged for each biological replicate, and the live-dead cells were
distinguishable at the magnification used for imaging. Bacterial
viability was first assessed by microscopy. The numbers of viable
cells on coated glass slides after photocatalytic treatment were
determined and used as a measure of disinfection strength. Fig. 2A
and B show the uncoated samples upon irradiationwith UV. Fig. 2C
and D show the photocatalytically-treated L. monocytogenes cells
on coated substrates. Fig. 2C and D indicates that a considerable
amount of bacteria were killed after the photocatalytic treatment
for TiO2 polyurethane photocatalytic film coated surfaces, where
the red fluorescence signal is dominant as observed from the im-
age. In contrast, the green fluorescence signal appears to be
dominant in Fig. 2A and B which shows that only fewer cells were
killed after photocatalytic treatment of uncoated surfaces. Our re-
sults indicate that the coating is effective in killing cells that attach
to the surface. Exposure of TiO2 coated substrates to the UV radi-
ation resulted in a significant (P < 0.05, R Open Source Statistical
Programming, Auckland, New Zealand) reduction in the viability in
comparison to the uncoated sample surfaces. Our results confirm
that the presence of titanium dioxide coating is significant in
inactivating the bacterial cell.

3.4. Swab and colony counting

Tables 1 and 2 show the antibacterial efficiency of TiO2 poly-
urethane photocatalytic film coatings with varying lengths of UV
irradiation (in minutes). On the steel surfaces, UV irradiation
(1200 mW/cm2) for 5 min was sufficient to inhibit E. coli. and
S. typhymurium, while 10 min was necessary to exhibit the same
effect on L. monocytogenes. Similar results were obtained for coated
aluminum surfaces (Table 2). L. monocytogenes required a longer UV
irradiation time to kill cells as compared to E. coli and
S. typhymurium. The reason for this can be at least partially attrib-
uted to the difference in cell wall structure between Gram-negative
and Gram-positive bacteria (Foster, Ditta, Varghese, & Steele, 2011;
Kim, Kim, Cho, & Cho, 2003; Ramani, Ponnusamy, &
Muthamizhchelvan, 2012; Skorb et al. 2008). The matrix of these
biofilms and the difference in the virulence properties and the
metabolism of these organisms could also be the reasons for the
differences in the antibacterial effect of the studied species.

CFU countingwas used to evaluate the number of viable bacteria



Fig. 1. SEM images of (A) Steel surface with duplex coating of polyurethane and TiO2; (B) Al surface with duplex coating of polyurethane and TiO2; Raman spectra of (C) bare steel
substrate, steel substrate coated with polyurethane film, and duplex coating (SunWash) of polyurethane and TiO2; (D) bare Al substrate, Al substrate coated with polyurethane film,
and duplex coating (SunWash) of polyurethane and TiO2; (E) Effect of UV irradiation on the degradation of MB on coated steel and aluminum substrates. Error bars are expressed as
mean ± SE (standard error) with n � 3 (p < 0.05).
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that form colonies on agar plates after UV irradiation and collection
of cells. Although a proven method, CFU counting can sometimes
underestimate the viability of the bacterial cells due to aggregate
formation (each multicellular aggregate forms a single colony) (Cai,
Strømme,&Welch, 2014b). Fig. 3 shows the antibacterial efficiency
of TiO2 polyurethane photocatalytic film coated steel and
aluminum surfaces first seeded with E. coli, L. monocytogenes,
P. aeruginosa, and S. typhymurium and then treated by UV irradia-
tion. We found that the disinfection efficacy is strongly dependent
on the bacterial species colonizing the surface, which is unsur-
prising as each strain has unique virulence and attachment char-
acteristics that influence survival on a surface; these results also
agreewith a previous study by Francolini, Donelli, Crisante, Taresco,
and Piozzi (2015). Coating was most effective against Gram-
negative bacterial strains E. coli, P. aeruginosa, and
S. typhymurium, while the Gram-positive bacteria L. monocytogenes
was more resistant, which may be a product of the differences in
cell membrane structure; Gram-positive organisms are typically
more recalcitrant to lysis due to a thick peptidoglycan layer sur-
rounding outside of the cell (Kongsong, Sikong, Niyomwas, &
Rachpech, 2014). Furthermore, the surface used for coating in-
fluences the degree of disinfection. We found that we could kill
75e92% of the adherent cells on steel, while we only killed 61e77%
the cells attached to aluminum after 10 min of UV irradiation.
Therefore, steel, which is commonly used in the food industry, may
be a superior substrate for self-cleaning coatings. It should be
pointed out that the surface roughness of the substrate may
contribute to the overall disinfection efficacy. It should be empha-
sized that Class B UV systems allow upto (16 mJ/cm2 or 16,000 mW-
sec/cm2) for supplemental bactericidal treatment of treated and
disinfected public drinking water. Class A systems (40,000mw-sec/
cm2) are designed to disinfect and removemicroorganisms and are
approved by regulatory agencies such as EPA, NSF and ANSI for
point of use and point of entry systems as well as in the food
processing industries. In our study, the energy of the UV irradiation
is only 1200 mw/cm2. It is expected that few seconds of exposure of
Class A UV irradiation on the TiO2 polymer coating will provide
almost 100% antibacterial effect.
3.5. ROS testing

Fig. 4 shows the results of ROS inhibition on the antibacterial
properties of steel and aluminum surfaces coated with TiO2 poly-
urethane photocatalytic films. Viability of the bacteria was evalu-
ated via the absorbance determined by correction to the standard
curve of known bacterial concentrations. The blue (in web version)
line shows the viability of L. monocytogenes as a function of UV
irradiation time on the uncoated surfaces (control) while the red (in
web version) and black lines show the polymer coated surfaces
with scavenger treatment. A relative higher value and a slight drop
upon time were observed from the blue line, which indicated that
with the same UV dose, the antibacterial effect of the UV light alone
on the uncoated surfaces resulted in less viability reduction than
that on the TiO2-coated surfaces from the photocatalytic effect. As
seen in the figure, after 5min of UV irradiation on steel surfaces, the
disinfection rate was similar between surfaces treated with en-
zymes to block �OH and H2O2 production. However, when the
length of UV irradiation was increased from 10 to 20 min, the
disinfection rate was significantly decreased in samples treated
with the H2O2 scavenger. On the aluminum surface, the disinfection
rate was consistently lower for surfaces treated with the H2O2
scavenger (over the entire 0e20 min). Altogether, reducing the
amount of H2O2 on both surfaces resulted in a decrease in disin-
fection efficiency, indicating that the generation of H2O2 is a



Fig. 2. Confocal Laser Scanning Microscopy images of live/dead stained Listeria Monocytogenes cells within a biofilm on the glass surfaces. The green and red fluorescence is
generated by dye SYTO®9 and propidium iodide indicating viable and dead bacteria, respectively. (AeB) photocatalytically LM on uncoated surfaces (control); (CeD) photo-
catalytically treated LM on coated surfaces. The fluorescence images appear to show a substantially increased number of dead (red) bacteria than live (green) bacteria on the
polyurethane-titanium dioxide coatings. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Antibacterial effects of TiO2 polyurethane photocatalytic film coated stainless steel against E. coli, L. monocytogenes, and S. typhimurium under UV irradiation.

Stainless steel E. coli L. monocytogenes S. typhymurium

UV irradiation time [min] 30 10 5 30 10 5 30 10 5

Control � þ þ � þ þ � � þ
Polyurethane � þ � � � � � � þ
TiO2 polyurethane photocatalytic film � � � � � þ � � �

þ, � indicate the positive and negative results, respectively.

Table 2
Antibacterial effects of TiO2 polyurethane photocatalytic film coated aluminum against E. coli, L. monocytogenes, and S. typhymurium under UV irradiation.

Al E. coli L. monocytogenes S. typhymurium

UV irradiation time [min] 30 10 5 30 10 5 30 10 5

Control � þ þ � þ þ � þ þ
Polyurethane � þ � � þ þ � � �
TiO2 polyurethane photocatalytic film � � � � � þ � � �

þ, � indicate the positive and negative results, respectively.
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Fig. 3. Antibacterial effects of photocatalytic TiO2 polymer film coated steel and Al
surfaces against E. coli, LM, PA, and ST after UV irradiation for 10 min. Error bars are
expressed as mean ± SE (standard error) with n � 3 (p < 0.05).

Fig. 4. Viability of L. monocytogenes as a function of UV irradiation time. Contributions of �OH and H2O2, to the antimicrobial effect on coated steel (A) and Al (B) by metabolic
activity test in the presence of oxidative radical scavengers (n ¼ 5).
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significant contributor to the antibacterial effects of our disinfec-
tion strategy (TiO2 coatings treated with UV).

4. Conclusions

Our work demonstrates the antimicrobial efficacy of the TiO2-
based polymers on the steel and aluminum surfaces against E. coli,
L. monocytogenes, P. aeruginosa, and S. typhimurium. Coatings on
both steel and aluminum reduced the total number of adherent
viable cells after brief UV treatment (20 min or less), while steel, a
common material surface used in the food industry, may be a more
ideal substrate for coating as disinfection rates were enhanced on
steel. The coating is effective against a broad range of organisms
tested, which commonly contaminate foods and pose a serious
threat to human health. The coating may be slightly more effective
against specific strains, as some strains are more or less sensitive to
oxidative radical production. Most bacterial strains possess mech-
anisms for reducing harmful reactive oxygen and nitrogen species,
although some bacteria have redundant or overlapping mecha-
nisms for coping with oxidative stress and/or are more efficient at
reducing and tolerating oxidative stress. Our results suggest that of
the radicals generated by our coating, H2O2 has the greatest impact
on disinfection and that relative bacterial sensitivity is explained by
the overall sensitivity to H2O2. Altogether our results demonstrate
that TiO2 photocatalytic polymer coatings may be ideal for the
development self-cleaning surfaces, especially for food safe coat-
ings, by virtue of its profound and broad antimicrobial effects as
well as its compatibility with existing sanitizing procedures, low
toxicity, reduced chemical usage, and reduced labor associatedwith
cleaning. Future studies are warranted to examine the integrity of
the polyurethane or the TiO2 on the steel or aluminum surfaces.
Ultimately, we determined that our disinfection strategy effectively
reduces the number of adherent viable microbial cells, while the
degree of effectiveness is influenced by the surface coated and the
bacterium tested. These results hold promise for the application of
technologies that will appreciably improve disinfection in the food
industry.
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a b s t r a c t

The goal of this study was to evaluate the viability and gene expression relating to probiotic functionality
of encapsulated Lactobacillus plantarum CCTCC M 2014170 during freeze-drying. Sodium alginate with or
without inulin was applied as an inner layer and skim milk was used as an outer layer for coating sodium
alginate particles. The results indicated that skim milk coated inulin-sodium alginate (ISA) encapsulation
beads improved the survival of L. plantarum during exposure to adverse environment. The viability of
L. plantarum from ISA encapsulation beads did not change after 2 h incubation in simulant gastric fluid
(SGF). In 1% bile salt solution, the L. plantarum from ISA encapsulation beads only had 1.21 log CFU/mL
reduction after 2 h treatment. After 7 weeks storage, the survival rate of L. plantarum was 20.89%, which
showed reduction from 8.52 to 7.84 log CFU/mL. In addition, all genes relating to probiotic functionality
of L. plantarum were similarly but not significantly up-regulated except the plnEF, which exhibited the
highest up-regulation at more than 17-fold increase. This study indicated that encapsulation with algi-
nate and skim milk in the presence of inulin before freeze-drying protected and improved the probiotic
functionality of L. plantarum from the adverse freeze drying environment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Adequate amount of probiotics have many beneficial effects on
human body by maintaining the normal intestinal microflora,
inhibiting adhesion of pathogenic bacteria to the intestinal mucosa,
boosting immunity, reducing blood cholesterol, and protecting
against heart disease (Ai et al., 2008; Manojlovi�c, Nedovi�c,
Kailasapathy, & Zuidam, 2010; Wang, 2009; Zhao, Sun, Torley,
Wang, & Niu, 2008). In order to ensure their multiple beneficial
effects, the international dairy federation recommends that, the
minimum level of probiotics in the products be at least 106 CFU/mL
at the time of consumption (Sohail, Turner, Coombes, & Bhandari,
2013). However, probiotics are challenged by food processing and
ood Science and Technology,
ng 330047, PR China.
Institute, Nanchang Univer-

a.
u.edu.cn (H. Xu), weihua114@
storage which result in a diminished number of probiotics in the
products. Furthermore, once consumed, probiotics must tolerate
the harsh acidic conditions and bile concentration in the gastro-
intestinal tract of humans. Therefore, it is necessary to develop
methods for maintaining or enhancing the viability and function-
ality of probiotics that are added to food products.

In recent years, the encapsulation technology has been recog-
nized as one of the most promising methods to improve bacterial
resistance to adverse environments (Fritzen-Freire et al., 2012;
Nualkaekul, Lenton, Cook, Khutoryanskiy, & Charalampopoulos,
2012). Sodium alginate beads with calcium ions as probiotic
encapsulation beads have been shown to protect probiotics and
effectively release the active bacterial cells in the human gut (Li,
Chen, Sun, Park, & Cha, 2011; Nualkaekul et al., 2012; Sohail et al.,
2013). However, sodium alginate particles formed by ionotropic
gelation are porous and ineffectively protect probiotics from
adverse environments (Doherty et al., 2011). Coating the encapsu-
lation beads with different materials could increase stability and
consequently protect the probiotics prior to delivery. A large variety
of materials have been developed as protective encapsulation
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material for sodium alginate particles including skimmilk (Yu, Yim,
Lee, & Heo, 2001), inulin (Krasaekoopt & Watcharapoka, 2014).
Skim milk was regarded as a kind of material and proved to have
remarkable effects on cell viability during dehydration (Fu & Chen,
2011). Inulin, which has a 10e60� of polymerization (DP), serves as
a prebiotic and indirectly offers many benefits to the host by
selectively stimulating the growth and/or activity of intestinal
bacteria (Wang, 2009), and many previous reports proved that
inulin improved the viability of Lactobacillus plantarum (Soto, 2013;
Takemura et al., 2010).

To extend the shelf-life of encapsulated cells, dehydration is a
critical process to curtail microbial metabolism. Both freeze-drying
and spray-drying are widely used as dehydration techniques to dry
the encapsulated cells. In comparison to spray-drying, freeze-dry-
ing is considered as one of the most suitable methods to dry pro-
biotics since this process maintains a high level of viability. Freeze-
drying had been recorded to dry a wide variety of probiotics,
including but not limited to Bifidobacterium longum (Amine et al.,
2014; Dianawati, Mishra, & Shah, 2013), Lactobacillus reuteri
(Khoramnia et al., 2011), Bifidobacterium animalis (Dianawati &
Shah, 2011), and L. plantarum (Montel Mendoza, Pasteris, Otero, &
Fatima Nader-Macías, 2014).

Together with viability, the functionality of probiotics after
freeze-drying should be regarded as another important parameter
to ensure its beneficial health effects. The adherence of probiotics to
intestinal epithelial cells is crucially important for the colonization
of the gut and subsequent modulation of the host immunity.
Several bacterial cell surface proteins in Lactobacillus had been
involved in the bacterial adhesion to the mucous layer and plasma
membrane receptors of the intestinal cells. Mucus-binding proteins
(Mub) had been described in L. reuteri 1063 (Roos & Jonsson, 2002)
and Lactobacillus acidophilus NCFM (Buck, Altermann, Svingerud, &
Klaenhammer, 2005). A mannose-specific adhesion protein (Msa)
potentially binds to mannose-containing receptors on the host
epithelial surface (Pretzer et al., 2005). A fibronectin-binding pro-
tein, also called alfa-enolase 1 (EnoA1), had been shown to be
significant for L. plantarum adhesion to fibronectin (Castaldo et al.,
2009). Probiotics produce functional substances, such as extracel-
lular polysaccharide and choloylglycine hydrolase, and bacteriocins
that are potentially controlled by the plnEFI operon in L. plantarum
(Diep, Straume, Kjos, Torres, & Nes, 2009), Extracellular poly-
saccharide from Lactobacillus, encoded by cps, had been shown as
potential bioactive substance relating to functionality of probiotics
(Ai et al., 2008). Bile salt hydrolases (BSH) potentially lower
cholesterol levels (Begley, Hill, & Gahan, 2006).

In this study, sodium alginatewith orwithout inulinwas studied
as an inner layer for encapsulating probiotics using L. plantarum
CCTCC M 2014170 as a model. Skim milk was used as an outer layer
for coating the sodium alginate particles or inulin-sodium alginate
particles. Subsequently, the double layer sodium alginate-skim
milk encapsulated cells (encapsulation beads) or inulin-sodium
alginate-skim milk encapsulated cells were freeze-dried. The abil-
ity of the encapsulation beads to improve the survival of
L. plantarum during exposure to simulant gastric fluid (SGF), bile
salt solution, and low temperature (4 �C) storage was investigated
using putative probiotic marker genes as indications of effects on
the functionality of the model probiotic L. plantarum.

2. Materials and methods

2.1. Bacterial strain and culture conditions

L. plantarum CCTCC M 2014170 that was isolated from tradi-
tional sour beans fermentation was grown in MRS broth (Solarbio
Science& Technology Co., Ltd, Beijing, China) at 37 �C for 18 h under
aerobic conditions. The cells were divided in three parts: the first
part was used for sodium alginate-skim milk encapsulated
L. plantarum, the second part was used for inulin-sodium alginate-
skimmilk encapsulated L. plantarum, and the third was used as free
L. plantarum. The cells were harvested by centrifugation at 4000 g
for 10min at 4 �C, washed with sterile distilled water once. The first
and second parts were used for encapsulation immediately.

2.2. Microencapsulation

Sodium alginate (SD, Sigma-Aldrich, United Kingdom) and
inulin (YuanYe Bio-Technology Co., Ltd, Shanghai, China) were
dissolved in distilled water to obtain 10% (m/v) stock solution,
followed by sterilizing at 115 �C for 15 min. Skim milk was pur-
chased from a local market and dissolved in distilled water to
obtain 20% (m/v) stock solution.

The encapsulation procedure was described by Trabelsi et al.
(2013) with a slight modification. In brief, 10% sodium alginate
solution mixed with or without inulin was used to resuspend the
cells using sterile distilled water to obtain a final concentration of
2% for sodium alginate and/or 1% for inulin. After thorough mixing,
the cell suspension was injected into 0.4 M CaCl2 solution with a
0.45 mm nozzle syringe. The encapsulation beads were formed
immediately. The encapsulation beads were allowed to harden for
30 min at 4 �C in 0.4 M CaCl2 before these were washed with sterile
distilled water five times. Skim milk (10%) was added and mixed at
100 rpm for 60 min. Finally, the skim milk coated inulin-sodium
alginate encapsulation beads or skim milk coated sodium alginate
encapsulation beads were washed with sterile distilled water three
times to remove the excess skim milk. The free L. plantarum, so-
dium alginate-skim milk encapsulated L. plantarum cells, and
inulin-sodium alginate-skim milk encapsulated L. plantarum cells
were frozen overnight at �70 �C. These were freeze-dried for 24 h
to obtain the free L. plantarum cells; dry sodium alginate-skim milk
(SA) encapsulated L. plantarum cells, and the dry inulin-sodium
alginate-skim milk (ISA) encapsulated L. plantarum cells. The size
of the encapsulation beads was measured using an optical micro-
scope (Eclipse Ti, Nikon, Japan) with a scale bar, at least three
different directions of each bead was recorded to calculate the
average size.

2.3. Viability of free cells, SA encapsulated L. plantarum cells and
ISA encapsulated L. plantarum cells after freeze-drying

To confirm the survival of the free L. plantarum cells, SA
encapsulated L. plantarum beads, and ISA encapsulated L. plantarum
beads, 0.01 g of free L. plantarum cells or 0.1 g of encapsulated
L. plantarum cells were added to 20 mL of 0.01 M phosphate buffer
(PBS, pH 7.4), with shaking at 100 rpm for 2 h. The suspensions
were serially diluted ten-fold with PBS. Each 100 mL dilution was
plated onto MRS plates and incubated at 37 �C for 48 h before
enumeration.

2.4. Viability of free L. plantarum cells, SA encapsulated
L. plantarum cells, and ISA encapsulated L. plantarum cells in SGF
and bile salt solution

To maximize the benefit to the host, probiotics should survive
the harsh acidic gastric conditions and resist the bile salt conditions
in the small intestine. Therefore, evaluation of the viability of free
L. plantarum cells, SA encapsulated L. plantarum cells, and ISA
encapsulated L. plantarum cells in SGF and bile salt solution were
performed. A 0.01 g of free L. plantarum cells or 0.1 g of encapsu-
lated L. plantarum cells were added to 20 mL of SGF (pH 2.0, 0.2 g/
100 mL NaCl), with shaking at 100 rpm for 2 h. The encapsulated
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L. plantarum cells were collected by centrifugation at 4000 g for
10 min, followed by suspension in 20 mL of PBS. After the sus-
pensions were mixed at 100 rpm for 2 h, the number of viable cells
was determined according to the method in Section 2.3.

A 0.01 g of free L. plantarum cells or 0.1 g of encapsulated
L. plantarum cells was added to 20 mL of 1% (w/v) bile salt solution
with shaking at 100 rpm for 2 h. The encapsulated L. plantarum cells
were collected by centrifugation at 4000 g for 10 min, followed by
suspension in 20 mL of PBS. After the suspensions were shaken at
100 rpm for 2 h, the number of viable cells was determined ac-
cording to the method in Section 2.3.

2.5. SA and ISA beads in simulant intestine fluid (SIF)

A 0.1 g each of SA and ISA encapsulated L. plantarum cells was
transferred into SIF (pH 6.8, 50 mM KH2PO4) and were shaken at
100 rpm, to form the L. plantarum suspension. At pre-determined
time (of 0, 20, 40, 60, 80, 100, and 120 min) during shaking,
100 mL of the L. plantarum suspensionwas analyzed for the number
of viable cells according to the method in Section 2.3.

2.6. Storage stability of free cells, SA and ISA beads at 4 �C in
vacuum packing

The free L. plantarum cells, SA encapsulated L. plantarum cells,
and ISA encapsulated L. plantarum cells were vacuum packed using
vacuum sealer machine (DZ400/2D, Zhejiang BaoChun packaging
machinery Co., LTD, Zhejiang, China) and stored at 4 �C. After pre-
determined time of 0, 1, 2, 3, 4, 5, 6, 7 weeks, 0.01 g of free
L. plantarum cells or 0.1 g of encapsulated L. plantarum cells were
dissolved in 20 mL of PBS, with shaking at 100 rpm for 2 h. The
number of viable cells was determined according to method in
Section 2.3.

2.7. RNA extraction, cDNA synthesis and gene expression profile

Total RNAwas extracted from fresh L. plantarum culture, and ISA
encapsulated L. plantarum cells after oneweek of storage. Total RNA
was extracted using the TaRaKaMiniBEST Universal RNA Extraction
Kit (TaRaKa, DaLian, China), according to manufacturer's in-
structions. RNA integrity was determined by agarose gel electro-
phoresis and RNA concentration was measured using an
ultramicro-spectrophotometer (Thermo NanoDrop 2000, Amer-
ican). A 500 ng sample of total RNA was reverse-transcribed using
PrimeScript™ RT reagent Kit with gDNA Eraser (TaRaKa, DaLian,
China), according to manufacturer instructions. The probiotics
functionality (Table 1) was evaluated using the expression of
Table 1
Genes and primers used in this study for qPCR.

Gene Gene function Sequence (50-30)

EnoA1 Fibronectin-binding protein F: ATGGGCGTTGCTAACT
R: CGGCTCATTGAACCAG

Mub Mucus-binding proteins F:TGACACGCCAGATAAAG
R:ATTGGTTTGCGGTAAAG

Msa Mannose-specific adhesin F:GACAGCTAACGACACCA
R:CGCTTAGCCATACCAAG

plnEF Bacteriocin F:GTTTTAATCGGGGCGGT
R:GGAAAACGCCACCTGA

Cps3E Polysaccharide biosynthesis protein F:AACGAGTAGTTCACGGC
R:GACTCAGCAACGCCAA

bsh1 Choloylglycine hydrolase F:GCATCGTAGTAAAGTGG
R:TGTACTGCCATAACTTA

ldhD Housekeeping F:AGTGTCCCACGAGCAAA
R:ACGCCCAAGCTGATGTT
related gene with quantitative real-time PCR (Applied Biosystems,
Foster City, CA). The total volume of the real-time PCR reaction
mixtures were 20 mL including 10 mL SYBR Premix Ex TaqTM II
(TakaRa, Biotech Co., Ltd, Dalian, China), 0.8 mL each of 10 mM for-
ward and reverse primer, 2 mL of the cDNA, 0.4 mL of ROX reference
dye and 6.8 mL of sterile water. To ensure the absence of contami-
nation in the wells, sterile water was used as negative control in
place of the cDNA template; this was included in each of the wells
in the 96-well reaction plates. Cycling conditions were: initial
denaturation of genomic DNA at 95 �C for 30 s, followed by 40 cycle
of denaturation at 95 �C for 5 s, annealing at 61 �C for 1 min. The
gene of lactate dehydrogenase D (ldhD) was used to normalize the
expression of target bacterial gene (Bove et al., 2013).

2.8. Statistical analysis

All the experiments were carried out in triplicate and the results
were presented as mean value ± standard deviation (SD). The data
was analyzed using GraphPad Prism 5.

3. Results and discussions

The effects of SA and ISA encapsulation on the viability and
functionality of probiotics were evaluated using L. plantarum CCTCC
M 2014170 as a model. The results of the various studies are dis-
cussed below.

3.1. Size and the survival of free cells, SA and ISA beads after freeze-
drying

After freeze-drying, the size of, SA encapsulated L. plantarum
cells, and ISA encapsulated L. plantarum cells were measured,
respectively. The results showed that the mean diameter of both SA
and ISA encapsulated L. plantarum cells were in the range of
1.5 ± 0.1 mm, respectively. Similar results were reported by Li et al.
(2011), where the size of alginate/chitosan/carboxymethyl chitosan
complex microcapsules was about 2.1 ± 0.1 mm.

The viability of free L. plantarum cells, beads of SA encapsulated
L. plantarum cells, and beads of ISA encapsulated L. plantarum cells
before and after freeze-drying is shown in Fig. 1. These results
demonstrated that the L. plantarum cells encapsulated in ISA and SA
beads had similar viability reduction as indicated by 0.43 log CFU/
mL reduction (from 9.22 to 8.79 log CFU/mL) and 0.81 log CFU/mL
reduction (from 9.63 to 8.82 log CFU/mL), respectively. The viability
of free L. plantarum cells had a significant reduction, ranging from
10.22 to 8.75 log CFU/mL, which was an order of magnitude higher
than those of the ISA beads encapsulated L. plantarum cells. These
Length (bp) Reference

CAAT 201 (Bove et al., 2013)
TCTT
TCG 250 (Bove et al., 2013)
TCG
GCA 190 (Bove et al., 2013)
GAG
TAT 191 (Bove et al., 2013)
AATA
AAGTG 194 This study

GC
ATAGC 197 This study
TCAATCT
GTT 127 (Fiocco, Crisetti, Capozzi, & Spano, 2008)
ATC



Fig. 1. Survival of free cells, SA, and ISA encapsulation beads after freeze-drying. Values
shown are means ± standards deviations (n ¼ 3).
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results indicated that the ISA encapsulation beads protected the
cells better against freeze-drying. The similar results were observed
by Friten-Freire et al. (2012) showing inulin provided better pro-
tection from the spray drying. It was reported that the positive
effect of protective agents on cells can be attributed to reduction of
cell wall and membrane damage when the encapsulated cells were
freeze-dried (Carvalho et al., 2004). In this study, it was assumed
that the inulin with a low degree of polymerization penetrated
between the cell wall and the membrane and acted as a buffer layer
against ice formation when the beads encapsulated cells were
frozen. The inulin with a high degree of polymerization adsorbed
on the surface of cells to formviscous layer, further reduced the rate
of ice growth by increasing the solution viscosity.
3.2. Survival of free L. plantarum cells, L. plantarum cells
encapsulated in SA beads, and L. plantarum cells encapsulated in ISA
beads exposed to SGF and bile salt solution

Encapsulation of probiotics is performed to protect the cells
from the effects of harsh acidic conditions and bile salts. The
viability of free L. plantarum cells, L. plantarum cells encapsulated in
SA beads, and L. plantarum cells encapsulated in ISA beads in SGF
was studied and the results are shown in Fig. 2. Viability of
L. plantarum in SGF was remarkably improved by encapsulation.
After 2 h incubation in SGF, the viability of L. plantarum cells
encapsulated in ISA beads did not change; the viability of
L. plantarum cells encapsulated in SA beads slightly decreased from
8.85 to 8.56 log CFU/mL. On the contrary, the viability of free
L. plantarum cells in SGF had 1.42 log CFU/mL reduction from 9.29 to
7.86 log CFU/mL. This improved survival of encapsulated cells can
be probably explained by buffering ability of skim milk and low
porosity on the surface of microspheres. Shi et al. (2013) reported
Fig. 2. Survival of free cells, SA, and ISA encapsulation beads in SGF. Values shown are
means ± standards deviations (n ¼ 3).
that viability of Lactobacillus bulgaricus encapsulated in algina-
teemilk microcapsule could be improved when exposed to SGF pH
2.5 and 2. Gbassi, Vandamme, Ennahar, & Marchioni (2009) re-
ported that alginate coated whey proteins microspheres could
improve the pH stability of L. plantarum in SGF due to the buffering
capacity of protein.

The effect of bile salt solution on the encapsulation beads and
free cells was tested. As shown in Fig. 3, after exposure to 1% bile
salt solution for 2 h, the encapsulation materials used in this study
showed significant protection of the L. plantarum cells. The viability
of L. plantarum cells encapsulated in ISA beads decreased from 8.63
to 7.42 log CFU/mL and the viability of L. plantarum cells encapsu-
lated in SA beads reduced from 8.40 to 7.25 log CFU/mL, respec-
tively. However, the viability of free L. plantarum cells had 1.64 log
CFU/mL reduction from 8.07 to 6.43 log CFU/mL. Previous re-
searchers mentioned probiotics were sensitive to bile salt solution.
Ding and Shah (2007) observed that 8 free probiotic bacterium
including L. plantarum were reduced by 4 log CFU/mL in 3% oxgall
solution at 37 �C after 4 h incubation. In addition, Krasaekoopt,
Bhandari, and Deeth (2004) also found that the viability of 3 free
probiotics (L. acidophilus 547, B. bifidum ATCC 1994, and Lactoba-
cillus casei 01) decreased from 9 log CFU/mL to 2 log CFU/mL in 0.6%
bile salt solution at 37 �C after 2 h incubation. In our study, it was
possible that after freeze-drying, the free L. plantarum cells up-
regulated stress gene expression in response to freezing condi-
tions which increased the survival of L. plantarum in bile salt
solution.
3.3. Release of L. plantarum from SA and ISA encapsulation beads
exposed to SIF

When L. plantarum cells encapsulated in SA beads and
L. plantarum cells encapsulated in ISA beads were exposed to SIF,
the release profile over 120 min period was recorded and is shown
in Fig. 4. In SIF, L. plantarum cells encapsulated in SA beads and
L. plantarum cells encapsulated in ISA beads had quick release
property which guaranteed L. plantarum to confer healthy func-
tionality. This property could be extrapolated to persist during
probiotics intake into the human body. As shown in Fig. 4,
L. plantarum could be fully released from both SA and ISA beads in
60 min. These results were in accordance with Shi et al. (2013).
After 20 min incubation in SIF, around 7 log CFU/mL and 4 log CFU/
mL of L. plantarum were released into the SIF from ISA and SA
encapsulation beads, respectively. The release mechanism was
probably due to replace calcium ion in encapsulation beads. In our
study, the ISA encapsulation beads had a faster release rate during
the first 20 min which could have been induced by the addition of
inulin in sodium alginate to affect the binding of calcium ion.
Fig. 3. Survival of free cells, SA, and ISA encapsulation beads in 1% bile salt solution.
Values shown are means ± standards deviations (n ¼ 3).



Fig. 4. Release study of SA and ISA encapsulation beads in SIF with pH 6.8. Values
shown are means ± standards deviations (n ¼ 3).

Fig. 6. Relative gene expression levels of L. plantarum to encapsulation combined with
freeze-drying method. Values shown are means ± standards deviations (n ¼ 3).
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3.4. Storage viability

The viability of free L. plantarum cells, L. plantarum cells
encapsulated in SA beads, and L. plantarum cells encapsulated in ISA
beads during 7 weeks of storage in 4 �C was tested. As shown in
Fig. 5, L. plantarum from ISA encapsulation beads had better
viability than those from the SA encapsulation beads and the free
cells. The viability of L. plantarum from ISA encapsulation beads
slowly decreased over time while the viability of L. plantarum from
SA encapsulation beads resulted in decreasing rapidly. After 7
weeks of storage, the viability of L. plantarum from ISA encapsula-
tion beads and SA encapsulation beads showed 0.68 reduction
(from 8.52 to 7.84 log CFU/ml) and 0.86 log CFU/mL reduction (from
7.29 to 6.43 log CFU/ml), respectively. From these data, it could be
inferred that the encapsulation beads with inulin improved the
stability of L. plantarum better during long storage. Similarly,
Fritzen-Freire et al. (2012) reported that microcapsules produced
with inulin provided a better protection of Bifidobacteria than those
produced with RSM only. In addition, Krasaekoopt and
Watcharapoka (2014) reported that the addition of prebiotics dur-
ing encapsulation not only showed better protection to probiotics,
but also enhanced the growth of probiotics during and after stor-
age. However, for free cells, the viability of L. plantarum did not
exhibit ideal storage stability as shown by decrease in the number
of viable L. plantarum that was reduced from 8.87 to 6.87 log CFU/
mL. The survival of free cells decreased significantly after two
weeks of storage, which decreased from 8.87 to 7.43 log CFU/mL.
This might be that freeze-drying increased the osmotic pressure of
free L. plantarum to result in cell injury and finally cell death. These
results indicated that SA or ISA encapsulation method could
significantly improve the stability of L. plantarum with the ISA
Fig. 5. Storage stability of free cells, SA, and ISA encapsulation beads at 4 �C in vacuum
packing. Values shown are means ± standards deviations (n ¼ 3).
beads encapsulation showing better stability.

3.5. Molecular response of L. plantarum to encapsulation combined
with freeze-drying

After ISA encapsulation beads demonstrated improvement in
the survival of L. plantarum in SGF, bile salt solution and low tem-
perature storage, L. plantarum encapsulated in ISA beads were used
for subsequent gene expression analysis to investigate the effect of
this method on potential function. As shown in Fig. 6, all genes of
L. plantarum were similarly but not significantly up-regulated
except the plnEF, which exhibited the highest up-regulation, with
more than 17-fold increase. This data indicated the bacteriocin
synthesis may be enhanced, which offered a significant competitive
advantage for L. plantarum with preventing the growth of patho-
genic bacteria in the gut (Corr et al., 2007). The induction level for
all three genes encoding adhesion factors increased by 1.8-, 2.0-,
8.8-fold, for enoA1, mub and msa, which indicated the ability of
probiotics to adhere to intestinal epithelial cells would be slightly
improved. Furthermore, cps3E and bsh1 were found to be up-
regulated 1.6- and 4-fold, respectively. These results may be
attributed to the inulin which was reported to exhibit selective
stimulation of the probiotics gene expression from L. plantarum
(Wang, 2009). The up-regulation of these gene expression indi-
cated that inulin-sodium alginate-skim milk encapsulation com-
bined with freeze-drying was suitable for L. plantarum preparation.

4. Conclusion

This study has shown that inulin-sodium alginate-skim milk
encapsulation combined with freeze-drying was successful to
improve the viability and probiotic functionality of L. plantarum.
The viability of cells encapsulated in ISA beads show higher than
those of cells encapsulated in SA beads and free cells at SGF (pH 2),
bile salt solution (1%) and long time storage (7 weeks). Most
important, all genes relating to probiotic functionality of
L. plantarum were similarly up-regulated. Inulin-sodium alginate-
skim milk encapsulation combined with freeze-drying might be a
potential method as protective and delivery system for probiotics.
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a b s t r a c t

The ability to predict the aerobic plate count (APC) on a meat surface by rapid, nondestructive, and at-
line measurement using fluorescence fingerprint (FF) spectroscopy coupled with fiber optics is reported
here. The FF of beef slices stored for 3 days aerobically at 15 �C was measured using fiber optics at
excitation wavelengths ranging from 200 nm to 500 nm and emission wavelengths ranging from 200 nm
to 900 nm, which was followed by an APC of the same samples. The APC was successfully predicted by
partial least squares regression (PLSR) of the measured FF dataset with a coefficient of determination of
0.831. From the variable importance in projection (VIP) score and the sign of the regression coefficient
obtained by PLSR, it was indicated that tryptophan, NAD(P)H, Vitamin A, porphyrins, and flavins changed
over time and were correlated with predicted APC. Rapid, nondestructive, and at-line analysis of the APC
using FF spectroscopy coupled with fiber optics was shown to be applicable.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Modern food chain distribution requires less time to deliver
fresh foods to consumers. Nevertheless, care should be taken to
avoid contamination with microorganisms which could result in
severe food-borne outbreaks (Sodha et al., 2011; Walsh, 2013). In
particular, microorganisms in meat pose the most severe threat to
human health. Pathogenic bacteria such as Salmonella spp, Escher-
ichia coli, and Campylobacter spp arewell knownmicroorganisms of
meat that could be a source of food-borne outbreaks (Kinross et al.,
2014; Koutsoumanis, Geornaras, & Sofos, 2006; Matulkova et al.,
2013; Schneider et al., 2011). Therefore, a rapid, nondestructive,
and quantitative method of microbiological analysis is essential for
meat-production monitoring. However, conventional methods for
monitoring microorganisms such as aerobic plate counts (APCs) by
the culture method, are time-consuming and laborious.

Spectroscopy is a rapid and nondestructive technique which can
be used to solve this problem. Among the several spectroscopic
techniques, fluorescence spectroscopy has better sensitivity and
selectivity than absorption spectroscopy (Karoui & Blecker, 2010).
Fluorescence fingerprint (FF) is a set of fluorescence spectra ac-
quired at consecutive excitationwavelengths. FFs have been used as
a nondestructive technique for both qualitative and quantitative
food assessment for mycotoxins (Fujita, Tsuta, Kokawa, &
Sugiyama, 2010), gluten and starch (Kokawa et al., 2012), and
buckwheat content (Shibata et al., 2011).

Several studies on employing fluorescence spectroscopy to
determine meat quality have been reported. These studies cover
the prediction of beef toughness, texture, and tenderness (Allais,
Viaud, Pierre, & Dufour, 2004; Egelandsdal, Wold, Sponnich,
Neegård, & Hildrum, 2002; Swatland & Findlay, 1997), turkey
meat paleness (Swatland& Findlay,1997), rancidity (Wold, Mielnik,
Pettersen, Aaby, & Baardseth, 2002), and lipid oxidation (Gatellier
et al., 2007; Veberg et al., 2006). Among them, a few studies on
fluorescence spectroscopy in relation to microorganisms in food,
such as the alteration of raw-milk cheese by Pseudomonas spp.
(Leriche et al., 2004), microbial spoilage (Aït-Kaddour, Boubellouta,
& Chevallier, 2011), and lactic acid bacteria from sausages (Ammor,
Yaakoubi, Chevallier, & Dufour, 2004), have been reported.

There are two major drawbacks to the above studies related to
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fluorescence spectroscopy. Firstly, in many studies only a single set
of excitation and emission wavelengths was used, leading to a loss
of information when using fluorescence spectroscopy to determine
the quality of food systems. Therefore, it would be interesting to
measure fluorescence at different excitation wavelengths and
emission wavelengths to simultaneously collect information on
several constituents. Secondly, many measurements were con-
ducted inside the chamber of a fluorescence spectrophotometer,
which is not suitable for at-line analysis. FF spectroscopy with fiber
optics is a potential technique for overcoming these problems. FF
spectroscopy coupled with multivariate analysis appears to be
applicable to the nondestructive determination of the APC on the
surface of lean beef (Yoshimura et al., 2013). However, in their
study, the sample holder, which wasmade from quartz glass, was in
contact with the surface of the lean beef. Sampling that requires
contact with samples is undesirable for at-line monitoring because
contaminated devices could be a source of cross-contamination
(Davies & Board, 1998). However, contactless applications of FF
that can be measured outside the fluorescence spectrophotometer
has not yet been reported. A breakthrough in solving this sampling
problem could be achieved by coupling FF measurement with fiber
optics. Fiber optics is an outgrowth of the communication industry
and allows the transmission of light over long distances with high
efficiency (Daneshvar et al., 1999).

Therefore, the objective of this study was to develop an esti-
mation method for the APC on the surface of beef by FF measure-
ment through fiber optics andmultivariate analysis. Thanks to fiber
optics, FF spectroscopy was successfully applied to sliced beef
without any contact and was conducted outside the fluorescence
spectrophotometer.

2. Material and methods

2.1. Beef preparation

Beef slices were purchased from a local meat retailer and
transported to the laboratory of the National Food Research Insti-
tute, National Agriculture and Food Research Organization (NARO)
in Ibaraki, Japan. Beef samples were cut at the store on the starting
day of storage, to a cut size of 50 � 50 mm per slice and a thickness
of 8 ± 1mm. The samples were then stored in a refrigerator at 15 �C
during experiment periods (72 h). During storage, the samples
were placed in sterilized plastic Petri dishes with lids. In the
beginning of the experiment, a total of 35 beef slices on petri dishes
were prepared, 24 beef slices were measured and the rest were
spares. The spare samples were prepared in order to avoid samples
with rough surface. Thus, the average distance between fiber optics
and meat surface were approximately equal for all samples. Fig. 1
shows a flowchart of the experiments. Two independent experi-
ments were conducted with same procedure on this study.

2.2. FF measurements

FF measurements were performed on beef slices using a fluo-
rescence spectrophotometer (F-7000, Hitachi High-Technology
Corp., Tokyo, Japan) with fiber optics (5J0-0114-F-7000, Hitachi
High-Technology Corp., Tokyo, Japan). The fluorescence spectro-
photometer is equipped with a 150 W Xenon arc lamp as the light
source and two grating monochromators coupled with a slit as the
excitation and emission wavelength selectors. The scan speed was
set to 60000 nm/min. Consequently, the measurement time was
2 min per point. The spectrophotometer was calibrated in advance
with Rhodamine B solution. As shown in Fig. 2, the system con-
sisted of a spectrophotometer, fiber optics, and an XY stage
controller. The excitation and emission wavelength ranges for FF
measurement were 200e500 nm and 200e900 nm, respectively,
both with wavelength intervals of 5 nm. A 500 � 500 � 500 mm
box was placed outside the fluorescence spectrophotometer and
used as a darkroom for the measurement. The box walls were
coated with a black cloth to prevent exposure to the outside light.
Excitation light was transferred through the fiber optics to the
darkroom where the sample was placed. The emission signal from
the sample surface was captured by the same fiber optics then sent
to the detector of the fluorescence spectrophotometer. The fiber
optics used for excitation were placed perpendicular to the light
source, while the fiber optics used for emissionwere perpendicular
to the detector of the fluorescence spectrophotometer. A Y-shaped
joint was used to bundle both the excitation and emission fiber
optics in a single casing. The random arrangement of excitation and
emission fiber optics at the end of the probe was oriented toward
the sample at distance of 3e5 mm.

A Petri dish containing the beef sample was placed on an XY
stage controller inside the darkroom under the fiber-optic probe.
The XY stage controller was used to move the sample to measure
the FF signal from nine points on the sample surface. The move-
ment of the XY stage controller was controlled using a program
developed by system development software (Labview 8.6, National
Instruments Inc., USA).

The FFmeasurement andmicrobial counts were performed after
12, 24, 36, 48, 60, and 72 h of storage. Two slices were measured for
each storage time.

2.3. Microbiological analysis

The nine points used in the FF measurement on beef sample
surfaces were wiped with a sterile swab after the measurement. An
area of 1 � 1 cm2 was swabbed with one cotton swab kit (GSI Creos
Corp., Japan). To ensure valid sampling, the area was swabbed in a
horizontal pattern and again in a vertical pattern. This allowed the
entire surface to be swabbed evenly (Bautista, Sprung, Barbut, &
Griffiths, 1997; Oto et al., 2012). After swabbing, the cotton swabs
were placed into its container that contained 10 ml of 0.1% peptone
to be used for plate counts.

Serial decimal dilutions were prepared with Phosphate Buffer
Saline (PBS), and the diluted samples were pour plated (1 ml) in
duplicate on standard agar (Nissui, Japan). Samples with a high
range of bacterial load were plated using an Eddy Jet Spiral Plater
(IUL, Japan). The APC was determined by counting colonies after
48 h of incubation at 35 �C. A total of 216 (nine points/sample � six
storage time � four samples/storage time) APC were determined in
the two experiments.

2.4. Fluorescence fingerprint data analysis

2.4.1. FF data extraction
The extraction of FF data and preprocessing were performed in

accordance with a previous study (Fujita et al., 2010). The software
for the control of F-7000 (FL Solutions, Hitachi High-Technology
Corp., Tokyo, Japan) was used to acquire the data. The original FF
data consisted of 8601 recorded intensities for one-point mea-
surement. The FF data were preprocessed and then unfolded from
3D to 2D (Guimet, 2004; Obeidat, Glasser, Landau, Anderson, &
Rayson, 2007) with Microsoft Office Excel 2007 (Microsoft, USA)
and Matlab 2007b (MathWorks, Inc., USA). The preprocessing
procedure included (a) the removal of data with emission wave-
lengths shorter than the excitation wavelength, because fluores-
cence data always comes from emission wavelengths longer than
the excitation wavelengths. (b) The removal of the scattered light
and second, third, and fourth-order light. These were generated by
light scattering from the surface of the diffraction grating, and were



Fig. 1. Flowchart for FF measurement through fiber optics experiment.

Fig. 2. Schematic structure of FF with fiber optics system.
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not fluorescence. (c) The removal of data with excitation wave-
lengths lower than 250 nm and emission wavelengths higher than
850 nm, for which significant noise was observed (Fujita et al.,
2010; Shibata et al., 2011). A total of 3991 FF intensities obtained
by one-point measurement remained after the preprocessing
procedure.
2.4.2. Partial least square regression analysis
Partial least squares regression (PLSR) was applied to develop a

model for predicting the APC of the beef using FF data as explan-
atory variables. In total, 108 (two samples/storage time � nine
points/sample � six storage times) APC and FF data values were
used as the calibration set, and the same amount of data was used
as test data for validation. All the data were transformed to loga-
rithmic values and then normalized and mean-centered. The
optimization of latent variables (LVs) was carried out by venetian
blind cross-validation (Davis, Charlton, Oehlschlager, & Wilson,
2006). The number of LVs was chosen by searching for the local
minima and the knee of the root mean square error of cross-
validation (RMSECV) drop curve. The prediction accuracy was
evaluated by observing the RMSECV, the root mean square error of
prediction (RMSEP) and the coefficient of determination (R2).
MATLAB 2007b (MathWorks, Inc., USA) along with PLS Toolbox
6.7.1 (Eigenvector Research, Inc., USA) were used to develop the
PLSR model. At the same time, the variable of importance projec-
tion (VIP) score and the coefficient of the PLSR model were
calculated.

While the PLSR model used numerous FF variables for predict-
ing the APC, the important variables for the prediction using the
PLSR model could be obtained by evaluating the VIP and regression
coefficient (Wold, Sj€ostr€om, & Eriksson, 2001). The VIP score in-
dicates the relative influence of each independent variable and is
the sum of the effect of each variable's over all the model di-
mensions divided by the total explained variation obtained by the
model (Trap, Bureau, Perez,& Aubert, 2013). On the other hand, the
sign of the regression coefficient indicates the direction of the
correlation between the APC and the corresponding variable.
3. Results and discussion

3.1. Aerobic plate count

Fig. 3 shows the microbial load of beef slices during storage
under an aerobic condition at 15 �C. The exponential growth phase
occurred between 12 and 72 h. During this phase of growth, not
only was the microbial load was increasing but (bio)chemicals on
the meat surface were also altered (Madigan, Martinko, Stahl, &
Clark, 2010). The microbial load in the first 12 h of the first exper-
iment was an average of 4.8 log CFU/cm2. This number increased
every 12 h until spoilage of the sample, that is, intense discoloration
and the presence of off-odors, was observed at 48 h with a mi-
crobial load of approximately 8.46 log CFU/cm2. In contrast, the
microbial load in the first 12 h of the second experiment was about
half that in the first experiment. Moreover, in the second



Fig. 3. Aerobic plate count of beef slices during storage. ☐ Experiment 1; B Experi-
ment 2.

D. Mita Mala et al. / LWT - Food Science and Technology 68 (2016) 14e20 17
experiment, the beef sample was spoiled after 60 h of storage with
a microbial load of approximately 6.89 log CFU/cm2. The samples in
the first and second experiments had different initial loads. Prior to
slaughter, the meat from a healthy animal is considered to be
sterile. It is through the processes of immobilization, exsanguina-
tion, hide removal, evisceration, handling, and further processing
into wholesale and retail cuts that bacteria may come in contact
with beef tissue (Nollet, 2008). The difference in the initial load in
the two experiments may be related to differences in these
handling processes.
3.2. Fluorescence fingerprints

The FFs of beef slices stored for 12 h in the first experiment are
shown in Fig. 4. The highest fluorescence intensity was observed at
an excitationwavelength of 295 nm and an emissionwavelength of
335 nm. This highest intensities can be derived from tryptophan
(Leblanc & Dufour, 2002), which is an amino acid contained in
meat. Although the FFs were measured using fiber optics, they
showed a similar pattern to those reported in other studies (Oto
et al., 2012; Yoshimura et al., 2013), where the conventional mea-
surement of FFs was conducted inside the chamber of a fluores-
cence spectrophotometer.

Although the full dynamic range in the fluorescence spectro-
photometer was 0e10000 a.u., Fig. 4b shows the fluorescence in-
tensity plotted on a logarithmic scale. On this scale, the
fluorescence intensity of porphyrins (excitation ¼ 430 nm,
emission ¼ 590 and 660 nm) can be observed (Christensen,
Nørgaard, Bro, & Engelsen, 2006; Ramanujam, 2000). This fluo-
rescence peak (region B) can be attributed to either microorganism
or animal cells, which excrete small amounts of porphyrins (Doss&
Philipp-Dormston, 1971).
3.3. Partial least square regression of FF data

Table 1 shows the results of PLSR and the number of LVs for
different preprocessing methods. Before developing the PLSR
model, several spectral preprocessing techniques were applied to
raw FF: normalization, mean center and auto scale. Normalization
is a preprocessing procedure with the objective of reducing sys-
tematic differences between observations due to, for example,
variation in sample concentration or in analytical sensitivity
(Bylesj€o, Cloarec, & Rantalainen, 2009). Mean center scales the
intensity at eachwavelength to zeromean, while auto scale scales it
to zero mean as well as unit variance. Venetian blind was used as
cross validation method. In this method each test set is determined
by selecting every stratified object in the dataset. The algorithm of
local minima suggested a PLS model with 5 LVs, while the results of
the find knee procedure suggested the suitability of the model with
6 LVs. The optimum prediction model and the best preprocessing
method were concluded on the basis of the observation of R2

during model development using the calibration set and R2 during
the model testing using the validation set and RMSEP. Pre-
processing of the FF data by normalization followed by mean
centering was found to be the best prediction model (LV¼ 6) with a
prediction error of 0.831 log CFU/cm2. This result shows systematic
differences on beef sample due to variation in beef surface and in
APC method sensitivity were reduced by normalization.

The relationship between the conventional measured APC and
the predicted APC obtained using the FF with fiber optics are shown
in Figs. 5 and 6. The prediction model for the APC was constructed
with 6 LVs, which gave the best result with the highest coefficient of
determination and the lowest RMSECV (R2 ¼ 0.983;
RMSECV ¼ 0.835 log CFU/cm2). For validation of the model, a new
external dataset containing 108 FF data was used to test the model
accuracy for APC prediction. The RMSEP obtained from the vali-
dation expresses the average error expected in future predictions.
In the validation, a strong correlation (R2 ¼ 0.859) and a small
prediction error (RMSEP ¼ 0.831 log CFU/cm2) were obtained. The
prediction accuracy of the regression model based on the FF fiber-
optic dataset was thus verified.

3.4. VIP score and regression coefficient of the PLSR model plotted
using FF contour representation

Fig. 7 shows the VIP score and the PLSR coefficient plotted using
a contour representation. A VIP score of more than 1 indicates the
important wavelength regions in the model. Moreover, a higher
score indicates more significant variables (Wold et al., 2001).
Although VIP scores can be used to mark the important regions,
they do not show whether the correlation between the corre-
sponding variables and the APC is positive or negative. Therefore,
Fig. 7b shows the distribution of the PLSR coefficient along with the
sign of regression coefficient obtained from the FF data. The regions
related to four types of fluorophores on the beef surface show high
VIP scores and regression coefficients for the prediction of the
microbial content.

The VIP score and regression coefficient of tryptophan fluo-
rophores correspond to region A in Fig. 7. This region has a high VIP
score with a negative regression coefficient. Considering these
values, the FF intensities of tryptophan decreased with increasing
microbial content. The decreasing is related to amino acids as they
are one of the energy sources of bacteria. Almost all the bacteria
comprising the meat microflora grow by catabolizing low-
molecular-weight compounds of meat such as glucose, lactic acid,
amino acids, nucleotides, urea, and water-soluble proteins (Gill,
1986). It has been established that there is an order in which
these compounds are catabolized by the major organism causing
meat spoilage, namely, the first main energy source is glucose, the
second is lactate, and the third is amino acids (Nychas, Marshal, &
Sofos, 2007). The degradation of amino acids including tryptophan



Fig. 4. Fluorescence fingerprints (FFs) of beef (12 h) obtained using fiber optics. (a) FF of beef surface in range of normal intensities (0e7000 intensity (a.u.)). (b) FF of beef surface
shown with log-scale intensities. A: regions related to tryptophan; B: region related to porphyrins.

Table 1
Results of PLS regression for three preprocessing methods.

Preprocessing LV number R2 Cal R2 Val RMSEP

Mean center 5 0.929 0.777 1.020
6 0.959 0.803 0.882

Auto scale 5 0.957 0.769 1.240
6 0.979 0.788 1.040

Normalize þ Mean center 5 0.933 0.758 2.070
6 0.983 0.859 0.831

Fig. 5. Predicted vs measured log(APC) obtained by PLSR calibration.

Fig. 6. Predicted vs measured log(APC) obtained by PLSR validation.
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is known to start shortly before the onset of spoilage due to glucose
exhaustion (Gill, 1986). Therefore, region A corresponding to tryp-
tophan was considered to have a high VIP score with a negative
correlation because of the degradation of amino acids including
tryptophan by microorganisms on the beef surface.
A positive regression coefficient comes from the emission of

porphyrins (Fig. 7, region B). Porphyrins are a large group of organic
compounds that consist of four pyrrole rings joined by methane
bridges. Porphyrins fluorophores are found in many foods such as
dairy products (Wold et al., 2005) and meat (Ashby et al., 2003;
Veberg et al., 2006; Wakamatsu, Nishimura, & Hattori, 2004). The
fluorescent porphyrin species investigated in previous studies on
meat and meat products were protoporphyrin IX (PP) and zinc
protoporphyrin (ZnPP), the fluorescence of PP and ZnPP intensities
in fresh pork meat increase with storage time and
temperature (Schneider et al., 2008). The shelf-life prediction of
meat andmeat products under different storage conditions can also
be derived from the fluorescence of phorphyrins (Durek, Bolling,
Knorr, Schw€agele, & Schlüter, 2012). Porphyrins on a meat surface



Fig. 7. (a) VIP score of PLS model; (b) Regression coefficient of PLS model. A: Tryptophan; B: Porphyrins; C: NAD(P)H; D: Phospholipid.
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are formed by the activity of microorganisms (Doss & Philipp-
Dormston, 1971). In addition, the amount of porphyrins synthe-
sized by bacteria depends on the species and the ambient condi-
tions (Doss & Philipp-Dormston, 1971; Harris, Burkhalter, Lin, &
Timkovich, 1993). For example, during frozen storage, no porphy-
rins form or are decomposed because of the low rates of microbial
growth and enzymatic processes (Durek et al., 2012). Thus, the
similar behavior of porphyrins fluorescence spectra to that in pre-
vious studies was considered to result in the positive PLSR co-
efficients and the high VIP score in this study.

Region C in Fig. 7 correspond to excitation at about 320 nm and
emission at about 440 nm. This combination could be attributable
to the contribution of the NAD(P)H fluorescence peak frombacteria.
Several studies have suggested that NAD(P)H fluorescence could be
a fingerprint of bacteria (Leblanc & Dufour, 2002; Sahar,
Boubellouta, & Dufour, 2011; Tourkya, Boubellouta, Dufour, &
Leriche, 2009). NADH fluorescence can be used to classify bacte-
rial species (Leblanc & Dufour, 2002; Tourkya et al., 2009), and an
emission band shift can be observed among some species of Pseu-
domonas, Stenotrophomonas, Xanthomonas and Burkholderia
(Tourkya et al., 2009). The positive PLSR coefficient in the NAD(P)H
region can be an indication that our FF fiber-optic system recorded
the NAD(P)H of bacteria.

Region D in Fig. 7 (Ex/Em ¼ 420/520) shows the contribution
from phospholipid metabolism and bacteria. In a previous study,
fluorescence spectra as promising tools for the measurement of
lipid oxidation (Gatellier et al., 2007; Veberg et al., 2006). On the
other hand, some bacteria could be successfully identified under
fluorescence spectra with an excitation wavelength of 410 nm
(Giana, Silveira, Zângaro, & Pacheco, 2003). Thus, the positive PLSR
coefficients in this region may be related to the growth of bacteria
on the meat surface.

The growth of microorganisms on food is a complex event, in
which a combination of microbial and biochemical activities may
interact. It is still a major task to find a relation between the mi-
crobial composition and metabolites applicable to the evaluation
and the possible prediction of microbial spoilage (Huis in't Veld,
1996). In this study, the plots of the VIP score and PLSR co-
efficients show important regions, some of which resemble the
fluorescence profiles of intrinsic fluorophores and bacterial load,
which may enable us to describe the interaction between the mi-
croorganisms and biochemical changes in meat.
4. Conclusions

An FF spectroscopy system with fiber optics was able to predict
the APC on a beef surface with prediction error of 0.831 log CFU/
cm2. The FFs may have been emitted from intrinsic fluorophores,
namely, tryptophan, NAD (P)H, porphyrins and phospholipids.

The PLSR model developed on the basis of the FFs was practical,
because the calculated results reflected the sequential reactions on
the beef surface. Thus, the growth of microorganisms on meat can
be described not only by an increase in the number of bacteria but
also by changes in the components on the surface of the meat.

The simple sample preparation and the ability to measure FFs
outside the fluorescence spectrophotometer chamber using fiber-
optic system are considered to be advantageous for monitoring
the bacterial content under at-line conditions.
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a b s t r a c t

In this study, Lactobacillus pentosus was used as a starter culture for the lactic acid fermentation of three
kinds of oyster mushrooms (Pleurotus cornucopiae, Pleurotus sajor-caju, Pleurotus ostreatus). The popu-
lation of LAB in the three kinds of mushroom products was above 7.5 log cfu/ml throughout the
fermentation process. In addition, the LAB rapidly controlled the spoilage and pathogenic microorgan-
isms, and Enterobacteriaceae were not detected in the three kinds of final fermented mushroom prod-
ucts. The total concentrations of organic acids of the three kinds of oyster mushroom products increased
during fermentation, and the levels of lactic acid ranged from 3.72 mg/ml to 4.49 mg/ml on the 18th day.
The final products had lower concentrations of nitrite than that required under the current regulations,
plus acceptable sensory characteristics. Our results thus suggest that L. pentosus has the potential to be
used as a starter culture in the production of fermented oyster mushrooms.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Pleurotus spp., the oyster mushroom, is the third most cultivated
edible mushroom in the world (Cardoso, Demenjour, & Paz, 2013).
Oyster mushrooms have a high nutritional value and contain
several bioactive compounds, including polysaccharides, dietary
fiber, ergosterol, B vitamins and minerals (Kala�c, 2009; Manzi,
Aguzzi, & Pizzoferrato, 2001). In addition, oyster mushrooms
require a shorter growth time when compared to other edible
mushrooms, their fruiting bodies are highly resistant to diseases
and pests, and they can be cultivated in a simple and cheap way
(Bonatti, Karnopp, Soares, & Furlan, 2004). As a result, oyster
mushrooms have become increasingly popular from a commercial
point of view (Fernandes, Barros, Martins, Herbert, & Ferreira,
2015).

However, fresh mushrooms are highly perishable, mainly due to
their high water content, high respiration rate and the presence of
microflora (Burton & Noble, 1993; Villaescusa & Gil, 2003).
Huang).
Therefore, it is necessary to apply preservation technologies to
extend the shelf life of these mushrooms. The preservation method
used is mainly determined by the final use of the product and the
estimated storage time (Liu et al., 2014). Canning and salting are
two methods that are frequently used to preserve mushrooms for
ready-to-eat foods. However, these methods can alter the physical
and chemical properties of the mushrooms, resulting in color
darkening, flavor loss, and a decrease in nutritional value (Berna�s &
Jaworska, 2012; Jaworska, Berna�s, & Mickowska, 2011).

Because the organic acids produced by lactic acid bacteria (LAB)
inhibit the growth of undesirable microorganisms, lactic acid
fermentation is one of the oldest preservation methods for
extending the shelf life of vegetables (Caplice & Fitzgerald, 1999).
LAB are the main epiphytic bacteria responsible for the fermenta-
tion of vegetables, although natural fermentation typically results
from the competitive activities of LAB together with yeasts and
gram-negative bacteria (Maifreni, Marino, & Conte, 2004; Tassou,
Panagou, & Katsaboxakis, 2002). When the natural LAB flora pre-
sent is able to grow and dominate the rest of the microflora, a
predictable fermentation can be sustained. In this case, for LAB
consume the sugars of the vegetables and produce mainly lactic
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acid and, to a lesser extent, other acids, leading to a drop in pH
(Panagou& Katsaboxakis, 2006). The developed acidity and drop in
pH are the determining factors for the success of fermentation and
safety of the final product since suppression of both spoilage and
pathogenic microorganisms take place and decrease the concen-
tration of nitrite (Tassou et al., 2002). Today, the use of autoch-
thonous or pure starter cultures were the two main options to be
pursued for controlling lactic acid fermentation in vegetables (Di
Cagno et al., 2008; Johanningsmeier, McFeeters, Fleming, &
Thompson, 2007).

Lactobacillus is widely used as a starter to manufacture a variety
of fermented products such as cheese, meat, and vegetables (de
Castro, Monta~no, S�anchez, & Rejano, 1998; El-Ghaish et al., 2011;
Gardner, Savard, Obermeier, Caldwell, & Champagne, 2001). How-
ever, little is known about the effects of Lactobacillus used as a
starter to produce fermented edible oyster mushrooms. Thus, the
aim of this study was to investigate the effects of Lactobacillus
pentosus as a starter culture on the microbiological quality, organic
acid content, nitrite depletion and sensory quality of three kinds of
oyster mushrooms.

2. Material and methods

2.1. Raw materials

Fresh Pleurotus cornucopiae, Pleurotus ostreatus and Pleurotus
sajor-caju mushrooms were collected from the Institute of Applied
Mycology (Huazhong Agricultural University).

2.2. Preparation of starter cultures

The commercial starter culture used in this studywas Vege-Start
60 (Chr. Hansen's Biosystems, Horsholm, Denmark), which consists
of a pure freeze-dried starter culture of L. pentosus appropriate for
vegetable fermentation. Vege-Start 60 was activated on MRS agar
for 2 days at 37 �C. Approx 20 colonies of Vege-Start 60 were used
to inoculate MRS broths and the cultures were then incubated for
24 h at 37 �C under anaerobic condition. After centrifugation using
a Avanti® J-E refrigerated centrifuge (BECKMAN COULTER, USA) at
4500 g for 25 min, the microbial cells were harvested and washed
twice in a sterile saline solution (0.9% NaCl) before mushroom
inoculation.

2.3. Preparation of fermented mushrooms

Fresh mushrooms were first sorted, cleaned, and washed under
cold running water. The mushrooms were then blanched in boiling
water (96e98 �C) for 2 min. 500 g of the treated mushrooms were
placed in 1000 ml glass jars to which 2% NaCl (w/w) and 3% sucrose
were added with a solideliquid ratio of 2:1 (w/v). The commercial
starter cultures were added with an initial population of LAB
approximately 7.00 log cfu/ml and mixtures were incubated at
20 �C for 18 days under anaerobic conditions.

2.4. Microbial counts

The numeration of viable LAB, yeasts and Enterobacteriaceae in
pickles was determined by plate count method. Pickle juice (1 ml)
sterilely taken from pickle jars was subjected to sequential decimal
dilutions after which 0.1 ml of appropriate decimal dilutions were
spread onto agar media. MRS for LAB was incubated at 37 �C for
48 h; potato dextrose agar (PDA) for yeasts was incubated at 25 �C
for 48 h; Violet Red Bile Glucose agar (VRBGA, Oxoid England) for
Enterobacteriaceae was incubated at 37 �C for 24 h (Li et al., 2015).
2.5. Organic acids content analysis and pH measurement

Organic acids of fermented mushrooms were analyzed using a
modified method of Belguesmia et al. (2014). Two milliliters of
fermented medium were diluted in 8 ml of phosphoric acid solu-
tion (pH¼ 2.65) and left for 25min at 75 �C. After being centrifuged
for 20 min at 10,000 g at 4 �C, the supernatant was filtered with a
syringe filter (Waters, Milford, MA, USA) for HPLC analysis.

The organic acids were analyzed using a Waters e2695 HPLC
system equipped with a photodiode array detector, and a
LiChrospher 100 RP-18 column (4.6 � 250 mm, 5 mm, Merck,
Darmstadt, Germany). The mobile phase was a phosphoric solution
(pH ¼ 2.65), and the flow rate was 0.5 ml/min. All samples were
detected at 214 nm.

At each sampling point, pickle juice (10 ml) was sterilely taken
from pickle jars, and pH values were measured using a digital pH-
meter (Mettler-Toledo Instruments Co., Shanghai, China).
2.6. Nitrite content analysis

The nitrite content of fermentedmushroomswas determined by
a modified method described by Zhang, Kong, and Xiong (2007).
Samples (fermented mushrooms) were homogenized in distilled
water using aWaring® disintegrator (Karl Kolb, Dreieich, Germany).
The homogenate was then centrifuged at 5000 g for 10 min for
collection of the supernatant. The nitrogenous compound in the
supernatant was developed by reacting with 0.2% (w/v) sulfanil-
amide and 0.1% (w/v) N-1-naphtyethylene diamine dihydro-
chloride for 15 min. Next the absorbance (538 nm) of the solution
was measured. The different concentrations of standard liquid of
sodium nitrite (equivalent to 0, 1.0, 2.0, 3.0, 4.0, 5.0, 7.5, 10 mg of
sodium nitrite) were used to obtain the calibration curve. Nitrite
content was expressed as: NaNO2 ¼ (C � 2000)/(M � V), where
C ¼ concentration of sodium nitrite (1 mg/ml) from the calibration
curve that corresponded to the sample absorbance, M ¼ sample
weight (g), and V ¼ volume (ml) of the extraction solution.
2.7. Color measurement

The color of fermented mushrooms was measured using an
UltraScan® XE meter (HunterLab, USA). The color values were
expressed as L values (lightness), a values (redness) and b values
(yellowness) units.
2.8. Sensory evaluation

Sensory evaluations of fermented (for 18 days) mushrooms
were done by 10 faculty and students from the College of Food
Science and Technology, Huazhong Agricultural University. Sam-
ples were coded with random numbers and acceptability ratings
for appearance, flavor, texture and overall on a 10-point hedonic
scale (10 ¼ like extremely, 5 ¼ neither like nor dislike, 1 ¼ dislike
extremely).
2.9. Statistical analysis

The data collected reflect the results of three repetitions. The
results were expressed asmean values and standard deviation (SD).
Analysis of variance was performed using a one-way analysis of
variance (ANOVA), and differences between the means of samples
were analyzed by Duncan's test at a significance level of 0.05.
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3. Results and discussion

3.1. Trends of microbial populations of the fermented mushroom
products

The microbiological quality of oyster mushrooms fermented by
L. pentosus during fermentation is shown in Fig. 1. The population of
LAB in the three kinds of fermented mushroom products all
increased rapidly to about 8.5 log cfu/ml during the first 3 days, and
then decreased to 7.5 log cfu/ml on 18th day (Fig.1a). Similar results
were also reported by Xiong, Guan, Song, Hao, and Xie (2012),
showing that the population of LAB of fermented Chinese sauer-
kraut increased on the 2nd day and then decreased. The sharp in-
crease of LAB in the beginning was probably due to the anaerobic
environment that formed gradually from the consumption of ox-
ygen in the pickle jars by aerobic microorganisms acting on the raw
mushrooms. However, the inhibitory effect of low pH and high
concentrations of organic acids might have contributed to the sig-
nificant decrease of the population of LAB after the 3rd day. The
results also showed that LAB rapidly dominated the total popula-
tion of microorganisms. A high LAB population was important for
fermentation and for control of spoilage and pathogenic microor-
ganisms (Gao, Li, & Liu, 2014).

The population dynamics of yeasts in the three kinds of mush-
room products during fermentation are presented in Fig. 1b.
Generally, yeasts co-existedwith lactic acid bacteria in all processes
of fermentation and the yeast population grew at about the same
rate as LAB during the first 6 days. However, yeast populations were
lower than that of LAB after 6 days. All yeast populations in the
three kinds of fermented mushroom products increased in the first
6 days and then decreased during fermentation. It has been re-
ported that an increase in yeast always results in product spoilage
(Panagou, Tassou, & Katsaboxakis, 2003). Therefore, controlling the
yeast population is paramount in guaranteeing the quality of the
final fermented mushrooms. Panagou, Schillinger, Franz, and
Nychas (2008) selected commercial strains of LAB as starter cul-
tures in the fermentation of black olives to control the population of
yeasts. In the present study, we inoculated L. pentosus to reduce the
yeast population. The final yeast population in P. cornucopiae,
P. sajor-caju and P. ostreatus mushroom products was reduced to
6.21 log cfu/ml, 6.54 log cfu/ml and 6.49 log cfu/ml, respectively. In
our work, the yeast populationwas only approximately 1 log cfu/ml
lower compared to LAB population. However, the yeast population
in most other fermented vegetables was 3 log cfu/ml lower than
that of lactic acid bacteria (Panagou et al., 2008; Rhee, Lee, & Lee,
2011). Thus, further study is warranted in order to control the
growth of yeasts during oyster mushrooms fermentation.

During the fermentation of vegetables, Enterobacteriaceae may
increase the probability of spoilage. In order to improve the quality
of the final product, the growth of Enterobacteriaceae should be
controlled. As shown in Fig. 1c, the Enterobacteriaceae population
increased during the first 3 days and decreased significantly after 3
days (p < 0.05). No Enterobacteriaceae were enumerated in fer-
mented P. sajor-caju and P. ostreatus after 12 days, and Enter-
obacteriaceae were not detected in fermented P. cornucopiae after
day15. This couldbedue to the increased rate of acidity in fermented
P. sajor-caju and P. ostreatus, whichwas faster than that of fermented
P. cornucopiae at the beginning of the process. Our results indicated
that inoculation of L. pentosus efficiently inhibited the growth of
Enterobacteriaceae during the fermentation of mushrooms.
Fig. 1. Trends of microorganism populations in the fermented edible oyster mush-
rooms (P. cornucopiae, P. ostreatus, and P. sajor-caju). (a) Lactic acid bacteria, (b) yeasts,
(c) Enterobacteriaceae.



Table 1
Concentrations of organic acids in edible oyster mushrooms during fermentation.

Organic acids contents (mg/ml) Fermentation time (d) Pleurotus spp.

P. cornucopiae P. sajor-caju P. ostreatus

Lactic acid 0 0.11Ea ± 0.02 0.02Db ± 0.01 0.10Ea ± 0.01
3 2.39Dab ± 0.11 2.43Ca ± 0.14 2.30Cb ± 0.32
9 3.10Cc ± 0.33 3.47Ba ± 0.44 3.28Bb ± 0.65

15 3.44Bc ± 0.62 3.53Bb ± 0.57 4.43Aa ± 0.69
18 3.77Ab ± 0.52 3.72Ab ± 0.48 4.49Aa ± 0.38

Acetic acid 0 e e e

3 0.09Cc ± 0.03 0.15Da ± 0.05 0.11Db ± 0.02
9 0.33Bc ± 0.12 0.38Cb ± 0.09 0.46Ca ± 0.15

15 0.71Aa ± 0.42 0.75Ba ± 0.43 0.73Ba ± 0.31
18 0.74Ac ± 0.14 0.84Ab ± 0.16 0.92Aa ± 0.28

Citric acid 0 0.79Ca ± 0.05 0.69Bb ± 0.07 0.78Ba ± 0.11
3 0.95Ab ± 0.12 0.80Ac ± 0.03 1.25Aa ± 0.15
9 0.88Ba ± 0.09 0.43Cc ± 0.04 0.71Bb ± 0.08

15 0.31Db ± 0.12 0.35Da ± 0.06 0.34Ca ± 0.12
18 0.04Eb ± 0.02 e 0.22Da ± 0.07

Malic acid 0 0.39Ac ± 0.13 0.45Aa ± 0.11 0.42Abc ± 0.09
3 0.22Bb ± 0.05 0.26Ca ± 0.05 0.23Bb ± 0.02
9 0.26Bb ± 0.11 0.31Ba ± 0.04 0.29Ba ± 0.06

15 0.25Ba ± 0.03 0.24Ca ± 0.08 0.18Cb ± 0.02
18 0.19Cb ± 0.03 0.17Db ± 0.07 0.24Ba ± 0.05

Succinic acid 0 e e 0.03D ± 0.01
3 0.09Cb ± 0.03 e 0.14Ca ± 0.04
9 0.24Bb ± 0.02 0.29Cb ± 0.02 0.43Ba ± 0.11

15 0.44Aa ± 0.05 0.36Bb ± 0.08 0.47Ba ± 0.03
18 0.46Ab ± 0.12 0.49Aa ± 0.09 0.52Aa ± 0.15

Total acid 0 1.29Eb ± 0.13 1.26Db ± 0.21 1.47Ea ± 0.18
3 3.74Dc ± 0.26 4.25Ca ± 0.49 4.07Db ± 0.65
9 4.81Cc ± 0.97 5.31Ba ± 0.89 5.02Cb ± 0.38

15 5.02Bc ± 0.46 5.37Bb ± 0.74 6.18Ba ± 0.48
18 5.22Ac ± 0.65 5.80Ab ± 0.92 6.42Aa ± 0.87

Mean ± standard error (n ¼ 3). Means in the same column with different superscript capital letters (A, B, C, D and E for lactic acid; A, B and C for acetic acid; A, B, C, D and E for
citric acid; A, B and C for malic acid; A, B and C for succinic acid; A, B, C, D and E for total acid) are significantly different (p < 0.05). Means in the same row with different
superscript small letters (a, b or a, b, c) are significantly different (p < 0.05).

Fig. 2. Development of pH during the fermentation of edible oyster mushrooms
(P. cornucopiae, P. ostreatus, and P. sajor-caju).
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3.2. Changes in organic acids and pH of fermented mushrooms

The metabolic products detected by HPLC in the brine during
fermentationwere lactic, acetic, citric, malic and succinic acids. The
total organic acids found in brines depended on the microbial
activity (Hurtado, Reguant, Bordons, & Roz�es, 2010), and they
influenced the flavor of the fermented product. A high ratio of
volatile-to-non-volatile acids is desirable for flavor quality (Trail,
Fleming, Young, & McFeeters, R. F. 1996). As shown in Table 1, the
total concentrations of organic acids of the three kinds of mush-
rooms significantly increased during fermentation (p < 0.05). The
levels of organic acids for each of the three kinds of mushrooms
were in the order of: P. cornucopiae < P. sajor-caju < P. ostreatus
(p < 0.05). Lactic acid, the main product of lactic fermentation,
increased during each kind of mushroom fermentation, ranging
from 3.72 mg/ml to 4.49 mg/ml on the 18th day. It is also notable
that fermented P. ostreatus had the highest lactic acid production
rate among the three kinds of mushrooms, which may correlate to
the earlier inhibition of Enterobacteriaceae during the fermenta-
tion process (Fig. 1). The concentration of acetic acid increased
during fermentation of all three kinds of mushrooms. This could be
attributed to the heterofermentative LAB activity. On the other
hand, acetic acid also be produced from the degradation of citrate
(Kennes, Dubourguler, Albagnac, & Nyns, 1991). This is in accor-
dance with our results which showed a constant decrease of citric
acid concentration during fermentation. In addition, malic acid
concentration decreased during the process. Succinic acid was
gradually produced although at a very low level. The dynamics of
organic acids concentration during mushroom fermentation was
similar to that reported for olives (Panagou & Tassou, 2006).

The pH is an important parameter in monitoring the fermen-
tation (Kim, Min, Lee, & Ji, 2000). As shown in Fig. 2, we observed a
significant initial pH drop during the first 3 days of mushrooms



Table 2
Concentrations of nitrite in edible oyster mushrooms during fermentation.

Pleurotus spp. Concentrations of nitrite (mg/kg) at different fermentation time (d)

0 3 9 15 18

P. cornucopiae 4.46Ba ± 0.78 5.69Aa ± 0.58 3.47Cb ± 0.88 2.68Dc ± 0.44 2.26Eb ± 0.73
P. sajor-caju 3.14Cc ± 0.42 4.50Bb ± 1.11 4.85Aa ± 0.66 3.02Ca ± 0.29 2.56Da ± 0.55
P. ostreatus 3.52Cb ± 1.17 4.31Bb ± 0.55 4.87Aa ± 0.55 2.92Db ± 0.92 1.85Ec ± 0.71

Mean ± standard error (n¼ 3). Means in the same rowwith different superscript capital letters (A, B, C, D and E for P. cornucopiae and P. ostreatus; A, B, C and D for P. sajor-caju)
are significantly different (p < 0.05). Means in the same column with different superscript small letters (a, b or a, b, c) are significantly different (p < 0.05).

Table 3
Color values of edible oyster mushrooms during fermentation.

Color values Fermentation time (d) Pleurotus spp.

P. cornucopiae P. sajor-caju P. ostreatus

L values 0 54.77Aa ± 2.32 53.93Aa ± 4.99 52.17Ab ± 3.02
3 53.09Aa ± 4.27 51.61Bb ± 5.40 51.38Bb ± 1.03
9 50.39Bb ± 1.67 50.97BCb ± 6.03 51.33Ba ± 3.09

15 48.97Cb ± 2.94 49.49Ca ± 2.15 50.29Ba ± 0.43
18 48.05Ca ± 3.26 46.96Db ± 3.87 48.61Ca ± 1.50

a values 0 2.37Cb ± 0.91 3.38Da ± 0.79 2.26Cb ± 1.09
3 4.00Ba ± 0.49 3.70Cb ± 0.55 4.10Ba ± 0.50
9 4.28Ba ± 1.36 3.73Cb ± 0.34 4.17Ba ± 0.54

15 5.20Aa ± 0.73 3.98Bc ± 0.74 4.27Ab ± 0.46
18 5.25Aa ± 0.38 4.21Ab ± 0.27 4.32Ab ± 0.18

b values 0 11.22Cb ± 0.45 13.88Ea ± 0.98 11.27Eb ± 1.19
3 15.68Ba ± 1.07 14.38Db ± 0.28 13.24Dc ± 0.78
9 15.80Ba ± 1.16 15.73Ca ± 1.36 14.23Cb ± 0.98

15 16.30Aa ± 0.72 16.20Ba ± 0.53 15.84Bb ± 0.81
18 16.96Ab ± 1.22 17.45Aa ± 0.65 16.78Ab ± 0.46

Mean ± standard error (n ¼ 3). Means in the same column for each of color values with different superscript capital letters (A, B, C) are significantly different (p < 0.05). Means
in the same row with different superscript small letters (a, b or a, b, c) are significantly different (p < 0.05).
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fermentation (p < 0.05). Then pH remained stable through the
entire process as reported with other vegetable fermentation
(Maifreni et al., 2004; Wiander & Ryh€anen, 2005). The levels of pH
for the three kinds of mushroom products were in the order of:
P. cornucopiae > P. sajor-caju > P. ostreatus. These changes in pH are
closely related to the growth of LAB and their main metabolic
products organic acids.

3.3. Changes in nitrite content during the fermentation

The changes in nitrite content of all mushroom samples during
the fermentation are shown in Table 2. The concentration of nitrite
in all samples rose over time to reach a peak value, and then
decreased during fermentation. The nitrite peak (5.69 mg/kg)
appeared on the third day for P. cornucopiae, and the nitrite peaks
(4.85 mg/kg and 4.87 mg/kg) appeared on the ninth day for P. sajor-
caju and P. ostreatus, respectively. At the end of fermentation nitrite
content was significantly lower than that at T0 (about half of initial
concentration) (p < 0.05). The levels of nitrite residue have
increasingly attracted attention because of the possible presence of
Table 4
Sensory evaluation of fermented edible oyster mushrooms after the fermentation of
18 days.

Pleurotus spp. Score

Appearance Flavor Texture Overall

P. cornucopiae 8.14A ± 0.78 7.69A ± 0.26 7.87A ± 0.88 8.86A ± 0.18
P. sajor-caju 6.85C ± 0.13 5.65C ± 0.98 6.85B ± 0.33 7.82B ± 0.24
P. ostreatus 7.46B ± 0.35 6.50B ± 0.72 6.47B ± 0.36 7.68B ± 0.89

Mean ± standard error (n¼ 3). Means in the same columnwith different superscript
capital letters (A, B or A, B, C) are significantly different (p < 0.05).
nitrosamine, a known carcinogen, andmet-hemoglobinemiawhich
is also a serious human health hazard (Osterlie & Lerfall, 2005).
Pickled vegetables have been included in the WHO list of possible
carcinogens (WHO, 2012). For this reason reducing nitrite content
in pickled vegetables has received increasing attention. In the
present study, we observed that inoculation of L. pentosus starter
culture may deplete nitrite during mushroom fermentation. For all
samples, nitrite contents were lower than the current regulation
(20 mg/kg) (GB 2762-2005). This indicated that L. pentosus could be
used as a starter culture to deplete nitrite in fermentedmushrooms.

3.4. Effects of L. pentosus on color and sensory characteristics of
fermented mushrooms

Color is one of the most important quality attributes of fer-
mented food since it affects overall quality. The color values of
mushrooms during fermentation are given in Table 3. Lightness (L
values) of the three kinds of mushrooms decreased during
fermentation, whereas redness (a values) and yellowness (b values)
increased (p < 0.05). Our results indicated that mushrooms brown
during fermentation. After the fermentation, levels of lightness for
the three kinds of mushrooms were in the following order: P. sajor-
caju < P. ostreatus z P. cornucopiae (p < 0.05). The decrease in L
values representing a shift toward darker coloration could be
attributed to enzymatic and non-enzymatic browning.

Human sensory evaluation, which can reveal tasteesubstance
interactions such as synergistic and suppression effects, has been
employed to determine the quality of mushroom products
(Kobayashi et al., 2010; Phat, Moon, & Lee, 2016). Sensory evalua-
tion provides integrated, direct measurements of perceived in-
tensities of target attributes, such as appearance, color, aroma,
taste, and texture. In the present study, appearance, aroma, texture
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and overall acceptability of fermented mushroom products evalu-
ated on the basis of a 10-point scale are detailed in Table 4.
Generally, the three kinds of mushroom products fermented with
the addition of L. pentosus cultures had good sensory characteris-
tics. Among the three kinds of mushrooms, P. cornucopiae had the
highest appearance, flavor, texture and overall acceptability
(p < 0.05), which could be due to the differences observed in
organic acids, pH and the lower levels of yeasts compared to
P. sajor-caju and P. ostreatus. With regard to appearance,
P. cornucopiae samples showed slightly higher scores (p < 0.05)
which could be related to lower levels of yeast during fermentation.
The results indicated that controlling the growth of yeasts was very
important for the appearance of fermented mushroom products.
Based on the results presented here, we would recommend the
monitoring of characteristics of yeasts during the fermentation of
mushrooms to prevent the initiation of spoilage at the commercial
scale. Fermented oyster mushroom products with L. pentosus
inoculation were also more likely to be accepted and enjoyed by
consumers according to sensory ratings.

4. Conclusion

In this study, we shows that L. pentosus used as a starter culture
for fermented oyster mushrooms can quickly establish itself,
effectively control spoilage and pathogenic microorganisms, in-
crease the content of organic acids, decrease the content of nitrite
and improve the sensory characteristics of final products. However,
the brown color of fermented oyster mushrooms after fermenta-
tion would be considered to be a drawback. Thus, further study is
needed to improve the color values of fermented oyster
mushrooms.
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a b s t r a c t

In this paper, poly(vinyl alcohol) (PVOH) cast films were crosslinked with citric acid (CTR) and
hydroxypropyl-b-cyclodextrin (HPbCD) and loaded with sodium benzoate (NaBz) as preservative agent,
with different compositions of CTR (10e30 wt%) and NaBz (0e6 wt%) with or without HPbCD (10%).
Permeability tests showed that the presence of CTR and HPbCD does not modify PVOH barrier properties.
Before incorporation, the complex formation of HPbCD with NaBz was investigated through 2 dimen-
sional Nuclear Magnetic Resonance, which revealed a 1:1 stoichiometry. Raman spectroscopy cartog-
raphy showed that the NaBz distribution in the films was homogeneous, especially with HPbCD. The
NaBz release in water is prolonged with HPbCD on one hand for high crosslinking times (360 min) and,
on the second hand, in the assays carried out at low temperature (4 �C). The released quantity is
increased from 40% to 70% when NaBz is included into HPbCD cavity. Antimicrobial assays were per-
formed against Staphylococcus aureus, Escherichia coli and Candida. Without HPbCD, all films present a
contact antimicrobial activity thanks to grafted CTR and the best diffusion activity was obtained for 6 wt%
NaBz for the three microorganisms. With HPbCD, the antimicrobial activity by diffusion was increased
with crosslinking times.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the elaboration of active packaging from
biodegradable polymers has known a growing interest, especially
due to their environmentally friendly properties. Among them,
poly(vinyl alcohol) (PVOH) exhibits good physical properties and in
particular high barrier properties to oxygen and carbon dioxide
(Finch, 1992). However, its permeability to gases may be dramati-
cally increased due to its tendency to absorb humidity, which can
act as a plasticizer of the framework. Considering the high-
moisture conditions applied in many packaging cases, it is then
necessary to crosslink the PVOH matrix to ensure sufficient
ansformations (UMET), CNRS
’Ascq 59655, France.
S. Degoutin).
mechanical handling. To that purpose, the effectiveness of chemical
crosslinking agent such as citric acid (CTR), accepted as food ad-
ditive, has been proven (Birck, Degoutin, Tabary, Miri, & Bacquet,
2014; Musetti et al., 2014; Wang, Ren, Li, Sun, & Liu, 2014).

Active packaging systems are now developed with additional
properties, including antioxidant and antimicrobial properties
(Appendini & Hotchkiss, 2002; G�omez-Estaca, L�opez-de-Dicastillo,
Hern�andez-Mu~noz, Catal�a, & Gavara, 2014), aiming at extending
shelf-life and food safety by controlling the growth of pathogenic
microorganisms. In the case of antimicrobial films, the polymer
matrix may be loaded with antimicrobial compounds (Sung et al.,
2013), such as essential oils (Higueras, L�opez-Carballo, Gavara, &
Hern�andez-Mu~noz, 2015; Kurek, Moundanga, Favier, Gali�c, &
Debeaufort, 2013; Musetti et al., 2014), peptides (Imran, Klouj,
Revol-Junelles, & Desobry, 2014; Neetoo & Mahomoodally, 2014)
or preservatives (Buonocore, Del Nobile, Panizza, Corbo, & Nicolais,
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2003; Mondal et al., 2015; Neetoo & Mahomoodally, 2014; Sun,
Wang, Kadouh, & Zhou, 2014). Among the latter, sodium benzo-
ate (NaBz) is the most effective preservative against microorgan-
isms, including Staphylococcus aureus and Escherichia coli (Chipley,
1993). The efficiency of antimicrobial activity depends on the
release rate and kinetics, which may be improved by introducing in
the polymer matrix some specific carriers such as cyclodextrins,
interacting with the antimicrobial compounds as reservoirs for the
extended release (Higueras et al., 2015; L�opez-de-Dicastillo, Gallur,
Catal�a, Gavara, & Hernandez-Mu~noz, 2010; Raouche, Mauricio-
Iglesias, Peyron, Guillard, & Gontard, 2011; Rutenberg, Bernstein,
Paster, Fallik, & Poverenov, 2015; Sun, Sui, et al., 2014; Vega-Lugo &
Lim, 2009). In these previous studies, cyclodextrins are not cova-
lently bonded to the polymer matrix.

Cyclodextrins (CDs) are biodegradable cyclic oligosaccharides
consisting of a three-dimensional structure with a hydrophobic
inner cavity and a hydrophilic outer surface, which allows the
formation of stable inclusion complexes with many organic com-
pounds. On one hand, the solubilization of the active compound in
the initial solution is then improved, which results in an enhanced
loading capacity of the film. On the other hand, the stability of the
inclusion complex leads to a prolonged delivery of the entrapped
active agent. Moreover, we reported an innovative approach by co-
crosslinking PVOH and CDs by CTR to form insoluble films (Birck
et al., 2014). In particular, we extensively studied the crosslinking
reaction and showed that the presence of hydroxypropyl-b-cyclo-
dextrin (HPbCD), a water soluble cyclodextrin derivative, had no
major effect on the physico-chemical and mechanical properties of
PVOH/CTR films.

The aim of this work was to study antimicrobial PVOH/CTR films
containing HPbCD for the release of sodium benzoate and a surface
activity through free COOH groups from CTR, as depicted on Fig. 1.
The preliminary formation of HPbCD/NaBz complex was charac-
terized by nuclearmagnetic resonance (NMR) and the presence and
distribution of NaBz in the films were investigated through Raman
spectroscopy. The release of NaBz inwater was studied as a function
of the crosslinking parameters, such as the proportion of CTR and
the crosslinking time. The effect of HPbCD and the loading capacity
on the release was also investigated. Finally, the antimicrobial ac-
tivity of the films was tested in vitro against two food pathogen
bacteria, S. aureus and E. coli, as well as against a yeast, Candida
albicans.
Fig. 1. Schematic representation of antimicrobial PVOH/HPbCD/CTR films with surface
activity and extended release of NaBz.
2. Materials and methods

2.1. Materials

Poly (vinyl alcohol) (PVOH, Mw ¼ 31,000e50,000 g mol�1,
87e89% hydrolysis, powder) and citric acid (CTR, food additive
European code E330) were purchased from Aldrich Chemicals (St.
Quentin Fallavier, France). Hydroxypropyl-b-cyclodextrin (HPbCD,
Kleptose®, MS ¼ 0.65, highly soluble in water) was provided by
Roquette (Lestrem, France) as well as maltodextrin (MX, Gluci-
dex®). The mean Molar Substitution (MS) is the average number of
hydroxypropyl groups per anhydroglucose unit. Sodium benzoate
(NaBz, food additive European code E211) was purchased from
Prolabo (Fontenay-sous-Bois, France).

2.2. Elaboration of PVOH crosslinked films without preservative

All films were prepared by solvent casting method as described
in a previous paper at 130 ± 1 �C during 40 or 360 min (Birck et al.,
2014). The relative weight proportion of CTR in PVOH solution was
set to 10, 20 or 30 wt%.

Crosslinked PVOH/HPbCD/CTR films were prepared following
the same protocol as for films without HPbCD. The proportion of
HPbCD in the filmwas fixed considering first an equimolar complex
between HPbCD and the added antimicrobial agent and secondly
according to the European directive giving a limit for constituent's
migration in food packaging at 10 mg/dm2 (85/572/EEC, Council
Directive of 19 December 1985). Thus, films containing 10 wt% of
HPbCD and 20 wt% CTR were prepared.

The thickness of each film was 120 ± 20 mm, except for anti-
microbial study where the thickness was 500 ± 150 mm, in order to
ensure no layover of the film after gelosis deposition in the modi-
fied Kirby Bauer test.

2.3. Elaboration of PVOH crosslinked films loaded with sodium
benzoate

The same protocol as described above was followed. For films
without HPbCD, NaBz was added in the initial mixture containing
PVOH and CTR (20wt%) at different weight proportions (1, 3 or 6 wt
%). For films with MX (10 wt%), an equimolar mixture [MX-NaBz]
previously prepared is added. For films with HPbCD (10 wt%),
NaBz was introduced in the mixture complexed with HPbCD.

The complex [HPbCD:NaBz] 1:1 was obtained from a solution
containing HPbCD and NaBz in distilled water at 0.158 mol/L con-
centrations that was stirred overnight at room temperature and
freeze-dried.

As previously, the thickness of each film was 120 ± 20 mm,
except for antimicrobial study where the thickness was
500 ± 150 mm.

2.4. Nuclear magnetic resonance (NMR)

The inclusion complex between HPbCD and NaBz was charac-
terized by 1H NMR. All experiments were recorded using a spec-
trometer Bruker Avance™ 400 (Bruker Corporation, Germany)
equipped with a Bruker Ultra-Shield 9.4 T (proton Larmor fre-
quency of 400.33 MHz). We used a BBI probe (1H, X). Two-
dimensional ROESY experiments (Hwang & Shaka, 1992), used to
determine the depth penetration of the guest molecule into the
HPbCD cavity, were acquired in the phase sensitive mode using the
Bruker ASX 400 (9.4 T) spectrometer. The probe temperature was
regulated to 300 K. Each spectrum consisted of a matrix of 2 K (F2)
by 2 K (F1) covering a sweep width of 4084 Hz. We used spin-lock
mixing periods of 500 ms. The stoichiometry of the complex was
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studied by application of the continuous variationmethod reported
by Job (Connors, 1987; Gil & Oliveira, 1990), which consisted of
preparing 15 mM stock solutions of NaBz and HPbCD solutions in
D2O. Aliquots of both solutions were placed in 5 mm diameter NMR
tubes at different volume ratios varying from 0:10 to 10:0
(HPbCD:NaBz) and mixed by sonication during 20 min. The total
volume in the tubes was kept constant at 600 mL. The obtained Job
plot allowed the determination of the inclusion complex stoichi-
ometry through the position of the maximum of the bell shaped
plot.

2.5. Raman spectroscopy

Raman spectra were obtained from films in the wavenumber
range 200e3200 cm�1 using a LabRam (Horiba Scientific, USA)
Raman spectrometer, equipped with a HeNe laser operating at
633 nm. The laser beamwas focused through a �100 objective lens
that gives a spatial resolution of 1 mm, its power at the sample
surface is 6 mW. Raman mapping was acquired over a 1 cm2

scanned area with 200 mm steps. The image of the distribution of
sodium benzoate at the surface over the analyzed area was built
using the contribution of the 1000 cm�1 band for each pixel.

2.6. Permeability studies

The water vapor permeability (WVP) of films was determined
using a PERMATRAN W®3/33 (MOCON, USA) apparatus, according
to standard testing method ASTM F1249-90 (ASTM-F1249-90,
1995). In this apparatus, the vapor water concentration is
measured by an infrared detector, which is calibrating using 127 mm
thick Mylar polyester film supplied by MOCON. The tests were
carried out at 23 �C. The gradient of vapor water was obtained by a
dry nitrogen flow on one side of the material and a wet (50% R.H)
nitrogen flow on the other side of the material. Both flows of ni-
trogenwere of 50 cm3/min. Samples were previously stored 24 h in
atmospheric conditions and then 30 min for equilibrium in the cell
before recording data. WVP (g mm m�2 s�1 Pa�1) was calculated
using the following equation: WVP ¼ (WVTR x L)/Dp where WVTR
is the Water Vapor Transmission rate (water quantity (g) passing
through the material area (m2) of material in function of time (s))
(g m�2 s�1); L is the film thickness (mm) and Dp is the partial water
vapor pressure difference (Pa) between the two sides of the film.
Each experiment was conducted in triplicate.

The oxygen permeability (OP) was determined using a
OXTRAN®2/21MH (MOCON, USA) apparatus, according to standard
testing method ASTM F1249-90 (ASTM-F1249-90, 1995). The tests
were carried out at 23 �C. The gradient of oxygenwas obtained by a
wet (50% R.H) oxygen flow on one side of the material and a wet
(50% R.H) nitrogen flow on the other side of the material. The two
gases flows (oxygen and nitrogen) were of 10 cm3/min. Samples
were previously stored 24 h in atmospheric conditions and then
10 h for equilibrium in the apparatus before recording data. OP
(cm3 mm m�2 s�1 Pa�1) was calculated using the following equa-
tion: OP ¼ (OTR x L)/Dp where OTR is the Oxygen Transmission
Rate) (oxygen quantity (cm3) passing through the material area
(m2) of material in function of time (s)) (cm3 m�2 s�1); L is film
thickness (mm) and Dp is partial water vapor pressure difference
(Pa) between the two sides of the film. Each experiment was con-
ducted in triplicate.

2.7. In vitro release assays

The sodium benzoate release assays were carried out in distilled
water at 37 �C (close to recommended temperature by European
Directive (85/572/EEC, Council Directive of 19 December 1985)).
Typically, a known weight of film is immersed in 60 mL of distilled
water and stirred at 100 rpm on a horizontal shaker (Gerhardt). At
regular intervals, the NaBz content in the supernatant solution was
determined by UV spectrophotometry (UV-1800, Shimadzu) at
l ¼ 224 nm. Additional assays have also been performed at 4 �C
(fridge temperature) and 25 �C (ambient temperature) in order to
study the influence of release temperature. Each experiment was
conducted in triplicate.
2.8. In vitro microbiological analysis

Minimum Inhibitory Concentrations (MICs) were measured for
each film component against S. aureus and E. coli. The Mueller
Hinton (MH) agar was inoculated with S. aureus (CIP 224) or E. coli
(ATCC 25922) and incubated at 37 �C for 24 h. Assays were carried
out in 96-well culture plates. Eachwell was filled with 100 mL of MH
broth containing varying concentrations of tested powder and
100 mL of bacterial culture, so that the final volume in each well was
200 mL. The plates were placed in an incubator at 37 �C for 24 h.
Every experiment was performed in triplicates. The MICs were
determined as the minimal concentration at which no bacterial
growth was detected. The studied concentrations were: NaBz,
HPbCD from 3.1 to 100 g/L; PVOH from 0.8 to 25 g/L; CTR from 0.5 to
16 g/L. For reason of comparison, a pre-synthesized polymer of
HPbCD and CTR (50% CTR) was also studied from 3.1 to 100 g/L
(Martel, Ruffin, Weltrowski, Lekchiri, & Morcellet, 2005).

Antimicrobial activity was assessed against three food patho-
gens, the Gram-positive bacterium S. aureus (CIP 224), the Gram-
negative bacteria E. coli (ATCC 25922) and the yeast C. albicans
(10286, isolated from recent biological sampling). The analysis was
carried out by agar diffusion, adapted from Kirby Bauer method
(Scott & Higham, 2003). Films were cut into 11 mm diameter disks
and deposited in the bottom of Petri dishes. Then, 18 mL of mi-
crobial culture consisting in Mueller Hinton Agar (MHA) medium
previously seeded with 104 CFU/mL of the concerned strain was
added. Every experiment was performed in triplicates. All plates
were incubated at 37 �C for 24 h and the antimicrobial activity of
the films was established by determining the diameter of the in-
hibition zone surrounding the samples.
3. Results and discussion

3.1. Permeability study

Permeability properties are essential for active packaging, since
they have to provide a barrier effect to gases to protect the food. In
particular, oxygen is mainly responsible of lipid oxidation, which
reduces shelf life and food quality. The permeability properties of
different film compositions have been evaluated. Table 1 shows the
water vapor permeability (WVP) and oxygen permeability (OP)
values measured at 23 �C and 50% R.H. for films based on PVOH
alone, PVOHwith 20wt% CTR and PVOHwith 20wt% CTR and 10wt
% HPbCD.

The WVP slightly increases with the crosslinking. The effect is
more pronounced when 10 wt% HPbCD is incorporated in the film,
which, in this high proportion, may decrease the intermolecular
forces between PVOH chains and increase the free volume
(Sothornvit & Krochta, 2001). However, the WVP values stay in the
same range as for PVOH.

The effect of CTR on the OP property of the films is negligible. As
it can be seen on Table 1, the incorporation of HPbCD has no major
influence on the OP. For the three series, the good oxygen barrier
property of PVOH is preserved.



Table 1
WVP and OP of PVOH films and PVOH films crosslinked for 360 min with 20%wt CTR, with or without 10%wt HPbCD (23 �C, 50% R.H.).

Film WVP (�10�9 g mm m�2 s�1 Pa�1) OP (�10�12 cm3 mm m�2 s�1 Pa�1)

PVOH 1.40 ± 0.01 3.93 ± 0.11
PVOH/CTR 2.27 ± 0.25 4.28 ± 0.08
PVOH/HPbCD/CTR 3.97 ± 0.23 4.98 ± 2.32
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3.2. Study of [HPbCD:NaBz] complex

The interactions between HPbCD and NaBz are not reported in
literature, contrary to the interactions with benzoic acid (Irina V,
2011) or between native bCD and NaBz (Siimer, Kurvits, &
K€ostner, 1987).

To study the complex formed between HPbCD and NaBz, an
equimolar mixturewas prepared in D2O and the spectrum obtained
by 1H ROESY NMR is given on Fig. 2a.

The 2D ROESY map reveals correlations between the aromatic
protons of NaBz and the inner protons H3 and H5 of HPbCD, proving
the inclusion of NaBz inside HPbCD cavity. A second correlation is
revealed between the protons H9 from hydroxypropyl groups and
the other protons of HPbCD, indicating that the hydroxypropyl arm
may enter the cavity. To go further in the investigation of complex
Fig. 2. a) 1H ROESY NMR spectrum of an equimolar mixture of HPbCD and NaBz (15 mM) in
determination of the stoichiometry of the complex [HPbCD:NaBz] from NMR measuremen
stoichiometry, the Job's method was performed and the plot
observed in Fig. 2c shows themaximum at amolar fraction of about
0.5, indicating that the stoichiometry of the complex [HPbCD:NaBz]
was 1:1.

3.3. Presence of NaBz in PVOH based films

The presence of NaBz in the films was revealed by Raman
spectroscopy. As shown on Fig. 3a, the Raman spectrum of PVOH/
CTR/NaBz film differs from PVOH/CTR one by the appearance of two
new peaks centered at 1000 cm�1 and 1600 cm�1, attributed the
breathing mode of the aromatic ring and to the asymmetrical
stretching mode of the carboxylate anion of NaBz respectively
(Peica, Lehene, Leopold, Cozar, & Kiefer, 2007).

In order to study the spatial distribution of NaBz in our films, we
D2O; b) structure of HPbCD and NaBz and c) Job's plot for proton H5 from HPbCD for the
ts.



Fig. 3. a) Comparison of Raman spectra of NaBz (powder), PVOH/CTR film and PVOH/CTR/NaBz film and b) NaBz spatial distribution in films with 20 wt% CTR with or without 10 wt
% HPbCD, with 1 wt% or 3 wt% NaBz.
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focused our analyses on the intense band located at 1000 cm�1 and
a cartography on 1 cm2 with a step of 200 mm on films loaded with
NaBz was performed. The intensity of color is proportional to NaBz
quantity. As observed in Fig. 3b, the preservative is homogeneously
spread in the films, especially when the film is prepared with
HPbCD and 3 wt% NaBz. The presence of HPbCD seems to improve
the homogeneity of NaBz distribution in the films.
3.4. In vitro release of NaBz

3.4.1. Influence of crosslinking parameters
The release of sodium benzoate in water was first studied for

crosslinked films, in the absence of HPbCD, with varying cross-
linking parameters, such as CTR proportion and crosslinking time,
as shown on Fig. 4. The released NaBz quantity is expressed in
percentage related to incorporated NaBz in the films.

For all films, the release profile is similar, with a plateau value
around 40e50% of the incorporated NaBz. This result suggests that
NaBz molecules might be in part trapped in the matrix network or
might interact with residual carboxylic groups in the film via ionic
or covalent bonds. For the films crosslinked for 40 min, the plateau
is quickly reached (between 4 and 10 min) whatever the CTR pro-
portion, which proves that only a small CTR proportion is involved
in the crosslinking. In particular, for low crosslinking times and low
CTR content, a higher amount of NaBz is released, probably due to a
Fig. 4. Sodium benzoate release kinetics in water at 37 �C for PVOH/CTR/NaBz films containi
crosslinking step.
smaller network density in these conditions (Birck et al., 2014). On
the contrary, for 360 min crosslinking, the plateau is reached after
12, 41 and 118 min for 10, 20 and 30 wt% CTR respectively. The
higher the CTR proportion is, the more prolonged the release is.
With high CTR proportion, a long crosslinking time (360 min) is
necessary to obtain a dense network (Birck et al., 2014), which in-
fluences the release kinetics but not the released quantity of NaBz.
3.4.2. Influence of [HPbCD:NaBz] complex
The influence of the inclusion complex of HPbCD and NaBz was

investigated by studying the release kinetics of NaBz from films
without dextrin, with HPbCD (in complex form with NaBz) or with
maltodextrin (MX) as shown on Fig. 5. Maltodextrin is chosen as a
reference. It is a linear dextrin and thus cannot form any inclusion
complex with NaBz. The CTR proportion was set at 20 wt% and the
NaBz one at 3 wt%.

Concerning the release kinetics profile, the plateau value is
quickly reached whatever the dextrin for low crosslinking times, as
already shown before. For high crosslinking times, the release is
prolonged with or without HPbCD, but not with maltodextrin.
Maltodextrin incorporation in the polymer matrix may result in a
different network structure in terms of mesh size or swelling
property, with the formation of less crosslinked zones. Without
dextrin or with maltodextrin, a maximum of 40e50% NaBz is
released. In the case of [HPbCD-NaBz] containing films, the released
ng 10, 20 and 30 wt% CTR, 3 wt% NaBz, without HPbCD and after 40 min and 360 min of



Fig. 5. Sodium benzoate release kinetics in water at 37 �C for PVOH/CTR/NaBz films containing 20 wt% CTR, 3 wt% NaBz and after 40 min and 360 min of crosslinking step, with or
without HPbCD or maltodextrin (10 wt%).
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quantity is increased up to 70e80%. This can be explained by the
presence of NaBz in the cavity contrary to maltodextrin, preventing
its interactions with the residual acid groups from the polymer
matrix and favoring its release in the medium. The increase of the
released quantity has already been described for another prolonged
release system in the biomedical field with a local anesthetic as
active principle (Vermet et al., 2014).
3.4.3. Influence of NaBz quantity
The influence of NaBz quantity in the films was studied through

the release of NaBz in films containing 1 or 3 wt% NaBz with or
without HPbCD for two crosslinking times (Fig. 6). The values are
expressed in mg of released NaBz per gram of film.

As previously observed, a high crosslinking time favors a pro-
longed release profile, which does not depend on the NaBz pro-
portion. The NaBz released quantity increases with its initial
proportion in the films whatever the crosslinking time. The pres-
ence of HPbCD slightly increases the released quantity in water as
shown previously.
3.4.4. Influence of the temperature on the NaBz release
Release kinetics were carried out in water at 4 �C, 25 �C and

37 �C on films containing 3 wt% NaBz with or without HPbCD and
reported on Fig. 7.

The films prepared without cyclodextrin exhibit similar release
profile and released quantity whatever the temperature. On the
Fig. 6. Sodium benzoate release kinetics in water at 37 �C for PVOH/CTR/NaBz films containi
with or without HPbCD.
contrary, when NaBz is included in HPbCD cavity, the release profile
is clearly slower when the temperature of the release medium is
low (4 �C). This result is explained by the stability constant of CD
complexes, which decreases when the temperature increases, as
reported in the literature for [bCD:benzoic acid] complex for
example (Belyakova & Lyashenko, 2008). This result illustrates the
potential of our films for low temperature storage. As observed
before, the released quantity when NaBz is included into HPbCD
cavity is significantly higher (NaBz plateau value from 40% to 70%
without and with HPbCD respectively).
3.5. Study of in vitro antimicrobial activity

3.5.1. Evaluation of MICs
Minimum Inhibitory Concentrations (MICs) of the initial com-

ponents of films were first evaluated against the two bacteria
S. aureus and E. coli and are given in Table 2.

As expected, the PVOH matrix and HPbCD do not present any
activity against the two bacteria. NaBz and citric acid are efficient
against both microorganisms, especially CTR which presents low
MIC (2 and 4 g/L against S. aureus and E. coli respectively), resulting
from carboxylic acid groups. In order to better understand the
antimicrobial activity of the films, a synthesized polymer of HPbCD-
CTR (50% CTR) has also been tested in order to mimic the network
formed during the crosslinking step of the elaboration process. The
measured MIC is higher than twice that of CTR alone because of the
ng 20 wt% CTR, with 1 or 3 wt% NaBz and after 40 min and 360 min of crosslinking step,



Fig. 7. Release kinetics of NaBz in water for PVOH/CTR/NaBz films crosslinked for 360 min and containing 20 wt% CTR, 3 wt% NaBz with or without HPbCD at 4 �C, 25 �C and 37 �C.

Table 2
MIC of NaBz, CTR, a synthesized polymer of HPbCD-CTR, HPbCD and PVOH against
S. aureus and E. coli.

Reagent MIC (g/L)

S. aureus CIP 224 E. coli ATCC 25922

NaBz 25 25
CTR 2 4
poly(HPbCD-CTR) 6.25 25
HPbCD >Conc* >Conc
PVOH >Conc >Conc

Conc*: solubility limit of the component.
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consumption of a part of the COOH groups involved in the reaction
with HPbCD hydroxypropyl groups.

3.5.2. Antimicrobial activity
Fig. 8 shows some photos of the inhibition zones for films with

or without NaBz and HPbCD against S. aureus.
In order to assess further the antimicrobial activity, the inhibi-

tion diameters of different series of films were measured and
compared to the disk diameter. Films without HPbCD and con-
taining varying proportions of NaBz were submitted to
Fig. 8. Inhibition zones against S. aureus for PVOH/CTR/films with
antimicrobial assays against S. aureus, E. coli and C. albicans. The
measured inhibition diameters for two crosslinking times (40 and
360 min) are reported in Fig. 9. The black line refers to the sample
diameter (1.1 cm). The antimicrobial activity is considered due to
the contact with the film below this value and to diffusion beyond
this value.

The behavior of the films without HPbCD is different according
to the microorganism type. For the two bacteria (S. aureus and
E. coli), the inhibition diameter decreases as the crosslinking time
increases, whatever the NaBz proportion. Indeed, films without
NaBz already exhibit an antimicrobial activity against the bacteria.
Considering the MIC of CTR being ten times lower and the MIC of
poly(HPbCD/CTR) being four times lower than that of NaBz against
the tested bacteria, the presence of unreacted CTR at low cross-
linking times (Birck et al., 2014) is expected to have a non-negligible
effect on the antimicrobial activity of the films. It can then be
concluded that the antimicrobial activity is mainly due to the
contact with grafted CTR and, for low crosslinking time, the prob-
able diffusion of unreacted CTR. However, a slight increase of the
inhibition diameter is observed for films containing 6 wt% NaBz,
probably resulting from an additional and more important diffu-
sion of NaBz.
or without HPbCD and NaBz crosslinked for 40 or 360 min.



Fig. 9. Inhibition diameters against S. aureus, E. coli and Candida albicans for PVOH/CTR/NaBz films containing 20 wt% CTR, 0, 3 or 6 wt% NaBz without HPbCD crosslinked for 40 or
360 min.

Fig. 10. Inhibition diameters against S. aureus, E. coli and Candida albicans for PVOH/CTR/HPbCD/NaBz films containing 20 wt% CTR, 10 wt% HPbCD and 0, 3 or 6 wt% NaBz
crosslinked for 40 or 360 min.
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For the yeast (C. albicans), all films exhibit a contact antimicro-
bial activity with an inhibition diameter equal to the sample
diameter, due to the contact with CTR and NaBz. The activity of
NaBz is detected for films with 6 wt% NaBz which show an activity
by diffusion.

A similar study was carried out with films containing HPbCD as
shown on Fig. 10. For all films, microorganisms and crosslinking
times, the inhibition diameter is higher than 1.1 cm (sample
diameter), revealing an antimicrobial activity by contact with
COOH groups and diffusion of NaBz and free CTR. The antimicrobial
activity is stronger for low crosslinking times, due to the presence
of a higher quantity of unreacted CTR as already observed for films
without HPbCD. Indeed, the NaBz proportion has no major influ-
ence on the inhibition diameter. However, the incorporation of
[HPbCD:NaBz] complex in the film has an effect at high crosslinking
times: films without HPbCD exhibit a weaker antimicrobial activity,
which may be due to a higher amount of released NaBz in presence
of HPbCD as observed for the release assays in water. For the yeast
Candida, the antifungal effect is particularly improved for films
containing 3 wt% NaBz for both low and high crosslinking times. It
can then be concluded that the presence of HPbCD in thematrix has
a positive effect on the antibacterial and antifungal activities of the
films.

4. Conclusion

Antimicrobial PVOH films crosslinked by CTR and HPbCD were
prepared and loaded with NaBz as preservative agent. The cross-
linking process of elaboration did not modify the permeability to
oxygen and water vapor of the PVOH matrix. A homogeneous dis-
tribution of NaBz within the films was observed by Raman spec-
troscopy. NaBz release assays in water showed that the release can
be prolonged by increasing the proportion of CTR and the cross-
linking time. An antimicrobial activity by contact was obtained
against two bacteria and a yeast with additional diffusion of free
CTR for low crosslinking times. NaBz diffusion effect is visible from
6 wt%.
The incorporation of HPbCD within the polymer network pre-
sents several advantages for these antimicrobial films. The release
kinetics is prolonged for high crosslinking times and at low tem-
perature, which opens the way to a potential application for low
temperature storage. Moreover, the released quantity of NaBz is
increased, thanks to its interactions with cyclodextrin, and the
antibacterial and antifungal activity by diffusion is enhanced for
high crosslinking times.

Acknowledgments

The authors thank the Region Nord-Pas de Calais and the FEDER
for financial support. Nathalie Choiselle (ESI Reims) is gratefully
acknowledged for her help with permeability tests.

References

Appendini, P., & Hotchkiss, J. H. (2002). Review of antimicrobial food packaging.
Innovative Food Science & Emerging Technologies, 3(2), 113e126. http://
dx.doi.org/10.1016/S1466-8564(02)00012-7.

Belyakova, L. A., & Lyashenko, D. Y. (2008). Complex formation between benzene
carboxylic acids and b-cyclodextrin. Journal of Applied Spectroscopy, 75(3),
314e318. http://dx.doi.org/10.1007/s10812-008-9047-0.

Birck, C., Degoutin, S., Tabary, N., Miri, V., & Bacquet, M. (2014). New crosslinked cast
films based on poly(vinyl alcohol): preparation and physico-chemical proper-
ties. eXPRESS Polymer Letters, 8(12), 941e952. http://dx.doi.org/10.3144/
expresspolymlett.2014.95.

Buonocore, G. G., Del Nobile, M. A., Panizza, A., Corbo, M. R., & Nicolais, L. (2003).
A general approach to describe the antimicrobial agent release from highly
swellable films intended for food packaging applications. Journal of Controlled
Release, 90(1), 97e107. http://dx.doi.org/10.1016/S0168-3659(03)00154-8.

Chipley, J. (1993). Sodium benzoate and benzoic acid. In P. Davidson, & A. Branen
(Eds.), Antimicrobials in foods (pp. 11e48). New York: Marcel Dekker Inc.

Connors, K. A. (1987). Binding constants : The measurement of molecular complex
stability. New York: Wiley.

Finch, C. A. (1992). Polyvinyl alcohol development. New York: Wiley.
Gil, V. M. S., & Oliveira, N. C. (1990). On the use of the method of continuous var-

iations. Journal of Chemical Education, 67(6), 473. http://dx.doi.org/10.1021/
ed067p473.

G�omez-Estaca, J., L�opez-de-Dicastillo, C., Hern�andez-Mu~noz, P., Catal�a, R., &
Gavara, R. (2014). Advances in antioxidant active food packaging. Trends in Food
Science and Technology, 35(1), 42e51. http://dx.doi.org/10.1016/
j.tifs.2013.10.008.

http://dx.doi.org/10.1016/S1466-8564(02)00012-7
http://dx.doi.org/10.1016/S1466-8564(02)00012-7
http://dx.doi.org/10.1007/s10812-008-9047-0
http://dx.doi.org/10.3144/expresspolymlett.2014.95
http://dx.doi.org/10.3144/expresspolymlett.2014.95
http://dx.doi.org/10.1016/S0168-3659(03)00154-8
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref6
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref6
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref6
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref9
http://dx.doi.org/10.1021/ed067p473
http://dx.doi.org/10.1021/ed067p473
http://dx.doi.org/10.1016/j.tifs.2013.10.008
http://dx.doi.org/10.1016/j.tifs.2013.10.008


C. Birck et al. / LWT - Food Science and Technology 68 (2016) 27e35 35
Higueras, L., L�opez-Carballo, G., Gavara, R., & Hern�andez-Mu~noz, P. (2015). Incor-
poration of hydroxypropyl-b-cyclodextrins into chitosan films to tailor loading
capacity for active aroma compound carvacrol. Food Hydrocolloids, 43, 603e611.
http://dx.doi.org/10.1016/j.foodhyd.2014.07.017.

Hwang, T. L., & Shaka, A. J. (1992). Cross relaxation without TOCSY: transverse
rotating-frame overhauser effect spectroscopy. Journal of the American Chemical
Society, 114(8), 3157e3159. http://dx.doi.org/10.1021/ja00034a083.

Imran, M., Klouj, A., Revol-Junelles, A. M., & Desobry, S. (2014). Controlled release of
nisin from HPMC, sodium caseinate, poly-lactic acid and chitosan for active
packaging applications. Journal of Food Engineering, 143, 178e185. http://
dx.doi.org/10.1016/j.jfoodeng.2014.06.040.

Irina, V. T. (2011). Comparative thermodynamic study on complex formation of
native and hydroxypropylated cyclodextrins with benzoic acid. Thermochimica
Acta, 526(1e2), 118e121. http://dx.doi.org/10.1016/j.tca.2011.09.003.

Kurek, M., Moundanga, S., Favier, C., Gali�c, K., & Debeaufort, F. (2013). Antimicrobial
efficiency of carvacrol vapour related to mass partition coefficient when
incorporated in chitosan based films aimed for active packaging. Food Control,
32(1), 168e175. http://dx.doi.org/10.1016/j.foodcont.2012.11.049.

Laying down the list of simulants to be used for testing migration of constituents of
plastic materials and articles intended to come into contact with foodstuffs
(Council Directive of 19 December 1985).

L�opez-de-Dicastillo, C., Gallur, M., Catal�a, R., Gavara, R., & Hernandez-Mu~noz, P.
(2010). Immobilization of b-cyclodextrin in ethylene-vinyl alcohol copolymer
for active food packaging applications. Journal of Membrane Science, 353(1e2),
184e191. http://dx.doi.org/10.1016/j.memsci.2010.02.049.

Martel, B., Ruffin, D., Weltrowski, M., Lekchiri, Y., & Morcellet, M. (2005). Water-
soluble polymers and gels from the polycondensation between cyclodextrins
and poly(carboxylic acid)s: a study of the preparation parameters. Journal of
Applied Polymer Science, 97(2), 433e442. http://dx.doi.org/10.1002/app.21391.

Mondal, D., Bhowmick, B., Maity, D., Mollick, M. M. R., Rana, D., Rangarajan, V., et al.
(2015). Investigation on sodium benzoate release from poly(butylene adipate-
co-terephthalate)/organoclay/sodium benzoate based nanocomposite film and
their antimicrobial activity. Journal of Food Science. http://dx.doi.org/10.1111/
1750-3841.12745.

Musetti, A., Paderni, K., Fabbri, P., Pulvirenti, A., Al-Moghazy, M., & Fava, P. (2014).
Poly(vinyl alcohol)-based film potentially suitable for antimicrobial packaging
applications. Journal of Food Science, 79(4), E577eE582. http://dx.doi.org/
10.1111/1750-3841.12375.

Neetoo, H., & Mahomoodally, F. (2014). Use of antimicrobial films and edible
coatings incorporating chemical and biological preservatives to control growth
of listeria monocytogenes on cold smoked salmon. BioMed Research Interna-
tional, 2014. http://dx.doi.org/10.1155/2014/534915.

Peica, N., Lehene, C., Leopold, N., Cozar, O., & Kiefer, W. (2007). Raman and surface-
enhanced Raman studies of the food additive sodium benzoate. Journal of
Optoelectronics and Advanced Materials, 9(9), 2943e2948.
Raouche, S., Mauricio-Iglesias, M., Peyron, S., Guillard, V., & Gontard, N. (2011).

Combined effect of high pressure treatment and anti-microbial bio-sourced
materials on microorganisms' growth in model food during storage. Innovative
Food Science & Emerging Technologies, 12(4), 426e434. http://dx.doi.org/
10.1016/j.ifset.2011.06.012.

Rutenberg, R., Bernstein, S., Paster, N., Fallik, E., & Poverenov, E. (2015). Antimi-
crobial films based on cellulose-derived hydrocolloids. A synergetic effect of
hosteguest interactions on quality and functionality. Colloids and Surfaces B:
Biointerfaces. http://dx.doi.org/10.1016/j.colsurfb.2015.06.022.

Scott, C. P., & Higham, P. A. (2003). Antibiotic bone cement for the treatment of
Pseudomonas aeruginosa in joint arthroplasty: comparison of tobramycin and
gentamicin-loaded cements. Journal of Biomedical Materials Research e Part B
Applied Biomaterials, 64(2), 94e98.

Siimer, E., Kurvits, M., & K€ostner, A. (1987). Thermochemical investigation of b-
cyclodextrin complexes with benzoic acid and sodium benzoate. Thermochimica
Acta, 116(0), 249e256. http://dx.doi.org/10.1016/0040-6031(87)88185-6.

Sothornvit, R., & Krochta, J. M. (2001). Plasticizer effect on mechanical properties of
b-lactoglobulin films. Journal of Food Engineering, 50(3), 149e155. http://
dx.doi.org/10.1016/S0260-8774(00)00237-5.

Standard test method for water vapor transmission rate through plastic film and
sheeting using a modulated infrared sensor.(1995). ASTM F1249e90 C.F.R.

Sung, S. Y., Sin, L. T., Tee, T. T., Bee, S. T., Rahmat, A. R., Rahman, W. A., et al. (2013).
Antimicrobial agents for food packaging applications. Trends in Food Science and
Technology, 33(2), 110e123. http://dx.doi.org/10.1016/j.tifs.2013.08.001.

Sun, X., Sui, S., Ference, C., Zhang, Y., Sun, S., Zhou, N., et al. (2014). Antimicrobial
and mechanical properties of b-cyclodextrin inclusion with essential oils in
chitosan films. Journal of Agricultural and Food Chemistry, 62(35), 8914e8918.
http://dx.doi.org/10.1021/jf5027873.

Sun, X., Wang, Z., Kadouh, H., & Zhou, K. (2014). The antimicrobial, mechanical,
physical and structural properties of chitosan-gallic acid films. LWT e Food
Science and Technology, 57(1), 83e89. http://dx.doi.org/10.1016/
j.lwt.2013.11.037.

Vega-Lugo, A. C., & Lim, L. T. (2009). Controlled release of allyl isothiocyanate using
soy protein and poly(lactic acid) electrospun fibers. Food Research International,
42(8), 933e940. http://dx.doi.org/10.1016/j.foodres.2009.05.005.

Vermet, G., Degoutin, S., Chai, F., Maton, M., Bria, M., Danel, C., et al. (2014). Visceral
mesh modified with cyclodextrin for the local sustained delivery of ropivacaine.
International Journal of Pharmaceutics, 476(1e2), 149e159. http://dx.doi.org/10.
1016/j.ijpharm.2014.09.042.

Wang, S., Ren, J., Li, W., Sun, R., & Liu, S. (2014). Properties of polyvinyl alcohol/xylan
composite films with citric acid. Carbohydrate Polymers, 103, 94e99. http://
dx.doi.org/10.1016/j.carbpol.2013.12.030.

http://dx.doi.org/10.1016/j.foodhyd.2014.07.017
http://dx.doi.org/10.1021/ja00034a083
http://dx.doi.org/10.1016/j.jfoodeng.2014.06.040
http://dx.doi.org/10.1016/j.jfoodeng.2014.06.040
http://dx.doi.org/10.1016/j.tca.2011.09.003
http://dx.doi.org/10.1016/j.foodcont.2012.11.049
http://dx.doi.org/10.1016/j.memsci.2010.02.049
http://dx.doi.org/10.1002/app.21391
http://dx.doi.org/10.1111/1750-3841.12745
http://dx.doi.org/10.1111/1750-3841.12745
http://dx.doi.org/10.1111/1750-3841.12375
http://dx.doi.org/10.1111/1750-3841.12375
http://dx.doi.org/10.1155/2014/534915
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref22
http://dx.doi.org/10.1016/j.ifset.2011.06.012
http://dx.doi.org/10.1016/j.ifset.2011.06.012
http://dx.doi.org/10.1016/j.colsurfb.2015.06.022
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref25
http://dx.doi.org/10.1016/0040-6031(87)88185-6
http://dx.doi.org/10.1016/S0260-8774(00)00237-5
http://dx.doi.org/10.1016/S0260-8774(00)00237-5
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30363-7/sref2
http://dx.doi.org/10.1016/j.tifs.2013.08.001
http://dx.doi.org/10.1021/jf5027873
http://dx.doi.org/10.1016/j.lwt.2013.11.037
http://dx.doi.org/10.1016/j.lwt.2013.11.037
http://dx.doi.org/10.1016/j.foodres.2009.05.005
http://dx.doi.org/10.1016/j.ijpharm.2014.09.042
http://dx.doi.org/10.1016/j.ijpharm.2014.09.042
http://dx.doi.org/10.1016/j.carbpol.2013.12.030
http://dx.doi.org/10.1016/j.carbpol.2013.12.030


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 36e43
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Lipoxygenase inactivation kinetics and quality-related enzyme
activities of narrow-leafed lupin seeds and flakes

Michael Stephany a, *, Philipp Eckert a, Stephanie Bader-Mittermaier a,
Ute Schweiggert-Weisz a, Reinhold Carle b, c

a Fraunhofer Institute for Process Engineering and Packaging IVV, Giggenhauser Straße 35, 85354 Freising, Germany
b Institute of Food Science and Biotechnology, Hohenheim University, Garbenstraße 25, 70599 Stuttgart, Germany
c King Abdulaziz University, Biological Science Department, Faculty of Science, P.O. Box 80257, 21589 Jeddah, Saudi Arabia
a r t i c l e i n f o

Article history:
Received 2 July 2015
Received in revised form
19 November 2015
Accepted 27 November 2015
Available online 8 December 2015

Keywords:
Lupinus angustifolius
Endogenous enzymes
LOX inactivation
Hydrothermal treatment
Kinetics
* Corresponding author.
E-mail address: michael.stephany@ivv.fraunhofer.d

http://dx.doi.org/10.1016/j.lwt.2015.11.052
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Lupin seeds are promising sources for the production of vegetable proteins. However, these proteins are
associated with green and bean-like flavour, which is attributed to endogenous enzyme activities.
Therefore, the objective was to develop a suitable process for the thermal inactivation of quality-affecting
enzymes for lupin (Lupinus angustifolius cv. Boregine) seeds and de-oiled flakes. After monitoring the
specific activities of lipoxygenase (LOX), peroxidase (POD) and lipase during seed maturation, LOX was
selected as the most appropriate indicator enzyme to assess inactivation as lipase and POD activities
extensively declined at full maturity. Effective reduction of LOX activity was achieved by various hy-
drothermal treatments at 70e100 �C for up to 30 min and 100% relative humidity. The calculation of
kinetic parameters revealed a first-order reaction, whereby the k values increased from 0.09 to 0.58
min�1 and 0.06 to 0.62 min�1 for seeds and flakes, respectively. The activation energies were significantly
lower for inactivation in seeds (60.5 kJ mol�1) than in de-oiled flakes (78.0 kJ mol�1), suggesting the
application of whole seeds for LOX inactivation. Based on these results, a gentle inactivation process at
80 �C for 7 min for lupin LOX is proposed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, lupin proteins (Lupinus L.) have gained impor-
tance as promising alternative to soy proteins as they comprise a
similar nutritious amino acid composition, some health-promoting
effects as well as good functional properties (Villarino et al., 2015;
W€asche, Müller, & Knauf, 2001). Despite improved processing
techniques and the utilisation of low-alkaloid varieties, green and
bean-like odour and bitter taste is characteristic for lupin seed
fractions (Bader, Czerny, Eisner, & Büttner, 2009; Schindler et al.,
2011). Earlier studies also have shown such off-flavours in soy-
beans (Kumar, Rani, Tindwani, & Jain, 2003; Rackis, Sessa, & Honig,
1979) and their formation has been associated with the activities of
lipoxygenase (LOX) and other endogenous enzymes like lipase or
peroxidase (POD) (Barrett & Theerakulkait, 1995; Robinson, Wu,
Domoney, & Casey, 1995; Wolf, 1975). Therefore, knowledge on
the behaviour of these enzymes during seed maturation might be
e (M. Stephany).
crucial for the development of an appropriate inactivation process
for the production of lupin ingredients with improved sensory
properties. For soybeans, the activities of lipase, POD and LOX have
been reported to change during seed maturation (Attia, Aman,
Shehata, & Hamza, 1996; Rackis, Sessa, Honig, & Moser, 1972),
whereas literature data about enzyme activities in maturing lupin
seeds are unavailable to date.

LOX enzymes (EC 1.13.11.12) catalyse the dioxygenation of
certain polyunsaturated fatty acids into reactive hydroperoxides,
which are rapidly converted into odour-active compounds by
enzymatic or non-enzymatic reactions (Axelrod, Cheesbrough, &
Laakso, 1981; Mandal, Dahuja, Kar, & Santha, 2014). In contrast to
other legumes, LOX from narrow-leafed lupin (Lupinus angustifolius
L.) seeds has been reported to be specific for free fatty acids as
substrates (Stephany, Bader-Mittermaier, Schweiggert-Weisz, &
Carle, 2015), which might imply the involvement of endogenous
lipase enzymes (triacylglycerol lipase, EC 3.1.1.3) in lupin flavour
formation, catalysing the release of free fatty acids from tri-
acylglycerols. In addition to lipase and LOX, POD enzymes (EC
1.11.1.7) are also involved in off-flavour formation in legumes,
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Fig. 1. Design of the study.
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catalysing the reduction of fatty acid hydroperoxides into odour-
active aldehydes and alcohols (Lee & Hammes, 1979). In order to
provide high-quality products with improved sensory properties,
different thermal and non-thermal processes, aiming at the inac-
tivation of those enzymes, have been reported for soybeans, peas
and beans (Indrawati, Van Loey, Ludikhuyze, & Hendrickx, 1999;
Reyes De Corcuera, Cavalieri, & Powers, 2004). While the indus-
trial use of non-thermal processes like pulsed electric fields is
limited, thermal conditioning of seeds or toasting of flakes and
flours at 110 �C-165 �C are commonly applied in soybean processing
(Monari, 1990). However, the application of such high temperatures
resulted in diminished protein functionality and losses of vitamins
and nutrients (Xie & Fretzdorff, 1992). For beans, peas and other
vegetables, blanching with hot water is a common pre-treatment to
inactivate enzymes prior to further processing. Due to the effective
heat transfer, water blanching can be performed at lower temper-
atures and shorter treatment duration: For instance, LOX in green
beans has been suggested to be inactivated during 2 min of
blanching at 70 �C, while blanching at 90 �C for 3 min is required to
inactivate 90% of the initial POD activity (Bahceci, Serpen, G€okmen,
& Acar, 2005). However, water blanching may lead to leaching of
proteins and other nutrients as well as an increased water activity
of seeds, which hereinafter may result in growth of bacteria and
mould during subsequent storage (Reyes De Corcuera et al. 2004).
These problems might be avoided using steam blanching (hydro-
thermal treatment) at temperatures up to 100 �C (Reyes De
Corcuera et al. 2004). According to Rodriguez-Saona, Barrett, and
Selivonchick (1995), for instance, complete inactivation of POD in
sweet corn may be achieved by 15 min of steam blanching at
100 �C. Crude LOX from L. angustifolius and Lupinus albus has been
reported to be stable up to 80 �C (Yoshie-Stark & W€asche, 2004);
however, studies on LOX inactivation in intact lupin seeds or flakes
are missing.

Enzyme inactivation has been described to follow first-order
reaction kinetics (G€okmen, Bahceci, Serpen, & Acar, 2005;
Morales-Blancas, Chandia, & Cisneros-Zevallos, 2002). The tem-
perature dependence of the reaction rates can be described using
the empirical Arrhenius equation, which allows the determination
of activation energies (Ea values). For water blanching and dry
heating of vegetables and legumes, Ea values for LOX inactivation
typically range between 100 and 200 kJ mol�1, whereby rate con-
stants, k (min�1), of 0.005e0.252 were determined for pea flour at
90e130 �C (Henderson, Blank, & Sustackova, 1991; Indrawati et al.,
1999; Kermasha, Bisakowski, Ramaswamy, & Van de Voort, 1993).

The objective of the present study was to develop an appro-
priate process for the gentle inactivation of deteriorative enzymes
in lupin seeds. Concomitantly, an enzyme indicating sufficient
thermal treatment is identified. For this purpose, changes in lipase,
LOX and POD activities in lupin seeds during maturation are first
investigated to identify an appropriate indicator enzyme for suc-
ceeding thermal inactivation. Secondly, different thermal treat-
ments of lupin seeds and de-oiled flakes are applied, and residual
enzyme activities are determined. Furthermore, inactivation rate
constants (k), activation energy (Ea) values and decimal reduction
times (DT) are calculated at different temperatures, and the values
obtained are compared to soybeans and other legumes.

2. Materials and methods

Fig. 1 displays the design of the current study. First of all, lipase,
POD and LOX activities were determined during lupin seed matu-
ration starting 36 days prior to harvest. Based on these results, LOX
was selected as indicator enzyme for the thermal inactivation trials
and a suitable enzyme assay was evaluated to monitor hydroper-
oxide formation of heat treated samples. Subsequently, lupin seeds
and de-oiled flakes were thermally treated at different tempera-
tures for up to 40 min. Kinetic parameters (k, Ea and DT values) of
LOX inactivation were calculated in order to deduce a suitable
process for the production of rawmaterials with low LOX activities.
2.1. Materials

2.1.1. Chemicals
All reagents used were of analytical grade and obtained from

Merck (Darmstadt, Germany) with the exception of poly-
vinylpolypyrrolidone (PVPP), Triton X-100 and Tween 20, which
were purchased from SigmaeAldrich (Munich, Germany). Reagents
used for the protein assay (Dye reagent concentrate and Protein
Assay Standard) were from Bio-Rad Laboratories (Munich,
Germany).
2.1.2. Sample collection and preparation
Narrow-leafed lupin seeds (L. angustifolius cv. Boregine) were

obtained from Saatzucht Steinach (Steinach, Germany). To assess
the specific activities of lipase, LOX and POD of maturing lupin
seeds, samples were collected 36, 28, 16 and 8 days before harvest
as well as at the day of harvest. The samples were lyophilised prior
to the preparation of crude enzyme extracts.
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To obtain de-oiled lupin flakes, seeds were hulled in an under-
runner disc sheller (Streckel & Schrader, Hamburg, Germany), and
the kernels were separated from the hulls using a zig-zag sifter
(Hosokawa Alpine, Augsburg, Germany). Full-fat lupin flakes were
prepared from the kernels using a roller mill equipped with smooth
rollers (Streckel& Schrader, Hamburg, Germany). Subsequently, the
full-fat flakes were de-oiled in a supercritical CO2 extraction plant
(Natex, Ternitz, Austria) at 285 bar and 50 �C applying 70 kg CO2
kg�1

flakes. Integral lupin seeds and de-oiled flakes were stored in
the dark at 15 �C and 50 ± 5% relative humidity until sample
preparation.

Directly prior to the preparation of crude enzyme extracts, the
lupin samples (seeds and de-oiled flakes) were frozen in liquid
nitrogen, and ground to fine powder using an ultra-centrifugal mill
(Retsch ZM-100, Haan, Germany) with a 0.5 mm screen insert. The
crude enzyme extracts were prepared by extractionwith 50mmol L
�1 sodium phosphate buffer (pH 6.8) and dialysis in a cellulose
membrane tube as previously described (Stephany et al., 2015).
Aliquots of 1 mL of the crude enzyme extracts were stored
at �50 �C until analyses.

2.1.3. Thermal treatment facility
A combi steamer (Self cooking center, Rational, Landsberg am

Lech, Germany), having an oven volume of 145 L, was used for the
thermal and hydrothermal treatment of the lupin seeds and flakes.
Approx. 50 g of the lupin samples were heated at the centre of the
middle rack in the oven, placed in a single layer on perforated
stainless steel trays after pre-heating of the oven for 10 min.
Relative humidity of 100% was achieved by evaporation of distilled
water at the respective inactivation temperature until saturation.

2.2. Thermal treatment of lupin seeds and de-oiled flakes

Hydrothermal treatment was performed at 100% relative hu-
midity at varying temperatures (70e100 �C) and durations
(0e30 min) at medium fan speed. The samples were rapidly cooled
with liquid nitrogen and dried at room temperature for 30 min to
Residual LOX activity ð%Þ ¼ specific LOX activity after heat treatment
native specific LOX activity

*100 (1)
remove condensed water immediately after treatment. Dry heating
at 100 �C (r.h. app. 1.5%) for up to 40 min was analogously per-
formed without water vaporisation.

2.3. Determination of lipase activity

The lipase activity was determined spectrophotometrically at
pH 8.0 according to Gupta, Rathi, and Gupta (2002) using p-nitro-
phenyl palmitate as preliminary experiments revealed highest
lipase activity at pH 8.0. Specific lipase activities were calculated as
mkat (ε ¼ 3.39 $ 103 mol�1 cm�1, according to Gupta et al. (2002)) in
relation to the protein content of the enzyme extract.

2.4. Determination of peroxidase activity

POD activity was determined spectrophotometrically using
guaiacol according to the method of Sheu and Chen (1991). Specific
POD activities were calculated as mkat (ε ¼ 2.66 $ 104 mol�1 cm�1,
according toMaehly (1954)) in relation to the protein content of the
enzyme extract.
2.5. Determination of lipoxygenase activity

For the LOX assays, linoleic acid substrate solution (10 mM
linoleic acid) and sodium phosphate reaction buffer (150 mM, pH
8.0) were prepared as described previously (Stephany et al., 2015).
2.5.1. Assay 1 e spectrophotometric measurement of linoleic acid
hydroperoxides

In the first assay the formation of linoleic acid hydroperoxides
was monitored spectrophotometrically measuring the increase in
absorbance at 234 nm according to Stephany et al. (2015). Specific
LOX activities were calculated as mkat (ε ¼ 2.5 $ 104 mol�1 cm�1,
according to Axelrod et al. (1981)) in relation to the protein content
of the enzyme extract.
2.5.2. Assay 2 e indirect spectrophotometric measurement of
linoleic acid hydroperoxides by means of iodide oxidation

A second spectrophotometric LOX assay was performed using
themethod ofWilliams, Lim, Chen, Pangborn, andWhitaker (1986).
In detail, 10 mL of crude enzyme extracts of lupin seeds and de-oiled
flakes were incubated for 4min at room temperaturewith 120 mL of
linoleic acid substrate solution emulsified in 1.37 mL of sodium
phosphate reaction buffer. Subsequently, 300 mL of the incubated
reaction mixture were mixed thoroughly with 1 mL of 0.2 mol/L
acetic acid, containing 10 mL of a 10 g/L potato starch solution. The
colour reaction was started by adding 200 mL of freshly prepared
saturated potassium iodide solution. The absorbance was deter-
mined at 470 nm exactly after 6 min reaction time. For every single
sample a blank with inactivated enzymewas prepared by heating a
corresponding crude enzyme extract for 20 min at 99 �C in a
thermal mixer (Eppendorf, Hamburg, Germany). All measurements
were carried out in triplicate. Results were related to the protein
content of the crude extract and normalised to the native activity of
untreated seeds according to Eq. (1).
2.6. Protein determination of the crude enzyme extracts

In order to determine specific enzyme activities, the protein
contents of the crude enzyme extracts were determined spectro-
photometrically at 595 nm according to the method of Bradford
(1976). Bovine serum albumin was used for external calibration
with concentrations ranging from 5 to 20 mg protein mL�1. For this
purpose, the crude enzyme extracts were diluted 1:1000 with
distilled water in order to match the calibration range. All de-
terminations were carried out in duplicate.

2.7. Enzyme inactivation parameters and statistics

In order to calculate inactivation rate constants (k), the natural
logarithm of residual LOX activity was plotted against the duration
of treatment. For each temperature, k was obtained from the slope
of the linear regression line as described by Henderson et al. (1991).
Activation energies (Ea) were calculated by means of the Arrhenius
plot, whereby the errors were calculated from the standard errors
of regression using the Microsoft Excel function STEYX. To
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determine the efficiency of the heat treatment, decimal reduction
times (DT values; time required to reduce the enzyme activity by
90% of the initial activity at a specific temperature T) were calcu-
lated from semi-logarithmic plots of the remaining LOX activity as a
function of time. For this, Eq. (2) was used, whereby ’a’ was the
intersection of the respective regression line with the y-axis.

DT ðminÞ ¼ ða� 2:303Þ=k (2)

Data were analysed using SPSS 20.0 (SPSS, Chicago, IL, USA),
following one-way analysis of variance (ANOVA). Mean comparison
was performed using the Bonferroni post hoc test and statistical
significance was considered at p � 0.05. Additionally, all individual
P-values, F-change, as well as R2-values were reported.
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Fig. 2. Change of endogenous activities of lipase, peroxidase (POD) and lipoxygenase
(LOX, determined with Assay 1) during seed maturation. Data are represented as
mean ± standard deviation.
3. Results and discussion

3.1. Change of specific lipase, peroxidase and lipoxygenase activity
during seed maturing

In seeds used for human nutrition, lipase, POD and LOX activities
are of particular interest as they possibly affect their sensory quality
and storage stability (Bahceci et al., 2005; Rackis et al., 1972). On
this account, the specific activities of lipase, POD and LOX in
maturing lupin seeds were monitored 36, 28, 16 and 8 days before
harvest as well as at the day of harvest. 36 days before harvesting
the specific lipase activity was highest with 25 mkat/mg protein
(Fig. 2), and thereafter decreased significantly (R2¼ 0.95; F¼ 182.0;
P � 0.001). The lowest specific lipase activity was present in the
matured lupin seeds at the point of harvesting (2 mkat/mg protein).

The same trend was observed for peroxidase activity (Fig. 2,
POD; R2 ¼ 0.97; F ¼ 130.2; P � 0.001). Maximum POD activity was
found in seeds picked 36 days before harvest (423 mkat/mg pro-
tein), whereas it decreased substantially 8 days later (9 mkat/mg
protein). Analogously to lipase, POD activity was lowest in mature
lupin seeds (1 mkat/mg protein).

Contrary to the present results, lipase activity has been reported
to increase during ripening of chickpeas (Attia et al., 1996), sug-
gesting differences in metabolic pathways of different genera of
leguminous plants. Generally, lipase activity is essential in germi-
nation, supplying energy and carbon for embryonic growth (Barros,
Fleuri,&Macedo, 2010). However, lipase seems to play only aminor
physiological role in ungerminated, ripe lupin seeds.

For POD activity in soybeans, Rackis et al. (1972) reported a
fluctuating trend throughout the maturation period. In the present
work, POD activity showed obvious decreases up to full maturity.
Among numerous physiological functions, POD may prevent the
developing seed from biological and chemical damage, e. g. by
raising physical barriers (Passardi, Cosio, Penel, & Dunand, 2005).

In contrast to lipase and POD activities, a reverse course of ac-
tivity was found for LOX (Fig. 2, LOX; R2¼ 0.92; F¼ 77.8; P� 0.001).
The specific LOX activity increased continuously during seed
development starting from 17 mkat/mg protein 36 days prior to
harvest to 63 mkat/mg protein at harvest. Increasing LOX activities
in extracts of maturing soybeans have also been reported by Funk,
Carroll, Thompson, and Dunham (1986). Based on the high activity
of LOX in mature seeds, they proposed a physiological role, e. g. in
germination and biosynthesis of certain growth regulatory
molecules.

Rackis et al. (1972), who also determined an increase of LOX
activity during soybean maturation, established a correlation be-
tween LOX activity and bitter flavour formation and thus demon-
strated the crucial role of LOX in off-flavour formation. These
findings were corroborated by the study of Pattee, Singleton, Johns,
and Mullin (1970) reporting increasing LOX activities during
ripening of peanuts, which were associated with the formation of
odour-active volatiles, and thus provided further evidence of the
involvement of LOX in off-odour generation. As a consequence, and
due to the fact that POD and lipase activities were relatively low in
ripe lupin seeds in the present study, LOX was chosen as an indi-
cator for sufficient heat treatment to possibly suppress the
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formation of undesirable aroma. The use of LOX as indicator
enzyme rather than POD has also been suggested for soybeans and
peas, with focus on preventing excessive thermal heating of the
products (Barrett & Theerakulkait, 1995; G€okmen et al., 2005). As a
further advantage, thermal inactivation of LOX is most probably
irreversible in contrast to POD (Bahceci et al., 2005). In addition to
LOX, urease is frequently used as indicator enzyme for soy-based
animal feed as it reveals higher heat stability than LOX
(Prachayawarakorn, Prachayawasin,& Soponronnarit, 2006;White,
Campbell, & McDowell, 2000). In human nutrition, however,
inactivation of LOX is of utmost importance as it affects sensory
quality of food products and limits storage stability of flours (Rackis
et al., 1979; Wolf, 1975).
3.2. Evaluation of an LOX assay suitable for lupin

The LOX assay according to Axelrod et al. (1981) (Assay 1) could
not be applied to heat-treated lupin seeds as remarkable increases
in absorbance were measured even after intense heating. As a
consequence, using this assay, inactivation rates were insufficient
to be determined. Limited applicability of this method to crude
extracts had also been stated by Galliard and Chan (1980), who
suggested that secondary reactions and interfering absorptions by
minor constituents present in the extracts might impede the re-
action. Particularly, denatured heme proteins, formed during heat
treatment, have been shown by several researchers to considerably
increase lipid oxidation (Adams& Ongley,1983; Eriksson, Olsson,&
Svensson, 1971; Eriksson & Vallentin, 1973; Pazos, Andersen, &
Skibsted, 2008). These non-enzymatic constituents might there-
fore lead to unreliable measurement of lupin LOX activity. However,
the iodide assay as described by Williams et al. (1986) (Assay 2)
yielded sound and reproducible results for LOX inactivation and
should thus be more specific for thermally treated samples, solely
recording hydroperoxides derived from LOX activity.

In order to evaluate the comparability of the conventional
photometric LOX assay at 234 nm (Assay 1) and the iodide oxidation
assay (Assay 2), the previously described non-heated samples
(section 3.1) of different ripening stages were again analysed
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Fig. 3. Change of lipoxygenase activity (ripe seed ¼ 100%) during seed maturation
determined using Assay 1 (dark grey) and Assay 2 (light grey). Correlation parameters:
r ¼ 0.90; R2 adj. ¼ 0.927; F ¼ 295.8; p � 0.001. Data are represented as
mean ± standard deviation.
applying the latter assay. As demonstrated in Fig. 3, Assay 2
revealed the same trend for LOX activity and was correlated with
Assay 1 (correlation coefficient r ¼ 0.90; R2 adj. ¼ 0.927; F ¼ 295.8;
P � 0.001). Correlation of both LOX assays has also been demon-
strated by Romero and Barrett (1997). Consequently, in the
following, Assay 2 was used for the determination of residual LOX
activity in heated seed samples.

3.3. Inactivation of lipoxygenase in lupin seeds and de-oiled flakes

LOX inactivation was monitored using lupin seeds and de-oiled
flakes applying dry heat at 100 �C and hydrothermal treatment at
70, 80, 90 and 100 �C at different exposure times. In Fig. 4, semi-
logarithmic plots of residual LOX activities are depicted as a func-
tion of heat exposure time at various temperatures. These
frequently applied plots allow a basic modelling of kinetic LOX
inactivation parameters (k, Ea) (Henderson et al., 1991; Indrawati
et al., 1999).

LOX inactivation behaviour for both hydrothermal and dry
thermal treatment was in accordance with results frequently re-
ported for other legumes (G€okmen et al., 2005; Kermasha et al.,
1993) following first-order inactivation kinetics for lupin LOX in
seeds and flakes. However, the inactivation temperatures of lupin
LOX were higher than those reported for green peas by G€okmen
et al. 2005.

If two isoenzymes with different thermal stability are present in
vegetables, biphasic first-order LOX inactivation kinetics have been
reported (e. g. Morales-Blancas et al., 2002). In contrast, the first-
order monophasic kinetics obtained for all temperatures in this
study corroborates the presence of one type of isoenzyme solely in
lupins, thus underpinning the findings of our former study
(Stephany et al.,2015).

Similar to previous investigations (G€okmen et al., 2005;
Henderson et al., 1991), the inactivation rate constants k
increased with increasing temperatures for both lupin seeds and
flakes (Table 1).

Furthermore, k values of lupin seeds and flakes were signifi-
cantly lower for the dry thermal treatment at 100 �C compared to
the hydrothermal treatments suggesting higher heat stability of
lupin LOX to dry heat treatment. Due to poor heat convection,
enzyme inactivation by means of dry heat is less effective and
therefore rarely applied. Similarly, Henderson et al. (1991) reported
high thermal stability of pea flour LOX under dry-heat conditions.
The inactivation temperatures as well as the respective activation
energies (Ea values) were significantly higher than those of heating
of the corresponding aqueous crude extracts, which resulted in a
more effective LOX inactivation in that study (Henderson et al.,
1991). They explained the insufficient LOX inactivation in the
flour with complexation of LOXwith other macromolecules and the
structure of the water surrounding the enzyme. Furthermore, the
poor lupin LOX inactivation under dry heat conditions concur with
findings ofWang and Toledo (1987) who found that with increasing
moisture contents the inactivation was accelerated for soybeans,
which was explained by higher energy absorption and enhanced
heat convection due to the increased water content.

In contrast to dry heating, hydrothermal treatment of lupin
seeds and de-oiled flakes proved to be effective for extensive LOX
inactivation, which is evident from considerably higher rate con-
stants k (Table 1). DT values for LOX inactivation in seeds appeared
lower than those of flakes, thus pointing towards the superior
thermo-stability of LOX in the flakes. DT values at 70 �C would be
25.3 min and 34.1 min for seeds and de-oiled flakes, respectively.
However, when heating at 100 �C, the difference in the DT values
between seeds and flakes appeared substantially reduced (3.4 and
3.6 min, respectively). In order to compare the efficiency of LOX
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Fig. 4. Semi-logarithmic inactivation curves of LOX from crude extracts of lupin seeds and flakes.A100 �C- 90 �C: 80 �C ✕70 �C Ο 100 �C dry heat Equations, P-values, F-values
and R2 (adj) values of the curves are given in Table 1.

Table 1
Linear regression statistics and kinetic parameters of LOX inactivation of lupin seeds and flakes at different temperatures. R2: linear coefficient of determination. R2 adj.:
adjusted linear coefficient of determination. k: first order inactivation rate constant. DT: Decimal reduction time (time required to reduce the enzyme activity by 90% of the
initial activity).

Sample Inactivation temperaturea [�C] Regression equation R2 R2 adj. F-value P-value k [min�1] DT [min]

seeds 70 �0.093x þ 4.741 0.96 0.95 160.2 �0.001 0.09 26.2
80 �0.333x þ 4.637 0.98 0.97 305.8 �0.001 0.33 6.8
90 �0.392x þ 4.169 0.93 0.92 80.0 �0.001 0.39 4.5
100 �0.576x þ 4.268 0.96 0.95 119.4 �0.001 0.58 3.4
100 e dry heat �0.019x þ 4.560 0.96 0.96 130.0 �0.001 0.02 e

flakes 70 �0.062x þ 4.518 0.96 0.96 130.9 �0.001 0.06 35.5
80 �0.239x þ 4.575 0.96 0.95 160.2 �0.001 0.24 9.0
90 �0.352x þ 4.264 0.96 0.96 163.9 �0.001 0.35 5.6
100 �0.624x þ 4.535 0.96 0.95 114.3 �0.001 0.62 3.6
100 e dry heat �0.011x þ 4.529 0.96 0.95 130.1 �0.001 0.01 e

a With the exception of dry heat, heating was performed at 100% relative humidity.
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Table 2
Activation energies and linear regression statistics of hydrothermal LOX inactivation
of lupin seeds and flakes in the temperature range of 70e100 �C. R2: linear coeffi-
cient of determination. R2 adj.: adjusted coefficient of determination. Ea: Activation
energy, based on the Arrhenius equation.

Sample Regression equation R2 R2 adj. F-value P-value Ea [kJ mol�1]

seeds �7.273x þ 19.087 0.86 0.79 12.4 0.072 60.5 ± 3.0a

flakes �9.384x þ 24.797 0.94 0.90 28.9 0.033 78.0 ± 2.5a

a Deviation calculated from standard error of regression.
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inactivation in more detail, the Ea values were calculated for seeds
and de-oiled flakes, respectively. Fig. 5 shows the plot of Ea value
determination for hydrothermal LOX inactivation of lupin seeds
and de-oiled flakes based on the Arrhenius equation.

As shown in Table 2, Ea values amounted to 60.5 ± 3.0 kJ mol�1

and 78.0 ± 2.5 kJ mol�1 for seeds and flakes, respectively.
It is thus evident that LOX inactivation is more effective in in-

tegral lupin seeds than in flakes, which may be partly due to a more
efficient heat transfer in the compact lupin seed compared to the
de-oiled flakes containing air due to their disrupted structures.
However, this phenomenon should be investigated in more detail.
The Ea values obtained in our study were lower than previously
reported for other legumes: Kermasha et al. (1993) determined an
Ea of 119 kJ mol�1 for LOX inactivation by water-blanching of soy-
beans; while Ea values for LOX inactivation were 126 kJ mol�1 and
331 kJ mol�1 for dry heated pea flour and green bean extract
(Henderson et al., 1991). However, kinetics of LOX inactivation
might be influenced by sample preparation and the degree of
enzyme purification among others, thus impeding any direct cor-
relation of Ea values (Barrett & Theerakulkait, 1995).

According to our findings, decimal reduction of LOX activity can
be achieved efficiently for intact seeds at 80 �C or higher at a
maximum exposure time of 7 min. This inactivation regime would
be significantly lower than the temperatures and times reported in
literature for toasting or roasting of soybeans. Thereby, tempera-
tures of up to 150 �C under hot air treatment and 135 �C for su-
perheated steam treatment have been reported to reduce urease
activity while simultaneously retaining protein solubility
(Prachayawarakorn et al., 2006). If LOX inactivation has been
considered solely, in soybeans temperatures in the range of
60e100 �C were applied (Kermasha et al., 1993). However,
compared to those results, Ea values of the present study were
considerably lower, which substantiates the high effectiveness of
hydrothermal treatment to inactivate LOX in lupin seeds.
4. Conclusions

The present study aimed to develop a suitable process for the
thermal inactivation of quality-related enzymes in lupin seeds and
flakes. After demonstrating that LOX is the most appropriate indi-
cator to assess enzyme inactivation, various duration-temperature
regimes were tested for lupin seeds and de-oiled flakes. Hydro-
thermal treatment of both lupin seeds and flakes proved to be the
method of choice to achieve efficient reduction of LOX activity.
Inactivation of LOX in integral seeds is strongly recommended as it
requires shorter treatment than in flakes, thus allowing less harsh
heat treatment. Additionally, possible off-flavour formation due to
decompartmentalisation of seed tissue might thus be prevented at
an early stage of processing. Based on the present data, technical
design of a gentle LOX inactivation process for lupin is feasible:
hydrothermal conditioning of seeds at 80 �C for 7 min is suggested
to reduce LOX activity by one power of ten. Further studies are
required to assess the effect of enzyme inactivation on sensory
quality of lupin seeds and fractions thereof. Particularly, the extent
of off-flavour reduction through the application of appropriate heat
regimes will be of interest in future investigations. The results may
then provide the basis for the preparation of enzyme-inactivated
raw materials for the production of lupin ingredients useful for
the application in numerous foods.
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a b s t r a c t

This paper focused on the effectiveness of electrolyzed water (EW) at different concentrations (5, 25, 50
and 100 mg/L) combined with passive atmosphere packaging on the quality of mushroom. In order to
understand the effect of EW on mushrooms, gas composition inside packages, weight loss, pH, whiteness
and browning index, texture profile analysis (TPA), cap development, electrolyte leakage and FT-NIR
analysis were performed during the twelve days of storage at 4 �C. Samples washed with 25 and
50 mg/L EW consumed O2 lower than the other treatments. Mushrooms treated with 25 mg/L EW had a
significantly lower electrolyte leakage values than untreated and 5 mg/L treated mushrooms. Mushrooms
treated with 25 mg/L EW had the highest whiteness index and lowest browning index. EW treatments at
the concentrations of 25 and 50 mg/L maintained the textural parameters and slowed down the weight
loss better than other treatments. FT-NIR analysis supported the results obtained by weight loss and
electrolyte leakage. In conclusion, the results of this research support the idea that combined use of EW
treatment and passive modified atmosphere packaging can be used to extend the shelf life of
mushrooms.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Button mushroom (Agaricus bisporus) is one of the most com-
mon and widely consumed edible mushroom type due to their
functional properties (Guan, Fan, & Yan, 2013). However, mush-
rooms lose their quality quickly after harvest in 1e3 days at
ambient temperature (Oliveira, Sousa-Gallagher, Mahajan, & Teix-
eira, 2012a) because of their thin epidermal structure, high respi-
ration rate, high moisture content (Mahajan, Oliveira, & Macedo,
2008) and high tyrosinase activity (Taghizadeh, Gowen, Ward, &
O'Donnell, 2010). The critical quality indicators include browning,
softening, (Yurttas, Moreira, & Castell-Perez, 2014) cap develop-
ment, weight loss (Kim, Ko, Lee, Park, & Hanna, 2006) and free of
mold growth (Mohapatra, Bira, Frias, Kerry, & Rodrigues, 2011).
Therefore, different methods were reported such as electron-beam
irradiation, (Mami, Peyvast, Ziaie, Ghasemnezhad, & Salmanpour,
2014) packaging with different films, (Taghizadeh et al., 2010)
active papers with cinnamon oil, (Echegoyen & Nerín, 2015)
modified atmosphere packaging, (Kim et al., 2006) washing with
hydrogen peroxide (Sapers, Miller, Choi, & Cooke, 1999) and ozone
(Yuk, Yoo, Yoon, Marshall, & Oh, 2007) to retain freshness of
mushroom during shipping and marketing.

Electrolyzed water (EW) is a promising disinfectant which is
generated by electrolysis of a salt solution (V�azquez-S�anchez, Cabo,
& Rodríguez-Herrera, 2014). In contrast with other disinfectants,
EW is not corrosive to organic materials and it reverts to ordinary
water when diluted with tap water (Jemni et al., 2014). The effec-
tiveness of EW depends on free available chlorine, presence of
chlorine species and oxidation reduction potential (Al-Haq,
Sugiyama, & Isobe, 2005). The use of EW on fresh produce has
been officially approved by Japan and USA at a maximum 200 mg/L
of free available chlorine (Lee et al., 2014). Previous studies have
shown the effectiveness of EW on carrot, (Abadias, Usall, Oliveira,
Alegre, & Vi~nas, 2008) spinach, (Guentzel, Liang Lam, Callan,
Emmons, & Dunham, 2008) cabbage, (Koide, Takeda, Shi, Shono,
& Atungulu, 2009) and broccoli (Martínez-Hern�andez et al., 2015).

Until now, EW has only been applied to the oyster mushroom
(Pleurotus ostreatus) on the basis of microbiological point of view
(Ding, Rahman, & Oh, 2011). Therefore this paper focused on white
button mushroom (Agaricus bisporus) in order to determine the
combined effect of passive modified atmosphere and electrolyzed
water during cold storage.
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2. Materials and methods

2.1. Materials

White button mushrooms (Agaricus bisporus) were purchased
from a farm in Canakkale, Turkey and transported to the food en-
gineering laboratory within 2 h. Subsequently, samples were sorted
for similar size, maturity and color. Extremely large or small and
damaged mushrooms were discarded. Then, mushrooms were
divided into five groups. The first group was washed with water as
an untreated and second, third, fourth and fifth group of samples
were washed with electrolyzed water at concentrations of 5, 25, 50
and 100 mg/L free chlorine respectively for 3 min. After air drying,
mushrooms (around 150 g) were packaged with MAP25 packaging
machine in air conditions (21% O2, 0.03% CO2 and 79% N2) to reach
equilibrium state. Samples were stored at 4 �C for 12 days.

2.2. Preparation of electrolyzed water

Mixed oxidant brine system (MIOX Corporation, New Mexico,
USA) was used to generate electrolyzed water. Electrolyte cell in-
side the equipment processed 1% NaCl solution for electrolysis of
brine (Clevenger, Wu, DeGruson, Brazos, & Banerji, 2007). Then,
stock solution of EW collected from vessel and diluted to 5, 25, 50
and 100 mg/L free chlorine. The N,N-diethyl-p-phenylenediamine
(DPD) method was used to measure the amount of free chlorine
in solutions by DR/2800 spectrophotometer (HACH, Co., USA).

2.3. The O2 and CO2 concentration in package headspace

Oxybaby (Hamburg, Germany) gas analyzer was used to deter-
mine gas concentrations inside the package of mushrooms. The
needle of oxybaby was penetrated throughout adhesive septum
which was placed on the package film for avoiding gas leakage and
tearing of package film during analysis (Lu et al., 2009).

2.4. pH value

Around 20 g of samples were homogenized in a mixer and then
centrifuged (Sigma 2e12K, Sartorious, Germany) at 5000 � g for
20 min (Jafri, Jha, Bunkar, & Ram, 2013). The pH values of mush-
rooms were determined by using Sartorius PP-50 pH meter
(Goettingen, Germany).

2.5. Color

The cap color of ten mushrooms for each treatment was
measured with Minolta CR-400 colorimeter (Minolta, Osaka,
Japan). Standard white plate (CR-A43) was used to calibrate color-
imeter. CIE color space coordinates L*(Lightness), a* (red-green)
and b* (yellow-blue) were recorded by using SpectraMagic NX
software. Browning index (BI) and whiteness index (WI) were
calculated using following equations (Borchert et al., 2014):

BI ¼ 100ðx� 0:31Þ=0:17 (1)

Where x ¼ ðaþ 1:75LÞ=ð5:645L þ a� 3:012bÞ (2)

WI ¼ L � 3bþ 3a (3)

2.6. Weight loss

All packages were coded before the experiment. Subsequently,
package weights of mushrooms were recorded at the beginning of
storage and at each sampling day. Results were expressed as the
percentage loss of initial package weight of samples (Koutsimanis,
Harte, & Almenar, 2015).
2.7. Electrolyte leakage

Electrolyte leakage was measured by the method of Li et al.
(2014) with some modifications. 1 g cap and 1 g stipe tissue were
cut and put into 90 ml deionized water and incubated for 60 min at
25 �C. The electrical conductivity of this solution was measured
before and after incubation. Then same solution was boiled for
25 min at 121 �C. Following equation was used to determine elec-
trolyte leakage

E ¼ ðC60 � C1Þ=CT � 100 (4)
2.8. Texture profile analysis

Texture profile analysis (TPA) were performed on tenmushroom
caps by using TAXT Plus texture analyzer (Stable Micro Systems,
Surrey, England) with diameter probe. Following conditions were
selected for TPA analysis: pre-test speed of 10 mm/s, test speed of
2 mm/s, post-test speed of 10 mm/s and strain of 30%. Then, force
versus time figure were obtained by texture exponent software and
firmness, cohesiveness, springiness, gumminess, chewiness pa-
rameters of the mushrooms were calculated by using same
software.
2.9. Development stage

Cap opening criteria for veil was used to determine develop-
ment stage. For scoring, seven point scale (where 1 ¼ thight,
2 ¼ stretched, 3 ¼ less than half broken, 4 ¼ greater than half
broken, 5 ¼ completely broken, 6 ¼ cap open, 7 ¼ extremely cap
open) was used to monitor the development of cap opening
(Gonz�alez-Fandos, Gim�enez, Olarte, Sanz, & Sim�on, 2000).
2.10. FT-NIR analysis

FT-NIR spectrometer (Bruker Optik, GmbH, Ettlingen Germany)
was used to perform reflectance analysis of ten mushrooms for per
treatment. Optical probe of FT-NIR spectrometer was placed on the
cap surface of mushroom at a 90� angle (Paz, S�anchez, P�erez-Marín,
Guerrero, & Garrido-Varo, 2009). Reflectance spectrum was ob-
tained by the average of 64 scans corresponded to one sample
between 400 and 12,000 cm�1 wavelengths.
2.11. Statistical analysis

SAS 9.4 statistical analysis software (SAS Institute, Inc., Cary, NC)
was used to compare the main effect of storage time, different
concentrations of EW and interaction effect (storage time �
different concentrations of EW) on the postharvest quality of white
button mushrooms by Two-way ANOVA and Tukey post hoc com-
parison test. Overall means were compared when the interaction
effect was not found significant. Datas were shown as
mean ± standard deviation.
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3. Results and discussion

3.1. Gas composition inside package

Fresh produces are living structures and their respiration and
transpiration processes continue after harvest depend on the food
reserves and gases available (Sandhya, 2010). Respiration that af-
fects the shelf life of products, is directly related to the amount of
CO2 produced and O2 consumed inside the package (Singh,
Langowski, Wani, & Saengerlaub, 2010). Fig. 1A shows that there
has been a sharp decline regarding the amount of O2 content inside
package for all groups during the first 2 days of storage. Then
reached a steady state between day 4 and 8. Samples washed with
25 and 50 mg/L EW consumed O2 lower than the other treatments.

Du, Fu, Li, and Xia (2007) and Zhong, Wu, Wang, Wu, and Wei
(2006) showed that respiration rate of green bell peppers and
apricots decreased when they treated with chlorine dioxide gas
that shows similar oxidising properties such as electrolyzed water.
Therefore, its possible that 25 and 50 mg/L EW treatments
damaged the membrane system of mushrooms primarily due to
lipid oxidation. However, the CO2 concentrations inside the pack-
age of 25 and 50 mg/L EW treated samples were above the optimal
conditions for mushrooms (3e21% O2 and 5e15% CO2) (Sandhya,
(A)
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Fig. 1. Gas composition (A-O2 and B-CO2) inside the packages of untreated and EW
treated mushrooms. Untreated (control mushrooms), 5 mg/L EW (Mushrooms
immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW
(Mushrooms immersed in electrolyzed water solution containing 25 mg/L free chlo-
rine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing
50 mg/L free chlorine), 100 mg/L EW (Mushrooms immersed in electrolyzed water
solution containing 100 mg/L free chlorine). Vertical bars denote standard deviation of
three replicates.
2010). Because of the presence of high CO2 in the package, it
would be difficult to delineate the effect of EW treatment on the
respiration rate of mushrooms; and this aspect needs further
attention. In our study, no significant differences were found be-
tween untreated and 5 mg/L EW treatment during the storage. The
amount of CO2 inside the package of untreated and treated samples
were increased during the storage as expected (Fig. 1B). Untreated
samples and samples treated with 5 mg/L EW produced higher CO2
levels during the storage. A possible explanation for this might be
that low concentration of EW (5 mg/L) was not enough to slow
down the respiration rate of mushroom. Our finding supported
previous research of Das, Kim, and Choi (2011) who showed that
similar O2 and CO2 levels were found inside the package of 0.1 mg/L
EW treated and untreated iceberg lettuce. In addition, our results
are in agreement with Rico et al. (2008) findings who reported that
EW concentrations above 12 mg/L, slowed down the O2 con-
sumption and CO2 production inside the package of lettuce. In our
work, its possible that the EW concentrations of 25 and 50 mg/L
suppressed the activities of respiratory enzymes to some extent.
3.2. pH values

Initial pH value of mushrooms was 6.92 which was a bit higher
than the previous reported works (Borchert et al., 2014; Jaworska,
Berna�s, Biernacka, & Maciejaszek, 2010). A significant decrease in
the pH values of the samples was observed during the storage
(Fig. 2). It's possible that production of organic acids by microor-
ganisms resulted in decreases in pH values of mushrooms (Oliveira,
Sousa-Gallagher, Mahajan, & Teixeira, 2012b). The lower changes
were observed in the mushrooms treated with 25, 50 and 100 mg/L
EW whilst higher changes were noticed in the untreated samples.
This result may be explained by the fact that EW inhibited the
growth of microorganism (Ding et al., 2011) leading to lower pro-
duction of organic acids and less changes in pH values.
3.3. Color

The effect of EW treatments on whiteness and browning index
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Fig. 2. Changes in pH values of untreated and EW treated mushrooms. Untreated
(control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solu-
tion containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in elec-
trolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms
immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free
chlorine) Vertical bars denote standard deviation of three replicates.
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of mushrooms during storage are presented in Tables 1 and 2,
respectively. Statistical analysis showed that interaction of EW
concentration and storage time was not significant on WI and BI
parameter whilst main effect of factors (EW concentrations and
storage time) found significant. As expected, WI decreased and BI
increased for untreated and treated samples throughout storage.
However, no significant differences were found between the un-
treated and 5 mg/L EW treated mushrooms regarding WI and BI
values. It is possible that low concentration of EW did not affect the
enzymes responsible for browning. Mushrooms treated with
25 mg/L EW had the highest WI and lowest BI while the untreated
samples had the lowest WI and highest BI (p < 0.05). Our findings
are in agreement with the results of Borchert et al. (2014) who
reported that a decrease of WI and increase of BI were correlated
with the amounts of CO2 and O2 inside the packages of mushrooms.

3.4. Weight loss

Mushrooms lose their quality rapidly due to the water loss from
their thin epidermal layer during storage (Khan et al., 2014).Weight
loss of treated and untreated samples is shown in Table 3. A gradual
increase was observed in weight loss of all mushrooms over time.
The statistical analysis showed that there were no significant dif-
ference between untreated samples and samples treated with
5 mg/L EW. At the end of the storage, minimum weight losses of
0.271% and 0.276% were recorded in the samples treated with
25 mg/L and 50 mg/L EW. The highest weight loss of 0.497 was
observed in untreated samples. In addition, no significant differ-
ences were found among the 25, 50 and 100 mg/L EW treated
samples during the storage. In addition, it can be concluded that
even at high concentrations (100 mg/L), EWmay not damage to cell
wall leading to increased the water loss. Our findings do not sup-
port the previous research of Hung, Bailly, Kim, Zhao, and Wang
(2010) who reported that no significant differences were found
on weight loss between untreated and 50 mg/L EW treated
strawberry. Its possible that combined treatment of EW and
Modified atmosphere packaging in our work may have led to the
differences.

3.5. Electrolyte leakage

Electrolyte leakage can be used to determine themembrane and
tissue integrity in fruit and vegetables (Li et al., 2014). This
parameter increased in all samples during the storage (Table 4).
Mushrooms treated with 25 mg/L EW had a significantly lower
leakage values than untreated and 5 mg/L treated mushrooms at
the end of the storage. Its possible that gas composition (high CO2

and low O2) inside the packages affected the cell membrane dam-
age and senescence (Li et al., 2014; Li, Zhang, & Wang, 2008) of
Table 1
The effect of EW treatments on whiteness index of mushrooms during storage.

Treatments Storage time (Days)

0 2 4 6

Untreated 56.40 ± 2.59 37.31 ± 0.10 34.88 ± 2.38 26.39 ± 0.6
5 mg/L EW 56.40 ± 2.59 39.43 ± 1.43 35.56 ± 0.47 27.49 ± 0.4
25 mg/L EW 56.40 ± 2.59 44.33 ± 1.67 39.98 ± 1.19 34.43 ± 1.4
50 mg/L EW 56.40 ± 2.59 40.09 ± 1.19 38.42 ± 0.10 31.05 ± 0.8
100 mg/L EW 56.40 ± 2.59 39.62 ± 3.30 36.16 ± 3.43 30.03 ± 2.4
Overall 56.40 ± 1.93A 40.16 ± 2.78B 37.00 ± 2.48C 29.88 ± 3.1

Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed wate
electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms i
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlo
aec Means in the same column with different letters are significantly different (p � 0.05
AeE Means in the same row with different letters are significantly different (p � 0.05) (
untreated and 5 mg/L EW treated samples. No statistically differ-
ence were found among the mushrooms treated with 25, 50 and
100 mg/L EW. Liu, Wang, Zhu, and Wang (2010) reported that
browning of mushroomwas not only related with enzymes but also
membrane damage. In this study, positive correlation was also
found between the electrolyte leakage and browning index of
mushrooms.

3.6. Texture profile analysis (TPA)

Texture is an important parameter which is related with the
structural and mechanical properties of food (Abbott & Harker,
2004). All of the measured TPA parameters of mushrooms such as
firmness, cohesiveness, chewiness, gumminess and springiness
decreased during storage.

In the literature, firmness is known to be related to cell turgor
pressure, cell size, cell wall strength and intercellular adhesion in
the cells (Aday & Caner, 2013). Fig. 3A shows the changes in firm-
ness values of treated and untreated samples throughout storage.
In general, 25 and 50 mg/L EW retarded the loss of mushroom
firmness compared to other treatments. Untreated and 5 mg/L
treated mushrooms had the lower firmness values during storage.
It's possible that loss of turgor pressure in cells, weight and volume
losses in tissue, protein denaturation and membrane solubilization
(Jaworska& Berna�s, 2010) were higher in the untreated and 5 mg/L
treated mushrooms. In addition, the creation of anaerobic condi-
tions in the package of untreated and 5 mg/L treated mushrooms
caused the production of ethanol in the tissue; affecting cell
membrane integrity and the attendant effects on membrane
leakage. This finding is correlated well with the results of weight
loss. However, 25 and 50mg/L EW treatments probably maintained
the turgor pressure and preserved the structural integrity of cell
wall.

The term springiness is associated with the elasticity of the
foods (Aday & Caner, 2014). Springiness values decreased in un-
treated and treatedmushrooms during storage (Fig. 3B). Changes in
springiness depended on the concentration of EW. Untreated
mushrooms had significantly lower springiness values than treated
samples. These differences may be related with the moisture and
solutes which were moved into intercellular space and maintained
the hydrostatic pressures (Jaworska & Berna�s, 2010) because of the
EW treatment.

Gumminess is defined as the required force to breakdown
samples for swallowing (Aday, Temizkan, Buyukcan,& Caner, 2013).
During the storage, samples treated with 25, 50 and 100 pm had
higher gumminess values compared with untreated and 5 mg/L
treated mushrooms (Fig. 3C). Possible explanation for this might be
that high CO2 and low O2 concentration inside the packages
destroyed the cell membrane structure (Li et al., 2008) of untreated
Overall

8 10 12

1 23.63 ± 0.33 22.33 ± 1.80 21.47 ± 0.46 31.77 ± 12.06a
1 23.99 ± 1.59 22.81 ± 0.99 21.40 ± 0.59 32.44 ± 12.08 ab
9 31.38 ± 2.15 25.27 ± 0.73 25.08 ± 1.51 36.69 ± 10.85d
3 30.18 ± 2.27 24.37 ± 1.39 24.01 ± 1.29 34.93 ± 10.93c
2 28.08 ± 1.02 23.67 ± 0.31 23.22 ± 0.03 33.88 ± 11.29bc
4D 27.45 ± 3.54E 23.69 ± 1.41F 23.04 ± 1.67F

r solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in
mmersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
rine).
).
Mean separation was performed by Tukey test).



Table 2
The effect of EW treatments on browning index of mushrooms during storage.

Treatments Storage time (Days) Overall

0 2 4 6 8 10 12

Untreated 13.20 ± 1.50 19.06 ± 0.43 22.38 ± 0.31 26.90 ± 1.521 28.16 ± 0.67 31.61 ± 0.39 32.36 ± 0.83 24.81 ± 6.74a
5 mg/L EW 13.20 ± 1.50 18.69 ± 0.09 22.10 ± 0.20 25.34 ± 0.717 28.05 ± 1.10 31.41 ± 0.07 32.05 ± 0.19 24.40 ± 6.64a
25 mg/L EW 13.20 ± 1.50 16.54 ± 0.64 19.05 ± 0.23 22.52 ± 0.893 24.41 ± 0.30 27.54 ± 0.01 28.29 ± 1.52 21.65 ± 5.46b
50 mg/L EW 13.20 ± 1.50 17.14 ± 0.35 19.54 ± 0.12 23.10 ± 0.002 25.38 ± 0.31 28.50 ± 0.72 31.00 ± 1.21 22.55 ± 6.11bc
100 mg/L EW 13.20 ± 1.50 17.14 ± 0.27 20.95 ± 0.15 23.48 ± 0.542 26.13 ± 0.03 29.08 ± 0.58 30.94 ± 0.89 22.99 ± 6.15c
Overall 13.20 ± 1.12A 17.71 ± 1.07B 20.80 ± 1.40C 24.27 ± 1.830D 26.43 ± 1.61E 29.63 ± 1.73F 30.93 ± 1.69G

Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlorine).
aec Means in the same column with different letters are significantly different (p � 0.05).
AeE Means in the same row with different letters are significantly different (p � 0.05) (Mean separation was performed by Tukey test).

Table 3
The effect of EW treatments on weight loss of mushrooms during storage.

Treatments Storage time (Days)

2 4 7 10 12

Untreated 0.07 ± 0.03Aa 0.14 ± 0.03Aa 0.27 ± 0.09Ba 0.43 ± 0.15Ca 0.49 ± 0.19Ca
5 mg/L EW 0.06 ± 0.03Aa 0.14 ± 0.06ABa 0.23 ± 0.07BCab 0.34 ± 0.06CDab 0.44 ± 0.03Dab
25 mg/L EW 0.03 ± 0.01Aa 0.11 ± 0.02ABa 0.15 ± 0.01ABab 0.21 ± 0.01Bb 0.27 ± 0.01Bb
50 mg/L EW 0.04 ± 0.01Aa 0.12 ± 0.03ABa 0.15 ± 0.04ABb 0.23 ± 0.04Bb 0.27 ± 0.07Bb
100 mg/L EW 0.04 ± 0.01Aa 0.12 ± 0.03ABa 0.18 ± 0.03Bab 0.24 ± 0.04Bb 0.29 ± 0.01Bb

Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlorine).
aec Means in the same column with different letters are significantly different (p � 0.05).
AeE Means in the same row with different letters are significantly different (p � 0.05) (Mean separation was performed by Tukey test).

Table 4
The effect of EW treatments on electrolyte leakage of mushrooms during storage.

Treatments Storage time (Days)

0 2 4 6 8 10 12

Untreated 18.19 ± 1.69Aa 42.50 ± 2.46Ba 52.25 ± 1.04BCa 60.95 ± 4.13CDa 67.94 ± 5.26Da 66.65 ± 1.10Da 70.62 ± 0.70Da
5 mg/L EW 18.19 ± 1.69Aa 42.42 ± 0.71Ba 49.57 ± 2.66BCa 56.31 ± 4.56CDab 62.64 ± 3.22DEab 64.62 ± 0.02DEa 68.69 ± 1.49Ea
25 mg/L EW 18.19 ± 1.69Aa 25.66 ± 2.23ABb 34.99 ± 2.16BCb 39.58 ± 4.95Ccd 52.86 ± 0.26Db 55.87 ± 2.44DEa 55.32 ± 3.03 Eb
50 mg/L EW 18.19 ± 1.69Aa 35.72 ± 4.57Bab 37.87 ± 3.62Bb 40.71 ± 4.61Bd 55.86 ± 5.08Cb 58.23 ± 2.19Ca 59.34 ± 4.14Cab
100 mg/L EW 18.19 ± 1.69Aa 34.48 ± 3.22Bab 41.97 ± 5.87BCab 46.66 ± 4.01CDbcd 54.42 ± 1.76DEb 61.23 ± 0.98Ea 63.43 ± 0.94Eab

Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlorine).
aec Means in the same column with different letters are significantly different (p � 0.05).
AeE Means in the same row with different letters are significantly different (p � 0.05) (Mean separation was performed by Tukey test).
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and 5 mg/L EW treated samples and resulted low gumminess
values during storage.

Chewiness has come to be used to refer the required energy for
mastication of foods (Aday, Buyukcan, & Caner, 2013). A sharp drop
was observed in the chewiness value of untreated and treated
mushrooms during storage (Fig. 3D). EW treatments at the con-
centration of 25, 50 and 100mg/L maintained the chewiness values
better than other groups.

Cohesiveness refers to strength of the internal bonds (Aday,
Temizkan, et al., 2013). Cohesiveness values dropped sharply dur-
ing the first 2 days of storage but then remained stable (Fig. 3E).
Significant differences were observed between untreated and
treated samples. Untreated mushrooms had lower values probably
associated with the loss of polysaccharides and water in the cell
walls.

Fracturability or brittleness described as the tendency of food to
crack. In our work, fracturability was observed in all the samples
during the first four days of the storage but after six days of storage
some of the samples exhibited fracturability and some of the not.
Therefore statistical analyses couldn't be performed and datas were
not shown. Our results are in agreement with the work of
Zivanovic, Busher, and Kim (2000) who showed that fracturability
not occurred in the mushrooms with increment in storage time due
to the deterioration.
3.7. Development stage

Development stage values for untreated and treated mush-
rooms are shown in Table 5. Statistical analysis showed that sig-
nificant differences in cap development stage were observed
among EW treated samples. The cap development of the mush-
rooms treated with 25 and 50 mg/L EWwere higher than the other
treated samples and untreated ones. It can be concluded that
higher levels of CO2 inside the packages of untreated and 5 mg/L
EW treated samples retarted the cap development. Because CO2
delayed the mycelial growth and morphogenesis (Gonz�alez-
Fandos, Olarte, Gim�enez, Sanz, & Sim�on, 2001).
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Fig. 3. Changes in TPA parameters (A-Firmness, B-Springiness, C-Gumminess, D-Chewiness, E-Cohesiveness) values of untreated and EW treated mushrooms. Untreated (control
mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in electrolyzed water solution
containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 100 mg/L free chlorine). Vertical bars denote standard deviation of three replicates.
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3.8. FT-NIR spectra

Near infrared spectroscopy is a non-destructive technique that
gives information about the structure of food related with moisture
(OeH bands) and sugars (CeH bands) (Aday & Caner, 2014). Fig. 4
shows the reflentance spectra of untreated and treated



Table 5
The effect of EW treatments on development stage of mushrooms during storage.

Treatments Storage time (Days)

0 2 4 6 8 10 Overall

Untreated 4.12 ± 0.83 4.20 ± 0.44 4.11 ± 0.92 5.00 ± 0.53 4.88 ± 0.78 5.44 ± 0.52 4.66 ± 0.85bc
5 mg/L EW 3.37 ± 0.74 3.87 ± 0.83 4.25 ± 0.70 4.66 ± 0.50 4.77 ± 0.97 5.00 ± 0.50 4.35 ± 0.89b
25 mg/L EW 4.75 ± 0.46 4.87 ± 0.35 5.25 ± 0.70 5.50 ± 0.53 6.00 ± 0.75 6.37 ± 0.91 5.45 ± 0.84a
50 mg/L EW 4.62 ± 0.51 4.50 ± 0.53 5.12 ± 0.64 5.22 ± 0.66 6.00 ± 0.92 6.25 ± 0.88 5.28 ± 0.93a
100 mg/L EW 4.10 ± 0.73 4.00 ± 0.75 4.25 ± 0.70 5.00 ± 0.70 5.50 ± 0.53 6.00 ± 0.75 4.78 ± 1.00c
Overall 4.19 ± 0.80A 4.29 ± 0.70A 4.58 ± 0.86A 5.07 ± 0.63B 5.40 ± 0.93BC 5.78 ± 0.87C

Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L
EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlorine).
aec Means in the same column with different letters are significantly different (p � 0.05).
AeE Means in the same row with different letters are significantly different (p � 0.05) (Mean separation was performed by Tukey test).

Fig. 4. FT-NIR spectra of untreated and EW treated mushrooms during storage. Untreated (control mushrooms), 5 mg/L EW (Mushrooms immersed in electrolyzed water solution
containing 5 mg/L free chlorine), 25 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 25 mg/L free chlorine), 50 mg/L EW (Mushrooms immersed in
electrolyzed water solution containing 50 mg/L free chlorine), 100 mg/L EW (Mushrooms immersed in electrolyzed water solution containing 100 mg/L free chlorine).
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mushrooms during storage. Peaks around 10,244 cm�1 provides
information about the water (second OeH overtone) content of
food (Di Egidio et al., 2009). At the beginning of study, fresh
mushrooms had highest absorbance at 10244 cm�1 because of the
high water content. However at the end of the storage, untreated
samples had the lowest absorbance at same wavelength due the
high water loss compared with other treated mushrooms. Similar
results were obtained by the researchers who performed FT-NIR
analysis on strawberry (Aday & Caner, 2014), cherry (Aday &
Caner, 2010) and pineapple (Di Egidio et al., 2009). In addition,
our findings correlate well with the results observed in weight loss
section.
4. Conclusions

This study set out to determine the effectiveness of electrolyzed
water on mushroom shelf life. This research has shown that EW at
the concentrations of 25 mg/L and 50 mg/L maintained the quality
of mushrooms better than other treatments. The second finding
was EW treatment did not show any detrimental effect on mush-
rooms even at high concentration (100 mg/L) compared to un-
treated samples. Interestingly, lower values of cap development
were observed in the untreated samples and samples treated with
5 mg/L EW due to the high carbon dioxide inside the packages. In
conclusion, the results of this research support the idea that com-
bined use of EW treatments at the concentrations of 25 mg/L and
50mg/L and passivemodified atmosphere packaging can be used to
extend the shelf life of button mushrooms (Agaricus bisporus).
Further experimental investigations are needed to determine the
effect of EWon enzymes related to respiration, tissue softening and
browning.
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a b s t r a c t

The phenolic profile of chestnut leaves extract (CHE) and beer residue extract (BRE) was analyzed in
order to evaluate their potential application as a functional food ingredient using the LC-DAD-ESI-MS
technique. A total of 15 compounds corresponding to flavonoids (quercetin and cirsiliol), phenolic
acids (gallic, protocatechuic and vanillic acids) and lignans (medioresinol) were identified in CHE extract.
Fourteen compounds were observed in BRE extract, including flavonoids (proanthocyanidin and catechin
glucoside), phenolic acids (caffeic acid hexoside and syringic acid derivative) and bitter acids (lupulone,
cohumulone and humulone). Among them, the flavonoids family was the largest group in both extracts,
with 7 and 5 compounds in CHE and BRE, respectively. In conclusion, both extracts could be used as
natural alternative source of natural antioxidant with potential applications in the food and health
sectors.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Phenolic compounds (phenolic acids, flavonoids and flavonoid
polymers) are secondary metabolites widely distributed in foods of
vegetal origin such as fruits, vegetables and beverages (fruit juice,
wine, tea and beer) that can present more than 8000 structures.
(Fraga, Galleano, Verstraeten, & Oteiza, 2010; Manach, Scalbert,
Morand, Remesy, & Jimenez, 2005). Due to the presence of these
compounds in diet, the interest of naturally occurring antioxidant
to replace synthetic compounds for technological, consumer pref-
erence or health concerns has increased considerably
(Balasundram, Sundram, & Samman, 2006; EFSA, 2012, 2011).
Grape, tea and other natural sources have several reports in liter-
ature describing the presence of catechin, resveratrol, caffeic acid
and other compounds on phenolic profile (Del Rio et al.,2004;
Hossain, Rai, Brunton, Martin-Diana, & Barry-Ryan, 2010; Pere-
strelo et al., 2012). Along with these extracts, some sources are of
special interest, like chestnut leaves (CHE) and beer residue (BRE)
due to their antioxidant activity on important quality parameters
for meat products during the shelf-life: red colour preservation,
reduction on volatile compounds associated to lipid oxidation and
o).
sensory characteristics conservation (Almeida, Fernandes, Lima,
Costa, & Bahia, 2008a; Lorenzo, Gonz�alez-Rodríguez, S�anchez,
Amado, & Franco, 2013; Pateiro, Bermúdez, Lorenzo, & Franco,
2015).

Chestnut leaves (Castanea sativa) are consumed as tea in tradi-
tional medicine to cure hacking cough and diarrhoea (Reinoso et al.,
2012). These leaves also have antimicrobial activity (�Zivkovi�c et al.,
2009) and can be used in formulation of cosmetics (Almeida et al.,
2008b). Equally important, beer is considered a complex mixture of
bioactive substances with high nutritional value, such as minerals,
carbohydrates, amino acids, vitamins and phenolic compounds
(Duarte et al., 2002). Phenolic compounds of beer are involved in
numerous reactions that can influence colour, taste, foam stability
and redox state (Callemien, & Collin 2009). Reduction of phenolic
content is necessary to produce clear beer and avoid haze forma-
tion generating residues rich in bioactive compounds (Mitchell,
Hong, May, Wright, & Bamforth, 2005). However, little is known
about the phenolic composition of these two extracts.

Among the several methods for phenolic profile identification,
liquid chromatography with diode array detector, electrospray
ionization interface coupled to mass spectrometry (LC-DAD-ESI-
MS) is one of the fundamental and most popular technics on
evaluation of food and biological materials composition and has
been recognized as a powerful analytical tool with its high
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sensitivity, short run time, and less use of toxic organic solvents
employed as mobile phase (Liu, Sun, Bi, & Guo, 2005). The identi-
fication of phenolic compounds has to consider important charac-
teristics: the limited volatility and thermal sensitivity discard gas
chromatography for separation step; presence of chromophore
with strong UV absorption bands and for some visible absorption
bands associated to conjugated double bounds; each class have
characteristic wavelength of maximum absorption; the molecular
structure is easily ionized in ESI; structure characteristics can also
be elucidated by mass spectra on hydroxyl, methyl or sugar de-
rivatives. Therefore, these characteristics indicate LC-DAD-ESI-MS
as one of the main technics for evaluation of phenolic profile
from natural antioxidant extracts (Harnly, Bhagwat, & Lin, 2007;
Robards, 2003).

Thus, the aim of this study was to investigate the phenolic
composition of beer residue and chestnut leaf extracts as potential
sources of value-added natural antioxidants. For this purpose,
compounds present in natural extracts were separated by liquid
chromatography and analyzed by spectrophotometry and mass
spectrometry.

2. Material and methods

2.1. Chestnut leave extract (CHE)

Chestnut (C. sativa) leaves were collected locally in Ribeira Sacra
(Ourense, Spain). Air-dried and grounded chestnut leaves were
stored in sealed plastic bags in a dry dark place until use. Aqueous
extraction was applied according to the method described by Díaz-
Reinoso, Moure, Domínguez, and Paraj�o (2011). Briefly, leaves (1 kg)
were extracted with distilled water (25 L) acidified with 0.1 M HCl
under conditions leading to maximal radical scavenging activity
(25 �C during 90 min) in a home-made tank with stirring and
temperature control. Solids were separated from liquid by vacuum
filtration, and the liquid was afterwards processed in a series of two
ultrafiltration membranes. Membrane fractionationwas performed
in a UF lab pilot plant, consisting of a feed tank with 2.5 L, a peri-
staltic Masterflex pump and a membrane module. Pressure was
monitored at the entrance and exit of the membrane module, a
needle valve located after the module was used for transmembrane
pressure regulation. The pilot plant was equipped with 5 and
10 kDa Omega membranes (Minisette, Pall Filtron)
(0.12 mm � 0.10 mm) having an effective surface area of 0.07 m2.
The membrane material was modified polyethersulfone and the
maximum operation pressure was 4 bar. The extract was kept in a
sealed amber glass at �18 �C.

2.2. Brewery residue extract (BRE)

The beer residue was obtained at Hijos de Rivera S.A. (A Coru~na,
Spain). This residue was recovered after the boiling of the must,
where this suspension was kept at constant temperature (102 �C)
for 90 min. In boiling step occurs the evaporation of spare water
(achieving the necessary density), sterilization of must and
extraction and dissolution of key elements of hops for beer
manufacture. Polyphenol compounds were separated using a glass
column (7 cm Ø in � 40 cm height) filled with XAD-16 amberlite
(SigmaeAldrich, Spain) as follows: the column was previous
cleaned and equilibrated with distillated water and then four liters
of must were transferred; after three liters of ethanol were used to
elute polyphenols. The extract with polyphenols in ethanol was
concentrated until the final volume of 200 mL (or until complete
removal of ethanol). After that, the concentrate was lyophilized
using a freeze-dryer (Kinetics EZ-Dryer, Stone Ridge, NY, USA). . The
extract was kept in a sealed amber glass at �18 �C.
2.3. Phenolic profile by LC-DAD-ESI-MS

The chromatographic separation was performed on an Agilent
1100 HPLC system equipped with G1379A degasser, G1312B binary
gradient pump, G1329A autosampler, G1316A column thermostat
and G1315C diode array detector (DAD) (Agilent Technologies,
Waldbronn, Germany). Samples were separated on a Zorbax SB C18
(Agilent Technologies, Santa Clara, CA, USA) (150 � 3.0 mm I.D.,
3.5 mm particle size) column, maintained at 25 �C. Gradient elution
was performed with acetic acid (2.5%, v/v) (solvent A) and meth-
anol containing 2.5% acetic acid (solvent B). Extract was dissolved in
mobile phase to obtain a final concentration of 2 mg/mL. The
following gradient program was applied, at a flow rate of 1.0 ml/
min: 0 min 95:5 (A:B, v/v), 15 min 85:15 (A:B, v/v), 35 min 70:30
(A:B, v/v), 40 min 60:40 (A:B, v/v), 50 min 40:60 (A:B, v/v), 55 min
10:90 (A:B, v/v), 55.01 min 0:100 (A:B, v/v), 75 min 0:100 (A:B, v/v).
Spectral data were acquired at 240 and 370 nm. Injection volume
was 5 ml.

Mass spectrometric analyses were performed with an Agilent
6410B triple quadrupole equipped with an electrospray ionization
source (ESI) (Agilent Technologies, Palo Alto, CA, USA). ESI condi-
tions were as follows: temperature: 350 �C, nebulizer pressure: 35
psi, N2 drying gas flow rate: 10 L/min, fragmentor voltage: 135 V,
capillary voltage: 4500 V. Full mass scan spectra were recorded in
negative ionizationmode over the range ofm/z 100e1600 Da (scan/
s). The Agilent Masshunter Qualitative Analysis B.04.00 software
was used for data acquisition and qualitative analysis.

3. Results and discussion

3.1. Identification of phenolic compounds of CHE

Phenolic acids and flavonoids show characteristic UV-range
absorbance patterns from 190 to 380 nm (Ma et al., 2014). Four
groups of phenolic compounds were distinguished by UV/vis diode
array detector (DAD), namely hydroxybenzoic acids (255 nm), fla-
van-3-ols and polymers (280 nm), trans-cinnamic acids (320 nm)
and other flavonoids (360 nm). These compounds were subse-
quently introduced into the ESI mass spectrometer and analyzed
based on their m/z charge. The identification was carried out by
matching spectral data with those published in literature or
tentative identification was based on mass spectra and/or UV data
(Table 1). Fig. 1 shows the HPLC chromatogram of phenolic com-
pounds in CHE.

Flavonols were identified on peaks C13, C29, C37, C38, C44, C50
and C60. The peak C13 was likely to be quercetin derivative, with
[M�H]� ion at m/z 501 and characteristics fragments for quercetin
fragmentation (m/z 301 and 179). Peak C29 presented molecular
ion at m/z 549 and fragment at m/z 301, indicating the presence of
quercetin-3-O-6-malonylglucoside in CHE. Peak C60 displayed
parent ion at m/z 447 and aglicone fragment at m/z 284, indicating
kaempferol-3-O-glucoside as probable candidate. Lin and Harnly
(2007) identified quercetin, quercetin-3-O-6-malonylglucoside
and kaempferol-3-O-glucoside in elder flower extract (Sambucus
canadensis L.). Similarly Monagas, Garrido, Lebr�on-Aguilar,
Bartolome, and G�omez-Cordov�es (2007) reported the presence of
quercetin and kaempferol-3-O-glucoside in almond skin.

The compound C37was identified as quercetin glucuronide, due
to the precursor ion atm/z 477 and the fragment atm/z 301 (formed
by the loss of glucuronidemolecule). This fragmentation pattern for
quercetin glucuronide was reported before in peanut skin by Ma
et al. (2014). Peak C38 was identified as rutin (quercetin-3-O-ruti-
noside), which presented [M�H]� ion at m/z 609 and the aglicone
fragment atm/z 301. The peak C44 showedmolecular ion atm/z 315
and product ion at m/z 300, suggesting isorhamnetin as probable



Table 1
Tentative identification of phenolic compounds in CHE extract.

ID # Identification RT (min) [M�H]� (m/z) Product ions (m/z) UV data (l, nm) % Ref

C1 unknown 1.31 627 501, 359, 201 nd 21.13
C2 unknown 1.63 289 191 220, 263 54.63
C3 unknown 2.11 703 481, 387, 191 216, 264 2.44
C4 unknown 2.77 589 464, 423, 221, 169 218, 306 6.1
C5 medioresinol 3.79 387 207 nd 3.92 a
C6 gallic acid 4.83 169 125 271 19.11 f
C7 unknown 6.34 545 360, 316, 163 216, 254, 335 2.2
C8 protocatechuic acid derivative 7.16 315 231, 153, 109 230, 303 9.01 b
C9 unknown 7.89 673 591, 394, 283, 123 nd 1.12
C10 unknown 8.62 401 235, 191 270, 332 9.4
C11 unknown 9.49 617 358, 300, 121 nd 1.61
C12 unknown 9.89 579 344, 229, 123 nd 1.91
C13 quercetin derivative 10.44 501 380, 301, 229, 179 nd 1.45 d
C14 unknown 12.39 567 467, 229, 185 nd 2.99
C15 unknown 12.80 633 447, 408, 299, 133 nd 1.1
C16 unknown 13.26 619 439, 382, 330, 231 nd 1.69
C17 gallic acid derivative 13.75 740 461, 358, 169, 125 nd 8.68 f
C18 unknown 14.64 965 613, 483, 372, 263 nd 1.95
C19 unknown 15.25 629 378, 243, 183 nd 40.41
C20 unknown 16.90 769 469, 271, 179 nd 2.7
C21 unknown 18.24 649 545, 469, 283 nd 16.76
C22 unknown 19.14 687 495, 443, 243 nd 2.69
C23 unknown 20.06 545 415, 243, 130 nd 6.17
C24 unknown 20.96 637 307, 245, 123 220, 267 15.16
C25 vanillic acid 21.69 167 123 265, 293 6.98 a, c
C26 unknown 22.95 737 541, 391, 243 nd 2.86
C27 unknown 23.61 621 295, 207, 163 234, 327 16.9
C28 unknown 25.06 258 257 278, 352 96.37
C29 quercetin-3-O-6-malonylglucoside 27.20 549 301 nd 13.98 d
C30 unknown 27.71 485 371, 281, 121 nd 1.82
C31 unknown 29.68 423 247, 123 nd 9.69
C32 unknown 30.63 593 425, 300 nd 5.53
C33 unknown 36.97 381 271, 183 nd 19.93
C34 unknown 39.83 607 529, 393, 271, 183 nd 6.32
C35 unknown 41.58 559 461, 373, 283, 171 nd 1.89
C36 unknown 41.99 1178 611, 509, 283 nd 2.55
C37 quercetin glucuronide 42.50 477 301 nd 2.2 b
C38 rutin 43.02 609 301 nd 1.67 a
C39 unknown 43.36 601 540, 283 nd 2.26
C40 unknown 43.89 301 nd 254, 367 100
C41 unknown 44.93 545 285 nd 46.09
C42 unknown 45.74 931 613, 505, 287, 227 nd 4.57
C43 luteolin-3-O-glucuronide 46.66 461 285 nd 5.56 e
C44 isorhamnetin 47.34 315 300 nd 4.62 a
C45 unknown 47.85 575 507, 343, 255 nd 3.3
C46 unknown 48.92 575 421, 343, 251, 163 nd 1.92
C47 unknown 49.69 531 299, 265, 223, 120 nd 16.08
C48 cirsiliol 50.42 329 314, 299 nd 4.59 b
C49 unknown 52.49 791 677, 519, 403, 113 nd 1.18
C50 cirsimaritin derivative 53.07 549 421, 313, 298, 283 250, 272 10.17 a
C51 unknown 53.60 773 521, 327, 113 nd 3.04
C52 unknown 54.43 595 501, 329, 223 nd 7.47
C53 unknown 54.99 449 375, 293, 221 nd 5.14
C54 unknown 55.40 637 547, 381, 194, 113 nd 1.79
C55 unknown 55.77 587 505, 355 nd 9.38
C56 unknown 56.62 553 431, 259, 141 nd 3.33
C57 unknown 56.98 527 387, 250, 205 nd 10.16
C58 unknown 57.44 633 527, 249, 205 nd 5.72
C59 unknown 58.75 583 419, 363, 255, 141 nd 11.41
C60 kaempferol-3-O-glucoside 59.82 447 284 nd 9.06 d
C61 epi-gallocatechin derivative 64.85 627 473, 305 nd 8.97 g

RT: retention time in total ion chromatogram, [M�H]�: molecular ion, MW: molecular weight, nd: not determined.
The most abundant ions observed in mass spectra are shown in bold.
aTentatively identified based on the mass spectral data cited by Hossain et al. (2010).
bTentatively identified based on the mass spectral data cited by Ma et al. (2014).
cTentatively identified based on the UV data cited by Monagas et al. (2007).
dTentatively identified based on the mass spectral data cited by Lin and Harnly (2007).
eTentatively identified based on the mass spectral data cited by Cvetkovikj et al. (2013).
fTentatively identified based on the UV data cited by Sun et al. (2007).
gTentatively identified based on the UV data cited by Verardo et al. (2007).
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Fig. 1. HPLC chromatogram of phenolic compounds in chestnut leaves extract (CHE).
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compound (Hossain et al., 2010). In the sameway, Calliste, Trouillas,
Allais, and Duroux (2005) observed the presence of quercetin-3-
glucoside based on UV data in chestnut leaves extract. Peak C50
is likely to be a cirsimaritin derivative, with molecular ion at m/z
549 and product ions at m/z 421, 313 [cirsimaritin e H]�, 298 [cir-
simaritin e H e CH3

$]�, 283 [cirsimaritin e H e CH3
$ e CH3

$]�.
Presence of rutin, isorhamnetin and cirsimaritin were reported by
Hossain et al. (2010) in Lamiaceae spices.

Flavones were identified in peaks C43 and C48. The proposed
candidate for peak C43 was luteolin-3-O-glucuronide, which pre-
sented molecular ion at m/z 461 and produced the predominant
fragment at m/z 285 corresponding to deprotonated luteolin (loss
of glucuronide molecule with m/z 176). This fragmentation pattern
was in agreement with data reported by Cvetkovikj et al. (2013) on
phenolic profile evaluation of salvia species. Peak C48 displayed
[M�H]� ion at m/z 329 and fragments at m/z 314 and 299 by
consecutive losses of methyl groups corresponding to cirsiliol (6-
hydroxyluteolin-6,7-dimethyl ether). Ma et al. (2014) reported
similar fragmentation on phenolic profile analysis of peanut skin.
One compound from flavanol groupwas associated to peak C61 that
is likely to be a epi-gallocatechin derivative with molecular ion at
m/z 627 and fragments atm/z 473, 305 [epi-gallocatechin e H]�. To
this regards, Verardo, Bonoli, Marconi, and Caboni (2008) also
observed the presence of epi-gallocatechin in barley flours (Hor-
deum vulgare L.) extracts.

Hydroxybenzoic acids were observed in peaks C6, C8, C17 and
C25. The compound of peak C6 was identified as gallic acid, which
displayed parent ion at m/z 169, product ion at m/z 125 by the loss
of CO2 molecule and UV lmax value of 271 nm. In the same way,
peak C17 was identified as unknown gallic acid derivative wherein
the molecular ion was observed at m/z 740 and product ions at m/z
461, 358, 169 [gallic acid e H]� and 125 [gallic acid e H e (CO2)]�

(Sun, Liang, Bin, Li,&Duan, 2007). Peak C8 is likely a protocatechuic
acid derivative that presented [M�H]� ion atm/z 315 and fragment
atm/z 231, 153 [protocatechuic acid eH]�, 109 [protocatechuic acid
e H e CO2]�. The compound C25 presented [M�H]� ion atm/z 167,
product ion at m/z 123 (loss of CO2 molecule) and UV lmax at 265
and 293 nm, corresponding to vanillic acid (Hossain et al., 2010;
Monagas et al., 2007).

Finally, a compound from lignan class was observed on peak C5.
This compound eluting at 3.79 min was identified as medioresinol,
due to the precursor ion at m/z 387 and the fragment at m/z 207.
This fragmentation pattern was in accordance with Hossain et al.
(2010) for phenolic profile of Lamiaceae spices. The presence of
flavonoids, phenolic acids and a new compound from lignin group
were observed in the present study, presenting a wide variety of
phenolic compounds. The other peaks presented in Table 1 could
not be identified based on mass spectrum and/or UVevis data.
3.2. Identification of phenolic compounds of BRE

Tentative identification of phenolic compounds in BREwas carry
out with the same considerations for CHE bymatching spectral data
published in literature (Table 2). Fig. 2 illustrates the HPLC chro-
matogram of phenolic compounds in BRE. Regarding to flavanols
group, the compound B8 was identified as catechin glucoside,
which showed [M�H]� ion at m/z 451 and fragment at m/z 289
[catechin e H]�, due the loss of glucoside molecule. Peak B12 was
associated as prodelphinidin B3 with molecular ion at m/z 593 and
product ion at m/z 289. The presence of catechin glucoside in
brewer's spent grain is related to malting process when the
glycoside product is generated (Dvorakova et al., 2008). The com-
pound of peak B14 was identified as epi-gallocatechin derivative,
with molecular ion at m/z 574 and fragments at m/z 369 [M�H e

205]� and 305 [epi-gallocatechin e H]�. In the same way, peak B31
was also an epi-gallocatechin derivative, with parent ion atm/z 473
and fragment at m/z 305. The proposed candidate for compound
B11 was a unknown epi-catechin derivative, which displayed
parent ion at m/z 661 and fragments at m/z 465, 401, 289 [epi-
catechin e H]� and 245 [epi-catechin e H e (CO2)]�. The pres-
ence of epi-gallocatechin and epi-catechin was reported in the
composition of dimers and trimers oligomers of barley flours (H.
vulgare L.) and in brewey residue (Barbosa-Pereira, Angulo, Paseiro-
Losada, & Cruz, 2013; Verardo et al., 2008).

Two peaks (B18 and B30) were associated to flavone group. The
proposed candidate for peak B18was an acacetin derivative, which
showed molecular ion at m/z 739 and fragments at m/z 623, 486,
381 and 283 [acacetin e H]�. Similar fragment at m/z 283 was
observed in peak B30 indicating another acacetin derivative
([M�H]� ion atm/z 775 and other product ions atm/z 671, 611, 529,
447 and 365). Acacetin was one of the flavonoids reported by
Hossain et al. (2010) in phenolic profile evaluation of rosemary,
oregano and basil in aqueous methanol extract. It had a charac-
teristic feature in the MS/MS analysis, where the loss of one methyl
groups was observed (Hossain et al., 2010). One compound
belonging to flavonol class was observed in peak B21, which pre-
sented molecular ion at m/z 463 and product ion at m/z 301
[quercetin e H]�, indicating quercetin-3-O-glucoside as probable



Table 2
Tentative identification of phenolic compounds in BRE extract.

ID # Identification RT (min) [M�H]�

(m/z)
Main fragments (m/z) UV data (l, nm) % ref

B1 unknown 1.31 1133 959, 833, 675, 517, 359, 217 nd 1.96
B2 caffeic acid hexoside 1.72 341 179, 161 nd 15.78 e
B3 unknown 3.59 760 454, 274, 210, 130 nd 3.74
B4 unknown 5.20 848 565, 282, 150 nd 13.66
B5 lupulone derivative 5.93 889 711, 444, 413 nd 1.43 c
B6 lupulone derivative 6.36 740 628, 578, 463, 413 nd 2.59 c
B7 unknown 7.07 952 851, 625, 326, 225, 164 nd 5.27
B8 catechin glucoside 10.95 451 289 nd 1.76 b
B9 unknown 11.76 626 429, 371, 203, 116 255 8.31
B10 unknown 13.99 1223 748, 705, 561, 369, 355 253 1.17
B11 epi-catechin derivative 17.44 661 465, 401, 289, 245 nd 1.85 d
B12 prodelphinidin B3 20.69 593 289 nd 1.86 b
B13 syringic acid derivative 24.12 708 485, 351, 241, 197 nd 2.4 a
B14 epi-gallocatechin derivative 25.26 574 369, 305 nd 1.05 d
B15 unknown 33.57 534 372, 314 nd 2.52
B16 unknown 34.66 829 691, 669, 589, 217 nd 1.05
B17 unknown 36.00 593 357, 195 nd 4.16
B18 acacetin derivative 37.26 739 623, 486, 381, 283 nd 2.68 a
B19 unknown 38.66 563 436, 376 nd 1.15
B20 unknown 41.77 785 756, 557, 431, 393 nd 1.52
B21 quercetin-3-O-glucoside 48.89 463 301 nd 1.08 f
B22 unknown 51.54 617 499, 363 nd 1.7
B23 unknown 51.93 751 499, 363 nd 5.73
B24 unknown 53.65 777 513, 377, 277 nd 19.66
B25 unknown 54.31 681 377, 329, 211 nd 9.83
B26 unknown 55.89 657 355, 317, 248 nd 1.93
B27 cohumulone derivative 56.35 717 347 nd 48.25 c
B28 humulone derivative 57.22 745 443, 361 nd 100 c
B29 unknown 58.78 533 363, 337, 281, 255 nd 2.18
B30 acacetin derivative 59.82 775 671, 611, 529, 447, 365, 283 nd 1.95 a
B31 epi-gallocatechin derivative 64.82 473 305 nd 1.75 d

RT: retention time in total ion chromatogram, [M�H]�: molecular ion, MW: molecular weight, nd: not determined.
The most abundant ions observed in mass spectra are shown in bold.
aTentatively identified based on the mass spectral data cited by Hossain et al. (2010).
bTentatively identified based on the mass spectral data cited by Dvorakova et al. (2007).
cTentatively identified based on the mass spectral data cited by Magalh~aes et al. (2010).
dTentatively identified based on the mass spectral data cited by Verardo et al. (2008).
eTentatively identified based on the mass spectral data cited by Barbosa-Pereira et al. (2013).
fTentatively identified based on the mass spectral data cited by Lin and Harnly (2007).

Fig. 2. HPLC chromatogram of phenolic compounds beer residue extract (BRE).
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compound (Lin & Harnly, 2007).
One polyphenol in the category of hydroxycinnamic acids

derivate was found. Peak B2 was identified as caffeic acid hexoside
withmolecular ion atm/z 341 and fragments atm/z 179 [caffeic acid
e H]� and 161 [caffeic acid e H e H2O]�. The presence of caffeic
acid hexoside was reported by Hossain et al. (2010) in rosemary,
oregano, sage, basil and thyme extracts. Hydroxybenzoic acid was
observed in peak B13 which is likely a syringic acid derivative. The
molecular ionwas observed atm/z 708 and product ions atm/z 485,
351, 241, 197 [syringic e H]�. Hossain et al. (2010) noticed that
syringic acid first lost a water molecule, generating a major frag-
ment ion at m/z 179.0 followed by a loss of carbon dioxide
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producing the other fragment at m/z 135.0.
Four different bitter acids derivatives were found in BRE extract.

Peak B5 was identified as a lupulone derivative, wherein the mo-
lecular ion was observed at m/z 889 and fragments at m/z 711, 444,
413 [lupulone e H]�. The compound from peak B6 was also iden-
tified as an lupulone derivative [M�H]� atm/z 740 and fragments at
m/z 628, 578, 463 and 413. The proposed candidate for peak B27
was likely a cohumulone derivative with parent ion at m/z 717 and
fragment at m/z 347 [cohumulone e H]�. The peak B28 was prob-
ably a humulone derivative with [M�H]� at m/z 745 and product
ions atm/z 443 and 361 [humulone e H]�. Hops have an important
application on brewery industry due the contribution on bitterness
and aroma of beer. In addition, hops possess a relevant content and
variety of phenolic compounds and bitter acids, such as lupulone,
cohumulone and humulone that also present antioxidant activity
(Magalh~aes et al., 2010; Yamaguchi, Satoh-Yamaguchi, & Ono,
2009).

The results of the present study are in agreement with other
studies (Barbosa-Pereira et al., 2013; Dvorakova et al., 2008;
Verardo et al., 2008) for flavanols, flavones, phenolic acids, flavo-
nols and bitter acids in brewery residue and other rawmaterials for
beer processing, indicating a wide phenolic profile and other
compounds associated to antioxidant activity in BRE. However, the
other peaks presented in Table 2 could not be identified based on
mass spectrum data and/or UVevis data.

Approximately 70% of phenolic compounds in beer derive from
barley malt composed by catechin, proanthocyanidins and epi-
gallocatechin units and the remaining 30% are derived from hops
that contain flavan-3-ols, flavonols and phenolic acids, which
confer extracts with high antiradical activity (Dvorakova et al.,
2008; Verardo et al., 2008). The content of phenolic compounds
in crude extracts depends on plant species, cultivation technique
and, in the case of food products, the technological procedures used
to process the raw material (Barbosa-Pereira et al., 2013). Envi-
ronmental factors such as maturity, seasonal conditions and pro-
duction area also contribute to the variability in the phenolic
compounds present in natural extracts (Leitao et al., 2011).

This type of waste stream is generated during production of
different types of beer, so the phenolic content of each type of beer
may vary significantly on the basis of the different types of beer
manufacture and the varieties of barley and malt (Piazzon, Forte, &
Nardini, 2010). Therefore, each crude extract obtained by this
extraction process must be characterized.

Comparatively, CHE and BRE extracts presented flavonoids as
the main group and similar sub-classes, although flavonols (e.g.
quercetin and derivatives compounds) was the main sub-class on
CHE extract and flavonols (e.g. epi-catechin and derivatives com-
pounds) in BRE extracts. It is worth to note that each extract dis-
played different polyphenol groups: CHE extract presented lignin
compounds and BRE extract showed bitter acids and hydroxycin-
namic acids. Nevertheless, further analyses are required to support
the proposed identifications in CHE and BRE extracts, such a MS/
MS, n-MS and NMR.

4. Conclusion

Several compounds were observed in both extracts by LC-DAD-
ESI-MS, wherein a total of fifteen compounds were identified on
CHE and 14 compounds on BRE. Flavonoids were the largest group
on both extracts and specific compounds as lignans and bitter acids
were observed on CHE and BRE extracts, respectively. Results in the
present study elucidated the compounds associated to antioxidant
activity in previous studies onmeat products and provided valuable
information about chestnut leave and beer residue extracts
phenolic composition.
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a b s t r a c t

Effects of combined ultra-high hydrostatic pressure and mild heat (HPMH) treatments on the food-borne
microorganism Bacillus subtilis were evaluated in this study. The B. subtilis culture (counted spores less
than 2 log [CFU/mL]) was subjected to 100e500 MPa at 40 �Ce60 �C for 15 min at pH 7.0. Treatment with
HPMH increased membrane permeability by 10%e89% as determined by the uptake of propidium iodide.
Changes in membrane lipids, proteins and DNAwere detected in regions 3000 to 2800 cm�1 and 1300 to
900 cm�1 by Fourier transformeinfrared spectroscopy (FT-IR). The membrane phospholipid molecules
changed from a liquid crystalline state to a gel state, with a decrease in membrane fluidity. HPMH
decreased the a-helix content（about 8e22%）while increased the random coil content (about 5e19%) of
the cellular protein, which resulted in protein denaturation. Flow cytometry results indicated that HPMH
treatment at 60 �C caused 63% damage to the esterase activity of the cells more than HPMH treatment at
40 �C. All of these results revealed the mechanism of HPMH, which is essential for the successful
application of high hydrostatic pressure in neutral-pH food processing.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal processing has been commonly applied to inactivate
pathogenic and spoilage microorganisms to maintain food safety
and increase shelf life, respectively. However, thermal processes
can damage texture and alter the flavour and colour of food.
Nonthermal methods can eliminate or minimize this degradation
of food quality.

Ultra-high hydrostatic pressure (UHHP) is a nonthermal tech-
nique that can maintain the natural qualities of food (Nguyen et al.,
2010) as a result of its limited effects on covalent bonds (Yang, Jiang,
Wang, Zhao, & Sun, 2009). However, in a neutral-pH environment,
more than 600 MPa of pressure is required to eliminate pressure-
resistant bacteria (Chen, 2007a). Thus, hurdle technologies that
make use of mild heat (Akhtar, Paredes-Sabja, Torres, & Sarker,
2009; Zimmermann, Schaffner, & Arag~ao, 2013), high-intensity
ultrasound (Lee, Heinz, & Knorr, 2003) or carbon dioxide
(Watanabe et al., 2005) have been used in combination with UHHP
to inactivate the pathogens and spores in foods with a neutral pH.
Bacteria are sensitive to temperature under pressurization.

Studies have shown that some bacterial cells are resistant to UHHP
at temperatures of 20 �Ce35 �C but become sensitive to pressur-
isation at higher temperatures (Alpas, Kalchayanand, Bozoglu, &
Ray, 2000). Previous studies reported that the optimum process
parameters for a 6-log-cycle reduction of Bacillus subtilis were
479 MPa at 46 �C for 14 min (Gao & Jiang, 2005). However, under
such process parameters the efficiencies of B. subtilis reduction in
milk buffer and food matrix displayed some differences. Soybean
protein, sucrose and pH significantly affected the reduction of
B. subtilis (Gao, Ju, Qiu, & Jiang, 2007). In addition, the inactivation
of bacterial cells (Alpas et al., 2000) and spores (Paredes-Sabja,
Gonzalez, Sarker, & Torres, 2007) increased as the pH decreased
under pressurisation. The composition of nutrients in the food
system may affect the inactivation of microbial cells; for example,
milk may exert a greater protective effect against inactivation by
pressure than does water (Aouadhi et al., 2013).

San Martín, Barbosa-C�anovas & Swanson (2002) showed that
even very high pressure levels (1000 MPa) at ambient temperature
do not effectively inactivate bacterial spores. However, for some
bacteria, effective inactivation can be achieved by combining UHHP
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with temperatures greater than 40 �C (Ju, Gao, Yao, & Qian, 2008;
Kalchayanand, Dunne, Sikes, & Ray, 2004). Previous studies have
concluded that a combination of pressure and moderate heat is
always required to effectively inactivate spores of Bacillus species
such as Bacillus anthracis (Cl�ery-Barraud, Gauberg, Masson,& Vidal,
2004) and B. subtilis (Gao, Ju, & Jiang, 2006; Nguyen Thi Minh,
Dantigny, Perrier-Cornet, & Gervais, 2010).

B. subtilis is one of the most pressure-resistant Bacilli (Gao et al.,
2006). Recently, the contamination of food products with B. subtilis
has been shown to underlie food-borne diseases in humans (From,
Pukall, Schumann, Hormaz�abal, & Granumh, 2005). Although the
primary target for UHHP in bacterial cells is believed to be the
cytoplasmic membrane (Klotz, Ma~nas, & Mackey, 2010), the un-
derlying mechanism by which microorganisms are inactivated by
UHHP and mild heat is still not fully understood.

The objective of this study was to investigate the effects of ultra-
high hydrostatic pressure and mild heat (HPMH) in environments
with a neutral pH by testing its effect on the food-borne microor-
ganism B. subtilis in terms of membrane damage, the denaturation
of protein and nucleic acid and metabolic activity. A full under-
standing of this combinedmechanism is essential for the successful
application of UHHP in the food-processing field.
2. Materials and methods

2.1. Bacterial strain and growth conditions

B. subtilis ATCC 6633 was preserved in our laboratory and
cultured in Oxoid's trypticase soy broth. The cultures were exam-
ined for the presence of spores by heating the cell suspension at
80 �C for 10 min. The cell suspensions were diluted in ten-fold
series in phosphate-buffered saline solution (PBS; pH 7.0).
Selected dilutions of cell suspensions were plated on tryptic soy
agar, following incubation at 37 �C for 3 days, the number of the
colonies were counted. The experiments were performed at least in
triplicates. The concentration of the spores in all cultures used in
the experiments was less than 102 CFU/ml (Shen, Urrutia Benet,
Brul, & Knorr, 2005). The cells were harvested by centrifugation
at 6,000 g at 4 �C for 15 min, and the pellets were resuspended in
0.05 mol/L of phosphate-buffered saline solution (PBS; pH 7.0). The
final concentration was 108e109 CFU/mL. The bacterial suspension
was then stored at 4 �C until the HPMH treatment within 1 h.
2.2. HPMH processing

Approximately 3 mL of bacterial suspension was placed in
Corning tubes (Corning Incorporated, Corning, NY) and sealed after
the removal of air bubbles. The samples were pressurised with a
high-pressure unit (FPG5740, Stansted Fluid Power Co, UK) with
1,2-propanediol as a pressure-transmitting medium. The pressure
level, time and temperature were computer-controlled. The tem-
perature of the medium in the pressure vessel was measured by K-
type thermocouples during pressurisation. The vessel water jacket
temperature was also controlled to obtain the desired temperature
at the end of the process. After depressurisation, the samples were
cooled in an ice bath and stored at 4 �C for up to 6 h before
enumeration.

The cell cultures were pressurised at 100, 200, 300, 400 or
500 MPa for 15 min at 40 �C, 50 �C or 60 �C. The time was fixed at
15 min because times exceeding this value have no industrial
feasibility (Serment-Moreno, Fuentes, Barbosa-C�anovas, Torres, &
Welti-Chanes, 2015). All HPMH experiments were performed in
triplicate on separate days.
2.3. Determination of viable counts

Immediately after the HPMH treatment, the surviving bacteria
were serially diluted in PBS and plated on tryptic soy agar to
determine the viable cell counts. After aerobic incubation at 37 �C
for 48 h, the number of surviving cells was enumerated. Each count
was calculated as the mean of three dishes for each dilution. The
inactivation effect was expressed as Log (N0/N), where N0 was the
initial count of the untreated sample and N was the corresponding
viable number of cells after HPMH treatment.

2.4. Determination of substances that absorb ultraviolet light

Absorption of ultraviolet light (UV) was carried out as described
by Hong and Pyun (2001). After exposure to HPMH, the cells were
centrifuged at 10,000 g for 10 min. The upper supernatant was
removed, and the UV absorption was measured at a wavelength of
260 nm with a spectrophotometer (model UV-2450, Shimadzu,
Japan). The measurements were made in triplicate and were cor-
rected to account for absorbance by the medium used for HPMH
treatment.

2.5. Determination of propidium iodide uptake by cells

The uptake of propidium iodide (PI) by cells was performed
according to the method of Klotz et al. (2010). To test whether the
HPMH treatment caused membrane damage, the cells were stained
with 3 mmol/L of a DNA-binding PI probe before treatment. Stock
solutions of PI (Sigma) were prepared in sterile distilled water to a
final concentration of 0.3 mmol/L. After exposure to HPMH as
described above, the cells were incubated in the dark at 37 �C for
10 min. The samples were then centrifuged and washed twice in
0.1 mol/L of PBS at pH 7.2. Fluorescence was measured by a spec-
trofluorophotometer (model F-7000, Hitachi, Japan) using an
excitation wavelength of 495 nm and an emission wavelength of
615 nm. The fluorescence values obtained for the untreated cells
were subtracted from the experimental values. This procedure was
performed in triplicate.

The fluorescence of cells stainedwith PI after heating at 90 �C for
10 min was set as 100%, and the HPMH-treated cell membrane
permeabilisation was expressed as the percentage of heat-treated
cells.

2.6. Fourier transformeinfrared spectral measurements

The Fourier transformeinfrared (FT-IR) measurementmethod of
Al-Qadiri, Al-Alami, Al-Holy, and Rasco (2008) was used in this
study with slight modifications. Untreated cells and HPMH-treated
cells were washed twice and resuspended in sterile water. Sus-
pension aliquots (200-mL) were transferred onto a ZnSe plate and
dried at room temperature to produce a transparent film. The films
were then directly analysed by FT-IR spectroscopy. All of the spectra
were collected with a Nicolet Nexus 470 FT-IR spectrometer
(Thermo Electron Corp, Waltham, MA). Attenuated total reflection
(ATR) spectra were recorded from 4000 to 500 cm�1 at a resolution
of 4 cm�1. Sixty-four interferograms were averaged for each spec-
trum. Omnic software (Thermo Electron Inc, San Jose, CA) was used
to analyse the ATR spectra.

The region of 1700 to 1600 cm�1 in the FT-IR spectra mainly
represented amide І, which indicated the secondary structure of
proteins. A quantitative estimation of the secondary structure was
made through second derivative calculation and Fourier self-
deconvolution curve-fitting analysis obtained with the use of
Omnic software (Omnic 8.2, Thermo Electron Corp, Waltham, MA).
Curve-fitting was conducted with Peakfit software(Peakfit 4.12,



Fig. 1. Inactivation of B. subtilis cells by 15-min HPMH treatments. The error bar
represents standard deviation (n ¼ 3).

Table 2
Influence of HPMH on release of UV-absorbing substance from B. subtilis.

Pressure (MPa) 40 �C 50 �C 60 �C

0.1 0.119 ± 0.03aA 0.106 ± 0.03aA 0.179 ± 0.01aA

100 0.242 ± 0.03aA 0.29 ± 0.01bA 0.323 ± 0.02bA

200 0.254 ± 0.04abA 0.408 ± 0.03bcAB 0.485 ± 0.01cB

300 0.419 ± 0.02bcA 0.561 ± 0.03cdB 0.578 ± 0.02cdB

400 0.464 ± 0.02cA 0.575 ± 0.01cdB 0.671 ± 0.02deB

500 0.491 ± 0.01cA 0.587 ± 0.01dB 0.703 ± 0.01eC

Heat treatment 0.748 ± 0.04e

Triplicate measurements were obtained; the values are means ± standard de-
viations.
Means in the same column labelled with different letters (aee) are significantly
different (P < 0.05).
Means in the same row labelled with different letters (AeC) are significantly
different (P < 0.05).
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SeaSolve Software Inc., Framingham, MA). The percentages of the
a-helix, b-sheet, turns and random structures were determined
using criteria described by Cai and Singh (1999).

2.7. Flow cytometric measurement

Untreated, heat-treated and HPMH-treated cells were initially
incubated for 10 min in the dark with 30 mmol/L of PI in an ice bath.
Cells were then washed twice in PBS, and then 50 mmol/L of car-
boxyfluorescein diacetate (cFDA) (Molecular Probes Inc, Leiden,
Netherlands) was added. Labelled cells were incubated at 37 �C for
10 min to allow for the intracellular enzymatic conversion of cFDA
into cF (Ananta, Heinz, & Knorr, 2004).

Flow cytometric analysis was performed with a BD FACSCalibur
flow cytometer (Becton, Dickinson and Company Inc, New Jersey,
NJ). The flow rate was set at 400 events per second, up to a total of
10,000 events per sample. The data were displayed as dual-
parameter fluorescence density plots and analysed with CellQuest
Pro software. Gate designation and possible cellular mechanisms
involved as described by Ananta et al. (2004) are reported in
Table 1.

2.8. Statistical analysis

Results were expressed as mean values ± standard deviation of
at least three independent experiments and analysed with a one-
way analysis of variance. A P value below 0.05 was considered to
be significant. SPSS 18.0 (SPSS Inc, Chicago, IL) for Windows was
used in the statistical analysis.

3. Results

3.1. Influence of HPMH on the viability of B. subtilis

The initial counts of B. subtilis before treatment were about 8e9
log (CFU/ml) (Fig.1). Increasing the temperature from 40 �C to 60 �C
under atmospheric pressure (0.1MPa) had no effect on viability, but
increasing the temperature from 40 �C to 60 �C under 500 MPa
increased the reduction by 2.7 log (from 5.3 to 8.0 log [CFU/ml]).
Treatment at 500 MPa and 40 �C was not sufficiently severe to
achieve 6-log reduction, but microbial inactivation of more than 6
log was achieved at 300e500 MPa and 60 �C or at 500 MPa and
50 �C.

3.2. Influence of HPMH on release of UV-absorbing substance from
B. subtilis

During physical or chemical stress, cell components often leak
out of the membrane, the cell components have been commonly
measured by UV absorption to indicate the membrane damage
(Hong & Pyun, 2001). The more severe treatment conditions
resulted in the increased leakage of UV-absorbing substances in all
treated samples (Table 2). Most HPMH-treated samples released
fewer (P < 0.05) UV-absorbing substances than heat-treated sam-
ples, although the total amount of UV-absorbing substances
released in the samples treated at 400e500 MPa and 60 �C showed
Table 1
The gate designation of the flow cytometric analysis.

Gate Fluorescence properties of cells

R1 cFþ, PIþ
R2 cF-, PIþ
R3 cF-, PI-
R4 cFþ, PI-
no significant (P > 0.05) difference from that leaked from heat-
treated cells.
3.3. Influence of HPMH on the membrane permeability of B. subtilis

PI could enter into membrane-compromised cells and bind to
DNA, Klotz et al. (2010) has verified that high hydrostatic pressure
could increase the membrane permeability of Escherichia coli using
PI dye. The uptake of PI by HPMH-treated cells and heat-treated
cells is shown in Fig. 2. The uptake of PI increased with pressure.
Increasing temperature from 40 �C to 60 �C contributed a 19%
enhancement (P < 0.05) in membrane permeability for cells treated
at 100 MPa. The membrane permeability did not reach the level
during heat treatment at 90 �C for 10 min, although no detectable
counts were observed after this heat treatment and HPMH treat-
ment at 500 MPa and 60 �C.
Possible explanation of the status of involved cellular mechanism

Active esterase membrane damaged
Esterase activity not detectable membrane compromised
Esterase not active or cF extruded out of the cells intact membrane
Active esterase intact membrane



Fig. 2. Cell membrane permeabilization of B. subtilis, as determined by PI uptake of
HPMH treated cells. The fluorescence of cells stained with PI after heating at 90 �C for
10 min was set as 100%. The error bar represents standard deviation (n ¼ 3). Identical
letters indicate no significant differences (P < 0.05).
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3.4. FT-IR spectra of HPMH-treated B. subtilis

Changes in the cell components of B. subtilis after HPMH treat-
ments were examined by FT-IR spectra (Fig. 3). The inactivation of
the cells produced relatively similar spectra in two regions: 3000 to
2800 cm�1 and 1300 to 900 cm�1, both of which were dominated
by bands assigned to the stretching vibration of amide І and nucleic
acid. The spectra were converted to their second derivatives to
facilitate discrimination between spectral features (Al-Qadiri, Al-
Alami, et al., 2008).

Wave numbers of approximately 2855 cm�1 and 2925 cm�1

represent the symmetric and antisymmetric modes, respectively, of
the eCH2 stretching vibrations of the membrane lipids. As Fig. 4A
reveals, after HPMH treatment, the peak of band 2855 cm�1 was
shifted to 2858 cm�1 and the peak of band 2925 cm�1 was altered
to 2929 cm�1. Fig. 4B depicts the differences in the second-
derivative spectra between HPMH-treated and control samples in
the region from 1300 to 900 cm�1. This region is characterised by
vibrational features of cellular proteins, nucleic acids, cell
Fig. 3. Representative FT-IR spectra of the control and the HPM
membrane and cell wall components. Fig. 4B shows the nucleic acid
denaturation associated with the antisymmetric (1220 cm�1) and
symmetric (~1080 cm�1) P]O stretching mode of the phospho-
diester backbone of nucleic acids. In addition, prominent changes
were observed in the differences in CeOeC stretching vibrations at
1100 to 950 cm�1, indicating that HPMH may also affect the
structure of the peptidoglycan layer and lipopolysaccharide outer
leaflet of the bacterial wall (Al-Qadiri, Al-Alami, et al., 2008).

3.5. Influence of HPMH on secondary structure of B. subtilis protein

The relative contents of the secondary structure of B. subtilis
cellular protein are shown in Table 3. It can be observed that the
most common types of secondary structures of the cellular proteins
in the untreated bacteria were a-helix and b-sheet. HPMH treat-
ment decreased the content of a-helix but increased the contents of
the other three structure types. Furthermore, the higher combined
temperature shifted more a-helical structure to the three other
types.

3.6. Inactivation of HPMH-treated cells as estimated by flow
cytometric analysis

Fresh bacteria showed a high degree of metabolic activity, and
most of the cell population was seen in gate R4 (Fig. 5A). The cells
treated by heat (90 �C for 10 min) and labelled by PI were gated in
R2, which suggested that the esterase activity in most of the heat-
treated cells was not detectable and that the membranes had been
compromised (Fig. 5B). The cells treated solely by mild heat (40 �C
and 60 �C) were mostly gated in R4, which indicated that mild heat
had a limited influence onmetabolic activity and that the cells were
alive (Fig. 5C and D). Cells treated with HPMH at 500MPa and 40 �C
retained residual esterase activity. Gate R1 held 82.2% of the dot
plots, which indicated that the overall esterase activity was not
significantly affected by HPMH at 500 MPa and 40 �C (Fig. 5E). In
contrast, HPMH treatment at 500 MPa and 60 �C produced a sig-
nificant change in esterase activity. Nearly 67% of the cells were
distributed in gate R2 (Fig. 5F), which was similar to the distribu-
tion of cells seen after heat treatment.

4. Discussion

Chen (2007b) reported that increasing pressure or temperature
H (500 MPa/60 �C) treated samples of the B. subtilis strain.



Fig. 4. Representative second-derivative FT-IR spectra of the control and the HPMH (500 MPa/60 �C) treated samples of the B. subtilis strain. Part A shows regions of the membrane
lipids (3000e2800 cm�1). Part B shows regions of nucleic acids (1300e950 cm�1).
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alone Listeria monocytogenes reduction increased by less than 1 log,
whereas increasing both bacterial reduction increased by about 4
log. The combined effect of pressure and mild heat was also
observed in this study.

UV-absorbing substances were detected in the upper superna-
tant of UHHP-treated samples. Leakage of UV-absorbing substances
increased with pressure. Previous work by Klotz et al. (2010) also
illustrated that PI is taken up, proteins leak, during pressure
treatment. Interestingly, HPMH treatment at 500 MPa and 60 �C
almost completely inactivated the cells. However, the number of
cells treated with HPMH at 500MPa and 60 �C that were stained by
PI was significantly (P < 0.05) lower than that of cells that under-
went heat treatment (90 �C at 10 min).

The observation that high pressure (HP)-treated cells were not
Table 3
Influence of HPMH on secondary structure of B. subtilis protein.

Temperature (�C) Pressure (MPa) a-helix (%)

40 100 31.82
300 22.66
500 21.86

60 100 22.71
300 18.15
500 17.06

Untreated 39.78
Heat treatment 14.77
recoverable by plate counts but also were not stained with PI was
interpreted as an indication of the presence of living, but meta-
bolically inactive cells (Arroyo, Sanz, & Pr�estamo, 1999). Ulmer,
G€anzle, and Vogel (2000) reported that although more than
99.99% of sublethally injured cells lost their ability to grow on
media after HP treatment, PI staining was observed only after the
cells had lost all metabolic activity, and 25%e50% membrane
integrity was observed after HP treatment, resulting in a reduction
in the viable cell counts of 4e6 orders of magnitude. Breeuwer and
Abee (2000) also pointed out that microorganisms that had not
formed colonies because theywere dead, viable but non-culturable,
injured, sublethally damaged, resting or inactive are not counted.

The infrared ATR spectra of microbial cells under inactivation
treatment reflect the composition of their cellular constituents,
b-sheet (%) b-turn (%) Random coil (%)

36.26 10.01 21.91
33.93 22.25 21.16
40.55 19.24 18.35
35.14 21.51 20.64
34.39 15.18 32.28
41.04 13.74 28.16
33.28 13.74 13.20
50.86 11.11 23.27



Fig. 5. Flow cytometry dot plots of HPMH treated samples of B. subtilis strain. Part A shows the untreated sample. Part B shows the sample treated at 90 �C/10 min. Part C shows the
sample treated at 40 �C. Part D shows the sample treated at 60 �C. Part E shows the sample treated at 500 MPa/40 �C. Part F shows the sample treated at 500 MPa/60 �C.
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which includes water, fatty acids, proteins, polysaccharides and
nucleic acids (Al-Qadiri, Al-Alami, et al., 2008; Al-Qadiri, Lin, Al-
Holy, Cavinato, & Rasco, 2008; Santivarangkna, Wenning, Foerst,
& Kulozik, 2007). Previous studies have noted membrane phase
transitions induced by UHHP in Lactobacillus plantarum. If the fatty
acyl chains were ‘melted’ reaching a high conformational disorder,
the peak shifted to a higher wave number. As a result, the physical
state of themembranes of phospholipidmolecules can change from
a liquid crystalline state to a gel state with a decrease in membrane
fluidity (Ulmer, Herberhold, Fashsel, G€anzle, & Winter, 2002).

The membrane phase transition caused by HP is always
reversible. Our FT-IR was completed as soon as possible after HPMH
(within approximately 10 min). The differences between the con-
trol and HPMH-treated cells may occur during or before the
reversible change. The results from 3000 to 2800 cm�1 show that
HPMH at 500MPa and 60 �C caused changes in the fatty acyl chains
of the cell membrane. The shift of the wave numbers are confor-
mation sensitive and thus respond to pressure- and temperature-
induced changes of the trans/gauche ratio in acyl chains.

FT-IR spectroscopy in the range of 1700 to 1600 cm�1 is a
method to detect the secondary structure of proteins (Al-Qadiri, Al-
Alami, et al., 2008). In this study, it was concluded that the shifting
of secondary structures from ordered to disordered states resulted
in the decreased stability of proteins and further affected the
metabolic process of the cells. Klotz et al. (2010)mentioned that the
amount of protein released by the cells increased as the pressure
rose to 400 MPa and then decreased because of protein aggrega-
tion. Ma~nas and Mackey (2004) also found that pressurisation
caused the condensation of proteins in both the exponential and
stationary phases in E. coli.

The FT-IR spectra of 1300 to 900 cm�1 reflected the backbone
change of the nucleic acid before and after HPMH treatment. Ma~nas
and Mackey (2004) found that a condensation of nucleic acid
occurred after treatment at 200 MPa for 8 min. Similar results were
observed when E. coliwas treated with a combination of UHHP and
subzero temperatures (�10 or �20 �C) (Moussa, Perrier-Cornet, &
Gervais, 2007).

Many studies have shown that cells treated with high pressure
retain residual esterase activity (Ananta et al., 2004; Ananta &
Knorr, 2009; Shen, Bos, & Brul, 2009). Ananta and Knorr (2009)
indicated that the esterase activity and the cell membrane of
Lactobacillus rhamnosus ATCC were damaged at 75 �C, but that cells
exposed to 600 MPa still showed a high capacity for cF accumula-
tion, even when a reduction of cells greater than 7 log was ach-
ieved. Our findings correspond with those of this research. HPMH
treatment at 500 MPa and 40 �C led to 5.3-log cell death, but more
than 94% of the cells retained esterase activity (Fig 5E). With heat
treatment at 90 �C for 10 min, more than 83% of the cells were
located in gate R2, which suggests that the thermal and HPMH
treatments inactivated cells in different ways.

It was interesting to note that the cells shifted from gate R1 to
gate R2 when the processing temperature was elevated from 40 �C
to 60 �C (Fig 5E and F). The increasing population in gate R2 indi-
cated that the higher combination temperature assisted the UHHP
treatment in reducing the energy-independent accumulation of cF,
presumably by the inactivation of intracellular esterase to 10%.
Increasing the temperature appeared to increase membrane per-
meabilisation, thus forcing esterase out of the cells. When sepa-
rated from the cells, the esterasewasmuchmore easily damaged by
the HPMH treatment.

5. Conclusions

UHHP and mild heat displayed a combined effect in bacterial
inactivation. As the pressure and temperature increased, the
proportion of bacteria with altered membrane permeability also
increased. The FT-IR spectra reflected changes in the membrane
lipids, proteins and nucleic acids caused by HPMH treatment. Flow
cytometric analysis indicated that HPMH treatment at 500MPa and
60 �C can damage cellular esterase activity, leading to the death of
B. subtilis. Our results increase the knowledge regarding the com-
bination of UHHP and mild temperatures on the mechanisms of
inactivation of B. subtilis cells and facilitate the application of UHHP
in a hurdle system for the preservation of processed foods.
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a b s t r a c t

The antimicrobial effect of free and encapsulated (carrier agent: gum Arabic) commercial nisin (Nisa-
plin®) against Listeria monocytogenes ATCC 7644 (Lm) and Bacillus cereus IAL 55 (Bc) in refrigerated
(6 ± 1 �C) milk was determined throughout 21 days (d). Skim and whole milk samples containing free
and encapsulated commercial nisin (0.25e1.0 mg/L, alone and combined) were contaminated, individ-
ually, with Lm or Bc (vegetative cells and spores) and the microorganisms' counts assessed every 3 d.
Encapsulated commercial nisin presented characteristic traits of spray-dried products and stable anti-
microbial activity under refrigeration (90 days). In both skimmed and whole milk, free and encapsulated
Nisaplin® combined (0.5 mg/L each) exhibited the strongest antilisterial effect (d21 e d0; P < 0.05),
although Lm resistant cells were observed. Free and encapsulated commercial nisin (0.25 mg/L) were
highly effective against Bc spores germination and for the pathogen outgrowth inhibition (d21 e d0;
P < 0.05) in both types of milk, improving the food product microbiological safety.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the last years, an increasing demand by consumers for safe
natural food products has been observed worldwide (Lucera, Costa,
Conte, & Del Nobile, 2012). In this scenario, biopreservation is an
interesting alternative to prevent the growth of pathogenic and
spoilage microorganisms in foods and to extend the products shelf
life (Acu~na, Morero, & Bellomio, 2011; Favaro, Penna, & Todorov,
2015). The approach consists in the use of microorganisms, usu-
ally lactic acid bacteria (LAB) and/or their metabolites, which have a
GRAS (gerenerally recognized as safe) status (Snyder & Worobo,
2014; Wang & Wang, 2014; Zacharof & Lovitt, 2012). Among
them, bacteriocins, defined as antimicrobial ribosomally synthe-
sized peptides notably produced by LAB (Cotter, Ross, & Hill, 2013),
are of great importance.

Nowadays, nisin, produced by Lactococcus lactis subsp. lactis
strains, is the only bacteriocin used worldwide as a food
preservative, recognized as safe by the World Health Organization
(WHO) since 1969, and accepted by the American Food and Drug
Administration since 1988 (Oshima et al., 2014; Ross, Morgan, &
Hill, 2002). Nisin is commercially available under the trade name
of Nisaplin®, a heat-stable and water-soluble product (Oshima
et al., 2014). The bacteriocin presents bactericidal activity against
important Gram-positive pathogens, including Listeria mono-
cytogenes and Bacillus cereus, and presents bacteriostatic activity
against bacterial spores (Oshima et al., 2014).

L. monocytogenes is a psychrotrophic pathogen that causes
listeriosis, an infection that exhibits highmortality rates (up to 30%)
and, therefore, is considered an important public health concern
(Buchanan et al., 2004; Gandhi & Chikindas, 2007; Carpentier &
Cerf, 2011). L. monocytogenes occurs in a variety of foods,
including milk and dairy products (Karthikeyan, Gunasekaran, &
Rajendhran, 2015; Santorum, Garcia, Lopez, & Martinez-Suarez,
2012). The selection of nisin-resistant L. monocytogenes strains
has been evidenced by several researchers (Collins, Curtis, Cotter,
Hill, & Ross, 2010; Davies & Adams, 1994; Harris, Fleming, &
Klaenhammer, 1991; Malheiros, Sant᾿Ana, Barbosa, Brandelli, &
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Franco, 2012a; Malheiros, Sant᾿Ana, Utpott, & Brandelli, 2012b;
Mazzotta & Montville, 1997), which demonstrates the need for an
adequate/optimized use of the bacteriocin for food biopreservation.

B. cereus is widely distributed in nature due to its spores᾿ high
resistance against environmental stresses (Merzougui, Lkhider,
Grosset, Gautier, & Cohen, 2014). The microorganism is consid-
ered the most important aerobic spore-forming bacterium found in
milk and dairy products (Penna, Moraes, & Fajardo, 2002), being
responsible for two diseases, the emetic and the diarrheic syn-
dromes. The report of nisin-resistant B. cereus strains in scientific
literature is not frequent; however, an interesting study performed
by Jarvis (1967) showed that the cell-free supernatant from the
microorganism had anti-nisin activity. This phenomenon is espe-
cially important in foods with extended shelf-life, where low con-
centrations of resistant microorganisms can multiply and reach
high levels, leading to the spoilage of the product or even causing
foodborne diseases outbreaks (Zhou, Fang, Tian, & Lu, 2014).

For food application, technologies that enable the production of
low-cost, large-scaled, particulate systems are essential (Xiao,
Davidson, & Zhong, 2011). In this context, spray drying deserves
special attention. The method can be briefly described as the at-
omization of a solid-fluid mixture, which is submitted to hot air
flow (co-current, contra-current or a combination of both) in a
drying chamber, leading to the formation of a dried product. Then,
the solid particles are separated by a cyclone and finally collected
(Guarsallaoui, Roudaut, Chambin, Volley, & Saurel, 2007). Spray
drying has been successfully used in the last years for the controlled
delivery of a number of food ingredients, including antimicrobial
agents, antioxidants, oils, flavorings, bioactives, and nutrients (Dias,
Ferreira,& Barreiro, 2015; Garti&McClements, 2012; Murugesan&
Orsat, 2012). Gum Arabic is a natural resin composed by poly-
saccharides and glycoproteins extracted from two Acacia species
(Acacia senegal and Acacia seyal) found in the sub-Saharan Africa
territory. The substance is non-toxic, odorless, tasteless, and
extensively used as carrier agent for spray drying due to its
adequate emulsifying ability and low viscosity under aqueous so-
lution (Guarsallaoui et al., 2007; Righetto & Netto, 2005). Encap-
sulated (spray-dried) nisin can allow a controlled (delayed) release
of the antimicrobial peptide into food matrices and, therefore,
possibly minimize the selection of resistant foodborne pathogens.

Until now, to the best of our knowledge, no published researches
in peer-reviewed scientific journals have tested the antimicrobial
activity of encapsulated nisin using gum Arabic as carrier agent and
compared its efficacy with free nisin in refrigeratedmilk. Therefore,
our study aimed to evaluate the inhibitory effect of individual and
combined free and encapsulated (spray-dried) commercial nisin
(Nisaplin®) on L. monocytogenes ATCC 7644 and B. cereus IAL 55
(vegetative cells and spores) inoculated in refrigerated UHT (ultra-
high temperature) milk, throughout 21 days of storage.

2. Materials and methods

2.1. Microbial strains and preparation of spores' suspension

Pure cultures of L. monocytogenes ATCC 7644 and B. cereus IAL 55
were kept at �80 �C in BHI (Brain Heart Infusion e Oxoid, Basing-
stoke, United Kingdom) broth and TSB (Trypticase Soy Broth e

Oxoid), respectively, both added of 20% (v/v) of glycerol. For
application in milk samples and evaluation of free and encapsu-
lated commercial nisin inhibitory activity, L. monocytogenes ATCC
7644 and B. cereus IAL 55 (vegetative cells) were grown, respec-
tively, in BHI broth and TSB (2%, v/v; 37 �C for 24 h, aerobic con-
ditions), transferred to fresh BHI broth and TSB (5%, v/v) and
aerobically incubated at 37 �C for 24 h. Following, the suspensions
were centrifuged (8,000 g for 10 min, 4 �C) (RC5C Sorvall
Instruments Du Pont, Newtown, CT, United States of America), and
the pellets were washed twice with sterile physiological saline
solution (NaCl, 0.85% w/v) (Dinâmica, Diadema, SP, Brazil) and
ressuspended in appropriated volumes using the same diluent.

For preparation of B. cereus IAL 55 spores' suspension, the
method used was previously described by Pe~na et al. (2014).
B. cereus IAL 55 was cultivated in nutrient broth (Kasvi, Curitiba, PR,
Brazil) added of manganese sulfate (Synth, Diadema, SP, Brazil)
(10 ppm/L) under incubation at 30 �C for 24 h. Following, the strain
was inoculated in Roux bottles (Uniglass, S~ao Paulo, SP, Brazil)
containing nutrient agar (Kasvi) added of manganese sulfate
(10 ppm/L). The bottles were incubated at 30 �C for 30 days and the
sporulation process was evaluated daily using a malachite green
solution (Synth, Diadema, SP, Brazil) for spores staining. The spores
washing procedure was carried out with 90% of sporulated cells
using sterile distilled water and centrifugation (1,500 g for 20 min,
4 �C) (RC5C Sorvall Instruments Du Pont). The spores᾿ suspension
obtained was stored at �20 �C and ressuspended in appropriate
volumes of sterile physiological saline solution before inoculation
in milk.

2.2. Nisaplin® encapsulation with spray drying method

A commercial preparation of nisin (Nisaplin®, Danisco, Grinds-
ted, Denmark), which contains 2.5% (w/w) of the antimicrobial
peptide itself plus NaCl and proteins (solids) from dairy origin was
used. Arabic gum (Instantgum BA®, Colloides Naturels Brasil, S~ao
Paulo, SP, Brazil) was the carrier agent used as core or bioactive
compound at a proportion of 90:10 (w/w) with Nisaplin®. The
encapsulation procedure was carried out using the spray drying
method with the SD 5.0 equipment (Labmaq, Ribeir~ao Preto, SP,
Brazil). The dispersion obtained was pumped with a peristaltic
pump set a flow rate of 10 mL/min. The drying step was done at
concurrent mode. The solutions were atomized at room tempera-
ture (ca. 23 �C) using compressed air (30 L/min). The temperatures
used for air inlet and outlet were, respectively, 130 �C and 110 �C.
The powdered product obtained was collected at the bottom of the
drying cyclone with an air flow set at 2.5 m/s. Finally, the encap-
sulated material was stored in a sterile glass bottle covered with
aluminum foil, and kept under refrigeration.

2.3. Characterization of the encapsulated material

2.3.1. Particle size and distribution measurement
The size and distribution of the encapsulated particles obtained

with spray drying method was determined using a laser light
diffraction equipment (Shimadzu Sald-201V, Kyoto, Japan). Thus,
samples of approximately 1 g of the powdered material obtained
were previously resuspended in MilliQ® water and the results were
expressed asmean diameters (mm) ± standard deviation for volume
and area.

2.3.2. Morphology
The morphological features of the microencapsulated particles

were observed using a scanning electronic microscope (TM300,
HITACHI, Tokyo, Japan). The powder was scattered on double sided
carbon tape and evaluated under 15 Kv acceleration voltage. The
metallic coverage of the samples, a procedure normally performed
with gold or palladium, was not necessary since the equipment
works on low vacuum.

2.4. Maintenance of the biological activity of commercial versus
encapsulated nisin under cold storage

The antimicrobial activity of encapsulated Nisaplin® was
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determined right after its production and after 90 days of storage
under refrigeration. The encapsulated material was diluted in HCl
0.1 M and phosphate buffer (0.1 M, pH 6.5) to obtain a 0.5 mg/L
solution. For comparison purpose, the same procedure was per-
formed for free Nisaplin®, which should be kept between 4 �C and
25 �C, according to themanufacturer᾿s instructions. Aliquots (10 mL)
of the suspension prepared were spotted on the surface of Petri
dishes containing semi-solid (0.8%, w/w) BHI (Oxoid) agar and
previously grown L. monocytogenes ATCC 7644 (ca. 6 log CFU/mL
each) or semi-solid TSA (Trypticase Soy Agar e Oxoid) and previ-
ously cultivated B. cereus IAL 55 (vegetative cells or spores᾿ sus-
pension, ca. 6 and 5 log CFU/mL, respectively). The plates were
incubated at 37 �C for 24 h and then checked for the development
of inhibition halos.
2.5. Inoculation of milk samples and enumeration of
L. monocytogenes and B. cereus

Packages of UHT skimmed [0.45% (v/v) fat] andwhole [3.0% (v/v)
fat] bovine milk (Shefa, Amparo, SP, Brazil) were purchased at a
local market. For the assessment of L. monocytogenes ATCC 7644
behavior, sets of samples (200 mL each) of both skimmed and
whole milk were individually prepared as follows: i) Addition of
free Nisaplin® at a final concentration of 0.5 mg/L; ii) Addition of
encapsulated Nisaplin® at a final concentration of 0.5 mg/L; iii)
Addition of free Nisaplin® at a final concentration of 1.0 mg/L; iv)
Addition of encapsulated Nisaplin® at a final concentration of
1.0 mg/L; v) Addition of a combination of free and encapsulated
Nisaplin® (final concentration of 0.5 mg/L each).

For the assessment of B. cereus IAL 55 behavior, sets of samples
(200 mL each) of both skimmed and whole milk were individually
tested as described: i) Addition of free Nisaplin® at a final con-
centration of 0.25 mg/L; ii) Addition of encapsulated Nisaplin® at a
final concentration of 0.25 mg/L; iii) Addition of free Nisaplin® at a
final concentration of 0.5 mg/L; iv) Addition of encapsulated
Nisaplin® at a final concentration of 0.5 mg/L; v) Addition of a
combination of free and encapsulated Nisaplin® (final concentra-
tion of 0.25 mg/L each).

The different concentration values tested in the present study
for free and encapsulated Nisaplin® against L. monocytogenes ATCC
7644 and B. cereus IAL 55 (vegetative cells and spores) were pre-
viously established through the performance of pilot tests that
determined their minimal inhibitory concentrations (data not
shown). In fact, the idea of testing encapsulated nisin was to assess
if the antimicrobial peptide would take longer to be released into
the food matrix and, therefore, could control/minimize the devel-
opment of pathogens resistant cells. Once combined, free and
encapsulated commercial nisin, could potentially improve their
inhibitory effect against both pathogens, which was evaluated in
the current work.

For both microorganisms, negative control (NC) milk samples,
containing no antimicrobial agent but the same diluent used for
preparing nisin solutions (phosphate buffer) were included. Milk
samples were intentionally inoculated (initial time-point e T0)
with L. monocytogenes ATCC 7644 or vegetative cells of B. cereus IAL
55 (ca. 4.0 log CFU/mL each) or the pathogen spores᾿ suspension
(ca. 6.0 log CFU/mL). These inocula were chosen to enable an
adequate assessment of their growth or death throughout the food
product shelf life. The suspensions weremanually homogenized for
1 min and stored under refrigeration (6 ± 1 �C) for 21 days. The cold
storage used was important as a further barrier to support nisin
antimicrobial effect. At three days time-intervals the microorgan-
isms populations were determined, as described below. The ex-
periments were carried out as genuine duplicates.
2.5.1. Enumeration of L. monocytogenes ATCC 7644 and B. cereus
IAL 55

The determination of L. monocytogenes ATCC 7644 and vegeta-
tive cells and spores of B. cereus IAL populations was carried out at
time-points 0, 3, 6, 9, 12, 15, 18, and 21 days (T0, T3, T6, T9, T12, T15,
T18, and T21, respectively) in skimmed and whole milk samples
stored under refrigeration. From each sampling point, fractions
corresponding to 1e2 mL of the milk were taken and serial di-
lutions were prepared using sterile physiological saline solution.
Then, for the enumeration of spores, samples were subjected to
heat-shock (80 �C for 30 min), while for the enumeration of
vegetative cells, heat shock was not applied. Further, aliquots
(100 mL and/or 1.0mL) of each dilutionwere plated on the surface of
selective culture media. Oxford agar (Oxoid) added of Listeria Se-
lective Supplement Oxford (Oxoid) was used for the enumeration of
L. monocytogenes ATCC 7644. For B. cereus IAL 55 vegetative cells
and spores quantification, MYP agar base (Acumedia, Lansing, MI,
United States of America) added of egg yolk emulsion (Laborclin,
Pinhais, PR, Brazil) and polymixin B solution (Inlab, S~ao Paulo, SP,
Brazil) was used. For both microorganisms, the plates were incu-
bated at 37 �C during 48 h under aerobic atmosphere.

2.6. Statistical analysis

All results obtained presented a homogeneous distribution.
Thus, in order to assess the effect of fat content (whole versus
skimmedmilk samples) on free and encapsulated commercial nisin
efficacy (alone and combined) for growth control (difference in
microbial counts determined between T21 and T0) of
L. monocytogenes ATCC 7644 and B. cereus IAL 55, the ScotteKontt
test was used. Moreover, the Tukey test was employed to compare
the antimicrobial effect of different concentrations of the bacte-
riocin (free versus encapsulated Nisaplin®, individually tested or in
combination) in the milk samples kept under refrigeration. The
level of significance for all analysis performed was set at P < 0.05.
The software Assistat 7.7 Beta (Brazil) was used and the reviews
published by Granato, Calado, and Jarvis (2014) and Nunes,
Alvarenga, Sant᾿Ana, Santos, and Granato (2015) were consulted.

3. Results and discussion

3.1. Characterization of encapsulated commercial nisin particles:
particles size and distribution, and morphology assessment

The encapsulation process of Nisaplin® using the spray drying
method showed a high yield, estimated at 94.2% (w/w). Encapsu-
lated nisin particles (powder) visually presented a homogeneous
aspect and their average diameter (median and standard deviation)
values assessed for volume and area were, respectively,
18.4 ± 0.5 mm (Fig. 1A) and 14.4 ± 0.5 mm (Fig. 1B). In fact, the
average size of encapsulated commercial nisin in the present work
is within the range of particles size obtained by atomization pro-
cesses (5 a 150 mm), as described by Thies (1995). Encapsulated
commercial nisin particles obtained in the present work using gum
Arabic as carrier agent showed round shape and concavities in the
surface (Fig. 2). These features are characteristic of spray-dried
products and are associated with the rapid evaporation of liquids
during the drying process (Rosenberg, Kopelman, & Talmon, 1985).

3.2. Stability of the antimicrobial activity of commercial and
encapsulated nisin throughout 90 days under cold storage

The antimicrobial activity of a 0.5 mg/L encapsulated commer-
cial nisin solution against L. monocytogenes ATCC 7644 and B. cereus
IAL 55 (vegetative cells and spores) was assessed right after its



Fig. 1. Normalized distribution of average diameter values (mm) assessed for encapsulated commercial nisin (Nisaplin®) particles regarding volume (A) and area (B) traits in the
present study.

Fig. 2. Micrograph obtained using the scanning electronic microscopy (1500�
magnification) showing the structure of encapsulated commercial nisin (Nisaplin®)
particles with Gum Arabic as carrier agent obtained in the current study.
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preparation and at the 90th day of storage under refrigeration.
Similar diameters of inhibition halos determined against every
target microorganism were observed at both time-points, indi-
cating that the antimicrobial activity of encapsulated Nisaplin® was
not affected by cold storage (data not shown). Furthermore, as a
comparison basis, commercial nisin also exhibited similar stable
antimicrobial activity (data not shown).
3.3. Evaluation of the antilisterial activity of free and encapsulated
commercial nisin in refrigerated milk

Milk is vital for the diet of a large number of people worldwide,
providing important macro- (e.g. proteins, carbohydrates, and fat)
and micro- (e.g. calcium and vitamin D) nutrients (Visioli & Strata,
2014). According to epidemiological studies, milk consumption has
a possible role in the prevention of relevant pathologies, including
cardiovascular diseases, some types of cancer, obesity and diabetes
(Pereira, 2014). On the other hand, due to its richness in nutrients,
high moisture content and neutral pH, milk is considered an ideal
growth medium for different spoilage and pathogenic microor-
ganisms, including, among others, L. monocytogenes and B. cereus
(FDA, 2014). Thus, in order to improve the microbiological safety of
milk and, consequently, assure the important physiological effects
related to the product consumption, “more natural” approaches can
be used, including the application of bacteriocins (G�alvez, L�opez,
Pulido, & Burgos, 2014).

In the present study, free and encapsulated (by spray drying
method using Arabic gum as carrier agent) commercial nisin
(Nisaplin®) were added to UHT milk samples (alone or in combi-
nation) and evaluated for their antimicrobial effect against
L. monocytogenes ATCC 7644 and B. cereus IAL 55 (vegetative cells
and spores) throughout 21 days of the food product storage under
refrigeration. It is important to highlight that, in the current work,
UHTmilk was chosen due to a number of important reasons. Firstly,
UHT milk has undoubtedly less microbial contaminants in com-
parison to pasteurized and raw milk, which allows an effective
evaluation of the real effect of free and encapsulated commercial
nisin (alone and in combination) on L. monocytogenes and B. cereus
growth control, excluding factors that could harm the appraisal.
Secondly, we assessed the behavior of foodborne pathogens artifi-
cially inoculated in UHT milk samples kept under refrigeration
throughout 21 days, which would not be possible if pasteurized
milk had been used, since the latter has a very short shelf-life (one
week on average). Thus, the use of UHT milk was indeed useful to
evaluate if the free and encapsulated bacteriocin could control the
development of L. monocytogenes and B. cereus resistant sub-
populations. Finally, it is important to stress that, although nisin
has been accepted as a food additive for processed cheese by the
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Food and Agriculture Organization/WHO Codex Committee onmilk
and milk products (Ross et al., 2002) and there are major differ-
ences in national legislations for its approved uses in a variety of
food products (de Arauz, Jozala, Mazzola, & Penna, 2009), in the
current work, nisin application was investigated in milk since this
food matrix is much simpler (simple food model), for instance, in
comparison to cheeses. This is due to the normal presence of mi-
crobial consortia in cheeses that may exert an antimicrobial effect
due to competition for nutrients, oxygen and production of anti-
microbial peptides, which could impair the evaluation of the actual
effect of free and encapsulated Nisaplin®. Furthermore, chemical
(e.g. presence of additives) and nutritional composition of cheeses
itself might also interfere with bacteriocin action.

According to our data, free or encapsulated commercial nisin
added to skimmed (Fig. 3A) or whole (Fig. 3B) milk samples kept
under refrigeration were, at some extent, effective to control
L. monocytogenes ATCC 7644 growth. In reality, the strongest anti-
listerial effect was determined between T3 and T6, in which the
counts assessed for this pathogen were inferior to the method
detection limit (1.0 log CFU/mL) (Fig. 3A and B). According to sta-
tistical analysis performed, the combination of free and encapsu-
lated commercial nisin (0.5 mg/L each) comprised the most
effective approach to inhibit L. monocytogenes ATCC 7644 multi-
plication (P < 0.05). Moreover, the lowest concentration of free
Nisaplin® tested (0.5mg/L) has also been shown to be as effective as
that combination for the control of L. monocytogenes ATCC 7644
growth in whole milk samples kept under refrigeration (P > 0.05).
Thus, in the present work, the use of higher amounts of free or
encapsulated commercial nisin alone, to know 1.0 mg/L, presented
Fig. 3. Populations (log CFU/mL) of L. monocytogenes ATCC 7644 determined in skimmed [0
with the pathogen and kept under refrigeration (6 ± 1 �C) during 21 days in the presence
encapsulated Nisaplin® at a final concentration of 0.5 mg/L (0.5 E); iii) free Nisaplin® at a fina
1.0 mg/L (1.0 E); v) combination of free and encapsulated Nisaplin® (final concentration of
antimicrobial agents; however, the same diluent used for preparing nisin solutions (phosph
no additional antilisterial effect (Fig. 3A and B). It is possible to
hypothesize that free bacteriocin acted first and then the encap-
sulated antimicrobial peptide has been released, which would
explain the promising results obtained with their combination.

An interesting study that also used the spray drying method for
bacteriocin encapsulation and demonstrated a promising result for
L. monocytogenes growth control was published by Ananou et al.
(2010). The authors observed that spray-dried enterocin AS-48,
produced by Enterococcus faecalis S-48, presented an excellent
inhibitory effect on L. monocytogenes multiplication in skimmed
milk samples kept at 28 �C, which populations were less than 1 log
CFU/mL throughout the time-period studied (between 2 h and
168 h). Furthermore, according to a work published by Xiao et al.
(2011), spray-dried nisin using zein e a maize protein e as a car-
rier polymer showed a slightly higher antilisterial effect deter-
mined in milk samples (2% fat, v/v) kept at 25 �C, in comparison to
the free peptide.

As a further validation of our data, we have observed that the
maximum counts observed for L. monocytogenes ATCC 7644 (NC
condition) in the two types of refrigerated milk samples tested (ca.
8.5 log CFU/mL at T21) did not significantly differ (P > 0.05) among
each other, which means the fat content in the milk samples tested
did not affect the pathogen growth.

Overall, in milk samples tested, it is clear that a selection of
L. monocytogenes ATCC 7644 resistant cells has occurred and,
therefore, high populations of the pathogen were observed, espe-
cially at the uttermost time-points assessed in whole milk (Fig. 3B)
in comparison to skimmed milk (Fig. 3A), for all conditions tested
(P < 0.05). Indeed, microorganisms that survive stresses conditions
.45% (v/v) fat] (A) and whole [3.0% (v/v) fat] milk (B) samples artificially contaminated
of: i) free commercial nisin (Nisaplin®) at a final concentration of 0.5 mg/L (0.5 F); ii)
l concentration of 1.0 mg/L (1.0 F); iv) encapsulated Nisaplin® at a final concentration of
0.5 mg/L each) (0.5 FE). As negative control (NC), milk samples were not added of any
ate buffer) was used.
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frequently become more resistant to several stressors (Wesche,
Gurtler, Marks, & Ryser, 2009), which emphasizes the need of a
deep knowledge on food chemical composition and processing
conditions so that bacteriocins usage may lead to the best possible
outcomes. In reality, the apparent reduction of nisin efficiency
remarkably verified in whole milk samples is not uncommon and
has been reported by several researches elsewhere (Bhatti,
Veeramachaneni, & Shelef, 2004; Chollet, Sebti, Martial-Gros, &
Degraeve, 2008; Jung, Bodyfelt, & Daeschel, 1992; Malheiros, Dar-
oit, da Silveira, & Brandelli, 2010; Malheiros et al., 2012a,b). This
phenomenon is probably related to the interaction of the bacte-
riocin with fat globules from the food product, which was not
attenuated by nisin encapsulation, nor did result in a remarkably
delayed release of the antimicrobial peptide possibly useful for a
better control of resistant cells. In fact, the selection of nisin-
resistant microorganisms has been observed among several
Gram-positive microorganisms, and the mechanisms involved are
diverse and complex (Bastos, Coelho, & Santos, 2015; Kaur et al.,
2011). Interestingly, Miyamoto et al. (2015) studied the same
strain of L. monocytogenes evaluated in here (ATCC 7644) and
observed that in nisin-treated cells, proteins associated to oxidative
stress are highly abundant, as well as an enzyme involved in the
synthesis of cell membrane lipids, which suggests a defect in con-
ventional cell division mechanism and also activation of an alter-
native division process. The authors also demonstrated an
overexpression of flagellar and motility proteins under nisin
exposure suggesting an increase in L. monocytogenes ATCC 7644
motility, which could be useful for the pathogen to overcome the
Fig. 4. Populations (log CFU/mL) of B. cereus IAL 55 vegetative cells determined in skimmed
with the pathogen and kept under refrigeration (6 ± 1 �C) during 21 days in the presence o
encapsulated Nisaplin® at a final concentration of 0.25 mg/L (0.25 E); iii) free Nisaplin® at a fi
of 0.5 mg/L (0.5 E); v) combination of free and encapsulated Nisaplin® (final concentration
any antimicrobial agents; however, the same diluent used for preparing nisin solutions (ph
adverse effects of the bacteriocin when present in a certain
environment.

According to the data obtained from the other set of experi-
ments carried out in the present work, the lowest concentration of
free and encapsulated commercial nisin tested alone (0.25 mg/L
each) was as effective as the highest level tested (0.5 mg/L alone or
0.25 mg/L for both in combination) on outgrowth inhibition of
B. cereus IAL 55 vegetative cells in both skim andwhole refrigerated
milk samples, compared to the NC condition (P < 0.05) (Fig. 4A and
B). Furthermore, it is relevant to point out that the cold temperature
used for the food product storage (6 ± 1� C) represented itself a
hurdle for the pathogen multiplication, since its counts decreased
ca. 0.6 log CFU/mL (T21-T0) in both skimmed and whole milk
samples studied (NC condition) (Fig. 4). In fact, it is well-known
that B. cereus has several genes for protein metabolism and,
consequently, it is notably equipped for growth in milk (Ivanova
et al., 2003). Thus, the combination of adequate refrigeration
temperature plus addition of commercial nisin (free or encapsu-
lated) was useful for an optimized antimicrobial effect on the food
matrix tested. A practical example of this approach is a study per-
formed by Morgan, Galvin, Ross, and Hill (2001). According to the
authors, spray-dried bacteriocin lacticin 3147, produced by L. lactis
subsp. lactis DPC3147, was able to reduce B. cereus counts by 80%, as
determined in a non-dairy food product (reconstituted soup) kept
under refrigeration (4 �C).

In the current study, the results obtained for the tests performed
with B. cereus IAL 55 spores are shown in Fig. 5 (A and B). In reality,
the counts, expressed as log CFU/mL, comprise a sum of the
[0.45% (v/v) fat] (A) and whole [3.0% (v/v) fat] milk (B) samples artificially inoculated
f: i) free commercial nisin (Nisaplin®) at a final concentration of 0.25 mg/L (0.25 F); ii)
nal concentration of 0.5 mg/L (0.5 F); iv) encapsulated Nisaplin® at a final concentration
of 0.25 mg/L each) (0.25 FE). As negative control (NC), milk samples were not added of
osphate buffer) was used.



Fig. 5. Populations (log CFU/mL) of B. cereus IAL 55 spores and germinating spores determined in skimmed [0.45% (v/v) fat] (A) and whole [3.0% (v/v) fat] milk (B) samples
artificially contaminated with the pathogen and kept under refrigeration (6 ± 1 �C) during 21 days in the presence of: i) free commercial nisin (Nisaplin®) at a final concentration of
0.25 mg/L (0.25 F); ii) encapsulated Nisaplin® at a final concentration of 0.25 mg/L (0.25 E); iii) free Nisaplin® at a final concentration of 0.5 mg/L (0.5 F); iv) encapsulated Nisaplin®

at a final concentration of 0.5 mg/L (0.5 E); v) combination of free and encapsulated Nisaplin® (final concentration of 0.25 mg/L each) (0.25 FE). As negative control (NC), milk
samples were not added of any antimicrobial agents; however, the same diluent used for preparing nisin solutions (phosphate buffer) was used.
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populations of spores and vegetative cells, which were determined
in milk samples submitted or not to a heat-shock step, as described
in the material and methods section. According to our data, the
bacteriocin presented a remarkable inhibitory effect against
B. cereus IAL 55 spores inoculated in both skimmed (Fig. 5A) and
whole (Fig. 5B) milk samples. Using the appropriate statistical tests,
all conditions tested e free and encapsulated commercial nisin,
alone or in combination ewere equally effective for the inhibition
of B. cereus IAL 55 (P > 0.05), in comparison to the NC condition
(P < 0.05), in both types of milk studied. It is worthy to point out
that the cold temperature used for storage of the milk samples
together with a harsh condition of the heat shock treatment
employed (80 �C for 30 min) were important stress factors to
B. cereus IAL 55 spores survival and germination. This is demon-
strated by a ca. 4.3 log CFU/mL reduction in the pathogen pop-
ulations observed throughout the 21 days in both skimmed and
whole milk samples not added of the antimicrobial peptide (NC
condition). Once stressed, B. cereus counts could have been
impacted. Indeed, the loss of cultivability is not undoubtedly
associated to the microorganism complete death since it could
enter a viable but not culturable state because of sub-lethal injury
(Li, Mendis, Trigui, Oliver, & Faucher, 2014). It is possible to hy-
pothesize that if a mild heat treatment condition had been applied,
most probably B. cereus IAL 55 spores populations determined
would had been higher, since, according to Lovdal, Hovda, Granum
and Rosnes (2011), the use of sublethal heat treatment can activate
dormant spores and, thus, enhance the conversion of spores into
vegetative cells.
An interesting work published by Abriouel, Maqueda, G�alvez,
Martínez-Bueno and Valdivia (2012) demonstrated that B. cereus
LWL-1 intact spores, initially resistant to bacteriocin AS-48, pro-
duced by E. faecalis S-48, became increasingly sensitive to the
antimicrobial peptide throughout the germination process. In fact,
once the germination process occurs, spores lose their important
feature, to know resistance (Christie, 2012; Hornstra, de Vries, de
Vos, Abee, & Wells-Bennik, 2005). This behavior is in line with
the relevant role of nisin in preventing the swelling of germinated
spores (Pol et al., 2001) and, therefore, explains the reduced counts
of B. cereus IAL 55 spores observed in our study for refrigeratedmilk
samples added of the free or encapsulated bacteriocin (Fig. 5).

It is also worth to mention that, as a further means of validation
of our experimental data, B. cereus vegetative cells or spores pop-
ulations determined in the NC condition throughout 21 days did
not significantly differ (P > 0.05) when skimmed or whole milk
samples were used. This clearly indicates the fat content of milk,
itself, did not affect the pathogen survival.

Although B. cereus has been rarely isolated from UHT milk
samples worldwide (Bahout, 2000; Ghellai & Moussaboudjemaa,
2013), there are several reports on the isolation of the foodborne
microorganism from raw (Banyk�o & Vyletelov�a, 2009;
Christiansson, Bertilsson, & Svensson, 1999; Hassan, Al-Ashmawy,
Meshref, & Afify, 2010; Yobouet et al., 2014) and pasteurized
(Banyk�o & Vyletelov�a, 2009; Eneroth, Svensson, Molin, &
Christiansson, 2001; Malek, Moussa Boudjemaa, Aouar-M�etri, &
Kihal, 2013; Salustiano et al., 2009) milk samples. In fact, B. cereus
spores are ubiquitously present in the farm environment e soil,



R.C.R. Martinez et al. / LWT - Food Science and Technology 68 (2016) 67e7574
cattle-feed, and cattle-feces e and can easily contaminate the ud-
ders and the rawmilk (Papademas& Aspri, 2015). Furthermore, the
pathogen is able to attach to the surfaces of food processing
equipments, where they may form biofilm, germinate, grow and
form spores leading to a continuous source of contamination
(Papademas & Aspri, 2015; Shaheen, Svensson, Andersson,
Christiansson, & Salkinoja-Salonen, 2010). All these features make
B. cereus control a strict measure to be taken in order to avoid milk
and dairy products spoilage due to proteolytic and lipolytic activ-
ities (Chen, Coolbear, & Daniel, 2004; Montanhini, Montanhini,
Pinto, & Bersot, 2013) and also to prevent the occurrence of dis-
eases outbreaks (Bennett, Walsh, & Gould, 2013; Stenfors Arnesen,
Fagerlund, & Granum, 2008).

4. Conclusions

Since an increase in global demand for milk and dairy products
is expected worldwide in the coming decades, especially in
emerging countries (IDF, 2014), assuring the microbiological safety
of these food products is of ultimate importance. In this scenario,
we have shown that the antimicrobial activity of encapsulated
Nisaplin®, produced using gum Arabic as carrier agent and stored
for three months under refrigeration was maintained. Moreover,
we demonstrated that the combined use of free and encapsulated
commercial nisin is an interesting approach for L. monocytogenes
ATCC 7644 growth control in refrigerated milk, especially when the
food product has reduced amounts of fat. Anyhow, resistant sub-
populations of the pathogen were observed, which indicates the
intended delayed release of the bacteriocin from the encapsulated
material using gum Arabic to overcome this issue must be
improved. Finally, encapsulated commercial nisin was as affective
as the free bacteriocin to control B. cereus IAL 55 vegetative cells
outgrowth and spores germination in refrigerated milk, increasing
the microbiological safety of the food product throughout its shelf-
life. As further steps of our research work, the efficacy of free and
encapsulated Nisaplin® against the same pathogenic strains artifi-
cially inoculated in cheeses might be investigated throughout the
food product shelf life, as well as physicochemical and sensory
analysis might be performed.
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a b s t r a c t

The effects of pigeon pea flour, corn flour, walnut paste and sesame paste on emulsion stability and
textural properties of sausages were investigated using response surface methodology. Increase pro-
portions of pigeon pea and corn flour were associated with high emulsion stability and textural prop-
erties including hardness, gumminess and deformability (p < 0.001). However, increased proportions of
flour in combination with walnut paste somewhat reduced cohesiveness. Vegetable ingredients favored
gel-network formation and showed greatly improved emulsionestability parameters and promote high
textural properties. These properties were confirmed by micrographs of the various sausages, which
revealed interaction between vegetable ingredients and the protein matrix, and with the fat globules,
which also affected the parameters. Scanning electron microscopy images of sausage samples prepared
with the optimum formulation showed the compact spongy structure and the formation of the sausage
mixture due to the formation of a continuous and stable protein matrix.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The high intake of red meat, processed meat, fast food, refined
grains and sugars characteristic of the characteristic diet of devel-
oped countries is associatedwith a risk of coronary heart disease, as
is the intake of saturated and monounsaturated fatty acids (García-
García & Totosaus, 2008). In response, consumers have begun to
demand that their food be not only safe and nutritious, but also
healthful and natural. Therefore, researchers in the meat industry
have been working on strategies to produce more-healthful prod-
ucts. Finely chopped mixtures of lean meat, fat, spices and ice are
commonly referred to as sausage batters or emulsions, depending
on particle size (Pearson & Gillett, 1996). The texture of processed
meat products depends on the structure of the matrix formed by
the protein gel, the solutes, the particles entrapped in the gel and
the moisture content (Flores, Giner, Fiszman, Salvador, & Flores,
2007). Much of the free water that is initially available to the sys-
tem becomes bound by the protein network upon mixing and
ce, Engineering and Technol-
77871, Iran.
subsequent heating (Morin, Temelli, & McMullen, 2004). In the
manufacture of emulsified meat products, it is essential to balance
the quality and quantity of protein with processing functionality
and nutritional value. In addition tomeat proteins, a variety of non-
meat ingredients have been used as fillers, binders and extenders to
reduce cook shrink, improve physical characteristics (such as
texture-related properties), nutrition and flavor and reduce pro-
duction cost (Flores et al., 2007; Sun & Arntfield, 2012). Functional
products like low-fat meat sausages are often rejected by con-
sumers because their flavor and texture are considered less
acceptable than those of traditional meat products. Therefore, the
most important goal in substituting plant ingredients for the ani-
mal meat and fat in sausages is to avoid unwanted quality changes,
particularly in texture (Zorba & Kurt, 2008).

Pigeon pea [Cajanus cajan (L.) Millsp.], also known as Congo pea,
Red gram or Non-eye pea (Akintayo, Oshodi,& Esuoso, 1999), is one
of the most valuable perennial or annual leguminous food crops in
Asia, Africa and some parts of South America (Kong et al., 2010).
Pigeon pea is a source of protein, vitamin B and minerals and has
lowamounts of fat andmoderate amounts of fiber, making it a good
source of nutrition for vegetarian populations (Torres, Frias,
Granito, & Vidal-Valverde, 2007). Fractions of pigeon-pea proteins
are water-soluble proteins (albumins), salts (globulins), alcohol
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(prolamins) and acid/alkali (glutelins), as well as residual proteins
and non-protein nitrogen (Mizubuti, Junior, Souza, Silva, & Ida,
2000). Its protein content is rich in lysine, which is the limiting
amino acid in cereals (Mandhyan & Jain, 1993). Despite its nutri-
tional benefits and functional properties, no study concerning use
of pigeon pea in meat production has been performed-to date.
Legume seeds are low in sulphur-containing amino acids, methio-
nine, cysteine and tryptophan, but have much more lysine than
cereal grains; thus, legumes and cereal proteins are nutritionally
complementary (Lazou & Krokida, 2010). Corn is the third most
widely grown cereal crop in the world, after wheat and rice. It
supplies several nutrients and energy in the human diet, and is
considered to be a good source of starch, protein, fibre, vitamins B,E
and A and a number of minerals (Lazou & Krokida, 2010), as well as
bioactive amines and biogenic amines (Banderia et al., 2012).
However, not much work has been done on corn flour as a binder in
meat products. Some studies have been conducted on the use of
walnut as a non-meat ingredient in low-fat meat emulsions to
produce products with specific blend of nutrients and phyto-
chemical compounds, such as low lysine/arginine ratio, vegetable
fibre, mono- and polyunsaturated fatty acids (oleic, linoleic and a-
linolenic), phytosterols and polyphenols (Cofrades, Serrano, Ayo,
Carballo, & Jim�enez -Colmenero, 2008). Sesame is another func-
tional ingredient that has great importance in the diets of many
cultures. The chemical composition of sesame shows that the seed
is an important source of oil, protein, carbohydrate, ligands and the
antioxidants sesamin, sesamolin and sesamol, which are very sta-
ble against deterioration by oxidation (Sowmya, Jeyaran, Jyotsna, &
Indrani, 2009). These benefits made sesame a good replacement for
animal fat in meat products.

The objective of this study was to determine the effect of pigeon
pea flour, corn flour, walnut paste and sesame paste on the
composition and textural properties of cooked meat emulsions
made with lean beef. The motivation of this research, which is part
of a project to reduce the meat and fat content of commercial
sausages, was the desirability of natural replacements for animal
meat and fat, which can lead to the commercialization of improved
meat products with low risk during manufacturing.
2. Materials and methods

2.1. Ingredients

Frozen lean meat obtained from a local market was trimmed of
excess fat and connective tissue. The lean meat was defrosted and
ground twice through 25-10 mm orifice plates. Canola oil (Beh-
shahr Co., Tehran, Iran), walnut halves, sesame seeds, dried pigeon-
pea seeds and corn flour (Golha Co., Tehran, Iran) were obtained
from a local market.

Pigeon-pea seeds were ground in a professional blade mill and
sieved through 3/4 mm sieves. Walnut halves and sesame seeds
were processed separately (ground at 1750 rpm for 1.5 min and at
2000 rpm for 3 min respectively) to obtain a homogeneous paste.
Table 1 shows the chemical composition of raw materials (meat,
Table 1
Chemical composition (%) of raw materials.

Material Moisture Ash Protein

Meat 72.74 (1.82) 1.14 (0.03) 21.31 (1.33
PPF 7.32 (0.42) 2.22 (0.001) 25.07 (0.35
CF 8.03 (0.16) 0.34 (0.001) 6.32 (0.14
WP 2.8 (0.09) 1.83 (0.001) 17.73 (0.00
SP 3.38 (0.06) 2.86 (0.01) 23.86 (0.30

Numbers between parentheses represent (±) standard deviations. PPF, pigeon pea flour;
WP, walnut paste; SP, sesame paste.
pigeon-pea flour, corn flour, walnut paste and sesame paste). Salt, a
blend of spices common in sausage manufacture, ascorbic acid,
sodium tripolyphosphate and sodium nitrite were also added
during the emulsion-manufacturing process.
2.2. Preparation of sausages

Sausages were prepared in a cool room (6e8 �C) to obtain 8 kg of
batter. Before emulsion preparation, the frozen meat was thawed
overnight in a refrigerator at 4 �C. The partially defrosted meat was
placed in a pilot cutter (Seydelmann, Germany) and homogenized
for 1 min. The total amount of ingredients (salt, spice, nitrite and
sodium phosphate) and half of the ice were added to the meat
batter. This mixture was then chopped for another 2 min. Sun-
flower oil (SO) and replacements (i.e. walnut paste (WP), sesame
paste (SP) or a mixture of the two) were then added and blended
for 3 min. After that, pigeon-pea flour (PPF) and corn flour (CF)
were added to the mixture and blended for 3 min. Finally the
remaining ice and ascorbic acid solution were added and blended
for 1 min. Total mixing time was standardized to 10 min and the
final temperature was below 10 �C for all treatments. Approxi-
mately 8 kg batter was transferred into the pilot-stuffer and stuffed
into cellulose casings of 3 cm diameter. The sausages were auto-
matically tied into approximately 8 cm links and kept at 4e6 �C for
20e30 min before cooking. The links were cooked in a cooking
room until the internal temperature reached 80 �C. The cooking
was completed in about 90min. After cooking, sausages were
washed with cold water for 2 min to reach a final temperature
below 10 �C. Finally, the sausages were stored at 4 �C until analysis.
2.3. Emulsion stability and cooking loss

Emulsion-stability parameters were evaluated as described by
Horita, Morgano, Celeghini, and Pollonio (2011) with some modi-
fications. Briefly, approximately 10 gr of each meat-batter formu-
lation was weighed in tubes to be centrifuged (2500 � g, 5 min at
2 �C). Subsequently, the tubes were placed in a water bath at 80 �C
for 60 min. The tubes were left to stand upside-down for 45 min to
release the exudates. The total amount of fluid released was
expressed as a percentage of the sample weight. The content of fat
released was determined by the difference in the total liquid
released before and after drying in an oven at 100 �C for 16 h. Water
released by evaporation was also expressed as a percentage of the
sample weight.

The cooking loss of the samples was determined by weighing
samples before and after cooking and calculated based on raw
batter weight (Choi et al., 2010):

Cooking lossðg=100gÞ ¼ ½ðweight of raw batterðgÞ
�weight of cooked batterðgÞÞ
� =weight of raw batterðgÞ � 100�
Fat Carbohydrate Fibre

) 3.45 (0.23) e e

) 1.71 (0.06) 25.23 (0.91) 2.9 (0.08)
) 0.89 (0.05) 65.04 (1.17) 1.4 (0.19)
5) 67.49 (0.19) 3.14 (0.18) 8.86 (0.13)
) 56.58 (0.12) 5.08 (0.57) 7.62 (0.22)

CF, corn flour.



Table 2
Experimental design for ingredient combinations to manufacture sausages.

Run Pigeon pea % Corn % Walnut % Sesame % Meat % Sunflower oil %

1 5.5 16.5 6 6 33 0
2 16.5 16.5 0 6 22 6
3 16.5 5.5 6 0 33 6
4 16.5 5.5 0 0 33 12
5 5.5 16.5 0 0 33 12
6 5.5 16.5 6 0 33 6
7 5.5 5.5 6 6 44 0
8 5.5 16.5 0 6 33 6
9 16.5 16.5 6 0 22 6
10 16.5 16.5 6 6 22 0
11 5.5 5.5 0 0 44 12
12 16.5 16.5 0 0 22 12
13 16.5 5.5 0 6 33 6
14 16.5 5.5 6 6 33 0
15 5.5 5.5 0 6 44 6
16 5.5 5.5 6 0 44 6
17 11 0 3 3 44 6
18 11 22 3 3 22 6
19 0 11 3 3 44 6
20 22 11 3 3 22 6
21 11 11 3 9 33 0
22 11 11 9 3 33 0
23a 11 11 3 3 33 6
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2.4. Texture profile analysis (TPA)

The textural properties of cooked sausages were evaluated in
compression tests using an Instron Universal Testing Machine
(model H5KS, Hounsfield, UK) according to the procedure
described by Alvarez et al. (2012). Before analysis, cooked sausages
were left to reach room temperature (22 �C) for approximately
90 min. The cylindrical samples of 15 mm length were compressed
axially between two parallel plates to 50% of the original height, in
two consecutive cycles with 10 s rest, at a crosshead speed of
100 mm/min. The capacity of the load cell was 100 N (10 kg). Peak
values from these two compressions were recorded as descriptive
texture parameters of these sausages. Hardness (N) is defined as the
resistance force at the first compression at 50% (first peak).
Deformability (%) is defined as the percent reduction in the resilient
force from the first peak value after the second compression, and
expressed as [(first peak force � second peak force)/first peak
force] � 100. Cohesiveness is defined as the ratio of the positive
force area during the second compression to that during the first
compression (A2/A1; total area of second peak divided by total area
of first peak) and gumminess (N) is defined as the result of hardness
multiplied by the cohesiveness (Alvarez et al., 2012).
a Midpoint repeated eight times.
2.5. Microstructure

The microstructures of raw and cooked sausage samples pre-
pared with the optimum formulation and raw and cooked tradi-
tional (from market) sausage were analyzed using scanning
electron microscopy (SEM), as reported by Morin et al. (2004).
Samples were frozen in liquid nitrogen, freeze-fractured, allowed to
sublimate and coated with gold prior to examination under a
scanning electronmicroscope (Model KYKY-EM3200, KYKY, China).
2.6. Experimental design

Response surface methodology (RSM) was performed to
examine the simultaneous effects of four compositional variables:
PPF (x1), CF (x2), WP (x3) and SP (x4). The experiments were based
on a central composite rotatable design. Each factor or variable was
provided on three levels in accordance with the principles of the
central composite design. Assessment of error was derived from
eight replications of one treatment combination (11% PPF, 11% CF,
3% WP, 3% SF) as suggested by the design. A central composite
design was created out of 30 runs, 8 center points and a ¼ 2. All 22
treatment combinations and 1 center point are shown in Table 2.
Regression analysis was performed on the data from the experi-
ments. The relationship between the independent variables and
the response was calculated by the second-order polynomial Eq.
(1). The models of the following form were developed to relate
responses (Y) such as total fluid released (Y1), water released (Y2),
fat released (Y3), cooking loss (Y4), hardness (Y5), gumminess (Y6),
cohesiveness (Y7) and deformability (Y8) to four process variables
(x):

Y ¼ b0 þ
X4

i¼1

biXi þ
X4

i¼1

biiX
2
i þ

X4

i< j¼2

bijXiXj (1)

Where Y is the predicted response; b0, bi, bii and bij represent
regression coefficients; and Xi and Xj are independent factors
(Bezerra, Santelli, Oliveira, Villar,& Escaleiraa, 2008). The statistical
software package Design-Expert (Stat-Ease Inc., Minneapolis, USA,
version 8) was used to conduct the regression analysis of experi-
mental data and to plot the response surface.
3. Results and discussions

The mathematical models were evaluated for each response
usingmultiple linear regression analysis. Modeling startedwith the
development of a quadratic model including linear, squared and
interaction terms. Under the significant terms of the model, each
response was found by analysis of variance (ANOVA). Significance
was judged by determining the probability level that the F-statistic
calculated in the data was less than 5%. The model adequacies were
checked by R2, adjusted R2 and coefficient of variance (CV) (Myers
& Montgomery, 1995). Several response surface plots using the
Design-Expert program were drawn to point out simultaneous ef-
fects of PPF, CF, WP and SP on the experimental dependent
parameters.
3.1. Emulsion stability and cooking loss

The ability to hold moisture and other juices in the product both
before and after treatment is an important attribute of sausage and
other meat-emulsion products. Emulsion stability, which measures
how well the juices are retained in an emulsion, is an effective
parameter that influences the product's shelf life. ANOVA indicated
that the regression model derived from total fluid release, water
release and fat release was significantly accurate (Table 3). Differ-
ences in PPF and CF levels produced significant changes (p < 0.01)
in emulsionestability parameters. Higher emulsion stability was
achieved by increasing only CF levels compared with increasing in
PPF levels. The likely reason for this is that the higher starch content
in CF than in PPF allowed the meat emulsion matrix to retain more
water. In meat/starch systems, gelatinized starch absorbs more
water and acts to fill interstitial spaces in the muscle-protein gel
matrix, affecting water binding (García-García & Totosaus, 2008).
Interaction between PPF and CF caused the highest emulsion sta-
bility in the sausages (Fig. 1 (a-c)). This can be related to higher
starch and fiber content and less moisture content in sausages
containing CF and PPF; these conditions can restrict water molec-
ular mobility, thus preventing the release of water from meat
emulsions. Choi et al. (2009) reported that the addition of rice-bran
fiber to meat products improved emulsion stability. Likewise
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Fernandez-Martin et al. (2009) found that adding the poly-
saccharides that comprise the dietary fiber in sea spaghetti yielded
significantly lower total fluid, water and fat release values. Also,
these ingredients contain various vegetable proteins that can
improve water-binding properties in meat emulsion. An improve-
ment in the water-binding properties of meat emulsions with the
addition of protein of different origins (e.g., soy, canola, surimi
powder, cheese, whey) has also been observed by several authors
(Cumby, Zhong, Nack, & Shahidi, 2008; Ercoskon, 2014; Feng,
Xiong, & Mikelr, 2003; Pe~na-Ramos & Xiong, 2003; Santana,
Huda, & Yang, 2015). Marchetti, Andr�es, and Califano (2013) re-
ported that low-lipid meat emulsions formulated with proteins
(milk-protein concentrate, whey-protein concentrate and dry egg
white) yielded higher stability than control formulations, indi-
cating better thermal stability and water-holding capacity of the
meat-emulsion matrix. Kaur, Sandhu, and Singh (2007) reported a
water-absorbance capacity of 1.38 g/g of sample using PPF, which
was higher than that for other legumes in their study. Oshodi and
Ekperigin (1989) showed that PPF had an emulsion capacity and
oil- and water-absorption capacities of 49.4%, 80.7% and 138%,
respectively. The water-absorption capacity was higher than the
value of 130% for soy flour. Response surface plots showed that
increasingWP in combinationwith increasing SP slightly decreased
total fluid and water release from emulsion samples (Fig. 1(bed)),
and increasing only SP showed a slightly lower TR andWR than that
shown with an increase only in WP; this may be due to the higher
protein and carbohydrate in SP. Hayes, Stepanyan, Allen, O’Grady,
and Kerry (2011) explained that the addition of sesamol, which is
a lipid-soluble polyphenol, provided a hygroscopic effect that
reduced the moisture loss of muscle fibers by maintaining the fi-
ber's membrane integrity and thus increasing the water-holding
capacity of pork sausages. Choi et al. (2010) found that increasing
the grape-seed oil level from 0% to 15% significantly decreased the
total expressible fluid. Increasing all variables had significant
(p < 0.01) effect on decreasing in fat release (Figs. 1 (eef)). This
positive effect on emulsion stability may be due to the reduction of
animal-fat content and SO, resulting in less fat content in the final
product. The presence of vegetable protein of ingredients can also
improve fat binding in emulsion. The presence of non-polar side
chains, which might bind the hydrocarbon side chain of oil to the
flours, possibly explains vegetable flours' oil binding capacity
(Adebowale & Lawal, 2004). The oil absorption (89.7%) of PPF is
higher than that of wheat flour and soy flour (84.2% and 84.4%,
respectively) (Oshodi & Ekperigin, 1989). Adding WP and SP to the
formulation (in combination with reducing the amount of sun-
flower oil) decreased the fat release in the meat emulsion. An in-
crease of SP only showed the same effect on fat release as an
increase in WP only. Similarly, the incorporation of native or pre-
heated walnut improved water- and fat-binding properties in meat
batters (Cofrades et al., 2008). Youssef and Barbut (2009) suggested
that the mobility of canola oil during heating resulted in a buildup
of internal pressure, which caused a discontinuity in the protein
matrix and fat separation during cooking, and weakening the
texture of the meat product.

Cooking loss measures the ability of the system to bind water
and fat after protein denaturation and aggregation during cooking
(Hayes et al., 2011). Differences in variable levels produced signif-
icant changes (p < 0.01) in cooking loss (Fig. 1 (geh)). Higher levels
of PPF and CF produced less cooking loss, indicating that these
flours are useful in retaining product moisture during cooking. Li
and Yeh (2003) reported that using tapioca and waxy corn
reduced the cooking loss of meat protein, and that this might be
due to the high swelling power of starch at 75 �C during the cooking
process. Increases in flour levels, however, are accompanied by
decreasing in moisture, and this has a direct influence on the



Fig. 1. Response surface plots showing the significant interaction effects of variables on total fluid release (a, b), water release (c, d), fat release (e, f) and cooking loss (g, h).
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reduction in cooking loss. Negligible cooking losses were obtained
from the increasing levels of WP and SP as oil replacement in meat
emulsions. Pietrasik (1999) reported a significant weight loss in
sausages manufactured with a lower fat content during cooking.

3.2. Texture properties

The use of PPF and CF as a replacement for meat in meat-
emulsion products significantly affected textural characteristics
(p < 0.01). Increasing only PPF levels is yielded products with
higher hardness and gumminess values than increasing only CF
levels. The likely reason for this is the higher protein and fiber
content in PPF, which formed a stronger gel and increased the
product's resistance to compression. Likewise, simultaneously
increasing the levels of PPF and CF showed higher values for
hardness and gumminess (Fig. 2 (aec)). A similar increase in
textural parameters was obtained by Youssef and Barbut (2011),
who found significantly higher values of hardness when non-meat
proteins (1.5% preheated whey protein) were added to sausages, as
a result of more binding sites (e.g. disulphide bridges) on the pro-
tein coating the fat globules, which allowed more interactions
within the gel matrix; these interactions reinforced the overall
protein matrix. Choi et al. (2010) reported that the addition of rice-
bran fiber and grape-seed oil increased the hardness, gumminess
and chewiness of reduced-fat batters. Choi et al. (2009) also found
that the presence of canola oil and rice bran improved the texture of
low-fat emulsion systems. The hardness and gumminess of the
sausage samples slightly increased with increasing in WP or SP or
both of them, when SO content is reduced (p < 0.01) (Fig. 2(bed)).
These results are in agreement with Alvarez et al. (2012), who re-
ported that the addition of walnut extract provided the highest
hardness in meat emulsion made with canola and canola-olive oils.
Youssef and Barbut (2009) also reported that the increase in
textural parameters of sausage samples could be attributed to
interaction between the added fiber and the existing proteins that
cover the small oil globules. The stronger bonding of the matrix
resulted in higher resistance to compression. Cohesiveness shows
the degree of difficulty in breaking down the internal structure of
sausages. Increasing the levels of PPF in combination with those of
CF decreased the cohesiveness values in sausage samples (p < 0.01)
(Fig. 2(e)). García-García and Totosaus (2008) reported that
increasing the concentration of potato starch reduced the cohe-
siveness of low-fat sausages. However, increasing only PPF content
showed lower cohesiveness values than increasing only CF content.
These results can be due to the higher protein and fiber content in
PPF than CF, which cause less cohesiveness in the cooked meat
batter. Pietrasik (1999) reported that increasing modified potato
starch in comminuted sausages had no significant effect on cohe-
siveness, while increasing protein levels showed a greater decrease
in cohesiveness. Fernandez-Martin et al. (2009) recorded lower
cohesiveness in low-fat frankfurters when sea-spaghetti powder
(rich in fiber) was used in the formulation. Also, Alvarez et al. (2012)
showed that the addition of rice bran in backfat frankfurters
significantly reduced cohesiveness. In the present study simulta-
neously increasing WP and SP showed a slight decrease in cohe-
siveness (p < 0.01) (Fig. 2(f)). Lower cohesiveness values for meat
batters with walnut extract added have previously been reported
(Cofrades et al., 2008). The current study found only a small in-
crease in deformability among sausage samples in all variations
(p < 0.01), although increasing PPF alone resulted in the highest
deformability values (Fig. 2 (geh)); this may be due to PPF's protein
content, which is higher than that for CF, WP and SP. These results
are in agreement with Alvarez et al. (2012), who reported higher
deformability values in frankfurters with the addition of walnut
extract and rice bran than in control emulsions as a result of higher
protein and fiber content.
3.3. Product optimization

The optimal values of the selected variables were obtained by
solving the regression equations using Design-Expert software.
According to the RSM analysis, the maximum emulsionestability
parameters (e.g. minimum total fluid, water and fat released),
minimum hardness and gumminess and maximum cohesiveness
and deformability can be achieved at a PPF content of 7.59%, CF
content of 16.5%, WP content of 2.7% and SP content of 5.98%. The
meat and SO contents were adjusted to keep a constant formulation
at 30.91% and 3.32% respectively. The corresponding response
values for the total fluid, water and fat released in this optimum
formulation were 0.98%, 0.16% and 0.82%, respectively. The textural
parameters values under suggested optimal conditionwere 54.51 N
for hardness, 49.17 N for gumminess, 0.73 for cohesiveness and
5.59% for deformability. The total desirability value for the optimum
formulation was 0.732. The corresponding response values ob-
tained from the actual data and those predicted from the models
were observed to be close. The validation results revealed that
there was no significant difference (p > 0.05) between the experi-
mental and predicted values, which indicates a high accuracy for
the presented models.
3.4. Microstructure of optimal formulation

Fig. 3 (aed) shows the SEM images for different parts of the
sample and different magnifications of both raw and cooked
sausage samples prepared with the optimum formulation. The
microstructures of the raw sample appeared slightly rough, with
few cavities and with the fat globules suspended finely in the
protein matrix. The fat particles became coated with myofibrillar
proteins during the chopping and mixing stage of sausage pro-
duction (Pearson & Gillett, 1996). Since the fat globules remained
intact and embedded within the system, they appeared to be in the
dispersed phase, while the proteins, water and polysaccharides
appeared to be in the continuous phase of the sausage system
(Morin et al., 2004). The micrographs of the raw sample revealed
individual muscle cells and connective tissue covering the fat
globules and different starch granules. The cavities between
matrices indicate the presence of ice crystals that had been subli-
mated during sample preparation for SEM. Added PPF, CF, WP and
SPwere incorporated completely into the protein network. It can be
assumed that a compact or partially spongy structure was formed
due to the interaction of these ingredients with meat proteins
during cooking. It seems that cooking gives the appearance of order
to sausage mixtures due to protein denaturation and aggregation.
This consistency and structure due to the formation of continuous
and stable protein matrix has been reported by Delgado-Pando
et al. (2011) in frankfurters made with a more healthful lipid
combination of olive, linseed and fish oils. Alvarez et al. (2012) also
reported that replacing pork backfat with canola-olive oil and
walnut extract resulted in a compact, continuous and less-porous
structure with a moderate density of strands, which provided
more elasticity for the matrix network. The microscopy images of
raw and cooked traditional sausages are shown in Fig 3 (e-f). The
morphologies of both raw and cooked traditional sausages were
noticeably different from the sausage samples prepared using the
optimum formulation, showing a continuous, compact and uniform
gel-like structure, with some dispersed oil droplets in the matrix as
a result of using some additives (such as carrageenan) and sun-
flower oil in formulation.



Fig. 2. Response surface plots showing the significant interaction effects of variables on hardness (a,b), gumminess (c,d), cohesiveness (e,f) and deformability (g,h).
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Fig. 3. Scanning electron micrographs of raw (a,b), cooked (c,d) sausage samples prepared by optimum formulation and raw (e) and cooked (f) traditional (market) sausage (55%
beef meat, 12% sun flower oil).
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4. Conclusion

This study used RSM to determine the optimal formulation of
sausages made using vegetable ingredients, including PPF, CF, WP
and SP, to maximize emulsion stability, minimize cooking loss and
improvement textural properties. The results showed that
increasing PPF and CF contents in range were associated with high
product stability; however, the use of PPF and WP in sausage
formulation resulted in high levels of hardness. Microstructure
images of sausage made using the optimum formulation showed
compact structures with low sponginess due to the interspersing of
vegetable ingredients and their interaction with the meat protein
during cooking, which produced a continuous and stable protein
matrix. The results of these experiments indicated that RSM is a
promising method to optimize the formulation for the inclusion of
vegetable ingredients in sausage production.
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a b s t r a c t

The aims of this study were to analyze the biofilm-producing ability of 98 strains isolated from different
surface materials in poultry cutting rooms; to assess the presence of the most important to Salmonella
biofilm formation genes adrA and csgD in these strains; and to evaluate the tolerance biofilms formed in
polypropylene and polyurethane slides to sanitizers commonly used in the industry. Viable cells were
removed from the slides soon after treatment with sanitizers, and then submitted to reincubation for a
new count. Only one strain was a strong biofilm-producer in polystyrene; 70% of strains were weak, and
29% were moderate producers. Both genes were found in all strains. There were differences in adhesion
to polypropylene and polyurethane, and scanning electron microscopy showed that polyurethane surface
was more irregular. No viable cells were recovered in polypropylene slides treated with sanitizers; in
polyurethane, reduction in viable cell counts soon after sanitizer treatment was enough to consider that
sanitizers were efficient. On the other hand, treatment with peracetic acid was not considered efficient.
Results of this study should be considered a food safety warning, due to the importance of the biofilm-
producing ability both in vitro and in real poultry processing plants.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Salmonella spp. is one of the most important foodborne patho-
gens worldwide (Nguyen, Yang, & Yuk, 2014). In Brazil, in spite of
the underreporting of foodborne diseases, data of the Ministry of
Health indicate that, in recent years, Salmonella was the most
frequent agent identified in outbreaks of foodborne diseases
(Brazil, 2014). Surfaces with Salmonella can serve as a source of food
PA, peracetic acid; PP, poly-

dade Federal de Santa Maria
razil.
contamination by cross-contamination. Biofilm formation may
allow Salmonella spp. to survive on surfaces and persist in food
processing environments for long periods (Corcoran et al., 2013;
Sim~oes, Sim~oes, & Vieira, 2010; Vestby, Møretrø, Langsrud, Heir,
& Nesse, 2009). Besides, biofilms are related to increased toler-
ance to biocides (Lejeune, 2003), given the organization of bacterial
cells inside the polymer matrix, which reduces the penetration of
the biocide agent (Gilbert, Allison, & McBain, 2002).

Most sanitizers are efficient against Salmonella in suspension
tests. However, sanitizer effect is weaker against adhered cells
(Møretrø, Heir, Nesse, Vestby, & Langsrud, 2012). In order to be
considered efficient, a sanitizer used in suspension has to reduce
the bacterial population in 5 log10 (Riazi&Matthews, 2011). In cells
adhered to a surface, Møretrø et al. (2009) observed that reduction
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should be no less than 4 log10. In Brazil, the current regulation to
assess sanitizers (Brazil, 1993) considers efficiency only in relation
to planktonic microorganisms, and not on biofilms.

The objectives of this study were to assess biofilm production in
polystyrene microplates, polyurethane and polypropylene slides by
strains of Salmonella spp. isolated from poultry processing plants;
to evaluate the viability of bacterial cells in the biofilm after
treatment with industrial sanitizers; and to study the effect of slide
reincubation in increasing the recovery of viable cells that were
injured by sanitizer treatment.

2. Material and methods

2.1. Salmonella isolation and identification

Salmonella strains were obtained from cutting rooms of poultry
processing plants that slaughtered more than 160 thousand
broilers/day. Isolation of Salmonella from the surface of poly-
propylene and polyurethane conveyor belts was carried out with
sponges (NascoWhirl-Pak™) pre-moistenedwith 10mL of peptone
saline (peptone 0.1%, NaCl 0.85%) on a 400-cm2 area. Salmonella
detection was carried out according to the USA Food and Drug
Administration method, published in the Bacteriological Analytical
Manual (Andrews & Hammack, 2007). After these tests, Salmonella
spp. isolates were confirmed by genus identification by polymerase
chain reaction (PCR) for the sifB gene according to the protocol by
Almeida, Silva, and Nero (2014).

2.2. Biofilm production in polystyrene plates

For biofilm production in polystyrene plates, all the strains were
diluted to 108 CFU/mL (0.5 in MacFarland scale) using Lur-
iaeBertani broth (LB, Difco™). Aliquots of 200 mL of each strain
were cultured in four wells of a polystyrenemicroplatewith 96 flat-
bottom wells (Nest®). Additionally, four positive controls (Salmo-
nella Typhimurium ATCC 14028), and four negative controls (non-
inoculated culture medium) were placed in each plate. Microplates
were incubated for 96 h at 35 �C. After that, plates were washed
three times with phosphate buffered saline (PBS, pH 7.2), dried at
room temperature, and stained with crystal violet 1% for 15 min.
Then, plates were washed three times with distilled water and
dried at room temperature, to be read in a microplate reader
(Babsystems, MultiSkan EX) at 540 nm. In order to evaluate
absorbance results according to Stepanovi�c et al. (2000), mean
optical density (OD) of four wells of each sample was compared
with the mean absorbance of negative controls. Strains were then
classified as non-adherent, weak adherent, moderate adherent, and
strong adherent.

2.3. Biofilm production in polyurethane and polypropylene

As polyurethane (PU) (PosiClean®) and polypropylene (PP)
(Tecnopl�astico Belfano®) are the materials that made up the
conveyor belts where the strains were isolated, theywere chosen to
be used in the biofilm production assay. PU (1 � 1 � 0.2 cm) and PP
(1� 1� 0.1 cm) slides were cut, washed, and sterilized in autoclave
in flasks with 10 mL of LB broth (Difco™). Three strains were
selected for this procedure, one weak adherent, one moderate
adherent, and one strong adherent. Fifteen mL of LB broth with
108 CFU/mL (0.5 in MacFarland scale) were added to the flasks
containing the sterile slides. For biofilm production, flasks were
kept for 96 h at 37 �C under stirring at 100 rpm in an Orbital Shaker
(BIOSAN®). A non-inoculated flask with sterile slides was incubated
in the same conditions as a negative control.
2.4. Sanitizer treatment

After biofilms were formed in PU and PP, slides were transferred
to a polystyrene plate with 24 wells (NEST®) and washed with PBS
to remove planktonic cells. Slides were treated with sanitizers as
follows:

- CA treatment: Chlorinated alkaline detergent Sanifoam® (So-
dium hypochlorite 5e10%; Sodium hydroxide more than 5%;
Dimethyl cocamine oxide 1e5%) (A&B Bioquímica Latino
Americana S/A) at 4%;

- PA treatment: Peracetic acid (PubChem CID: 6585), Peracid®

(A&B Bioquímica Latino Americana S/A), 0.2%;
- CAþPA treatment: Initial use of Sanifoam® (A&B Bioquímica
Latino Americana S/A) at 4%, followed by rinsing and treatment
with Peracid® (A&B Bioquímica Latino Americana S/A) 0.2%.

Contact times analyzed were 5, 10, and 15 min. PU slides were
also kept in contact with the sanitizers for 30 min. Sanitizer con-
centrations were based on the manufacturer's recommendations.
Each plate was made in duplicate, one for bacterial recovery on the
day of the treatment, and the other to be reincubated for 96 h
(added to the initial time, full 192 h) at 37 �C after addition of 1 mL
of LB broth (Difco™). Each plate had six control wells, three nega-
tive ones non-inoculated (one per treatment) and three positive
ones inoculated (one per strain).

2.5. Viable microorganism counts

Removal of viable cells from the slides was based on the
methodology adapted fromNguyen and Yuk (2013). Both untreated
(positive control) and treated slides were transferred to test tubes
(180 � 20 mm) containing 5 mL of saline solution and 20 to 25
sterile glass beads (0.4e0.5 mm in diameter). Tubes were kept in a
vortex for 3 min in order to remove adherent Salmonella cells. After
vortexing,100 mL of the tubes with the slides treated with sanitizers
and controls were cultured in TSA (Difco™) spread plates. The same
method was used for slides incubated for extra 96 h.

After vortexing, 100 mL of each tube were also transferred to a
96-well polystyrene plates (NEST®) for later colorimetric assaywith
50 mL XTT sodium salt e �90% (SigmaeAldrich®) (PubChem CID:
14195569) at 5 mg/mL, and 4 mL Menadione (SigmaeAldrich®)
(PubChem CID: 4055) 1 mM incubated under stirring at 70 rpm in
an orbital shaker (BIOSAN®) for 4 h at 35 �C. Dilution of XTT and
Menadione were carried out according to Chandra, Mukherjee, and
Ghannoum (2008); reading was carried out in a Polaris (Celer®)
microplate reader at 492 nm.

2.6. PCR assay

For duplex detection of the csgD and adrA genes, polymerase
chain reaction amplifications were performed in a final volume of
25 mL, as follows: 2.5 mL buffer 10X, 2.5 mM magnesium chloride,
200 mM each dNTP (Ludwig Biotec), 1.25 U Taq DNA polymerase
(Ludwig Biotec), 10 pmol each primer, ultrapure distilled water qsp
(Invitrogen™), and 3 mL DNA. PCRwas carried out in Veriti 384-well
Thermal Cycler (Applied Biosystems). Bacterial DNA was extracted
by boiling. Cycles were as follows: initial denaturation of 94 �C for
5 min, followed by 35 cycles of 94�C/30 s, 60�C/30 s, and 72ºC/30 s.
Final extension was carried out at 72ºC/4 min. Ultrapure distilled
water was used as the negative control, and reference strain Sal-
monella Typhimurium ATCC 14028 was the positive control.
Primers for genes csgD and adrA were designed by Oliveira et al.
(2014).

PCR products were visualized in an electrophoresis chamber
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(Electrophoresis Power Supply Model EPD 600 e Amersham-
Pharmacia Biotech Inc.) with agarose gel (2% Ludwig Biotec), tris-
borate-EDTA buffer (TBE), stained with Sybr Safe DNA Gel (Invi-
trogen™). DNA fragments were compared with 50-bp molecular
weight markers (Ludwig Biotec), and images were captured by an
image analyzer (AlphaImager®).

2.7. Scanning electron microscopy

Scanning electron microscopy was carried out in slides of each
of the materials used in biofilm production (PP and PU) without
inoculation, and in the biofilm formed in polystyrene by a strong
adherent strain.

Slides were fixated in glutaraldehyde 3% diluted in PBS (pH 7.2)
and sent to the Electron Microscopy Center at the Biological Sci-
ences Sector of UFPR e Curitiba. Topographic characterization of
the surfaces was carried out in a scanning electron microscope
model VEGA 3 (Tescan®) at 15 kV.

2.8. Statistical analysis

Three repetitions were carried out for each of the Salmonella
strains tested in the analysis of biofilm formation in PP and PU. Each
assessment was carried out in duplicate for each contact time, 5, 10,
15, 30 min in PU, and 5, 10, 15 min in PP.

Mean plate counts in log10 (CFU/cm2) and OD readings were
submitted to analysis of variance, triple factorial design (biofilm
classification, material and time), and means were compared by
Tukey test at 5% probability in the Genes software (Cruz, 2006).

3. Results and discussion

From the 98 Salmonella spp. strains tested, all were positive for
genes csgD and adrA (Fig. 1). These results are similar to those
Oliveira et al. (2014) who also found genes csgD and adrA in all
strains of Salmonella tested by them. Although there are results
consistent with the existence of genes specific for biofilm formation
and signaling, such as csgD and adrA, it is not possible to state that a
given strain is able to produce biofilms only based on molecular
analysis, without any observation of the environmental conditions
(Monds & O'Toole, 2009). In the present study, all strains showed
that they had the ability for form biofilms in 96-well polystyrene
plates. Only one strain, which came from a polyurethane conveyor
belt, was strong adherent in polystyrene plates according to the
classification suggested by Stepanovi�c et al. (2000). Oliveira et al.
(2014) assessed the ability of Salmonella to produce biofilms in
different materials and at different temperatures. They observed
that 98.3% of the strains produced biofilms in some of the materials
at least in one of the temperatures tested, and none of the strains
was strong adherent. Most of the strains evaluated in the present
study (69) were weak adherent, and 28 were moderate adherent.
Fig. 1. Polymerase chain reaction amplification for detection of csgD (123 bp) and adrA
(92 bp) genes in Salmonella spp. 1. 50-bp molecular weight marker; 2. Salmonella
Typhimurium ATCC 14028; 3e7. Positive strains (negative control not shown).
The greater or lesser ability that microbial cultures have to
adhere to the surfaces is directly related to the type of substrate (Shi
& Zhu, 2009), and most of the in vitro studies on biofilms use only
polystyrene plates to evaluate this ability (Díez-García, Capita, &
Calleja, 2012; Lianou & Koutsoumanis, 2012; Rodrigues et al.,
2009; Wang et al., 2013). Together with using polystyrene plates
in the biofilm-producing assay, the present study also showed that
Salmonella spp. strains were able to form biofilms in polyurethane
(PU) and polypropylene (PP), which are the materials that made up
the conveyor belts in cutting rooms of poultry processing plants
where the strains were initially isolated.

The statistical interaction of the classification of Salmonella spp.
strains according to adherence to polystyrene, and the production
of biofilms in PU and PP may be seen in Fig. 2. It was observed that
the three strains of Salmonella selected according to the adherence
to polystyrene (weak, moderate, and strong) did not show any
statistical interactionwith thematerials, as therewere no statistical
differences (p > 0.05) in plate counts (96 and 192 h).

Means of the type of material after 192 h of incubation (Fig. 2)
show that counts in log10 in PP were statistically different (p < 0.05)
in Tukey test, and were greater than counts in PU. This finding in-
dicates that there are important differences in Salmonella spp.
adhesion to polystyrene, the material commonly used to estimate
in vitro biofilm production, compared with the materials used in
poultry processing plants, PU and PP. Given these results, caution is
recommended when results are compared or extrapolated for
different materials. Individual situations should be carefully
analyzed.

There was no statistical interaction for the materials in relation
to optical density at 96 h of incubation, either. Mean OD per ma-
terial was 0.215 for PP and 0.179 for PU. When strains were clas-
sified as weak, moderate and strong adherent, means were 0.200,
0.190 and 0.199, respectively. With 192 h of incubation, there was a
statistical interaction between the classification of the strain in
adherence to polystyrene and the other materials tested (Table 1).
In PU, the three strains tested showed similar mean OD, without
any statistically significant variation. Mean OD for PP was lower for
the weak adherent strains in polystyrene, and greater in moderate
and strong adherent strains. Therefore, it may be inferred that PP is
similar to polystyrene in in vitro adhesion tests. In some cases, it
was possible to correlate in vitro biofilm production in polystyrene
microplates and in other surfaces commonly found in food plants
Fig. 2. Means in log10 (CFU/cm2), according to the adherence strength of Salmonella
spp. to polystyrene and to conveyor belt materials tested after 96 and 192 h of incu-
bation. Coefficient of variation after 96 h was 4.23%, and after 192 h was 8.31%.



Table 1
Mean optical density (OD) of Salmonella spp. strains according to the adherence
strength to polystyrene, and statistical interaction of this factor with PU and PP after
192 h of incubation.

Material Biofilm

Weak adherent Moderate adherent Strong adherent

PU (OD) 0.170Aa 0.179Ab 0.185Ab

PP (OD) 0.209Ba 0.364Aa 0.380Aa

Different uppercase letters in the lines and different lowercase letters in the rows
indicate statistical difference in the comparison of the means by Tukey test P < 0.05.
Coefficient of variation: 38.62%.
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(Patel & Sharma, 2010; Vestby et al., 2009).
In order to evaluate sanitizer efficiency in food processing

plants, Møretrø et al. (2012) recommends that methods should
simulate real conditions. In order to make the in vitro study similar
to real conditions of sanitizer use in the industry, the same mate-
rials that made up the conveyor belts where Salmonella spp. strains
were isolated were used. Additionally, strains isolated in poultry
processing plants were used instead of reference strains, and san-
itizers analyzed were those commonly used in food processing
plants.

Table 2 shows mean residual counts (log10 CFU/cm2) of Salmo-
nella spp. strains in PU without treatment (control) and treated
with sanitizers (CA, PA, and CAþPA) according to the contact time.
Recovery of viable cells was carried out soon after the treatment
with sanitizers in biofilms incubated for 96 h and after reincubation
for other 96 h. Viable cells were recovered only from PU slides. One
of the reasons for these results is the fact that PU surface is rougher
than that of PP (Fig. 3A). It may be noted that, in spite of the re-
covery of viable cells from biofilms formed in PU slides (96 h) and
treated with PA, compared with the control, reduction was greater
than 4 log10. According to Møretrø et al. (2009), this result is
adequate to consider that a sanitizer is efficient against adhered
cells. Residual cell counts of biofilms formed for 96 h and treated
with CA and CAþPA were not detectable. Therefore, in spite of the
recovery of viable cells soon after the treatment, it may be observed
that all sanitizers were efficient. Mean counts, in log10, after the
treatment of biofilms formed in PU and after slides were reincu-
bated for other 96 h were statistically different (p < 0.05). Means of
the PA treatment were greater and, consequently, closer to the
positive control. The greatest reduction was observed in CA and
CAþPA treatments, which were not statistically different from each
other (p < 0.05).

In the analysis of the means of sanitizer treatments, it was
evident that CA and CAþPA treatments were statistically similar
Table 2
Effect of the treatments on the log10 means of plate counts for biofilms formed by
Salmonella spp. in PU after 96 h of incubation and after reincubation (192 h, total),
according to the contact time. Coefficient of variation after 96 hwas 61.67%, and after
192 h, 65.83%. CA: chlorinated alkaline, PA: peracetic acid, CAþPA: chlorinated
alkaline and peracetic acid, n/d: undetectable by our microbiological procedures
(<1.25 log (CFU/cm2).

Time (min) log (CFU/cm2)

Control CA PA CAþPA

96 h 192 h 96 h 192 h 96 h 192 h 96 h 192 h

5 6.12 4.62 n/d 1.57 1.42 4.80 n/d 2.21
10 6.17 5.20 n/d 1.56 0.68 2.73 n/d 1.24
15 6.16 5.16 n/d n/d 0.45 3.77 n/d 1.12
30 6.00 5.32 n/d 0.54 1.31 1.57 n/d n/d
Mean 6.11a 5.08a n/d 0.92c 0.97b 3.21b n/d 1.14c

Different letters indicate statistical difference in the comparison of the means at
each incubation time by Tukey test P < 0.05.
and reduced Salmonella counts in more than 4 log10. Even in the
reincubation conditions of the present study, chlorinated alkaline
sanitizers demonstrated to be effective against some adhered
bacterial cells, different from peracetic acid, whose counts were
reduced in only 1.87 log10, which is lower than the reduction
necessary for this sanitizer to be considered efficient (Møretrø et al.,
2009). However, in the present study, the only concentration of
peracetic acid use analyzed was 0.2%. Recommended usage ranges
from 0.1 to 1.5%.

Variation in counts observed in the slides analyzed soon after
sanitizer treatment and in reincubated slides may be due to the
stress produced by the sanitizers in Salmonella cells, making it
difficult for the microorganism to form colonies on the slides after
the treatment. However, when these cells were placed again in
optimal incubation conditions, they became viable and formed
colonies. This finding should be awarning for the need for adequate
Standard Operating Procedures (SOP) for food safety and hygiene in
the food plants. It should be emphasized that SOP in food pro-
cessing plants is based on a combination of sanitizer use and
rinsing water at high temperatures, and the latter was not analyzed
in the present study.

Plate counts of PP slides were undetectable, either after the
treatment with sanitizers (96 h) or after reincubation (192 h), for all
contact times and treatments. One of the reasons for these results
was the fact that PP surface is smoother than PU (Fig. 3), making
removal of adhered cells easier. It is important to emphasize that
this conclusion is based on the analysis of slides and cannot be
completely extrapolated to real conditions, although it is known
that the surface in contact with the food interferes with bacterial
adhesion and may affect cleaning, either positive or negatively.

In this study, visual inspection of the plates after addition of XTT,
and assessment of the orange color by naked eye exactly reflected
the results of the treatments inwhich viable cells were recovered in
plates. OD readings, on the other hand, could not be correlatedwith
counts. Final OD was influenced by the OD of the sanitizers tested.
Although Tsukatani et al. (2008) found linear relationships between
OD and plate counts of viable colonies and Martín-Espada, D’ors,
Bartolom�e, Pereira, and S�anchez-Fortún (2014) demonstrated that
OD may replace plate counts in sanitizer efficiency tests.

In order to isolate factors that interfered with OD, mean OD
readings were compared with readings of negative controls for the
three repetitions of each strain (weak, moderate and strong) by
contact time. After reincubation, the difference between OD read-
ings of the treatments increased compared with negative controls.
It was expected that the viability marker XTT and OD readings were
more sensitive in the detection of cells that remained viable even
after treatment with the sanitizers. However, some negative con-
trol readings were identical to readings of wells that yielded col-
onies in plates. This finding make it difficult to draw inferences
based on the results, and it is awarning for cautionwhen OD results
are evaluated.

Most of the sanitizers used in the concentrations recommended
by the manufacturers are efficient against Salmonella in suspension
tests (Møretrø et al., 2012). Some of the most important sanitizers
used in the food industry are chlorinated alkaline ones. In these
agents, chlorine aids the removal of organic matter, specially pro-
tein, and has disinfecting properties (Aarnisalo, Lund�en, Korkeala,
& Wirtanen, 2007). The best results of Salmonella spp. inactiva-
tion in biofilms, in the present study, were obtained with the use of
CA.

Peracetic acid is also widely used in the food industry, and it is
greatly appreciated, as it may be used in low concentrations
(Wessels & Ingmer, 2013). Peracetic acid showed good efficiency
against planktonic cells (Colla et al., 2012). In the present study,
after the treatment with PA 0.2% and reincubation, viable cells were



Fig. 3. PU and PP analysis by scanning electron microscopy at 1,000� magnification (A and B). C and D show Salmonella spp. adhesion at 10,000� magnification.
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recovered, demonstrating that this concentration was not enough
for complete elimination of Salmonella spp. in PU. Machado,
Malheiros, Brandelli, and Tondo (2010) analyzed S. Typhimurium
and S. Enteritidis strains in suspension, which are known to be
more sensitive than sessile ones, and observed tolerance to con-
centrations equal to 0.2% and 0.3%, as well.
4. Conclusion

Our results point out to the need for more studies in order to
find out concentrations of peracetic acid that are efficient against
biofilms formed by Salmonella spp. in vitro and in situ. Additionally,
they are a warning for the need for a review of the official Brazilian
tests used to assess sanitizer efficiency, for them to be applicable to
bacterial species that are biofilm-producers.

These results should be a warning for the implementation of
efficient control programs that ensure the use of adequate con-
centrations of sanitizers, in a way that they uniformly reach all the
surfaces to be cleaned, and to prevent the transfer of potentially
pathogenic, biofilm-producing microorganisms to food products.
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a b s t r a c t

The aim of this study was to investigate the microbiota of lactic acid bacteria (LAB) in fifteen different
samples of Chinese traditional sourdough collected from different regions through culture dependent
and pyrosequencing approaches. The median value of cell density of lactic acid bacteria was found to be
9.60 log cfu/g and the median values of pH and total titratable acidity were 3.69 and 11.77 ml, respec-
tively. A total of 246 presumptive LAB strains were isolated and subjected to a clustering analysis based
on (GTG)5-PCR fingerprinting profiles. Eleven species were found with an overwhelming predominance
of Lactobacillus sanfranciscensis by culture dependent method. On the other hand, pyrosequencing
revealed that more than 90% of the bacteria belong to LAB in thirteen sourdough samples out of the
fifteen. A total of twenty-four species were found by pyrosequencing and seventeen of them belonged to
lactobacilli. Pyrosequencing indicated that Lactobacillus sanfranciscensis was the only species found
existing among all the fifteen sourdoughs and that other species most frequently encountered in the
samples included Weissella confusa, Lactobacillus plantarum and an unclassified Lactobacillus species. We
conclude that LAB dominate in Chinese traditional sourdough and Lactobacillus sanfranciscensis is the
predominant species in this specific niche.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sourdough has been playing a significant role in making flour-
based fermented food for a very long time (Hammes & G€anzle,
1997). It is widely used as a starter for bread making throughout
Europe and likewise, it is also employed as an inoculum in making
Chinese steamed bread, a staple food in China for more than 2000
years. Sourdough fermentation not only improves dough proper-
ties, in terms of texture, flavor and nutrition, but also retards the
staling process and prolongs the shelf life of the resulting products
by inhibiting microbial growth. However, like other traditional
fermented food matrices, constant quality between batches is hard
gineering and Food Science,
to be achieved because of the complexity of microbial consortia,
which is liable to be influenced by endogenous or exogenous factors
(De Vuyst et al., 2014). Extensive research efforts have been exerted
towards the elucidation of the microbiota involved in sourdough
fermentation originated from different countries (Bessmeltseva,
Viiard, Simm, Paalme, & Sarand, 2014; Elizaquivel et al., 2015;
Lattanzi et al., 2013; Weckx et al., 2010) and there is no doubt
that lactic acid bacteria (LAB) are the predominant bacteria in this
specific niche. More than seventy species of LAB have been isolated
from sourdough ecosystem (Gobbetti & G€anzle, 2012). The most
frequently encountered LAB mainly belong to heterofermentative
lactobacilli, such as Lactobacillus sanfranciscensis, Lactobacillus
plantarum and Lactobacillus fermentum. However, Lactobacillus
sanfranciscensis is regarded as the key sourdough LAB species
(Gobbetti & Corsetti, 1997).

Different approaches aiming to determine the microbiota of
sourdough have their own pros and cons and there is no universally
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accepted strategy to investigate the biodiversity of a complex fer-
mented food matrix like sourdough. Culture dependent method
can successfully provide the taxonomic and metabolic analysis of
any material to a certain depth and has beenwidely used to analyze
microbial communities. This classical method, however, remains
unsuccessful in providing the broad coverage required to study
complex microbial niches. On the contrary, pyrosequencing, a cul-
ture independent high throughput technique, has great advantages
over traditional culture dependent approaches and offers an
attractive avenue to explore sprawling microbial communities
dwelling in natural habitats. It involves high throughput
sequencing and can efficiently unravel unparalleled taxonomic di-
versities of microbial communities associated with fermented
foods (Elizaquivel et al., 2015; Lattanzi et al., 2013).

To date, a large number of studies have been conducted to
explore the microflora of sourdough originated from different
countries, but the microbial composition of Chinese sourdoughs
has been scarcely investigated. All kinds of sourdoughs are widely
used and distributed in China, but only sourdough of certain area
and in a small number has been investigated and the actual profile
of microbial composition of Chinese traditional sourdough remains
unclear. The aim of this study is to investigate the detailed infor-
mation concerning prevalence and diversity of LAB in Chinese
traditional sourdough collected from different regions of China by
high-throughput sequencing technology combined with culture
dependent approaches, through which we could get a deeper
insight into this microecosystem and lay a foundation for further
standard manufacturing of Chinese steamed bread.

2. Materials and methods

2.1. Sample collection

Fifteen sourdough samples were collected from nine different
provinces (Table 1) in northern China. Samples were chosen for
their specific origin. Most of the provinces belong to the Yellow
River basin, the typical wheat-growing area in China. Once in the
laboratory, all the samples were immediately refrigerated until
analysis.

2.2. Acidity and microbial loads of the samples

To measure pH and total titratable acidity (TTA) of the samples,
5 g of each sample was added into 50 ml of distilled water and
homogenized for 10 min with a magnetic stirrer (IKA basic 2 RH,
Table 1
Determination of acidity and enumeration of LAB and yeast of the sourdough samples.

Sample number Sources pH

1 Gansu province 3.65 ± 0.00f

2 Gansu province 3.64 ± 0.01f

3 Shandong province 3.54 ± 0.02h

4 Shandong province 3.55 ± 0.03h

5 Shandong province 3.73 ± 0.01c

6 Shandong province 3.59 ± 0.01g

7 Shanxi province 4.07 ± 0.01a

8 Shanxi province 3.66 ± 0.01f

9 Inner Mongolia 3.84 ± 0.02b

10 Inner Mongolia 3.69 ± 0.01e

11 Heilongjiang province 3.72 ± 0.00cd

12 Henan province 3.69 ± 0.02e

13 Hebei province 3.71 ± 0.01de

14 Shannxi province 3.61 ± 0.02g

15 Anhui province 3.69 ± 0.01e

Values are expressed as averages of three independent experiments ± SD.
Values marked with different letters in the same column are significantly different (p <
Germany) until the sample was thoroughly suspended. The pH of
the samples was measured using a pH meter (PB-10, Sartorius,
Germany) and acidity was determined by titration with 0.1 mol/L
NaOH to final pH 8.5. TTA value was defined as the amount (mil-
liliters) of a 0.1 mol/L NaOH solution required for 10 g of sourdough
to reach a pH value of 8.5. LAB was counted as previously reported
(Di Cagno et al., 2014) with some modification, 5 g of each sour-
dough was suspended in 45 ml sterile physiological saline (0.85%,
wt/vol) and decimally diluted, and then 100 ml of the 10�5 to 10�7

dilutions was plated onto sourdough bacteria (SDB) agar (Kline &
Sugihara, 1971) containing 0.1 g of cycloheximide (SigmaeAldrich
St. Louis, MO, USA) per liter and incubated anaerobically at 30 �C for
48 h in an anaerobic incubator (YQX-II, Shanghai CIMO medical
Instrument Co. Ltd., China).

2.3. Isolation of lactic acid bacteria

To isolate LAB, decimal dilutions were plated onto both SDB agar
and de Man Rogosa and Sharp (MRS) agar (Hangzhou microbial
reagent Co. Ltd, China) both supplemented with cycloheximide
(0.1 g/L). For each sample, fifteen to twenty isolates were picked
from the highest three dilutions based on colony morphology and
purified by successive streak plate method. After Gram staining and
catalase test, the Gram-positive and catalase-negative isolates were
presumptively considered as LAB and stored at 4 �C for further
analysis.

2.4. Grouping of LAB isolates by rep-PCR genomic fingerprinting

The rep-PCR was performed to cluster the initial collection of
LAB isolates into some genotypically related groups for subsequent
identification. The genomic DNA was extracted using a DNA
Extraction Kit (Axygen, Hangzhou, China) following the manufac-
ture's protocol. For rep-PCR, the oligonucleotide primer (GTG)5 (50-
GTGGTGGTGGTGGTG-30) was employed under the previously
described conditions (Versalovic, Schneider, De Bruijn, & Lupski,
1994) with a minor modification: preliminary denaturation for
5 min at 95 �C, followed by 30 cycles of 95 �C for 60 s, 40 �C for 60 s
and 65 �C for 8 min, and terminated with an elongation step at
65 �C for 16 min. PCR amplification was conducted with a PCR
thermocycler instrument (Bio-Rad Inc., Hercules, CA, USA). The PCR
products were electrophoresed on 1.5% agarose gel (15 by 20 cm)
containing the DNA dye GelRed Nucleic Acid Gel Stain (Biotium
Hayward, Ca, USA) for 15.5 h at a constant voltage of 55 V in 1� TAE
(40 mM Tris-acetate, 1 mM EDTA, pH 8.0) at 4 �C. The rep-PCR
TTA (ml/10 g) LAB (log cfu/g) Shannon index

11.70 ± 0.00fg 9.78 ± 0.04ab 1.115842
19.33 ± 0.81a 9.2 ± 0.07f 0.867269
13.05 ± 0.21d 9.68 ± 0.03bcd 0.236602
11.75 ± 0.07fg 9.48 ± 0.04e 0.689891
11.77 ± 0.21fg 9.83 ± 0.04a 1.099837
11.37 ± 0.12g 9.69 ± 0.03bc 0.379234
12.67 ± 0.12e 8.75 ± 0.04h 2.059253
13.53 ± 0.13c 9.39 ± 0.03e 0.188632
9.73 ± 0.06j 9.60 ± 0.04d 1.060975

10.00 ± 0.10ij 9.09 ± 0.09g 1.675394
10.33 ± 0.06i 9.44 ± 0.09e 0.156853
12.67 ± 0.35e 9.63 ± 0.01cd 1.825608
12.00 ± 0.04f 7.81 ± 0.14i 0.701741
14.07 ± 0.12b 9.75 ± 0.03ab 0.918395
10.93 ± 0.06h 9.64 ± 0.05cd 1.283195

0.05).
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profile was visualized by UV light in a Gel Imaging System
(ChampGel 500, SAGECREATION, Beijing, China). The resulting
fingerprints were analyzed using the BioNumerics version 6.6
software package (Applied Maths, Sint-Martens-Latem, Belgium).
2.5. Genotypic identification of the lactic acid bacteria

For identification of LAB, one or more representatives of each
rep-PCR fingerprint group were subjected to 16S rRNA gene anal-
ysis. The universal primer pairs, 27F and 1492R, were used to
amplify 16S rRNA genes (Weisburg, Barns, Pelletier, & Lane, 1991)
under the following conditions: preliminary denaturation for 5 min
at 94 �C, followed by 30 cycles of 94 �C for 30 s, 56 �C for 30 s and
72 �C for 1 min, and terminated with an elongation step at 72 �C for
10 min. The PCR products were sequenced by a company (Shanghai
Sangon Biotech, Shanghai, China), and the obtained sequences
were compared with GenBank database using the BLAST algorithm
(National Center for Biotechnology Information, USA).
2.6. High-throughput sequencing analysis

Total genome DNA was directly extracted from sourdough
samples using a DNA extraction Kit (Axygen, Hangzhou, China),
following the manufacture's protocol. The V3eV5 hypervariable
regions of 16S rRNA genes were amplified by universal primers (F:
50-CCTACGGGAGGCAGCAG-30, R: 50-TCCTCCGCTTATTGATATGC-30),
PCR was carried out in 25-ml volume with the following program:
preliminary denaturation for 4 min at 98 �C, followed by 27 cycles
of 98 �C for 30 s, 55 �C for 40 s, and 72 �C for 1 min, and ended with
an elongation step at 72 �C for 7 min. The amplicon mixtures were
subjected to pyrosequencing using a 454 GS FLX þ System (Roche
454 Life Sciences, USA) in a company (Personal Bio, Shanghai,
China). The resulting pyrosequencing data were analyzed using the
software package MOTHUR. Sequence reads shorter than 200 bp
and other low quality sequences were removed from the dataset,
and chimeras were distinguished and deleted using uchime denovo
methods. After the above steps, the sequences of high quality were
clustered into different Operational Taxonomic Units (OTUs)
defined based on a 97% sequence similarity (Bessmeltseva et al.,
2014; Elizaquivel et al., 2015) and sequences with the maximum
lengths from the resulting OTUs, which were selected as repre-
sentatives, were aligned with the SILVA reference 16S ribosomal
RNA gene database, as well as with the NCBI database whenever it
was necessary to acquire the taxonomic information for each OTU.
Sequences with identity scores greater than 97% and one that
matched with well-described 16S rRNA gene sequences were an-
notated at genus and species levels.
2.7. Statistic analysis

The determination of acidity and microbial loads were per-
formed in triplicate, and the results were subjected to one-way
ANOVA analysis and were expressed as mean values ± standard
deviations and pair-comparison of treatmentmeanswas conducted
by Tukey's procedure at p < 0.05, using the software SPSS statistics
(version 17). Principal coordinates analysis (PCoA) was carried out
to analyze dissimilarities among the samples regarding their
microbiota based on Unifrac analysis using the QIIME suite of
programs.
3. Results and discussion

3.1. Chemical and microbiological characterization of Chinese
sourdough

Results of acidity and microbial enumeration of the sourdough
samples are given in Table 1. The median value of cell density of
lactic acid bacteria was found to be 9.60 log cfu/g and the median
values of pH and total titratable acidity were 3.69 and 11.77,
respectively. The results were comparable with previous researches
on Chinese sourdough performed by Zhang et al. (2011) and
(Luangsakul, Keeratipibul, Jindamorakot, & Tanasupawat, 2009).
Interestingly, samples with statistically approximate pH values had
significantly different TTA values (p < 0.05), and vice versa. This
may be due to the variable acid producing microbiota held by the
samples as well as the different buffering capacity of the flour used
(De Vuyst et al., 2002). Nearly all samples showed to contain a large
number of LAB, reaching up to 9 log cfu/g with the exception of two
samples. The results were similar with the previous findings
(Scheirlinck, Van der Meulen, Van Schoor, Vancanneyt, et al., 2007;
Vrancken, Rimaux, Weckx, Leroy, & De Vuyst, 2011). However,
sourdoughs collected from west region of Inner Mongolia in China
investigated by Zhang et al. (2011) had lower LAB counts, pre-
sumably due to inactivation of the microorganisms as previously
reported (Scheirlinck, Van der Meulen, Van Schoor, Vancanneyt,
et al., 2007).

3.2. Diversity of LAB revealed by culture dependent method

A total of 246 strains of presumptive LAB isolates were subjected
to (GTG)5-PCR fingerprinting. The resulting dendrogram of digital
analysis is shown in Fig. 1A. All the isolates were allocated into 45
clusters at the similarity level of 80% and one or more represen-
tatives from each fingerprint cluster were selected for identification
by 16S rRNA gene sequencing. Finally, eleven species of LAB were
found (Fig. 1B) including Lactobacillus sanfranciscensis, Lactobacillus
paralimentarius, Lactobacillus crustorum, Lactobacillus mindensis,
Lactobacillus rossiae, Lactobacillus helveticus, Lactobacillus planta-
rum, Lactobacillus brevis, Leuconostoc mesenteroides, Pediococcus
pentosaceus and Enterococcus faecalis, among which Lactobacillus
sanfranciscensis strains make up the largest the number (41%) fol-
lowed by Lactobacillus crustorum (19%) and Lactobacillus plantarum
(10%). These strains are frequently encountered in sourdough eco-
systems, especially L. sanfranciscensis which has been reported in
wheat as well as rye and spelt sourdoughs (Coda et al., 2010;
Corsetti et al., 2001; Ganchev, Koleva, Kizheva, Moncheva, &
Hristova, 2014) and could be regarded as an autochthonous key
bacterium of the sourdough microbiota (Vogel et al., 2011). The
favorable environmental conditions during the fermentation of
sourdough like pH, temperature, dough yield, redox potential, and
maltose abundance appear to play a key role in the prevalence of
L. sanfranciscensis, but on the other hand, this bacterium is known
to possess a unique genomic feature that may account more to-
wards its great abundance and boosting its ability to outcompete
other microbes (Vogel et al., 2011). Our result is, however, incon-
sistent with that obtained by Zhang et al. (2011), where only two
strains of L. sanfranciscensis were isolated from twenty-eight
sourdough samples collected from the western region in Inner
Mongolia of China, however, the DGGE profile showed its abun-
dance. This may be attributed to their unapt cultural conditions,
which did not allow the maximum recovery of L. sanfranciscensis. It
is well established that L. sanfranciscensis is a very fastidious bac-
terium with respect to growth conditions (Kline & Sugihara, 1971).
In our study, the species L. crustorum, first isolated from traditional
Belgian wheat sourdoughs (Scheirlinck, Van der Meulen, Van



Fig. 1. Dendrogram of (GTG)5-PCR profile analysis of 246 LAB isolates (A) and their distribution among 11 LAB species (B). The species were identified by 16S rRNA gene sequencing.
The similarities and differences among the digitized fingerprints were calculated by using the Pearson correlation (expressed for convenience as a percentage-of-similarity value)
using the unweighted pair-group method using arithmetic averages (UPGMA). A cut-off value of 80% is used to divide them into groups. L: Lactobacillus; E: Enterococcus; P:
Pediococcus; Leuc: Leuconostoc.
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Schoor, Huys, et al., 2007), was found to be the second most
prevalent LAB strain in the samples analyzed. It belongs to Lacto-
bacillus plantarum group with Lactobacillus mindensis, Lactobacillus
farciminis and Lactobacillus nantensis as closest relatives.
L. paralimentarius, a species of sourdough origin, has commonly
been reported in Greek and Belgian sourdoughs, and in some
sourdoughs it has been reported as the dominant species (De Vuyst
et al., 2002; Scheirlinck, Van der Meulen, Van Schoor, Vancanneyt,
et al., 2007; Scheirlinck et al., 2008). Frequent occurrence of
L. plantarum and L. brevis in sourdoughs has beenwell documented
(Scheirlinck, Van der Meulen, Van Schoor, Vancanneyt, et al., 2007;
Vrancken et al., 2011). Due to their ability to adapt to the specific
sourdough niche, they are regarded as important species in sour-
dough fermentation, although they do not belong to the native
microbiota of sourdough. In our results, however, both of them
didn't show high frequency, less than L. crustorum, which was not
reported in Chinese sourdough previously. L. mindensis and
L. rossiae, also first isolated from European samples (Corsetti et al.,
2005; Ehrmann, 2003) have been recovered from Chinese
sourdoughs before (Zhang et al., 2011). Besides Lactobacillus, Leu-
conostoc (Leuconostoc mesenteroides), Pediococcus (Pediococcus
pentosaceus) and Enterococcus (E. faecalis) were also recovered in
our research and the isolation of Pediococcus pentosaceus from
Chinese sourdough was not reported before. The presence of Leu-
conostoc, Pediococcus and Enterococcus can be explained by their
presence in cereal kernels and flours (Corsetti et al., 2007).

3.3. Bacterial diversity in Chinese sourdough revealed by
pyrosequencing

Pyrosequencing analysis was performed to further characterize
the bacterial ecosystem. After the preliminary quality control,
sequence reads of high quality were obtained and the number of
reads for each sample was more than 10,000, ranging from 10,378
to 19,490, with only one exception, which was 8658. The distri-
bution of the length of sequence reads mainly ranged from 566 to
570. The taxonomic information for each OTU was acquired by
comparing with SILVA database as well as NCBI. In order to provide
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a clear illustration, the results are presented graphically at genus
and special level and are shown in Fig. 2A and Fig. 2B, respectively.
As shown in Fig. 2A, all the sourdough samples are characterized by
high relative abundance of LAB, mainly involving the genera
Lactobacillus, Weissella and Leuconostoc, among which the genus
Lactobacillus is predominant. The results further confirm that lac-
tobacilli are the main group in sourdough fermentation (De Vuyst
et al., 2014). Since most of the existing research on sourdough
has focused on LAB, other genera like Acetobacter, Enterobacter,
Citrobacter and Hymenobacter are rarely reported in sourdough
samples, although they may have a relative high abundance in
some samples. However, their role in some sourdough ecosystems
still remains unclear and hence deserves further investigation.
Analysis at species level (Fig. 2B) showed that the only species that
was found in all the fifteen samples was Lactobacillus san-
franciscensis (data are shown in the supplementary material,
Table S1) and it had a relative abundance of more than 50% in ten
out of the fifteen samples. The results of pyrosequencing were
consistent with culture dependent method in terms of the pre-
dominance of L. sanfranciscensis, and the result is also comparable
Fig. 2. Relative abundance, based on bacterial 16S V3eV5 tag-encoded pyrosequencing ana
Only genera or species having a relative abundance of more than 1% are listed in legends. T
supplementary material, Table S1 for information on species composition and Table S2 for
with the report on microbial consortia of sourdoughs used for the
manufacturing of traditional Italian sweet leavened baked goods
(Lattanzi et al., 2013) and of French organic sourdoughs (Lhomme,
Orain, Courcoux, Onno, & Dousset, 2015). Other species found with
a relative abundance of more than 50% in certain samples included
Weissella confusa, and L. plantarum and an unclassified Lactobacillus
species which is represented by one OTU consisting of thousands of
sequence reads (Fig. 2B, represented by red columns) that could not
be annotated on species level when aligned to SILVA database.
However, it showed one hundred percent similarity with Lactoba-
cillus heilongjiangenis, Lactobacillus crustorum, Lactobacillus farci-
minis, Lactobacillus nantensis and Lactobacillus mindensis when
aligned to NCBI database. This gives the idea that V3eV5 region of
16S rRNA gene is not enough to identify this species (Scheirlinck,
Van der Meulen, Van Schoor, Huys, et al., 2007). W.confusa is also
very common among the samples with an incidence of 11/15,
though the relative abundance in some samples was very low
(Table S1). To the best of our knowledge, pyrosequencing had not
revealed such a great abundance and prevalence of W. confusa
related to sourdough in other studies. In contrast, L. breviswas only
lysis, of bacterial genera (A) and species (B) of Chinese traditional sourdough samples.
he numbering of the samples is in line with Table 1. (For detailed information, see the
genera composition).



Table 2
LAB species found in Chinese traditional sourdough by culture dependent and
pyrosequencing approaches in this research.

Species Culturing Pyrosequencing

Lactobacillus sanfranciscensis þ þ
Weissella confusa e þ
Lactobacillus crustorum þ þ
Lactobacillus plantarum þ þ
Leuconostoc pseudomesenteroides e þ
Leuconostoc mesenteroides þ þ
Lactobacillus brevis þ þ
Lactobacillus helveticus þ þ
Lactobacillus guizhouensis e þ
Lactobacillus rossiae þ þ
Lactobacillus tucceti e þ
Weissella paramesenteroides e þ
Lactobacillus mindensis þ e

Leuconostoc citreum e þ
Lactobacillus fermentum e þ
Pediococcus pentosaceus þ þ
Lactobacillus vaccinostercus e þ
Lactobacillus graminis e þ
Lactobacillus futsaii e þ
Lactobacillus sakei e þ
Enterococcus devriesei e þ
Enterococcus faecalis þ e

Lactobacillus paralimentarius þ þ
Lactobacillus letivazi e þ
Lactococcus lactis e þ
Lactobacillus aviarius subsp. araffinosus e þ

þ: found by the corresponding approach.
-: not found by the corresponding approach.
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found in few samples andmostly had a low relative abundance, and
the same was true for Lactobacillus fermentium, though they are
considered as important species in type I sourdoughs in Europe
(Vrancken et al., 2011). The results of pyrosequencing confirmed
that Chinese sourdoughs are dominated by lactic acid bacteria,
especially the genus Lactobacillus. As shown in Fig. 3, the fifteen
samples could be divided into six groups according to the evolu-
tionary relationship of their microbiota. The biggest group con-
sisting of ten samples is characterized by extremely high relative
abundance of Lactobacillus. The other five groups, each containing
one sample, are distinguished by high abundance of other genera,
e.g. Weissella, Leuconostoc, and Citrobacter. Interestingly, sample
NO. 9 showed uniqueness by lacking the abundance of Lactobacillus,
which was presumably due to its unique local sourdough fermen-
tation process and ingredients. Sample NO. 7 showed the most
diverse microbial composition with the highest Shannon index
(Table 1), containing relative high abundance of Citrobacter, Enter-
obacter and Aeromonas as well as other genera, which have seldom
been reported in sourdough. Within the biggest group, although
some samples have very similar composition, such as sample NO. 3,
4, 6, 8 and 11, featuring a markedly high abundance of
L. sanfranciscensis, actually no samples with identical bacterial
consortia could be found at the level of species (detailed data is
provided in supplementary material, Table S1). The bacterial
composition of the samples varied either in terms of species
composition or their relative abundance. For example, the samples
3, 6, and 8 that possessed a more than 99% relative abundance of
L. sanfranciscensis, varied in bacterial composition concerning other
species (Table S1) agreeing with the comment “every sourdough
can be considered as unique” (Vera, Ly-Chatain, Rigobello, &
Demarigny, 2012), which generally may be due to difference in
ecological parameters, e.g. flour type, nutrient composition, tem-
perature, dough yield, involved in different sourdough processes
(De Vuyst et al., 2014).
3.4. Comparison analysis of LAB diversity revealed by the two
methods

A total of twenty-six species of LAB were found by culturing and
pyrosequencing methods in the fifteen samples (Table 2), involving
Fig. 3. Principal coordinate analysis for comparing bacterial composition among the
sourdough samples based on Unifrac analysis using the QIIME suite of programs. Each
sphere represents one sample and samples obtained from the same province are
marked in the same color. The numbering of the samples is in line with Table 1.(For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
the six repeatedly reported genera, namely Lactobacillus, Leuco-
nostoc, Weissella, Pediococcus, Enterococcus and Lactococcus. How-
ever, no Streptococcuswas found, which we think can be ascribed to
the following reasons, firstly, Streptococcus has a very low incidence
in wheat sourdoughs, most of the findings concerning its presence
are related to maze or rye sourdoughs (De Vuyst et al., 2014);
secondly, Streptococcus may have lower loads than the detection
limit of pyrosequencing in our samples; thirdly, the two culture
media we used were not appropriate to recover all the sourdough
cocci, e.g. Streptococcus (Rocha & Malcata, 2012). The unequivocal
prevalence of lactobacilli, especially L. sanfranciscensis, among the
Chinese sourdoughs was confirmed using both approaches. How-
ever, the two species Lactobacillus mindensis and E. faecalis could
not be detected by pyrosequencing. Two reasons may explain this,
firstly these two species may exist in sourdough samples at a very
low number and thus enough DNA was not extracted for pyrose-
quencing. Secondly, pyrosequencing may not be able to distinguish
certain species with their close relatives with limited length of
DNA. It was also worth noting thatW. confusawas not recovered by
culturing, albeit this microorganism showed a huge abundance
among the sourdoughs revealed by pyrosequencing. The same
situation was also encountered by other researchers (Elizaquivel
et al., 2015). W. confusa was not detected using culture-
dependent approach while analyzing lactic acid bacteria associ-
ated to chicha, a traditional maize-based fermented beverage,
however, pyrosequencing found its prevalence in the micro-
ecosystem. This might be due to the fact that the culture medium
was not suitable for all these LAB species or they were present in
the dead form in the samples upon analysis by culture dependent
method. High throughput sequencing based on the direct nucleic
acid extraction from samples has become an essential approach for
in-depth investigation of microbial composition in various eco-
systems. However, it is limited by sequencing depth, read length,
and algorithms and databases available for post-sequencing data
analysis (De Vuyst et al., 2014). In our study, the results obtained by
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the two methods displayed a more complete profile of the micro-
biota of Chinese sourdough by confirming and complementing
each other.

4. Conclusions

The study gave a comprehensive view of the fifteen Chinese
traditional sourdoughs used for manufacturing Chinese steamed
bread collected from different places using pyrosequencing and
culture dependent approaches. It is concluded that LAB prevailed in
the Chinese sourdoughmicrosystems, with the presence of twenty-
six species detected by two methods in this trial. Both methods
confirmed that Lactobacillus sanfranciscensis existed as the most
predominant bacterium in Chinese sourdoughs. Sourdough sam-
ples were found distinguished from each other in terms of either
the variety of bacterial species or their proportions. As a high-
throughput and quantitative method, pyrosequencing provided
an in-depth analysis of the LAB consortia dwelling in Chinese
traditional sourdoughs.
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a b s t r a c t

In this work, high-hydrostatic pressure (HHP) treatments of 650 MPa at different processing times (3, 7,
15 and 30 min) were applied on beetroot slices (var. Red cloud) as an alternative to blanching pre-
treatment (90 �C for 7 min). Polyphenol oxidase (PPO) and peroxidase (POD) activity, physical (texture
and color) and nutritional (betanins retention, total phenolic content, antioxidant capacity and ascorbic
acid) parameters were evaluated. Differently from blanching, HHP led only to partial inactivation of PPO
(10e25%) and POD (25%) at each tested time. Total phenol content and FRAP value were found to be
statistically similar (p > 0.05) in HHP-treated and blanched beetroot. An increase of betanins content was
observed in HHP-treated samples, resulting in 6-fold higher content in comparison to the raw. However,
the higher the time-exposure to high pressure, the higher pigments degradation, as similarly observed
for ascorbic acid. Finally, texture properties such as hardness and chewiness were better retained in HHP
samples than in thermally treated ones, showing an increase according to the time of pressure exposure.
Overall, the HHP processes improved the nutritional quality of the products, as revealed from the
principal component analysis.

Published by Elsevier Ltd.
1. Introduction

Red beet (Beta vulgaris L.) is a member of the Chenopodiaceae
family, cultivated for its large roots, although leaves are also uti-
lizable. Seeds, roots and leaves of the plant are rich of polyphenols
and a water soluble nitrogen pigments group named betalains. The
betalains family represents the principal pigment in red beet and
the characteristic redeviolet color is regarded as major attribute for
beetroot quality and acceptability. In particular, two classes of
betalains are well-known: the redeviolet betacyanins
(400e2100 mg/kg fresh weight), which include the important dye
betanin, and the yelloweorange betaxanthins (200e1400 mg/kg
fresh weight) (Ninfali & Angelino, 2013). Similar to other natural
pigments, betalains are very sensitive to degradation by heat, light,
enzymes and oxygen; producing a discoloration of pigment
ing, FSHN 302N, Pullman, WA

edina-Meza).
ally to this work.
(Martinez-Parra & Munoz, 2001). Betalains have been widely
studied for their nutritional and functional health benefits; they are
considered as useful cancer preventive agents and presented a high
radical scavenging antioxidant activity (Kanner, Harel, & Granit,
2001; Lever & Slow, 2010; Ninfali & Angelino, 2013). Beetroot is
the only source of betanin approved in the United States and in the
European Union as food additive (E-162) for coloring low acid food,
and commercially exempt from batch certification (Moreno, García-
Viguera, Gil, & Gil-Izquierdo, 2008). Beetroot is commonly
consumed fresh as well as cooked, pickled, or canned. Preservation
of vegetables usually involves thermal treatments such as blanch-
ing, which prevent microbial growth and led to the inactivation of
heat resistant enzymes like peroxidase (POD) and poly-
phenoloxidase (PPO). Also, blanching results in a more stable
product prior to other processing steps such as freezing or canning.
A controlled blanching step contributes to the retention of vitamins
and nutrients for further processed foods. However, heat sensitive
molecules may be lost, and, inwater blanching, soluble compounds
may be leached.

Several pretreatment approaches have been used to enhance
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vegetable quality. Among them, nonthermal technologies are
gaining widespread acceptance throughout the food industry.
Pressure-assisted thermal processing (PATP) or high hydrostatic
processing (HHP) are alternative technologies for the preservation
of low acid vegetables as they produce minimal deterioration ef-
fects on quality (Medina-Meza, Barnaba, Villani, & Barbosa-
C�anovas, 2015; Rastogi, Nguyen, & Balasubramaniam, 2008). Dur-
ing HHP process, food is subjected to isostatic pressures between
100 and 1000 MPa for several minutes with temperature ranges
from �20 �C to 60 �C in order to inactivate enzymes, microorgan-
isms or spore (Oey, Lille, Van Loey, & Hendrickx, 2008). Large
molecules, microbial cell structures and enzymes are generally
more sensitive to pressure, whereas small molecules such as vita-
mins and flavor components (Medina-Meza, Barnaba, & Barbosa-
C�anovas, 2014) as well as pigments (Krebbers, Matser, Koets, &
Van den Berg, 2002) are unaffected.

Improved antioxidant and nutritional activities are often
observed on HHP treated vegetables (Patras, Brunton, Da Pieve, &
Butler, 2009); however, several enzymatic activities like PPO and
POD are reported to be even more enhanced, probably because of
the extensive release of enzymes from the cells (Gonzalez-Cebrino,
Duran, Delgado-Adamez, Contador, & Ramirez, 2013), which leads
to a quick loss of quality during shelf-life (Suthanthangjai, Kajda, &
Zabetakis, 2005). On the other hand, texture is an important
sensorial attribute dominating a product quality that can affect the
acceptance of consumers. Several studies have shown that
blanching controlled conditions can enhance the texture of the
product by liberating pectinmethylesterase, the enzyme respon-
sible for increased firminess (Basak& Ramaswamy, 1998; De Roeck,
Mols, Duvetter, Van Loey, & Hendrickx, 2010). Similar effects on
texture has been achieved using high pressure pretreatments (200-
Mpae500 Mpa for 10e15 min) (Rastogi et al., 2008) or combined
temperature-high pressure pretreatments (Sila, Smout, Vu, Van
Loey, & Hendrickx, 2005). However, the degree of cell disruption
is not only dependent of the pressure but also on the type of plant
cell and temperature applied. Thus, pressures of 1000 MPa at 75 �C
for 80s in green beans and 600 MPa at 80 �C up to 90 min in carrot
disks shown pronounced texture preservation in contrasts with
200 to 400 MPa at 20 �C for 20 min in cherry tomatoes (Oey et al.,
2008).

A fundamental understanding of the correlations between
pigment degradation and quality attributes of beetroot is a crucial
for obtaining a product with high quality for further processing in
the food industry. The aim of this work is to assess high pressure
processing (650 MPa, from 3 to 30 min) as an alternative to
blanching (90 �C, 7 min) for beetroot pretreatment, evaluating the
effect on the enzymatic (PPO and PDO), physical (texture and color)
and nutritional (betanin retention, total phenolic content, antioxi-
dant capacity and ascorbic acid) attributes of the processed
product.
2. Materials and methods

2.1. Sample preparation

Red beetroots (B. vulgaris L. var. Red cloud) harvested in Mexico
(2014) were purchased from a local market (Pullman, WA, USA).
Roots were cleaned, peeled and cut in slices of 10 ± 1 mm thickness
and 80 mm diameter. This sample geometry was chosen in order to
be comparable to products available in the market. The samples are
renamed in the rest of the paper as raw (R), blanched (BL), whereas
the HHP treatments are identified as HHP3, HHP7, HHP15 and
HHP30 for 3, 7, 15 and 30 min of 650 MPa pressure treatment,
respectively.
2.2. Pretreatments

2.2.1. Blanching
Conventional thermal blanching was performed according to

Latorre, de Escalada Pl�a, Rojas, and Gerschenson (2013) by im-
mersion of the beetroot slices (100 g) into a water bath at 90 ± 2 �C
for 7 min in a sample/water ratio of 1:5. After, samples were placed
in ice water bath for 2 min. Temperature was recorded along the
entire process for the water bath and the central point of each slice
by using a thin-wire copper-constantan type T thermocouple.

2.2.2. High hydrostatic pressure treatment
A pilot plant scale 2 L high hydrostatic press (Engineering

Pressure Systems, Inc., Andover, MA, USA) was used to pressurize
the red beet slices. Samples (100 g) were vacuum sealed inside
flexible (75 mm thickness) plastic pouches (Ultravac Solutions,
Kansas City, MO, USA). A 100 g/L Hydrolubic 123B soluble oil water
solution (Houghton Oil Valley Forge, PA, USA) was used as the
pressure medium. The plastic pouches were then placed inside a
cylindrical pressure vessel (0.1 m internal diameter, 0.25 m internal
height). The unit was operated with a hydraulic intensifier pump
(Hochdruck-Systeme GmbH, AP 10-0670-1116, Sigless, Austria) that
allows to reach the operating pressure in a few seconds. Come-up
time was between 0.7 and 0.8 min. The HHP treatment was at
650 MPa for 3, 7, 15 and 30 min. These conditions were chosen on
the basis of preliminary experiments and also according to the
significant enzymatic inactivation on fruit and vegetables achieved
by our group and other authors in the range of 600e700 MPa
(Duong & Balaban, 2014; Gonzalez-Cebrino et al., 2013; Medina-
Meza et al., 2015). Experiments were conducted at room temper-
ature (20 ± 1 �C). The temperature increase due to compressionwas
not higher than 2e3 �C/100 MPa. Three pouches were processed
and analyzed for each time of treatment.

2.3. Chemical and enzymatic assays

After treatments, samples were finely groundedwith a domestic
blender (Oster® 12-Speed Blender, Osterizer, Milwaukee, WI), then
20 g were used for each analysis. All the spectrophotometric de-
terminations were performed with a UVeVis Spectronic 20 Gen-
esys spectrophotometer (Spectronic Instruments,Inc, Rochester NY,
USA). All analyses were performed in triplicate.

2.3.1. Enzymatic activity
Raw and treated grounded beetroot slices were used for the

evaluation of polyphenol oxidase (PPO) according to Medina-Meza
et al. (2015). The activity was evaluated using catechol (0.1 mg/mL)
as substrate, and following the formation of the brownish com-
pound o-quinone at 420 nm for 2 min. Peroxidase (POD) activity
was performed accorded to Carvajal, Martinez, Jamilena, and
Garrido (2011), using guaiacol (10 mg/mL) as a donor and H2O2
(40 mM) as a substrate. The increase in absorbance at 470 nm was
followed for 2 min. PPO and POD activity were calculated using the
slope of a linear segment absorbance-time (Adams, Brown,
Ledward, & Turner, 2003). Percentage variations were calculated
in comparison to the raw sample.

2.3.2. Betanin content
Betanin extraction was conducted according to the method of

von Elbe (2001) with slight modifications. The grounded material
was washed with distilled water till complete discoloration of the
samples. Betanin was quantified on the aqueous extract measuring
the absorbance at 538 nm. The results were expressed as mg pig-
ments/g dw based on a calibration curve prepared using a standard
solution of betanin (Sigma Aldrich, St. Louis, MO, USA) dissolved in



Fig. 1. Percentage variation (%) of the PPO and POD enzymatic activities of all pro-
cessed samples in comparison to raw. Values of the raw samples were considered as
equal to 100%. PPO: polyphenol oxidase; POD: peroxidase; BL: blanched; HHP3: 3 min
high hydrostatic pressure treatment; HHP7: 7 min high hydrostatic pressure treat-
ment; HHP15: 15 min high hydrostatic pressure treatment; HHP30: 30 min high hy-
drostatic pressure treatment.
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phosphate buffer at pH 6.5.

2.3.3. Total phenolics
For the total phenol quantification, the grounded material was

mixedwith distilledwater in a ratio 1:20 and kept undermotion for
60 min at room temperature. The analysis was conducted on the
extract, using the FolineCiocalteu assay. The results were expressed
as mg of gallic acid equivalent/100 g fw based on a calibration curve
prepared using a standard solution of gallic acid (Acros Organics, NJ,
USA).

2.3.4. Ascorbic acid and FRAP assay
For the extraction of ascorbic acid and antioxidants, grounded

red beet samples were mixed with water in a ratio 1:40 and kept
under motion on a magnetic stirrer for 60 min at 25 �C. The sus-
pension was then filtered under vacuum using Whatman filter
paper n.5 and the filtered solution, conveniently diluted, was used
for the assays. Ascorbic acid content (mg/100 g dw) was deter-
mined according to the method of Suntornsuk, Gritsanapun,
Nilkamhank, and Paochom (2002) by direct titration with 0.01 N
iodine and starch as an indicator. The method of Benzie & Strain
(1996) with some modifications was used for the FRAP assy.
Briefly, 0.1 ml of diluted sample were added to 3 ml of the FRAP
reagent solution and keep in a 37 �C water bath for 30 min before
reading the absorbance at 593 nm. The antioxidant activity (mmol
Fe2þ/100 g dw) was calculated from a standard calibration curve of
FeSO4 in FRAP solution.

2.4. Physical analyses

2.4.1. Texture
Texture analysis of raw and treated beetroot slices were per-

formed using a TA-XT2 Texture Analyzer (Stable Micro Systems,
Godalming, Surrey, UK). The texture profiles were analyzed using
the provided software (Texture Expert Exceed, version 2.64).

Beetroot slice was positioned on a slot surface and cutting test
was performed using a 3mm thick stainless steel knife blade driven
through the slice at a speed of 3 mm/s. Shearing force (Fmax, N) and
shearing work (Area, N s) were obtained from the force-time cut-
ting curves.

TPA test was carried out using a 50 mm diameter flat disc
aluminum probe and a crosshead speed of 10 mm/min to compress
the cylindrical samples (25 mm diameter � 10 mm height) to 50%
strain. The textural parameters considered were hardness, cohe-
siveness, and chewiness. The secant modulus (SM) was extrapo-
lated from the force-distance curve of the first compression step,
considering the max peak force (Fmax) as the fracture point. Secant
modulus was calculated to measure the capacity of the material to
take the elastic. Five replicates were performed for each sample.

2.4.2. Color
Color determination was carried out using a CR-200 UVeVis

spectrophotometer (Minolta Camera Co., Osaka, Japan) equipped
with a standard illuminant D65. The instrument was calibrated
using a white color tile standard. L* (lightness), a* (redness), b*
(yellowness), C (chroma, 0 at the center of the color sphere), and H�

(hue angle, red¼ 0�, yellow¼ 90�, green¼ 180�, blue ¼ 270�) were
quantified on each sample using a 10� position of the standard
observer (CIE, Paris, France, 1978). Ten measurements were con-
ducted on random points on at least 6 slices for each sample.

2.5. Statistical analysis

All analyses were carried out in triplicate, except for color
measurements (six replicates) and TPA (five replicates). Means and
standard deviations were calculated with SPSS (v. 22.0, SPSS Inc.,
Chicago, IL, USA) statistical software. Origin (v. 9.0, OriginLab,
NorthHampton, MA, USA) was used to perform Principal Compo-
nent Analysis (PCA) and Pearson's correlation. Tukey's honest sig-
nificant difference test (HSD) at a 95% confidence level (p < 0.05)
was used to discriminate among different samples.
3. Results and discussion

3.1. Enzymatic activity

The percentage variations of the PPO and POD activities of all
treated beetroot slices are reported in Fig. 1. Blanching had the
strongest effect on PPO activity, as previously observed in other
fruits and vegetables (Keenan, Roessle, Gormley, Butler, & Brunton,
2012). Conversely, HHP treatment seemed to not exert a strong
effect on the PPO activity, compared to R. HHP7 was the most
effective among the high pressure treatments tested, as higher PPO
activities were recovered pressurizing for 15 and 30 min. Blanching
also had the stronger effect on the reduction of POD enzymatic
activity (Fig. 1). Overall, HHP was more effective on POD than on
PPO, but a significant activity was still detected on the pressurized
slices.

To the authors' best knowledge, no literature data are available
on the effect of the HHP on POD and PPO in beetroot, but their high
baro-resistance was already studied in other fruits, vegetables and
by-products. Guerrero-Beltr�an, Barbosa-C�anovas, and Swanson
(2005) observed that the application of pressures above 500 MPa
for more than 5 min were required to improve the inactivation of
PPO in peach purees. Similar results were reported recently by our
group in an HHP-treated spinach sauce (Medina-Meza et al., 2015).
Gonzalez-Cebrino et al. (2013) found that applying pressure in the
range 400e600 MPa at different processing times (1e300 s) on red
flesh and peel plum pur�ee did not have a significant effect on PPO
activity, compared to the untreated sample. Woolf et al. (2013)
found a significant reduction of POD activity up to 50% on avo-
cado slices treated in the range 400e600 MPa at different treat-
ment time (3e10 min), and no effect on PPO activity. The authors
hypothesized that the cell membrane breakdown due to the



Fig. 2. Principal Component Analysis (PCA) results obtained for the two principal
components, showing the projection of the cases on the factor plane (red dots), and the
projection of the variables on the factor plane (blue arrows): R: raw; BL: blanching;
HHP3: 3 min high hydrostatic pressure treatment; HHP7: 7 min high hydrostatic
pressure treatment; HHP15: 15 min high hydrostatic pressure treatment; HHP30:
30 min high hydrostatic pressure treatment. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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pressurization enhanced enzyme release/extractability, which
indirectly resulted in an increase of the measured enzyme activity.
The activation of latent enzymes by the interaction with other
constituents in the extract, also counteracting the effect of HHP
inactivation may have contributed to our observations
(Eisenmenger & Reyes-De-Corcuera, 2009; Terefe, Yang, Knoerzer,
Buckow,& Versteeg, 2010). It has also been hypothesized that HHP-
induced release of more active enzymatic isoforms can occur
(Guerrero-Beltr�an et al., 2005).

3.2. Nutritional parameters

3.2.1. Betanin content
The total betanin contents are reported in Table 1. In R, betanin

content was slightly higher than literature, probably due to genetic
and agronomical factors (Georgiev et al., 2010; Kujala, Loponen,
Klika, & Pihlaja, 2000). BL sample showed a 1-fold significant in-
crease compared to the raw beetroot (Table 1), which did not agree
with Cordeiro et al. (2009), who found 19.8% betacyanins reduction
in blanched beetroot slices. The authors related the loss to the
leaching water containing dissolved pigment. A significant increase
in betanin was achieved using HHP, with a time-dependent
behavior. Up to 7 min, more than 6-fold increase in betanin con-
tents was achieved, because of a better extraction from the broken
cells, whereas further treatment decreased the yields (Fig. 2). It is
well known that betanin has high sensitivity to the effect of oxygen,
temperature, pH, light and enzymatic activity, and we speculate
that the baro-induced increase of oxygen partial pressure in HHP-
treated samples could account for the observed reduction at
more extended treatments.

3.2.2. Total phenolics, ascorbic acid and FRAP assay
Total phenolics are summarized in Table 1. In R, phenolics con-

tent was in agreement with previous findings (Kujala et al., 2000).
Only a slight increase was observed in BL sample, in comparison to
R, probably in relation with the release of molecules from the cells
as a consequence of the heat-induced degradation of vegetable cell
walls (Paciulli et al., 2015). All the high pressure treated samples
showed an increase of phenols when compared to R, but compa-
rable to BL sample. A significant increase was observed after 30min
of HHP treatment, indicating the baro-resistance of phenolics is
higher than betanin. Other authors found that values of pressure
treatment comparable to that employed in this study enhanced
total phenol content of vegetables (Patras et al., 2009; Zhou et al.,
2014). An increase of membrane permeability under the effect of
pressuremay be responsible for the release of phenols, avoiding the
further thermal oxidation. Another possibility is that pressure-
induced covalent bond breaking can depolymerize proanthocya-
nidins, giving free polyphenolic monomers.

Regarding ascorbic acid, a better retention was observed for
HHP compared to BL samples (Table 1), probably due to thermal
oxidation. HHP15 and HHP30 did showed a significant reduction of
ascorbic acid in comparisonwith HHP3 and HHP7, and a significant
Table 1
Chemical parameters of beetroot slices subjected to thermal and high-pressure processin

R BL

Betanin (mg/g DW) 6.4 ± 0.0e 13.1 ± 0.2d
Total phenolics (mg gallic acid/100 g FW) 11.7 ± 1.1b 14.1 ± 1.1ab
Ascorbic acid (mg/100 g FW) 6.6 ± 0.3bc 6.3 ± 0.2c
FRAP (mg Fe2þ/100 g FW) 536.4 ± 40.0 a 543.6 ± 14.2 a

Means in row followed by different letters are significantly different according to Tukey's
blanched; HHP3: 3 min high hydrostatic pressure treatment; HHP7: 7 min high hydrostat
30 min high hydrostatic pressure treatment.
positive correlation was found between betanins and ascorbic acid
contents (R2 ¼ 0.960, p < 0.001). HHP processing is less destructive
to ascorbic acid compared to thermal processing (Medina-Meza
et al., 2015; Sanchez-Moreno et al., 2005). Several authors
observed that in fruits and vegetables pressure higher than
400 MPa preserved ascorbic acid more than thermal treatments,
even for long time of application (Patras et al., 2009; Zhou et al.,
2014). Ascorbic acid is well known to be very susceptible to
oxidation under certain conditions (i.e. heat, presence of oxygen,
heavy metal ions and alkaline pH). In foods, chemical and enzy-
matic reactions can be enhanced by pressure, as previously re-
ported (Medina-Meza et al., 2014; Zhou et al., 2014), which can
account for the loss of ascorbic acid after prolonged time of HHP
processing. At the same time, ascorbic acid can act both as pro- and
anti-oxidant, depending on the considered food matrix and pro-
cessing conditions (Davey et al., 2000).

FRAP assay results (Table 1) were highly correlated with those
previously described for total phenolics (R2 ¼ 0.985, p < 0.001),
with no significant difference found between R and processed
samples. Controversial results were reported in literature about the
influence of HHP on the antioxidant activities of fruits and vege-
tables as they seemed depending on the vegetable matrix
(McInerney, Seccafien, Stewart, & Bird, 2007). Pressure processing
was found to either increase or not influence the antioxidant ac-
tivity (Patras et al., 2009), as in the present work. Higher FRAP
values for HHP treated pumpkin compared to thermally treated
g.

HHP3 HHP7 HHP15 HHP30

32.3 ± 1.4b 39.0 ± 4.1a 23.6 ± 1.7c 26.8 ± 0.7c
14.7 ± 2.9ab 12.9 ± 1.1ab 16.3 ± 4.4ab 19.6 ± 3.7a
9.1 ± 0.4a 9.4 ± 0.8a 7.7 ± 0.5b 7.8 ± 0.4b

610.9 ± 100.2 a 490.9 ± 28.6 a 540.3 ± 13.3 a 634.3 ± 23.7 a

test (p < 0.05). Three replicates were performed for each measurement. R: Raw; BL:
ic pressure treatment; HHP15: 15 min high hydrostatic pressure treatment; HHP30:
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samples were reported by Zhou et al. (2014), probably in relation
with a different extraction yield and breakdown of bioactive
precursors.
3.3. Physical analyses

3.3.1. Texture
Food texture and its changes during processing are of key

importance for process design: quality and acceptance of food
products by the consumers are affected by their textural and me-
chanical properties, being critical for the acceptance quality.
Textural parameters for thermal and nonthermal treated beetroot
slices are shown in Table 2. BL lost 46.4% of the original cut force
(Fmax); likewise, Area values, which represented the work done for
cutting samples, showed an important decrease for BL (Table 2).
Thermal treatment is known to greatly influence vegetable struc-
ture and texture causing an initial loss of instrumental firmness due
to the disruption of the cell membrane. Subsequently, an increase of
the ease of cell separation and a swelling of the cell walls is
observed (Gonçalves, Pinheiro, Abreu, Brand~ao, & Silva, 2007;
Waldron, Parker, & Smith, 2003).

Cut hardness of HHP samples was found to be not statistically
different from R. Several authors (De Roeck et al., 2010; Oey et al.,
2008) suggested that the disruption of the tissue, after the high
pressure process, liberated pectinmethylesterase, responsible for
pectin demethylation. The demethylated pectin can form a gel-
network with divalent ions, resulting in increased hardness.

HHP30 exhibited cut force values similar to R. Otherwise, the
others HHP samples showed slight cut force reductions, in com-
parison to R. A similar trend was shown by the Area values:
increasing the pressure exposition time, a higher recovery of
consistence was observed. Araya et al. (2007) found a slight hard-
ness increase on pressurized carrot disks by compression test,
explaining this phenomenon considering the tissue recovery dur-
ing the holding time.

TPA hardness and chewiness values were in agreement with
Fmax values obtained with cutting test (Table 2). R exhibited the
highest hardness and chewiness, comparable to those obtained
applying high pressure processing for long time (15 and 30 min).
On the other hand, HHP3 and HHP7 showed similar hardness
reduction, respectively, if compared to R. Cohesiveness was also
significantly higher for all HHP samples than R and BL. It could be
hypothesized that structural characteristic of beetroot are little
changed during HHP and/or probably recovered its firmness,
especially at the highest times of treatment, as previously reported
for other vegetables (Oey et al., 2008). The secant modulus values
confirmed the trend shown by hardness values: in particular BL
exhibited the highest decrease of secant modulus, which could be
attributed to a general increase of the tissue extensibility (Cybulska,
Zdunek, & Konstankiewicz, 2011). Thus, the obtained results gave
effort to the hypothesis that the application of HHP for prolonged
Table 2
Texture parameters on beetroot slices subjected to thermal and high-pressure processin

Test R BL

Cut Fmax (N) 308.3 ± 33.9a 165.3 ± 34.0 c
Area (N s) 623.1 ± 68.1a 347.2 ± 65.9 c

TPA Hardness (N) 408.8 ± 19.1a 161.6 ± 28.2 c
Cohesiveness (�) 0.26 ± 0.05b 0.15 ± 0.02c
Chewiness (N) 82.4 ± 12.6b 10.1 ± 3.4c
Secant modulus (N/mm) 77.7 ± 4.1a 31.1 ± 3.3c

Means in row follow by different letters are significantly different according to Tukey t
blanched; HHP3: 3 min high hydrostatic pressure treatment; HHP7: 7 min high hydrostat
30 min high hydrostatic pressure treatment.
times of treatment induced less change of beetroot tissue.

3.3.2. Color
Color parameters of R and treated beetroot are reported in

Table 3. Blanched beetroots showed a decrease of L*, a* and b*
values, resulting in a darker appearance. Similar color changes were
reported by Latorre et al. (2013) under the same blanching condi-
tions used in this study. These authors related the changes to the
pigment leakage consequent to the cell membrane thermal
denaturalization.

High pressure treated beetroots retained color less than BL
(Table 3), as resulted by the DE values. In particular, a* and b* values
of HHP samples were significantly lower than R and BL, indicating a
blue-shift in color (from red to redeviolet) and in accordance with
the higher content of betanin (absorbing at 536 nm) found in
pressurized samples (Table 1). Besides the instability of color pig-
ments, browning was reported to play an important role in the
discoloration of HHP-treated food products (Oey et al., 2008). The
darkening can be ascribed to a still high oxidative enzymatic ac-
tivity after the treatment (Fig. 1), as reported (Medina-Meza et al.,
2015; Patras et al., 2009). On the other hand, H� values did not
change among R, BL and HHP samples, as already reported by Patras
et al. (2009), except for the highest time of pressure treatment.
These color changes resulted in an increase of DE values increasing
time of pressure exposition. In particular, the growing release of
betanin resulted in a less red color (lower a*) and a decrease of
saturation (lower C) increasing pressurizing time.

3.4. Principal component analysis (PCA)

PCA analysis was performed to correlate variables according to
the different treatment conditions, as shown in Fig. 2, with the two
first principal components (PC1 and PC2) explaining the 78.8% of
the total variance. The samples were grouped into three different
clusters: HHP15 and HHP30 that presented positive loadings on
both PC1 and PC2; HHP3 and HHP7 samples that obtained positive
loadings on PC1 and negative on PC2 and finally R and BL, which
showed negative loadings on PC1. This last better describes the
changes in texture, whereas the loadings for PC2 reflects the vari-
ation on nutritional properties and color. Thus, at higher processing
time, HHP seems to both increase nutritional attributes and
textural characteristics; BL is scattered and appeared to be more
similar to HHP7 samples than R, according to the betanin content,
and color parameters such as a*, b* and C (Fig. 2).

4. Conclusions

In this work, the effect of different treatment times of HHP
application was examined for the first time on beetroot slices.
These findings suggested that HHP can be used as pretreatment for
the preservation of beetroots, being quite comparable with
g.

HHP3 HHP7 HHP15 HHP30

265.4 ± 12.1ab 235.5 ± 21.7b 272.1 ± 34.2ab 325.0 ± 30.8a
364.5 ± 34.9c 460.7 ± 22.0bc 490.2 ± 72.0b 488.7 ± 50.6b
309.2 ± 6.3b 300.7 ± 14.1b 387.3 ± 28.2a 385.1 ± 22.4a
0.42 ± 0.02a 0.46 ± 0.04a 0.51 ± 0.05a 0.48 ± 0.02a
81.3 ± 4.1b 84.0 ± 8.9b 120.3 ± 4.2a 113.4 ± 12.8a
61.3 ± 3.3b 61.8 ± 4.3b 76.2 ± 6.9a 76.9 ± 5.1a

est (p < 0.05). Five replicates were performed for each measurement. R: Raw; BL:
ic pressure treatment; HHP15: 15 min high hydrostatic pressure treatment; HHP30:



Table 3
Color parameters of raw and beetroot slices subjected to thermal and high-pressure processing.

R BL HHP3 HHP7 HHP15 HHP30

L* 23.3 ± 2.0b 20.7 ± 0.7c 20.0 ± 0.8c 20.7 ± 0.2c 20.6 ± 0.5c 20.3 ± 0.4c
a* 31.1 ± 3.3a 17.5 ± 0.6b 9.9 ± 0.3c 7.3 ± 0.6cd 4.0 ± 0.9e 4.8 ± 0.6de
b* 5.2 ± 1.5a 2.1 ± 0.4b 1.0 ± 0.0bc 0.6 ± 0.1c 0.4 ± 0.2c 0.3 ± 0.1c
C 31.5 ± 3.5a 17.6 ± 0.6b 10.0 ± 0.3c 7.4 ± 0.6cd 4.0 ± 0.9e 4.8 ± 0.6de
H� 6.2 ± 1.1c 8.4 ± 1.6c 10.0 ± 0.5c 12.8 ± 0.6bc 9.8 ± 3.0 c 16.8 ± 4.0b
DE e 14.2 ± 0.6e 21.8 ± 0.3d 24.3 ± 2.3c 27.6 ± 0.9b 26.9 ± 0.6b

Means in row followed by different letters are significantly different according to Tukey test (p < 0.05). Six replicates were performed for each measurement. R: Raw; BL:
blanched; HHP3: 3 min high hydrostatic pressure treatment; HHP7: 7 min high hydrostatic pressure treatment; HHP15: 15 min high hydrostatic pressure treatment; HHP30:
30 min high hydrostatic pressure treatment.
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blanching, as also shown by the PCA results. In particular, the
samples treated with HHP for shorter time were similar to BL
considering antioxidant and nutritional characteristic, despite the
different enzymatic resistances observed. On the other hand, color
parameters were less retained than BL, in relation with the high
PPO activity shown by the HHP samples. Thus, the improved quality
of HHP beetroots can probably change during storage due to the
incomplete inactivation of enzymes, which may result in undesired
chemical reactions in the food matrix. Further studies should be
carried out on beetroot, improving the high pressure processing
conditions applied in this study with the application of different
time-temperature and pressure-temperature combinations,
finding a correct compromise between the spent energy and the
final quality.
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a b s t r a c t

In this study, the effects of egg white (1, 2 and 3 g/100 g) and methylcellulose (1, 1.5 and 2 g/100 g) were
investigated on the density and drainage volume of sour cherry foam. Then, foamed sour cherry juice was
spread on aluminum trays (3.0 ± 0.02 mm thickness) and put in drying chamber with the air temper-
ature of 50, 65 and 80 �C. Physicochemical properties such as solubility, total anthocyanin content (TAC),
pH, browning index, acidity and drying time of foam mat dried sour cherry powder were evaluated. As
the concentration of methylcellulose increased, drainage volume, foam density, TAC, browning index and
drying time were reduced; however solubility and pH of the samples had an increasing trend. Almost all
chemical properties (except for pH) indicated a decreasing trend with the rise in egg white levels.
Furthermore, it was observed that at the drying temperature of 65 �C, sour cherry powder had the
maximum solubility, TAC and pH. Browning index and drying time decreased by increasing the drying
temperature. Only the effect of drying temperature on acidity was significant in a way that by the in-
crease of drying temperature, total acidity increased.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sour cherry (Prunus cerasus L.) is a member of the Rosaceae
family and subfamily of Prunoideae. Sour cherry has a great nutri-
tional value because of the high content of vitamins, fibers and
polyphenolids (anthocyanins and other flavonoids), as well as al-
kaloids and melatonin (Jia, Baogang, Xiaoyuan, & Yongqing, 2012).
It is mainly used for processing purposes such as production of
juice, wine and jam (Petersen& Poll, 1999). Dehydration is themost
commonly used technique for increasing the shelf-life of fruits and
opens perspectives for the use of these products in different food
formulations.

Foammat drying is a process inwhich liquid or semi-liquid food
is whipped to a stable form of foam by incorporating a large volume
of gasses (mostly air) in the presence of a foaming agent and then
subsequently dried. Therefore, it is necessary to add foaming agents
and foam stabilizers to induce foaming and enhance the stability of
the foams once formed, respectively (Bates, 1964; Sankat &
Castaigne, 2004). The foam is then extruded onto a perforated
tray and dried by several methods such as hot-air (the common
zizpour).
method), vacuum, microwave and freeze-drying techniques until
the moisture content of the product is reduced to a certain level
(Muthukumaran, Ratti, & Raghavan, 2008; Thuwapanichayanan,
Prachayawarakorn, & Soponronnarit, 2008; Zheng, Liu, & Zhou,
2011). The advantages of this process are as follows: being rela-
tively simple and inexpensive process, rapid drying rates at lower
temperatures, the produced powder is capable of instant rehydra-
tion in cold water and enhanced product quality, etc (Falade,
Adeyanju, & Uzo-Peters, 2003; Kadam & Balasubramanian, 2011;
Kadam, Wilson, & Kaur, 2010).

As foam mat drying involves heat treatment, so there must be
some effect on the physicochemical characteristics of sour cherry
powder. Similar foammat drying studies were reported for soymilk
(Akintoye & Oguntunde, 1991), starfruit (Karim & Wai, 1999),
cowpea (Falade et al., 2003), mango (Kadam et al., 2010), apple juice
(Raharitsifa, Genovese, & Ratti, 2006), tomato juice (Kadam &
Balasubramanuan, 2011), mandarin (Kadam et al., 2011), banana
(Thuwapanichayanan, Prachayawarakorn, & Soponronnarit, 2012)
and shrimp (Azizpour, Mohebbi, Haddad Khodaparast, & Varidi,
2014).

Aim of this study was to evaluate the effect of different drying
temperatures, foaming agent (egg white) and foam stabilizer
(Methyl cellulose) on the physicochemical quality of the foam mat
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Fig. 1. Process flow chart used for preparation of sour cherry powder.
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dried sour cherry powder.

2. Materials and methods

2.1. Materials

Concentrate of sour cherry (65 �Brix) without additives were
purchased from the Shahd Company (Mashhad, Iran.). Methyl cel-
lulose (MC) and Maltodextrin (Dextrose Equivalent ¼ 6) were
procured from Sigma Chemical Company (Missouri, United States).
Eggs were provided from local market (Mashhad, Iran) to extract
fresh egg white (EW).

2.2. Sample preparation

For the hydration of the gum, 6 g MC powder was dissolved in
200-mL of distilled water and stirred with a magnetic stirrer (at
60 �C) until the hydration process was completed. The sample kept
at refrigerator temperature (4 �C) for 18 h. The egg white extract
was homogenized and used as the foaming agent.

2.3. Foam production

To prepare 120 g of the samples, the desired quantity of sour
cherry concentrate (65 �Brix) transferred to a 250-mL beaker (cal-
culations carried out so that the juice concentration of the final
mixture was 10 �Brix). Afterwards, the MC solution was prepared
the day before the designated amounts (1, 5.1, 2 g/100 g) and EW (1,
2, 3 g/100 g) was added. Then, 8 g/100 g maltodextrin added to the
mixture to prevent the adhesion of sour cherry powder (these
values were determined based on preliminary experiments).
Finally, distilled water added to reach a mixture weight of 120 g.
The mixture then whipped by a kitchen mixer (model, kalorance,
China.) with the maximum speed for 4 min. Then the foamed
samples removed from the foaming device and analyzed for foam
density (FD) and drainage volume (DV).

2.4. Drying experiment

The produced foam spread uniformly on aluminum trays with
the thickness of 3.0 ± 0.02 mm and then put into the drying
chamber. The drying experiment performed at three levels of
drying temperatures (50, 65 and 80 �C) in a batch cabinet drier with
air velocity of 1.5 m/s (Jeio Tech Co., Inc. OF-02G, Korea). The drying
procedure continued as long as the moisture content of the sample
reduced to about 2e4 (g water/100 g sample) (wet basis). Then the
dried mat removed from the plate and milled by a kitchen miller
(Pars Khazar, Iran.) and then sieved (40 mm screen mesh). After-
wards, the sour cherry powder packaged and stored at 4 �C for
further analysis. The flow chart followed to prepare sour cherry
powder is shown in Fig. 1.

2.5. Foam analysis

2.5.1. Foam density
50-mL of the foam poured into a 50-mL graduated cylinder at

controlled ambient temperature (22e25 �C) (Bag, Srivastav, &
Mishra, 2011). The samples weighed and FD calculated according
to the following equation:

Foam Density ¼ Weight of foam ðgÞ
Volume of foam

�
cm3

� (1)
2.5.2. Drainage volume
DV was determined using a method described by Sauter and

Montoure (1972) with slight modification. Fifty grams of the foam
were poured into a Buchner filter (80 mm diameter) and placed on
a 50-mL graduated cylinder. The liquid volume drained from the
foam during 60min intervals reported as the DV.

2.6. Analysis of reconstituted sour cherry juice

2.6.1. Solubility
Solubility measured as described by Cano-Chauca, Stringheta,

Ramos, and Cal-Vidal (2005) with some modifications. 100-mL of
distilled water transferred into a blender jar. The powder sample
(1 g) carefully added to the blender operating at 1500 rpm for
5 min. The solution placed in a tube and centrifuged at 4300� g for
10 min. An aliquot of 25-mL of the supernatant was then trans-
ferred to Petri dishes and immediately oven-dried at 105 �C for 5 h.
The solubility calculated as follows:

S ¼ m2 �m1

0:25
� 100 (2)

where S, m1 andm2 are solubility, theweight of the empty petri dish
and the weight of the petri dish after 5 h of drying, respectively.

2.6.2. Total anthocyanin content (TAC)
The TAC of the sour cherry juice was determined using the pH

differential method with two buffer systems. Sample preparation
conducted as described for color measurement. The potassium
chloride buffer was pH 1.0 (0.025 mol/L) and sodium acetate buffer



E. Abbasi, M. Azizpour / LWT - Food Science and Technology 68 (2016) 105e110 107
was pH 4.5 (0.4 mol/L) (Lako et al., 2007). Briefly, 1-mL of the
sample was mixed with 24-mL of the corresponding buffers and
read against water as a blank at 510 and 700 nm. Absorbance value
(A) calculated by Eq. (3):

A ¼ ðA510 � A700ÞpH¼1 � ðA510 � A700ÞpH¼4:5 (3)

The TAC of the samples (mg cyanidin-3-glucoside/100-mL of
sour cherry juice) calculated as:

TAC ¼ A�MW� DF� 100
MA

(4)

where A is the absorbance value; MW is the molecular mass of
cyanidin-3- glucoside (449.2 g/mol), DF is the dilution factor (25)
andMA is themolar absorptivity of cyanidin-3 -glucoside (26,900 L/
mol.cm) (Giusti & Wrolstad, 2001).

2.6.3. pH
Digital pH meter (EDT, GP353, United Kingdom.) was used to

measure the pH of the juice and reconstituted sour cherry powder.
After each measurement, the pH electrodes were rinsed using
phosphate buffer solutions (pH ¼ 7.2).

2.6.4. Browning index (BI)
BI calculated according to the method of Suh, Noh, Kang, Kim,

and Lee (2003), using a spectrophotometer (Shimadzu 120 UV,
Tokyo, Japan.). The absorbance value of the sample measured at pH
1.0 at two wavelengths: 510 nm for the anthocyanin maximum
absorbance and 420 nm for the absorbance of both browning
products and anthocyanins. BI has been presented as:

BI ¼ A510

A420
(5)

2.6.5. Acidity
About 25-mL of the reconstituted sour cherry juice (10 �Brix)

was transferred into a 200-mL beaker and then three drops of
phenolphthalein indicator was added to the beaker. A burette (ca-
pacity: 25-mL) filled with 0.1 mol/L NaOH and adjusted to zero. The
reconstituted juice was titrated with 0.1 mol/L NaOH until the in-
dicator color changed into pink, and the volume of used NaOH
recorded. Acidity was calculated as the gram of citric acid in 100-mL
of fruit juice (AACC, 2000).

2.7. Statistical analysis

The randomized block and the 3 � 3 � 3 factorial experimental
design with three replications were adopted in this study. Inde-
pendent variables, including egg white (1, 2 and 3 g/100 g),
methylcellulose (1, 1.5 and 2 g/100 g) and air temperature (50, 65
and 80 �C). Mean scores and standard deviations of some of the
results reported. Statistical analysis of the obtained data carried out
using the SPSS software (version 16.0.0 software, SPSS Inc., Chicago,
IL). Data were subjected to analysis of variances (ANOVA) and
Duncan's Multiple Range Test was used to determine the significant
differences of the mean values at 95% significance level (p < 0.05).

3. Results and discussion

3.1. Effect of albumin and methyl cellulose on foam properties

3.1.1. Stability of foam
The stable structure of foam is necessary for rapid drying and
ease of the removal of the dried material from trays. If the structure
of foam is extremely destroyed, the needed time for drying is
increased and the quality of the resulting product is decreased. The
stability of foam is influenced by the thickness, permeability of the
shared surface of air-liquid, bubble size distribution and adhesion
(Bag et al., 2011). The drainage causes lamella thinning and thereby
the probability of bubble collapse increases (Durian&Weitz, 1994).

Results indicated (Table 1) that the more the concentration of
MC, the more the foam stability as a result of the increase in vis-
cosity, due to the direct link between foam stability and viscosity of
the mixture (Hung, Catignani, & Swaisgood, 1997; Karim & Wai,
1999). Increasing the viscosity not only prevents tearing the thin
layer (which forms bubbles (lamella)), but also creates a sticky film
that enhances the foam stability.

The increase in viscosity, yield stress of the continuous phase,
viscoelasticity and the strength of lamella at the air eliquid inter-
face are the reasons of this phenomenon (Vernon-Carter, Espinosa-
Paredes, Beristain, & Romero-Tehuitzila, 2001). The amount of
drainage also is naturally dependent on the viscosity of the liquid
phase, which always can be increased by adding the concentrator
agents (often hydrocolloids) in industries (Mita, Ishida, &
Matsumoto, 1978). The same results were reported for apple juice
(Raharytsifa et al., 2006), bael fruit pulp (Bag et al., 2011) and
shrimp (Azizpour et al., 2014).

3.1.2. Density of foam
Usually, Density is used to evaluate thewhipping properties. The

more the trapping of air during whipping, the more the decrease in
the density of the foam structure, (Falad et al., 2003). The density of
the foam reduced significantly with the increase in the concen-
tration of EW (Table 1). The rise in EW concentration reduces the
surface tension, due to the movement of the foaming agents from
aqueous phase to the aire liquid interface. This mechanism leads to
an increase in foaming ability and a reduction in density (Karim &
Wai, 1999). Similar results reported by Falade et al. (2003) for the
foam of cowpea and by Krasaekoopt and Bhatia (2012) for the
yoghurt powder produced by foam mat drying method.

In addition, the density showed an upward trend significantly
(p< 0.05) with the increase in the concentration of MC. MC can
reduce surface tension in aqua systems (Davidson, 1980). As
explained, reduction in surface tension leads to an increases in the
entry of air into the foam structure which causes the density to
reduce. Similar results reported by Bag et al. (2011) for bael fruit
pulp and Karim and Wai (1999) for Star fruit pulp.

3.2. Effect of MC, EW and drying temperature on properties of
powder

3.2.1. Solubility
The effect of MC concentration on the solubility of sour cherry

powder is shown in Table 2. The solubility increased significantly
(p< 0.05) with increasing amount of MC in all levels of MC.
Increasing the MC concentration during the drying process, due to
rising the structural stability of the foam, led to the increase in the
porosity of the powder. Therefore, the more stable the structure
during the drying process, the more bubbles will remain during the
entire drying process. Therefore, bubbles cause an increase in the
porosity of the powder and its solubility. Harmayani, Winarti, and
Nurismanto (2011), who used CMC and maltodextrin to produce
Inulin powder using the foam mat drying method, found similar
results and expressed the large amounts of hydroxyl groups (OH) in
this compounds filler. Solubility showed an increasing behavior up
to 65 �C and then a downward trend to 80 �C (Table 2). By
increasing the drying temperature from 50 to 65 �C, due to the
reduction in the drying time, bubbles had less time to get collapsed.



Table 1
Effects of egg white and methylcellulose on density and drainage volume of the sour
cherry foam.

Methylcellulose (g/
100 g)

Egg white (g/
100 g)

Drainage volume
(ml)

Foam density (g/
cm3)

1 1 26 ± 1.2a 0.65 ± 0.04a

2 27.7 ± 0.9a 0.64 ± 0.05ab

3 28.7 ± 0.7a 0.63 ± 0.05b

1.5 1 7.7 ± 1.0bc 0.47 ± 0.02cd

2 8 ± 1.1bc 0.5 ± 0.03c

3 9 ± 0.4b 0.43 ± 0.02d

2 1 3 ± 0.4c 0.5 ± 10.01c

2 3.3 ± 0.6c 0.50 ± 0.0c

3 4.3 ± 0.5bc 0.47 ± 0.02cd

The same letters indicate there were no significant different at 0.05% confidential
level.
Number of replicates: n ¼ 3.
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As a result, the porous foam structure is maintained further which
directly affects solubility. As well as by increasing the temperature
from 65 to 80 �C, due to the high temperature, faster collapsing of
bubbles reduced the porosity and solubility of the powder. Similar
result reported for tomato powder by Goula and Adamopoulos
(2005).
3.2.2. Total anthocyanin content (TAC)
Quantity of anthocyanin (cyanidin �3 - glucoside) in fresh

cherry juicewith the Brix of 10, wasmeasured as 5.72. The results of
the mean comparison of EW and MC on the anthocyanin content of
sour cherry powder are presented in Table 2. By increasing the
amount of MC the anthocyanin content of the samples decreased
between 1 g/100 g and 1.5 g/100 g was significant (p< 0.05). Also,
TAC decreased with increasing the albumin level, probably due to
the dilution effect of anthocyanins in the presence of these com-
pounds.With rising the drying temperature from 50 �C to 65 �C, the
anthocyanin content increased. Due to reducing the drying time,
Table 2
Effects of egg white, methylcellulose and drying temperature on some physicochemical

Methyl cellulose (g/
100 g)

Egg white (g/
100 g)

Drying
Temperature (�C)

Acidity (g/100 ml) pH

1 1 50 0.226 ± 0.002ef 3.17 ± 0.01
65 0.277 ± 0.002abcde 3.46 ± 0.0b

80 0.26 ± 70.011abcde 3.42 ± 0.04
2 50 0.288 ± 0.009abcd 3.25 ± 0.0i

65 0.25 ± 30.008cdef 3.34 ± 0.01
80 0.296 ± 0.013abc 3.48 ± 0.02

3 50 0.23 ± 40.007def 3.25 ± 0.0i

65 0.27 ± 90.001abcde 3.52 ± 0.0a

80 0.31 ± 30.007ab 3.55 ± 0.0a

1.5 1 50 0.205 ± 0.004f 3.18 ± 0.0j

65 0.265 ± 0.002abcde 3.48 ± 0.0a

80 0.31 ± 80.012a 3.42 ± 0.0d

2 50 0.253 ± 0.001bcdef 3.41 ± 0.01
65 0.277 ± 0.0abcde 3.51 ± 0.0a

80 0.29 ± 0.012abcd 3.23 ± 0.0i

3 50 0.26 ± 70.014abcde 3.44 ± 0.01
65 0.283 ± 0.005abcde 3.47 ± 0.0b

80 0.25 ± 20.018cdef 3.28 ± 0.0h

2 1 50 0.23 ± 40.01def 3.47 ± 0.01
65 0.2 ± 80.0abcde 3.43 ± 0.0d

80 0.279 ± 0.0abcde 3.23 ± 0.0i

2 50 0.28 ± 10.002abcde 3.36 ± 0.0f

65 0.273 ± 0.01abcde 3.51 ± 0.0a

80 0.26 ± 10.006abcdef 3.26 ± 0.0i

3 50 0.271 ± 0.009abcde 3.49 ± 0.0a

65 0.29 ± 7.0.006abc 3.47 ± 0.0b

80 0.22 ± 70.002ef 3.5 ± 0.02a

* The same letters indicate there were no significant different at 0.05% confidential leve
the amount of anthocyanin degradation decreased. However,
increasing the temperature from 65 to 80 �C yielded an increase in
the anthocyanin degradation rate because of exceeding the tem-
perature more than threshold resistance of anthocyanins (Table 2).

3.2.3. pH
The pH of sour cherry juice with the Brix of 10, was measured as

3.35 which was close to the pH of fresh cherry juice. Likewise, the
pH of the reconstituted sour cherry powder found to be in the range
of 3.15e3.55.

With increasing concentrations of EA (Table 2), the pH of the
samples increased which was significant in the concentration be-
tween 2 g/100 g and 3 g/100 g of EW (p< 0.05). Because of the high
value of pH in albumen which is about 9 (in the alkali range),
addition of albumen led to a rise in the pH of the reconstituted
powder. Kadam et al. (2011 and 2012), reported similar results
regarding the effect of EW and foaming agents on the pH of tomato
and mandarin powder produced using the foam mat drying
method. By increasing the level of MC from 1.5 to 2 g/100 g, pH
showed an increasing trend. MC as an additive with a pH higher
than the pH of the sour cherry juice caused a small rise in the pH
level of the produced powder. Another study conducted by Falade
and Okocha (2010), also showed that as GMS increased the pH of
the dried banana increased in the foam mat drying method. Ac-
cording to Table 2, with increasing the drying temperature to 65 �C,
the pH of the samples raised. In contrast, the downward trend of pH
was significant in the range of 65 �Ce80 �C (p< 0.05). Falade and
Okocha (2010) reported similar results in the case of the effect of
drying temperature on the pH of plantain powder produced by the
foam mat drying method.

3.2.4. Acidity
The acidity of the fresh sour cherry juice with Brix of 10

measured and was 0.52. Acidity of the reconstituted sour cherry
powder measured in the range of 0.224e0.329. Non-volatile
properties of foam-mat dried sour cherry powder.

Solubility (g/
100 g)

Browning Index Total anthocyanin content
(mg/100 g)

Drying time
(min)

k 45.4 ± 0.2cdefg 2.1 ± 30.02a 1.90 ± 40.03bcdef 230 ± 5.5a
cde 46.6 ± 0.2abcd ±20.03b 2.19 ± 60.125abcd 165±7def
def 46.2 ± 0.2bcdef 1.92 ± 0.02b 2.183 ± 0.11abcd 125±4hij
j 43.6 ± 0.0ghi 1.99 ± 0.02b 1.26 ± 10.016fgh 195±3bcd
gh 45.4 ± 0.2cdefg 1.6 ± 0.0fg 2.634 ± 0.07a 12 ± 86ghi
abcde 47.2 ± 0.3abc 1.53 ± 0.0fgh 2.271 ± 0.09abc 95±3ijkl
j 42.4 ± 0.4hi 1.7 ± 90.005d 1.027 ± 0.015h 195±5bcd
b 46.8 ± 0.4abc 1.5 ± 0.005ghi 2.342 ± 0.12abc 12 ± 72ghi

48.4 ± 0.0a 1.4 ± 10.005igkl 2.346 ± 0.1abc 9 ± 42ijkl
k 43.8 ± 0.2ghi 1.9 ± 10.02bc 2.154 ± 0.034abcd 225±5ab
bcde 46.2 ± 0.2bcdef 1.7 ± 30.025de 2.037 ± 0.16abcde 160±5efg
ef 43.8 ± 0.2ghi 1.53 ± 0.03fgh 1.369 ± 0.06efgh 105±3ijkl
efg 42.4 ± 0.4hi 1. ±80.005cd 1.1 ± 90.01fgh 17 ± 87cde
bc 45.4 ± 0.2cdefg 1. ±40.015ijkl 2.033 ± 0.01abcde 12 ± 32hij
jk 44.6 ± 0.2defg 1.4 ± 60.005hij 1.194 ± 0.12fgh 8 ± 84.3kl
cde 42.2 ± 0.2i 1.75 ± 0.01de 1.3067 ± 0.05fgh 17 ± 85cde
cde 46.6 ± 0.2abcd 1.3 ± 90.03ijklm 2.26 ± 30.09abc 120 ± 6.4hijk
i 44 ± 0.0ghi 1.59 ± 0.03fg 1.13 ± 60.14gh 9 ± 32.6jkl
bcde 46.4 ± 0.0abcde 1.64 ± 0.06ef 1.791 ± 0.02cdefg 205 ± 2.8abc
ef 48 ± 0.0ab 1.4 ± 20.04hijkl 2.5 ± 30.1ab 140 ± 4.5fgh
jk 43.4 ± 0.2ghi 1.37 ± 0.075jklm 1.0 ± 90.11gh 95±3ijkl
g 44.2 ± 0.2fghi 1.3 ± 40.15klm 2.096 ± 0.18abcd 165 ± 2.5def
bc 48.2 ± 0.2ab 1.3 ± 40.005klm 1.52 ± 0.4defgh 12 ± 36hij

44.4 ± 0.0efgh 1.4 ± 10.015ijkl 0.944 ± 0.16h 7 ± 93.8l
bcd 48.4 ± 0.4a 1.27 ± 0.01m 2.547 ± 0.03ab 16 ± 80.4.5def
cde 48.4 ± 0.5a 1.3 ± 0.0lm 2.204 ± 0.15abcd 115±4hijk
bc 43.6 ± 0.3ghi 1.4 ± 40.025hijk 0.889 ± 0.05h 7 ± 84.5l

l. Number of replicates: n ¼ 2.
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organic acid such as citric acid is the main ingredient of odor and
flavor of fruits, including sour cherry. It also acts as a buffer to
regulate the cellular pH. ANOVA results proved that only the drying
temperature had a significant effect on the acidity of the recon-
stituted juice (p< 0.05). With increasing the drying temperature,
the acidity of the samples increased which was significant between
the temperatures of 50e65 �C (Table 2). The reason behind this
phenomenon could be the conversion of sugars in the sour cherry
juice into organic acids.

3.2.5. Browning index (BI)
Comparison of the absorbance values in two wavelengths,

A500e535 and A400e460, can be used to examine the color degrada-
tion. Accordingly, the absorbance value ratio (A510/A420) is
employed as the assay of BI (Suh et al., 2003). The more amount of
browning, the more increase in the absorbance value at 420 nm,
resulting in an increase in the denominator of the Eq. (5) which
finally led to a reduced BI.

As Table 2 shows, all variables had a significant effect on the
browning of the reconstituted juice. Results indicated that by
increasing the percentage of MC, BI was reduced, reflecting the
increase in the browning rate of the samples. These results were
statistically significant in all levels of MC (p< 0.05). MC has a hy-
drophilic structure which bonds surrounding free-water. Moreover,
the first step of Millard reactions (Hines and Amadori rearrange-
ment) performs better at lower amounts of water. This effect of MC
can contribute to the reduction of humidity or free water that turns
a precipitation in the first stage of Millard reaction and conse-
quently decrease the BI.

The effect of EW on the browning Index (like as MC) showed a
decreasing trend (increasing rate of browning), (Table 2). The
structure of EW is made of protein, certainly with increasing the
amount of EW in the formulation, the amino acids existing in its
chemical composition starts the Maillard reaction with reducing
sugar of system, which leads to browning. In fact, can be concluded
that, the needed amino acid for theMaillard reaction enters into the
environment by EW and enhances the brown color.

BI decreased significantly with increasing the drying tempera-
ture (rate of browning increased) between 50 and 65 �C (p< 0.05).
Heating of fruits juice containing anthocyanins causes the discol-
oration of deep red color, decreasing the absorbance value at
500e535 nm, and further heat treatment, causing an increase of
brown color with enhancing the absorbance value at 400e460 nm
(Tinsley & Bockian, 1960).

3.2.6. Drying time
In the drying process, the time of drying was set in the range of

70e200 min depending on the amount of MC, EW and the drying
temperature. With increasing in the percentage of stabilizer (MC),
because of increasing the stability during drying, the structure of
the foam collapsed later and the porous structure led to an
increased speed in the drying rate and thus shortened the drying
time (Table 2). Similar results reported by Berry, Bissett, and
Lastinger (1965).

The results also revealed that an increase in the level of EW led
to a significant reduction in the drying time in all levels of EW (p<
0.05). Rising the EW level led to an increase in the penetration of air
into the foam structure, increasing the porosity of the structure,
rising the drying rate and reducing the drying time accordingly.
Akintoye and Oguntunde (1991) reported similar results regarding
the effects of GDS on the dried soybean milk in the foam mat
method. Kadam and Balasubramanian (2011) reported the same
results in the drying of tomato juice using the foam mat method.

As the drying temperature increased, the drying time decreased
significantly at all temperatures. Rising the drying temperature
with the increase in the molecular movement, enhanced the
removal rate of moisture in the sample, which led to the reduction
in the drying time. In the foam mat drying method, because of the
porous structure, increasing in the drying temperature greatly af-
fects the drying rate. Kadam and Balasubramanian (2011) and
Karim and Wai (1999) reported similar results in this field.

4. Conclusion

In the present study, sour cherry powder produced by foam
mats drying method. The reasons for using this method to reduce
the drying time, the ability to use lower drying temperatures and
higher quality sour cherry powder can be named. The EW and MC,
were used as foaming agent and foam stabilizer, respectively. As the
level of MC increased, all properties (except for pH and solubility)
indicated a decreasing trend. By the increase of drying temperature,
total acidity increased. Furthermore, observation showed that at
the drying temperature of 65 �C, Produced powder had the
maximum solubility, TAC and pH. This study demonstrated that the
sour cherry juice can be successfully foamed using egg white and
dried in a cabinet drier at a fixed temperature to produce a dehy-
drated and porous mat, which can then be ground into a powder.
This powder can be used in many food products such as beverages,
confectioneries and can be an appropriate substitute for the arti-
ficial additives.
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a b s t r a c t

Diploid and tetraploid Jiaogulan (Gynostemma pentaphyllum) seeds were examined for their conjugated
linolenic acids and nutraceutical components. Both di- and tetraploid Jiaogulan seeds were rich in
conjugated linolenic acids possibly including a-eleostearic, catalpic and b-eleostearic acids for about 80%
of total fatty acids. a-Eleostearic acid was the primary conjugated isomer at a level of 98.8 and 187.7 mg/g
dried seeds in diploid and tetraploid seeds, respectively. The seeds also contained significant levels of
essential amino acids (616.3 and 541.5 mmol/g dry seeds), phytosterols (1292.0 and 2316.0 mmol/kg dry
seeds), tocopherols, phenolics and flavonoids. In addition, the seeds extract showed no difference in their
anti-inflammatory effects in LPS-stimulated RAW 264.7 mouse macrophage cells, whereas the diploid
seed extract had stronger radical scavenging activities and a ferric reducing capability than those of the
tetraploid seed extract on a per seed weight basis. The results may be used to promote the value-added
utilization of Jiaogulan seeds.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Edible seeds are generally rich in protein, oil, dietary fiber and
other health promoting components, and are considered as a po-
tential source for functional food ingredients. Many edible seeds or
their components, including nuts and pulses, have showed poten-
tial in reducing the risk of cardiovascular disease, cancer, chronic
inflammation and Alzheimer's disease (Bagchi et al., 2000; Ros &
Hu, 2013).

Jiaogulan leaf, Gynostemma pentaphyllum (Thunb.) Makino, has
been used in food and beverage products for thousands of years
for its potential in reducing the risk of hyperlipidemia, cancer,
diabetes and chronic inflammation (Razmovski-Naumovski et al.,
2005), but Jiaogulan seeds are not well utilized. A preliminary
study detected three conjugated linolenic acids (CLNAs) including
a-eleostearic (c9, t11, t13-18:3), catalpic (t9, t11, c13-18:3) and b-
eleostearic (t9, t11, t13-18:3) acids, together with palmitic (16:0),
stearic (18:0), oleic (18:1) and linoleic (18:2) acids, in a diploid
Jiaogulan seed oil (Jiang, Ma, & Xiao, 2013) according to the GC-MS
data and retention indices. Conjugated fatty acids including con-
jugated linoleic and linolenic acids, have been shown to have
many health benefits including anti-carcinogenic and anti-
inflammatory activities (Yuan, Chen, & Li, 2014). Together, these
data suggested a potential utilization of Jiaogulan seeds in devel-
oping nutraceutical and functional food ingredients, and war-
ranted additional research of other nutraceutical components and
health properties of Jiaogulan seeds.

Jiaogulan have several polyploid species, which differed in
their chemical components and health properties (Xie et al.,
2012; Xie et al., 2011b). Tetraploid Jiaogulan seeds have never
been evaluated for its nutraceutical components and health
beneficial properties. As a continuation of our research on Jiao-
gulan, this study aimed to examine the nutraceutical properties
for the seeds of diploid and tetraploid Jiaogulan, and to evaluate
their anti-inflammatory, radical scavenging and ferric reducing
activities. The results from this study may be used to develop
value-added utilization of Jiaogulan seeds for improving human
health.
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2. Materials and methods

2.1. Materials and chemicals

The seeds of diploid and tetraploid G. pentaphyllum (Thunb.)
Makino were purchased from the Baicaotang Biotechnology Co.
Ltd., Pingli, Shaanxi province of China in 2013, and kept at 4 �C until
analysis.

Gallic acid, rutin, a-, b- and g-tocopherols, 2, 4, 6-tripyridyl-S-
triazine (TPTZ), 6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-
carboxylic acid (Trolox), Fluorescein, Folin-Ciocalteu reagent, and
2, 2-diphenyl-1-picryhydrazyl radical (DPPH) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Stigmasterol (purity, 95%), b-
sitosterol (purity, 75%), and b-cholestanol (purity, 96%) were ob-
tained from Acros Organics (Geel, Belgium). All solvents used for
HPLC analysis were of chromatographic grade, and for UPLC-Q/TOF-
MS analysis were of mass spectrometry grade. All other chemicals
and solvents were of the highest commercial grade.

Mouse RAW 264.7 macrophage cell line was purchased from the
Chinese Academy of Sciences (Shanghai, China). Lipopolysaccha-
ride (LPS, from Escherichia coli O111:B4) was obtained from Milli-
pore (Billerica, MA, USA). Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS) and 1 � PBS (pH 7.4) were pur-
chased from Gibco (Life Technologies, Carlsbad, CA, USA). TRIzol
reagent was obtained from Invitrogen (Life Technologies). IScript
Advanced cDNA Synthesis kit was purchased from Bio-Rad Labo-
ratories (Hercules, CA, USA), while AB Power SYBR Green PCR
Master Mix was purchase from ABI (Applied Biosystems, Carlsbad,
CA, USA).

2.2. Proximate analysis

Moisture content was determined according to the AOAC
method 925.10 (AOAC, 1990). Ash content was determined ac-
cording to the AOAC method 923.03 (AOAC, 1990). Total protein
content was determined based on AOAC method 984.13 (AOAC,
1990).

2.3. Dietary fiber analysis

The soluble and insoluble dietary fiber contents were deter-
mined with a commercial kit purchased from Megazyme Interna-
tional Ireland Ltd. (Wicklow, Ireland) according to a previously
reported procedure (Xie et al., 2012).

2.4. Oil extraction

The seeds were ground in an IKA A11 basic analytical mill
(K€onigswinter, Germany) to a particle size that would pass through
a 100-mesh screen. Approximately 5 g ground seeds were extracted
with 75 mL hexane for 6 h using a Soxhlet apparatus. The hexane
was evaporated using a rotary evaporator under a reduced pres-
sure, and the residual solvent was removed under nitrogen. The
remaining oils were weighed and the yield of oils was calculated.
The oils were stored at 4 �C until further testing.

2.5. Anti-inflammatory and antioxidant extraction

The defatted seed flour was dried in fume hood overnight at
ambient temperature. Approximately 1 g of defatted seed flour was
extracted with 10 mL pure ethanol by sonication for 2 h at ambient
temperature. The extracts were centrifuged at 3082 g for 10 min.
After centrifuging, the supernatants were collected. The extracts
were kept in the dark at 4 �C until further analysis.
2.6. Fatty acid profile

Fatty acid methyl esters (FAME) were prepared according to a
laboratory method, and subjected to gas chromatography-mass
spectrum (GC-MS) analysis (Xie et al., 2011a). The FAMEs were
analyzed on a Perkin-Elmer AutoSystemXL GC (Waltham,MA, USA)
equipped with a Turbomass MS (Waltham, MA, USA), with a DB-
5MS capillary column (30 m � 0.25 mm, 0.25 mm film thickness)
(J&W Scientific, Folsom, CA, USA). Helium was the carrier gas at a
flow rate of 1.0 mL/min. Injection volume was 1 mL at a split ratio of
5:1 (v/v). Oven temperature was initially 70 �C where it was held
for 5 min, increased 10 �C/min until 200 �C, and increased by 5 �C/
min to a final temperature of 280 �C. Electron impact ionization
mass spectra were obtained at an ionization energy of 70 eV with a
scan range of m/z 29e700. The ion source temperature was 200 �C.
Individual fatty acid was identified by comparing their mass spectra
with that of the standard compounds and NIST 2005 mass spectral
reference library. The quantification was based on the area under
each fatty acid peak as compared to the total area of all fatty acid
peaks.

2.7. Triacylglycerol profile

Approximate 5 mg of each seed oils were dissolved in 5 mL
methanol/isopropanol (1:1, v/v) to a final concentration of 1 mg/
mL. The sample solution was analyzed by a Waters UPLC system
coupled to a Waters Xevo G2 Q-TOF mass spectrometer (Milford,
MA, USA). The separation was performed at 40 �C using an ACQ-
UITY UPLC BEH C18 column (100 mm � 2.1 mm i.d.; 1.7 mm). The
elution gradient (eluent A, acetonitrile/isopropanol, 90:10; eluent
B, acetonitrile/isopropanol, 45:55, v/v) was: started at 10% B;
increased via linear gradient to 30% B at 20 min, 90% B at 22 min,
and 90% B for 6min. The flow rate was 0.3 mL/min and the injection
volume was 2.0 mL. MS conditions were: capillary voltages for
positive ionmode at 2.5 kV; sampling cone voltage of 35.0 V; source
temperature 120 �C; desolvation temperature 250 �C; desolvation
gas flow rate of 800.0 L/h; cone gas flow at 50.0 L/h; and a scan
range of m/z 100e1500. MSE technology was used in two separate
scan functions which were programmed for the MS acquisition
method. The first scan function was set at low collision energy
(6 eV) which provided parent ions, and the second scan function
was set a high collision energy (ramped from 30 to 40 eV) which
provided fragment ions. Data were collected and analyzed with
Waters MassLynx v4.1 software (Milford, MA, USA).

2.8. Phytosterol content analysis

The phytosterol content of the seed oil was determined by GC-
FID. Briefly, 200 mg oil was ultrasonically mixed with 2 mg inter-
nal standard (b-cholestanol), to which 5 mL of 2.0 mol/L KOH-
ethanol was added. After reacting 5 min in ultrasonic bath, the
mixture was kept at 60 �C for 1 h. To stop the reaction, 6 mL n-
hexane and 4 mL water were added, and the mixture was centri-
fuged for 3 min at 4000 g. The upper organic layer was collected,
and another 6 mL of n-hexane was used to extract the aqueous
layer. After the solvent was removed, the residue was derivatized
with 100 mL of BSTFA:TMCS (99:1, v/v) at 105 �C for 15 min. Finally,
1 mL of the derivatized solutionwas analyzed on an Agilent 6890 GC
system (Agilent, Wilmington, DE, USA) equipped with an FID de-
tector and an HP-5 capillary column (30m� 0.32mm, 0.25 mm film
thickness, Agilent). Helium was the carrier gas at a flow rate of
1 mL/min. Injection volume was 1 mL at a split ratio of 50:1 with an
injector temperature of 300 �C. Column temperature was initially
200 �C and increased by 2 �C/min until a final temperature 300 �C.
The temperature of FID detector was kept at 360 �C. The



Table 1
Proximate composition of Jiaogulan seeds (g/100 g)a.

Water Ash Total protein Oil Dietary fiber

IDF SDF

DJS 5.82a ± 0.06 7.39a ± 0.04 23.02a ± 0.31 17.28a ± 0.44 39.81 1.63
TJS 6.12b ± 0.10 3.08b ± 0.02 18.19b ± 0.50 29.59b ± 1.06 32.14 0.70

Data are expressed as mean ± SD (n ¼ 3). Values in two sample groups marked by
the different letters are significantly different (P < 0.05).

a DJS and TJS represent diploid and tetraploid Jiaogulan seeds, respectively; IDF
and SDF stand for insoluble dietary fiber and soluble dietary fiber, respectively.
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phytosterols were identified by comparing their retention time
with those of the corresponding standard compounds. The con-
tents of stigmasterol, b-sitosterol and 5, 24-stigmastadienol were
determined using an internal standard. The limits of detection
(LOD) and the limits of quantification (LOQ) were determined as 10
and 30 mg/mL for individual phytosterol. The results were reported
as mmoles of phytosterol per kilogram of oils and mmoles of
phytosterol per kilogram of seeds on a dry weight basis.

2.9. Tocopherol content analysis

The concentrations of a-, b- and g-tocopherol were quantified
using a previously reported method with minor modifications
(Parry, et al., 2005). The oils were dissolved in methanol/tetrahy-
drofuran (THF) (1:1, v/v) to a final concentration of 1 mg/mL. The
sample solution was filtered through a 0.22 mm filter, and analyzed
using a Waters UPLC system coupled to a Waters Xevo TQ-S triple
quadrupole mass spectrometer (Manchester, UK). The separation
was achieved using an ACQUITY UPLC BEH C18 column
(100 mm � 2.1 mm i.d., 1.7 mm) at 30 �C. The tocopherols were
eluted using a mobile phase of water (A) and acetonitrile (B) with a
flow rate of 0.3 mL/min. The gradient procedure was performed as
follows: start at 80% B; 0e5.0 min, increase via linear gradient to
99% B; 5.0e15.0 min, 99% B. UPLC-ESI-MS/MS in the positive-ion
mode and selected reaction monitoring (SRM) was used to
analyze the tocopherols. The m/z from 431 (protonated molecular
ion) to 165 (fragment ion) was set for a-tocopherol, and m/z
417 / 151 and 403 / 137 were set for b-tocopherol and g-
tocopherol, respectively. The MS conditions were as follows:
capillary voltages, 2.5 kV; sampling cone voltage, 30.0 V; source
temperature, 150 �C; desolvation temperature, 350 �C; desolvation
gas flow rate, 800.0 L/h; cone gas flow,150.0 L/h; nebulizer gas flow,
7.0 L/h; collision gas flow, 0.15 mL/min; MS collision energy, 4 eV;
and MS/MS collision energy, 20 eV. Data were collected and
analyzed with the Waters MassLynx v4.1 software. The quantifi-
cation for each tocopherol was accomplished using the calibration
curves of their corresponding standard. The LODwas determined as
20 and 5 ng/mL for a- and g-tocopherol, respectively, while the LOQ
was determined as 60 and 15 ng/mL for a- and g-tocopherol,
respectively. The results were reported as mmoles of tocopherol per
kilogram of oils and mmoles of tocopherol per kilogram of seeds on
a dry weight basis.

2.10. Amino acid content analysis

The amino acid contents of the seeds were analyzed using a
Waters UPLC amino acid analysis solutionwithminormodifications
(Lu, Lv, Gao, Shi, & Yu, 2015). The defatted seed flour (15 mg) was
hydrolyzed with 5 mL of 6 mol/L hydrochloric acid using a Discover
SP-D pressurizedmicrowave digestion system (CEM,Matthews, NC,
USA) for 15 min. The power was 200 W, with a temperature of
160 �C and a pressure at 250 psi. After hydrolysis, the mixture was
vortexed for 15 s. Two hundredmicroliter of the mixturewas taken,
and the solvent was removed under a reduced pressure. The solid
residue was re-dissolved in 1.0 mL water. A Waters AccQTag Ultra
derivatization kit was used for pre-column sample derivatization.
The separation was achieved on a Waters ACQUITY H-class UPLC
system equipped with a photodiode array (PDA) detector using a
Waters AccQ-TagTM Ultra® C18 column (100 mm � 2.1 mm i.d.,
1.7 mm). The column temperature was kept at 43 �C. A quaternary
solvent system including ATU solvent A (A), 10% (v/v) ATU solvent B
(B), water (C), and ATU solvent B (D) was applied. The gradient
elution program was provided in the supplementary materials
(Supplementary Table S1). The flow rate was 0.7 mL/min. The in-
jection volume was 1.0 mL. The PDA detection wavelength was
260 nm. The quantification for each amino acid was accomplished
using the calibration curves of their corresponding standards. The
results were reported as mmol amino acid per gram of seeds on a
dry weight basis.

2.11. Total phenolic and flavonoid contents

The total phenolic and flavonoid contents of the seed ethanol
extracts were measured according to a laboratory procedure
described previously (Shi, Yang, Zhang, & Yu, 2012). The detailed
experimental information was provided in supplementary mate-
rials (Supplementary Experimental Information). The total
phenolic and flavonoid contents were reported as mg gallic acid
equivalents (GAE) and mg rutin equivalents (RE) per gram of seeds
on a dry weight basis, respectively.

2.12. Anti-inflammatory activities in LPS-induced mouse RAW
264.7 macrophage cells

The anti-inflammatory effects of JS were determined by
measuring the mRNA expression of IL-1b, COX-2, and TNF-a in
mouse RAW 264.7 macrophage cells stimulated by LPS (Shi et al.,
2012).The detailed experimental information was provided in
supplementary materials (Supplementary Experimental
Information).

2.13. Radical scavenging and ferric reducing activities

The relative DPPH radical scavenging capacity (RDSC), ferric
reducing ability of plasma (FRAP), hydroxyl radical scavenging ca-
pacity (HOSC), and oxygen radical absorbance capability (ORAC) of
Jiaogulan seeds were evaluated using previously reported labora-
tory protocols (Shi et al., 2012; Xie et al., 2012). The detailed
experimental information was provided in supplementary mate-
rials (Supplementary Experimental Information). The radical
scavenging and ferric reducing activities were expressed as mmol
trolox equivalents (TE) per gram of seeds on a dry weight basis.

2.14. Statistical analysis

Data were reported as the mean ± standard deviation (SD) for
triplicate samples. T test was employed to detect differences be-
tween the two groups. One-way ANOVA and Tukey's test were
performed to identify differences in means. Statistics were
analyzed using SPSS for Windows (version rel.16.0.0, 2007, SPSS
Inc., Chicago, IL). Statistical significance was declared at P < 0.05.

3. Results and discussion

3.1. Proximate composition

The contents of total protein, oil and fiber, and moisture content



Table 2
Fatty acid composition of Jiaogulan seed oils (g/100 g fatty acids)a.

Fatty acids Common name DJS TJS

16:0 Palmitic acid 3.41a ± 0.10 2.03b ± 0.03
18:0 Stearic acid 3.14a ± 0.05 2.28b ± 0.05
18:1 (n-9) Oleic acid 3.35a ± 0.05 8.94b ± 0.09
18:2 (n-6) Linoleic acid 6.62a ± 0.14 7.40b ± 0.11
18:3 a-Eleostearic acid 57.20a ± 0.50 63.43b ± 0.40
18:3 Catalpic acid 3.72a ± 0.44 2.92b ± 0.15
18:3 b-Eleostearic acid 19.90a ± 0.45 11.33b ± 0.21
20:0 Eicosanoic acid 1.17a ± 0.03 0.97b ± 0.03
20:1 (n-9) Eicosenoic acid 1.23a ± 0.17 0.51b ± 0.01
22:0 Docosanoic acid 0.28a ± 0.02 0.19b ± 0.01
Total SFA 8.05a ± 0.29 5.01b ± 0.10
Total UFA 91.95a ± 0.29 94.99b ± 0.10

Data are expressed as mean ± SD (n ¼ 3). Values in two sample groups marked by
the different letters are significantly different (P < 0.05).

a DJS and TJS represent diploid and tetraploid Jiaogulan seed oils, respectively;
SFA stands for saturated fatty acid; UFA stands for unsaturated fatty acid.
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and ash in Jiaogulan seeds are reported in Table 1. Digestible car-
bohydrate contents were not determined as they do not generally
provide health benefits. Diploid seeds contained more total protein
than tetraploid seeds, whereas tetraploid seeds showed a greater
oil content. Diploid seeds had a higher concentration of insoluble
fiber and soluble dietary fiber than tetraploid seeds. The insoluble
fiber contributed 96.1% and 97.9% of total fiber for diploid and
tetraploid seeds, respectively. Dietary fiber is a group of beneficial
polysaccharide with potential in decreasing the risk for type 2
diabetes, cardiovascular disease, and colon cancer (Kaczmarczyk,
Miller, & Freund, 2012).
3.2. Fatty acid profile

Palmitic (16:0), stearic (18:0), oleic (18:1, n-9), linoleic (18:2, n-
6), eicosanoic (20:0), eicosenoic (20:1, n-9) and docosanoic (22:0)
acids, along with three conjugated linolenic acids (CLNAs) were
detected in the seed oils (Table 2). Among them, eicosanoic, eico-
senoic, and docosanoic acids were found in diploid Jiaogulan seed
oils for the first time. Three CLNAs were tentatively identified as a-
eleostearic (c9, t11, t13-18:3), catalpic (t9, t11, c13-18:3) and b-
eleostearic (t9, t11, t13-18:3) acids, respectively, by comparing their
MS and retention index data with those in GC-MS database and a
previous literature (Jiang et al., 2013). This also is the first report of
the fatty acid composition for tetraploid Jiaogulan seeds and seed
oils.

Furthermore, tetraploid seed oils contained more a-eleostearic
acid than diploid seed oils, but had lower contents of catalpic and b-
eleostearic acids. In addition, tetraploid seed oils contained greater
levels of oleic acid and total unsaturated fatty acid (UFA), and a
lower content of total saturated fatty acid (SFA) than diploid seed
oils, indicating that tetraploid seed oils may be more health bene-
ficial than the diploid seed oils.
Fig. 1. Chemical structures of conjugated linolenic
The contents of a-eleostearic, catalpic and b-eleostearic acids in
diploid and tetraploid seeds were approximately 98.8 and
187.7 mg/g, 6.4 and 8.6 mg/g, and 34.4 and 33.5 mg/g, respectively,
on a dry weight basis. The three CLNAs were previously reported
in tung oil (Takagi & Itabashi, 1981) and bitter gourd seed oil
(Suzuki, Arato, Noguchi, Miyashita, & Tachikawa, 2001). Diploid
and tetraploid seed oils were high in total unsaturated fatty acids
with levels above 92.0%. The primary fatty acid in two Jiaogulan
seed oils was a-eleostearic acid, which was comparable to that in
tung oil (67.7%), bitter gourd seed oil (60.2e62.6%) and litchi seed
oil (56.2%), and greater than that in cherry Prunus sp (10.6%) and
pomegranate seed oils (3.2%) (Suzuki et al., 2001; Takagi &
Itabashi, 1981). a-Eleostearic, catalpic and b-eleostearic acids
(Fig. 1) are isomers of conjugated linolenic acid (CLNA), which
have been reported to possess several potential health benefits
including anti-carcinogenic, anti-inflammatory and antioxidant
effects (Yuan et al., 2014). The high level of CLNAs suggested the
potential of Jiaogulan seed oils to be a good dietary source of
nutraceutical fatty acids, and warrant additional research to
investigate their beneficial effects.

3.3. Triacylglycerol profile

Triacylglycerol (TAG) in the diploid and tetraploid Jiaogulan seed
oils were determined by UPLC/Q-TOF-MS analysis (Fig. 2). Putative
identification of each TAG was based on its accurate mass and the
corresponding diacylglycerol data (Table 3). In MS2 spectrum, TAG
tends to yield DAG fragment ions by removing a fatty acid on the
glycerol backbone. The fatty acid at sn-2 position is less favored to
be eliminated in comparisonwith that at sn-1/3 positions, resulting
in a lower intensity [DAG]þ (Zhou et al., 2014). According to the
relative abundance of characteristic [DAG]þ, nineteen TAGs were
tentatively identified in the Jiaogulan seed oils.

Most TAGs found in Jiaogulan seed oils had CLNAs at their sn-1
and sn-3 positions. Unfortunately, the CLNA isomers substituted on
the glycerol skeleton could not be determined only based on MS
data due to the lack of MS data difference among the three CLNA
isomers. The TAG profiles of the two seed oils were similar, but their
relative concentrations of a selected TAG were different (Fig. 2).
Jiaogulan seed oils differed in their fatty acid compositions to
common edible vegetable oils such as soybean, corn and canola oils.
Only two 18:3 unsaturated fatty acids, a-linolenic (c9, c12, c15-
18:3) and g-linolenic (c6, c9, c12-18:3) acids, were detected in
common vegetable oils. The major TAGs found in the oils of soy-
bean, linseed, walnut, blackcurrant, and redcurrant contained one
to three a- or g-linolenic acids (Lísa & Hol�capek, 2008). Previous
studies showed that several vegetable seeds rich in conjugated
18:3, such as bitter melon, pomegranate and Trichosanthes kirilowii
seeds. These seeds or their oils possess several beneficial effects
(Yuan, Yuan, & Li, 2009). These data suggested that Jiaogulan seeds
and their oils may have potential applications in functional food
and nutraceutical products.
α-eleostearic acid

catalpic acid

β-eleostearic acid

acids (CLNAs) detected in Jiaogulan seed oils.
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Fig. 2. The UPLC/Q-TOF-MS BPI chromatograms of triacyglycerols (TAGs) in diploid (A) and tetraploid (B) Jiaogulan seed oils.
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3.4. Phytosterol content analysis

Stigmasterol, b-sitosterol, and 5, 24-stigmastadienol were
identified in diploid and tetraploid Jiaogulan seed oils (Table 4).
There was no significant difference between the two seed oils in
their phytosterol contents. b-Sitosterol was the predominant
phytosterol in seed oils, which is the most common plant sterol in
many edible seeds. The b-sitosterol content of Jiaogulan seed oils
was greater than that of coconut (45 mg/100 g), walnut (166 mg/
100 g), sunflower (206 mg/100 g) and linseed oils (206 mg/100 g),
whereas it was less than that of sesame (310 mg/100 g) and corn
oils (515 mg/100 g) (Schwartz, Ollilainen, Piironen, & Lampi, 2008).
Table 3
Putative identification of TAGs in Jiaogulan seed oilsa.

No. RT
(min)b

Structure Mass
([MþNa]þ)

Calc. Mass Difference
(ppm)

For

1 8.21/8.41 18:3/18:3/18:3 895.6786 895.6792 �0.70 C57
2 8.80/8.97 18:3/18:3/18:3 895.6785 895.6792 �0.80 C57
3 9.95/10.23 18:3/18:2/18:3 897.6946 897.6948 �0.20 C57
4 10.27/10.44 18:3/18:2/18:3 897.6938 897.6948 �1.10 C57
5 10.27/10.64 18:3/18:2/18:3 897.6944 897.6948 �0.40 C57
6 12.39/12.73 18:2/18:2/18:3 899.7100 899.7105 �0.60 C57
7 13.26/13.50 18:3/18:1/18:3 899.7103 899.7105 �0.20 C57
8 13.26/13.74 18:3/18:1/18:3 899.7100 899.7105 �0.60 C57
9 13.64/13.99 18:3/16:0/18:3 873.6951 873.6948 0.30 C55
10 14.89/15.27 18:2/18:2/18:2 901.7269 901.7261 0.90 C57
11 15.87/16.29 18:3/18:2/18:1 901.7272 901.7261 1.20 C57

12 16.36/16.77 18:3/18:2/16:0 875.7114 875.7105 1.00 C55

13 16.60/17.02 18:3/20:1/18:3 927.7421 927.7418 0.30 C59
14 17.33/17.85 18:3/18:0/18:3 901.7266 901.7261 0.60 C57
15 19.39/19.87 18:2/18:2/16:0 877.7267 877.7261 0.70 C55
16 19.98/20.46 18:1/18:3/18:1 903.7421 903.7418 0.30 C57
17 20.43/20.88 18:3/18:2/18:0 903.7426 903.7418 0.90 C57

18 21.48/21.75 18:3/20:0/18:3 929.7570 929.7574 �0.40 C59
19 22.83/22.89 18:3/22:0/18:3 957.7904 957.7887 1.80 C61
a TAGs stands for triacylglycerols; RT represents retention time; MW is molecular wei

which is defined as ECN ¼ CN (carbon number)-2DB; DB represents the numbers of dou
b Represent retention times for each TAG from diploid/tetraploid Jiaogulan seed oils, r
Phytosterols are cholesterol-like components rich in vegetable oils
that might reduce serum low-density lipoprotein (LDL) cholesterol
level and potentially reduce the incidence of cardiovascular dis-
eases (Ostlund, 2002). The results from this study suggested that
Jiaogulan seeds might be a potential dietary source of plant
phytosterols.

3.5. Tocopherol composition

In the present study, a-tocopherol (T) and g-T were found in the
Jiaogulan seed oils, but d-T was not detected (Table 4). In two ge-
notypes of Jiaogulan seed oils, the g-T content was greater than a-T.
mula MW [DAG]þ fragment ions
([M-RCOO þ Na]þ)

ECN DB

H92O6 872 [18:3/18:3]þ: 617.4545 36 9
H92O6 872 [18:3/18:3]þ: 617.4544 36 9
H94O6 874 [18:2/18:3]þ: 619.4697, [18:3/18:3]þ: 617.4543 38 8
H94O6 874 [18:2/18:3]þ: 619.4695, [18:3/18:3]þ: 617.4546 38 8
H94O6 874 [18:2/18:3]þ: 619.4701, [18:3/18:3]þ: 617.4550 38 8
H96O6 876 [18:2/18:2]þ: 621.4846, [18:2/18:3]þ: 619.4700 40 7
H96O6 876 [18:1/18:3]þ: 621.4856, [18:3/18:3]þ: 617.4545 40 7
H96O6 876 [18:1/18:3]þ: 621.4857, [18:3/18:3]þ: 617.4551 40 7
H94O6 850 [18:3/18:3]þ: 617.4550, [16:0/18:3]þ: 595.4707 40 6
H98O6 878 [18:2/18:2]þ: 621.4867 42 6
H98O6 878 [18:1/18:2]þ: 623.5017, [18:1/18:3]þ: 621.4860,

[18:2/18:3]þ: 619.4710
42 6

H96O6 852 [18:2/18:3]þ: 619.4709, [18:2/16:0]þ: 597.4868,
[18:3/16:0]þ: 595.4714

42 5

H100O6 904 [20:1/18:3]þ: 649.5178, [18:3/18:3]þ: 617.4557 42 7
H98O6 878 [18:0/18:3]þ: 623.5020, [18:3/18:3]þ: 617.4555 42 6
H98O6 854 [18:2/18:2]þ: 621.4864, [18:2/16:0]þ: 597.4866 44 4
H100O6 880 [18:1/18:1]þ: 625.5175, [18:1/18:3]þ: 621.4863 44 5
H100O6 880 [18:0/18:2]þ: 625.5173, [18:0/18:3]þ: 623.5018,

[18:2/18:3]þ: 619.4706
44 5

H102O6 906 [20:0/18:3]þ: 651.5328, [18:3/18:3]þ: 617.4547 46 5
H106O6 934 [22:0/18:3]þ: 679.5652, [18:3/18:3]þ: 617.4553 48 5

ght; DAG stands for diacylglycerol; ECN represents for equivalent carbon numbers,
ble bonds.
espectively.



Table 4
Phytosterol and tocopherol contents of Jiaogulan seeds (mmol/kg seeds on a dry weight basis) and their oils (mmol/kg oil)a.

DJS TJS DJS oil TJS oil

Stigmasterol 93.7a ± 8.3 141.8b ± 1.0 510.6a ± 45.2 450.0a ± 3.1
b-Sitosterol 992.6a ± 50.0 1777.6b ± 49.6 5410.0a ± 272.7 5639.7a ± 157.3
5, 24-Stigmastadienol 205.7a ± 23.7 396.6b ± 28.6 1120.9a ± 129.2 1258.4a ± 90.8
Total phytosterol 1292.0a ± 78.7 2316.0b ± 73.7 7041.4a ± 429.1 7348.0a ± 233.8
a-Tocopherol 0.7a ± 0.0 12.9b ± 0.4 4.0a ± 0.2 41.0b ± 1.3
g-Tocopherol 2.1a ± 0.2 35.2b ± 2.7 11.3a ± 0.8 111.6b ± 8.7
d-Tocopherol ND ND ND ND
Total tocopherol 2.8a ± 0.2 48.1b ± 2.9 15.2a ± 0.9 152.5b ± 9.2

Data are expressed as mean ± SD (n ¼ 3). Values in two sample groups marked by the different letters are significantly different (P < 0.05).
a DJS and TJS represent diploid and tetraploid Jiaogulan seeds, respectively; ND: not detected.

Table 5
Amino acid composition of Jiaogulan seeds (mmol/g seeds on a dry weight basis)a.

DJS TJS

Histidine 26.88a ± 1.19 22.76b ± 0.19
Serine 62.42a ± 3.11 56.40a ± 2.35
Arginine 87.31a ± 3.87 63.89b ± 3.79
Glycine 152.91a ± 0.61 133.51b ± 4.90
Aspartate 105.48a ± 2.47 90.29b ± 2.92
Glutamate 164.58a ± 5.61 126.17b ± 5.61
Threonine 37.52a ± 2.29 34.49a ± 1.20
Alanine 63.46a ± 4.04 53.97b ± 1.93
Proline 48.33a ± 1.87 41.09b ± 1.74
Cysteine 10.38a ± 0.67 3.95b ± 0.36
Lysine 301.10a ± 16.15 267.82a ± 15.66
Tyrosine 95.88a ± 5.59 88.93a ± 1.59
Methionine 32.25a ± 1.14 29.67b ± 1.01
Valine 65.03a ± 3.43 54.67b ± 2.25
Isoleucine 47.16a ± 2.77 39.19b ± 1.45
Leucine 80.28a ± 3.44 68.82b ± 1.84
Phenylalanine 52.99a ± 1.08 46.82b ± 0.93
Essential amino acids (EAA) 616.33a ± 3.93 541.48b ± 22.63
Total amino acids (TAA) 1433.96a ± 18.84 1222.44b ± 43.44
EAA/TAA (%) 42.99a ± 0.78 44.29a ± 0.42

Data are expressed as mean ± SD (n ¼ 3). Values in two sample groups marked by
the different letters are significantly different (P < 0.05).

a DJS and TJS represent diploid and tetraploid Jiaogulan seeds, respectively.
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The concentrations of a- and g-T in tetraploid seed oil were about
10 times higher than those in diploid seed oil, respectively. The a-
and g-T contents in tetraploid Jiaogulan seed oil were lower than
those in walnut (a-T, 66 mg/kg; g-T, 390 mg/kg), sesame (a-T,
79 mg/kg; g-T, 360 mg/kg), bitter melon seed (a-T, 440 mg/kg; g-T,
539mg/kg), and pumpkin seed oils (a-T,152mg/kg; g-T, 613mg/kg)
(Nyam, Tan, Lai, Long, & Man, 2009; Schwartz et al., 2008).

3.6. Amino acids

Diploid and tetraploid Jiaogulan seeds differed in their amino
acid contents (Table 5). Lysine was the primary amino acid in
Jiaogulan seeds regardless of genotype, followed by glutamate and
Table 6
Total phenolic content (TPC), total flavonoid content (TFC), radical scavenging and ferric

TPCb TFCc Radical scaveng

RDSC

DJS 0.57a ± 0.01 5.13a ± 0.25 0.57a ± 0.02
TJS 1.23b ± 0.03 5.59a ± 0.15 3.31b ± 0.21

Data are expressed as mean ± SD (n ¼ 3). Values in two sample groups marked by the d
a DJS and TJS represent diploid and tetraploid Jiaogulan seeds, respectively.
b TPC value stands for mg gallic acid equivalents per g seeds on a dry weight basis.
c TFC value stands for mg rutin equivalents per g seeds on a dry weight basis.
d Radical scavenging and ferric reducing activities stand for mmol trolox equivalents p

capacity; FRAP represents Ferric Reducing Ability, HOSC represents Hydroxyl Radical Sc
glycine. Lysine is an essential amino acid and often a limiting amino
acid in grains. The ratio of essential amino acids to total amino acids
(E/T) for the two seeds was comparable to that of watermelon seed
(Wani, Sogi, Singh, & Shivhare, 2011), and was greater than that of
several common edible nuts such as: almond, hazelnut, walnut, and
pecan et al. (Venkatachalam & Sathe, 2006). These data suggested
that Jiaogulan seeds may serve as a potential dietary lysine source.

3.7. Total phenolic and flavonoid contents

As shown in Table 6, tetraploid seeds contained more TPC and
TFC than diploid seeds, suggesting that the genotype may alter TPC
and TFC in the seeds. The TPC value from this studywas comparable
to that in 80% methanol extract of T. kirilowii seeds (2.13 mg GAE/g)
(Li, Wong, Cheng,& Chen, 2008), andwas slightly lower than that in
methanol extract of bitter melon seeds (4.67e8.02 mg GAE/g)
(Horax, Hettiarachchy, & Islam, 2005). Taken together, these data
suggested that Jiaogulan seeds might potentially serve as natural
sources for dietary phenolics.

3.8. Potential anti-inflammatory activities

The ethanol extracts of diploid and tetraploid seeds showed
significant inhibition on the expressions of IL-1b and COX-2 mRNAs
at 10 mg/mL treatment concentration, whereas had no effect on
TNF-amRNA expression (Fig. 3). Furthermore, the two seeds had no
difference in suppressing IL-1b and COX-2 mRNAs expression. This
is the first report of the potential anti-inflammatory activities for
Jiaogulan seeds. Further study was needed to clarify the anti-
inflammatory components in Jiaogulan seeds.

3.9. Radical scavenging and ferric reducing activities

Four antioxidant assays with differentmechanismswere used to
evaluate the antioxidant capacity of Jiaogulan seeds. Tetraploid
seeds showed stronger radical scavenging activities than diploid
seeds in all tested assays (Table 6), which may be ascribable to their
reducing activities of Jiaogulan seeds.a.

ing and ferric reducing activitiesd

FRAP HOSC ORAC

2.32a ± 0.03 70.57a ± 4.40 21.26a ± 0.75
6.74b ± 0.34 257.67b ± 9.05 46.36b ± 8.14

ifferent letters are significantly different (P < 0.05).

er g seeds on a dry weight basis. RDSC Relative represents DPPH radical scavenging
avenging Capacity, ORAC represents Oxygen Radical Absorbing Capacity.



Fig. 3. Effects of diploid and tetraploid Jiaogulan seed extracts (10 mg/mL) on the
expression of IL-1b (A), COX-2 (B) and TNF-a (C) mRNAs in the LPS-stimulated mouse
RAW 264.7 macrophage cells. DJS and TJS represent diploid and tetraploid Jiaogulan
seed extracts, respectively. The vertical bars represent the standard deviations (n ¼ 3),
and different letters represent significant differences (P < 0.05).
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different TPC and TFC. The ORAC values of the two seeds were
comparable to the 50% acetone extracts of tobacco seeds
(44e74 mmol TE/g) (Xie et al., 2011a), pumpkin seeds (37.6 mmol TE/
g) and cardamom seeds (35.3 mmol TE/g) (Parry, Cheng, Moore, &
Yu, 2008). Together, Jiaogulan seeds may be used as potential di-
etary antioxidant agents in functional foods or supplemental
products for improving human health.

4. Conclusions

Jiaogulan seeds are rich in conjugated linolenic acids, phytos-
terol, tocopherol, essential amino acids and natural antioxidants.
Jiaogulan seeds also contain nutraceuticals capable of suppressing
the expression of IL-1b and COX-2 mRNAs in LPS-induced RAW
264.7 macrophage cells. Two genotypes of Jiaogulan seeds differed
in their health components and properties. The results from this
study suggest the potential application of Jiaogulan seeds and their
components in developing nutraceutical and functional food
products.
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a b s t r a c t

The aim was to compare the effect of intact or hydrolysed whey protein in spray-dried lactose/protein
powders on water diffusion properties and microstructure. Dispersions of protein/lactose (0.21:1) con-
taining either intact or hydrolysed whey protein were spray-dried at pilot scale, and physical properties
were determined. Lactose/hydrolysed whey protein powders had significantly increased (P < 0.05)
particle density, resulting in lower bulk density and occluded air, and higher interstitial air. Moisture
sorption analysis at 25 �C showed that dispersions containing intact whey protein exhibited lactose
crystallisation at a lower relative humidity (RH) compared to the dispersions containing hydrolysed
whey protein. Hydrolysed whey protein dispersions had a lower monolayer moisture value (mm) than
intact whey protein dispersions, as calculated using the GuggenheimeAndersonede Boer (GAB) equa-
tion. Water diffusivity, determined at 25 �C from water sorption kinetics and the application of a
mathematical model based on Fick's 2nd law, was significantly different (P < 0.05) with respect to the
presence of intact or hydrolysed whey protein over the RH range examined (0e60% RH), except at 40%
RH. The presence of hydrolysed whey protein resulted in a significantly higher (P < 0.05) water diffusivity
in powders, with potential implications for hygroscopicity, caking, stickiness and flowability in humid
environments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbohydrates and proteins are major non-fat solid components
in food products, and their interaction with water and with each
other influence their physical properties (Haque & Roos, 2005;
Roos, 2002). These macronutrients are commonly derived from
dairy sources. The proteins can be intact or hydrolysed, with the
latter being composed of peptides produced from hydrolysis of
intact proteins, giving lower average molecular mass and less sec-
ondary structure than intact proteins (Flanagan & FitzGerald,
2002). Hydrolysed proteins have reduced immunological reac-
tivity and are commonly used in infant formulae for hypoallergenic
infants and in the nutritional management of individuals who
cannot digest whole or intact protein (Hochwallner et al., 2015).
Peptides generated by hydrolysis are readily absorbed, and are
therefore an attractive source of nitrogen in sports nutrition. Hy-
drolysis of proteins alters functional characteristics such as
'Callaghan).
solubility, emulsification and foaming properties in food products.
Lactose, a low molecular weight carbohydrate in milk,

commonly exists in the amorphous state in a number of low-
moisture foods, i.e., dairy powders. The state of lactose in dairy
powders may change during storage to a glassy or crystalline state,
depending on composition and storage conditions, e.g., relative
humidity, temperature and duration of storage (Jouppila, Kansikas
& Roos, 1997; Kelly et al., 2015; McCarthy et al., 2012).

Water transfer in porous food products is complex, with
different mechanisms occurring; vapour diffusion in air-filled pores
as a result of vapour pressure gradients andmovement of liquid due
to capillary action (Gekas, 1992). The relative impact of these
mechanisms to overall water diffusivity is difficult to determine,
and therefore apparent water diffusivity is obtained using Fick's
second law.Water diffusion of flour has been studied using sorption
isotherms (Lomauro, Bakshi & Labuza, 1985), with limited studies
on water diffusion within dairy powders. Murrieta-Pazos et al.
(2011) examined water transfer in skimmed milk powder (SMP)
andwholemilk powder (WMP), and showed thatWMP had a lower
diffusion coefficient than SMP, suggesting that the presence of fat

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:donal.ocallaghan@teagasc.ie
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2015.11.056&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2015.11.056
http://dx.doi.org/10.1016/j.lwt.2015.11.056
http://dx.doi.org/10.1016/j.lwt.2015.11.056


G.M. Kelly et al. / LWT - Food Science and Technology 68 (2016) 119e126120
retards the diffusion of moisture. Diffusion of water is affected by
the physical structure of the food material (Murrieta-Pazos, Galet,
Gaiani & Scher, 2014); an increase in moisture gives rise to a
change in porosity, which can lead to collapse of the food structure.

Powders with higher protein:lactose ratios are less susceptible
to sticking (Kelly et al., 2015). Hydrolysed protein powders also tend
to have higher hygroscopicity and thermoplasticity compared with
powders containing intact proteins.

The aim of this work was to compare the effect of inclusion of
intact versus hydrolysed whey protein in spray-dried lactose/pro-
tein dairy dispersions on water diffusion properties and the effects
of storage under different RH levels on microstructure.

2. Materials and methods

2.1. Materials

Intact whey protein concentrate powder (80 g protein/100 g
powder) and hydrolysed whey protein concentrate powder (80 g
protein/100 g powder) with a degree of hydrolysis (DH) value of 12
were obtained from Carbery Ingredients Ltd. (Ballineen, Co. Cork,
Ireland). According to the supplier, the hydrolysed whey protein
had an average molecular weight of 5.84 kDa, with more than
70% > 5 kDa. Edible-grade a-lactose monohydrate was obtained
from Glanbia Ingredients (Ballyraggett, Co. Kilkenny, Ireland), and
SMP was purchased from Dairygold Food Ingredients (Mitchels-
town, Co. Cork, Ireland).

2.2. Preparation of spray-dried powders and experimental design

The experiment was carried out in triplicate, where the trials for
each replicate were carried out in random order using Design
Expert Version 7.1.6 (Stat-Ease, USA). The dispersion (20% total
solids) consisted of 3.34 g protein/100 g (whey protein: casein,
60:40; either intact or hydrolysed whey protein), and 16.04 g
lactose/100 g. Batches (15 kg) were prepared as follows; lactose
powder was dissolved in water at ~70 �C, using a Silverson L4RT
(Silverson Machines Ltd., Waterside, Chesham, Bucks, England)
mixer to aid reconstitution. SMP was then added slowly, followed
by the whey protein. The batches were tempered to 60 �C and
adjusted to pH 6.9 by adding 4 mol/L KOH and maintained under
high shear for 30 min to ensure complete hydration of the whey
protein. The blendwas agitated prior to heat treatment at 100 �C for
30 s using a pilot scale tubular heat exchanger (Microthermics
Model 25HV; North Carolina, USA). The product was then spray-
dried in a pilot-scale Anhydro Spray dryer (Model Plant No. 3
type I KA, Copenhagen, Denmark), equipped with a two-fluid
nozzle atomisation system (Type 1/8 JAC 316ss) and counter-
current drying. Dryer inlet temperature was maintained constant
at 185 �C and outlet temperature was maintained at 80 �C. Powders
were labelled IF and HF, for powders containing intact and hydro-
lysed whey protein, respectively. Samples of powder were stored at
10 �C in sealed foil bags until analysis was completed.

2.3. Viscosity

Viscosity for each formulation post heat-treatment was
measured at 55 �C and reconstituted product at 12.5 g/100 g was
measured at 20 �C using the method described by Kelly, O'Mahony,
Kelly and O'Callaghan (2014). The apparent viscosity measured at
500 s�1 was used for comparison of formulations.

2.4. Powder characterisation

Water content of powders was determined using a halogen
rapid moisture analyser (HR-83 Halogen, Mettler Toledo,
Switzerland). The samples were dried at a temperature of 105 �C
until a constant weight was attained (<1 mg change over 140 s,
equivalent to ±0.025%). Water activity (aw) was measured with a
Novasina LabMaster aw water activity meter (Novatron Scientific
Ltd., West Sussex, UK). Protein (N x 6.38) was determined by
macro-Kjeldahl (IDF 2001). Ash content was determined after
overnight incineration at 550 �C. Lactose content was estimated by
difference in weight. Bulk density and particle density (rp) were
measured as described by GEA Niro methods (GEA Niro, 2006, b),
respectively. The volume of interstitial air (Via) and occluded air
(Voa) were determined as per GEA Niro (2006).
2.5. Powder particle size distribution

Powder particle size was determined by laser light scattering
using a Malvern Mastersizer 3000 with the Aero S unit (Malvern
Instruments Ltd., Malvern, Worcestershire, UK). Powder sample
was added to the standard venturi disperser with a hopper gap of
4 mm and then fed into the dispersion system. Compressed air at
50 000 Pa was used to transport and suspend the powder particles
through the optical cell, with a measurement duration of 10 s.
Background measurements were made using air for 20 s.
2.6. Water sorption isotherms

Sorption isotherms were determined gravimetrically as
described by Kelly et al. (2015) using a dynamic vapour sorption
(DVS) technique (DVS Advantage 1, Surface Measurement Systems
Ltd., London, UK). Dried samples (~30 mg) were loaded into the
sample pan and humidified from 0 to 90% RH in 10% RH increments.
Equilibrium was considered to be reached when change in mass
with time (dm/dt) was <0.001 mg/min for at least 10 min for each
step. DVS Data Analysis Suite, which runs with a Microsoft Excel
add-on (Microsoft Office Excel, 2003), was used to graph and
analyse data.

The GuggenheimeAnderson de Boer (GAB) equation (Van den
Berg, 1984) was used to model water sorption isotherms and to
determine the critical water content and water activity (aw).

m
mm

¼ CKaw
ð1� KawÞð1þ KawðC � 1ÞÞ (1)

where m is the moisture content (g/100 g dry solids), mm is the
monolayer value (g/100 g), aw is water activity, and C and K are
constants, K having units inverse to aw and C being dimensionless.

Bizot (1983) showed that this equation could be converted to a
second-order polynomial giving a quadratic equation (Eq. (2)):

aw
m

¼ aaw2 þ baw þ g (2)

Values for the parameters, a, b, g were determined by quadratic
regression analysis of aw=m as a function of aw using DVS data, e.g.,
over a range of aw, from 0 to 0.4. The solution to equations (1) and
(2) give the values for mm, K and C as;

mm ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ag

q (3)

K ¼
b�

�
1
mm

�
�2g

(4)



G.M. Kelly et al. / LWT - Food Science and Technology 68 (2016) 119e126 121
C ¼ 1
mmKg

(5)
2.7. Initial rate of water sorption

Change in sample mass as a function of time during hydration,
i.e., during each discrete increment of RH, was recorded by the DVS
microbalance andmodelled using an exponential function (Roman-
Gutierrez, Mabille, Guilbert & Cuq, 2003):

qðtÞ ¼ Q
�
1� exp

�
� t

B

��
(6)

where q(t) is the change in sample mass (g of water/100 g of dry
matter) as a function of time; t is the time (min); Q is the equilib-
rium water adsorption capacity (g of water/100 g of dry matter);
and B is a time constant for equilibration of water adsorption.
Model parameters Q and B of Eq. (6) were determined by nonlinear
least squares optimisation, i.e., by minimizing the sum of squares
error (SSE) between the experimental and the predicted moisture
content (q(t)) values, using the Solver add-on in Microsoft Excel
(2010). The standard error of estimate (SEy) was calculated from
SSE (Eq. (7))

SEy ¼
ffiffiffiffiffiffiffiffi
SSE
n

r
(7)

The initial rate of water vapour adsorption, R0, was calculated
from the values of Q and B (Eq. (8)):

R0 ¼ Q
B

(8)

where R0 has units: g of water/100 g of dry matter/min.
Table 1
Viscosity of dispersions post heat treatment and upon reconstitution.

Viscosity (mPa s)a

Post heat treatment Reconstituted

IF 3.13 ± 0.04a 3.71 ± 0.08a

HF 3.23 ± 0.12a 3.60 ± 0.01b

(aeb) Values within a column not sharing a common lower-case letter differ signif-
icantly (P < 0.05).

a Results are shown as means ± standard deviation (n ¼ 3). Viscosity was
measured at 20% total solids/55 �C at post heat treatment and 12.5% total solids/
20 �C upon reconstitution.
2.8. Water diffusion coefficient by Fick's law

Diffusion coefficient of water vapour through particles is
defined from Fick's first law (Roman-Gutierrez et al., 2003), with
Fick's second law being used to model water diffusion coefficient
for spherical particles (Roman-Gutierrez et al., 2003). Calculation of
apparent water diffusion coefficient, D, for dairy powders requires
consideration of the size distribution of particle diameters. The
total water gain at any time t in powders formed by spherical
particles with a range of diameters is then defined by the sum of the
individual contributions of each class of particle diameters.
Spherical powder particles with a dispersed diameter can be
expressed in the following equation which assumed conditions
proposed by Roman-Gutierrez et al. (2003):

Mt ¼
�
Mi � Meq

�� 6
p2

X
i

wðaiÞ
X∞
n¼1

1
n2

exp

 
�D$ n2$ p2$ t

a2i

!

þ Me

(9)

where Mt is the water content (kg of water/kg dm) at time t (min),
Mi andMeq is thewater content (kg of water/kg dm) at initial (t¼ 0)
and equilibrium (t¼∞), ai is the radius (m) of the spherical particle
i; w(ai) is the weight fraction of particles that are characterised by
the radius; n is the calculation increment. D was calculated by
minimizing the sum of squares error (SSE) between the experi-
mental and the predicted data values using the Solver add-on in
Microsoft Excel (2010).

2.9. Scanning electron microscopy (SEM)

Powders were stored for 2 weeks at room temperature at 0% and
54.4% RH, respectively, prior to SEM observation. Samples were
imaged using a field emission scanning electron microscope (FE-
SEM; Zeiss Supra Gemini, Darmstadt, Germany) at 2 kV beam en-
ergy. For analysis, samples were mounted on double-sided carbon
tape, attached to scanning electron microscope (SEM) stubs, and
sputter-coated with chromium (Emitech K550X, Ashford, UK).
Representative micrographs were taken at 1000� and 5000�
magnification in order to visualize surface morphology.

3. Results

3.1. Viscosity and powder properties

In comparing apparent viscosity of formulations post heat
treatment, no significant difference (P > 0.05) was observed be-
tween mixes (Table 1). However, on reconstitution, IF had a
significantly higher (P < 0.05) viscosity compared to HF. Hogan and
O'Callaghan (2013) demonstrated a decrease in viscosity as degree
of hydrolysis of whey protein increased. Spray-dried dispersions
containing the different types of protein were similar in their
contents of protein, fat, lactose and moisture (Table 2). The mineral
content of HF powder was significantly higher (P < 0.05) compared
to IF powder, possibly due to addition of alkali to neutralize
hydrolysis-induced reduction in pH during manufacture of hydro-
lysed whey protein ingredient (S�everin & Wen-shui, 2006). Hogan
and O'Callaghan (2013) also reported an observed increase in
mineral composition in powders that were produced using exten-
sively hydrolysed whey protein.

There were no significant (P > 0.05) differences in powder
particle size [D4,3], which may be due to similar viscosity pre
spray-drying (Table 3). Crowley, Gazi, Kelly, Huppertz and
O'Mahony (2014) reported that as feed viscosity (milk protein
concentrate) increased there was a concomitant increase in powder
particle size. Although the fraction of fine particles, D(v, 0.1), was
not significantly different, HF showed a bimodal size distribution
(Fig. 1). IF had a significantly lower (P < 0.05) particle density (rp)
than HF powder, due to the higher volume of occluded air (Voa) in IF
powders (Table 3); lower (P < 0.05) tapped bulk density values for
HF compared to IF powder were also due to higher volume of
interstitial air (Via). Occluded air is affected by formulation and
concentrates with high foamability allow incorporation of air
before drying, resulting in high occluded air (Keogh et al., 2001;
S�anchez & Patino, 2005), while the addition of oil reduces foam-
ing of concentrates. Jambrak, Mason, Lelas, Herceg and Herceg
(2008) examined the foamability of hydrolysed and intact whey
protein and concluded that hydrolysed whey protein had increased
foaming properties in comparison to intact whey protein.



Table 2
Composition of protein/lactose dispersions containing intact or hydrolysed whey
protein.

Protein Fat Lactose Ash Moisture aw

g/100 g

HF 16.4 ± 0.02a 0.80 ± 0.0a 78.1 ± 0.1a 3.6 ± 0.03b 2.5 ± 0.1a 0.19 ± 0.01b

IF 16.3 ± 0.05a 0.83 ± 0.0a 78.3 ± 0.2a 2.6 ± 0.05a 2.4 ± 0.27a 0.14 ± 0.00a

Results are shown as means ± standard deviation (n ¼ 3).
(aeb) Values within a column not sharing a common lower-case letter differ signif-
icantly (P < 0.05).

Table 3
Powder particle size, density and pycnometer parameters of protein/lactose dispersions

D(v0.1) D(v0.5) D(v0.9) D4,3

mm

IF 10.8 ± 2.86a 40.8 ± 13.3a 96.8 ± 21.8a 48.8 ± 13.7a

HF 8.17 ± 1.26a 46.2 ± 12.5a 146 ± 34.9a 64.3 ± 15.0a

Results are shown as means ± standard deviation (n ¼ 3).
(aeb) Values within a column not sharing a common lower-case letter differ significantly

Fig. 1. Particle size distributions of powders, containing

Fig. 2. Moisture sorption isotherms for dispersions containing intact ( ) and hydrolysed (
shows the GAB equation fitted to sorption isotherms.
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3.2. Sorption isotherms

Sorption isotherms (0e90% RH) of dispersions, containing intact
and hydrolysed whey protein are shown in Fig. 2. Moisture sorption
isotherms could be classified as a type II isotherm according to
Brunauer classification (Brunauer, Deming, Deming & Teller, 1940).
Isotherms displayed three distinct regions, namely 0e30% RH,
30e40% RH and >40% RH (Fig. 2).

In the first distinct region, moisture sorption occurred at a rate
of 1.21 and 1.14 g/100 g per 10% increase in RH for IF and HF,
containing intact or hydrolysed whey protein.

rp rtapped Voa Via

g/cm3

1.01 ± 0.11b 0.28 ± 0.01a 30.1 ± 0.11a 251 ± 8.49b

1.35 ± 0.00a 0.21 ± 0.02b 6.07 ± 0.18b 407 ± 37.1a

(P < 0.05).

intact ( ) and hydrolysed ( ) whey protein.

) whey protein. Powder moisture is expressed on a solids-non-fat (SNF) basis. Inset



Table 4
Guggenheim Anderson de Boer (GAB) isotherm constants a, b, g, C, K, andmonolayer
value (mm) of protein/lactose dispersions containing intact or hydrolysed whey
protein.

a b g K C mm R2

IF �0.49 0.09 0.10 1.80 2.46 2.19 0.98
HF �0.84 0.23 0.10 1.97 3.66 1.61 0.97

Table 5
Dynamic water vapour sorption properties of dairy powder dispersions containing intact and hydrolysed whey protein exposed to RH increments of 10% (over 0% RH and
increasing to 60% RH).

RH IF HF IF HF IF HF IF HF IF HF

B (min) Q (g/100 g of dry matter) R0 (g/100 g/min) SEy (g/100 g) R2

10 9.66 ± 2.66b 6.78 ± 0.41d 0.91 ± 0.04c 1.04 ± 0.12d 0.10 ± 0.02A 0.15 ± 0.03A 0.016 0.012 0.998 0.999
20 18.1 ± 4.03b 11.7 ± 1.13cd 1.01 ± 0.15c 0.92 ± 0.01d 0.06 ± 0.00B 0.08 ± 0.01A 0.012 0.016 0.988 0.998
30 39.9 ± 4.58a 27.1 ± 4.68b 1.81 ± 0.24b 1.58 ± 0.20c 0.05 ± 0.00B 0.06 ± 0.00A 0.021 0.025 0.999 0.998
40 45.5 ± 11.7a 50.3 ± 11.6a 3.71 ± 0.37a 4.05 ± 0.15a 0.08 ± 0.01A 0.08 ± 0.02A 0.069 0.088 0.997 0.997
50 17.7 ± 3.23b 16.2 ± 0.19bcd 3.44 ± 0.09a 3.34 ± 0.03b 0.20 ± 0.04A 0.21 ± 0.00A 0.024 0.032 1.000 1.000
60 e 20.9 ± 1.34b e 4.21 ± 0.11a e 0.20 ± 0.02 e 0.048 e 0.999

SEy and R2 refers to standard error of estimate and coefficient of determination, respectively, in fitting Eq. (6) to DVS data.
(aed) Values within a column not sharing a common lower-case letter differ significantly (P < 0.05).
(A�B) Values within a row not sharing a common lower-case letter differ significantly (P < 0.05).

Fig. 3. Influence of initial relative humidity conditions on water vapour adsorption
rates at 25 �C for dispersion powders containing intact ( ) and hydrolysed ( )
whey protein exposed to RH increments of 10%.

Fig. 4. Influence of initial relative humidity conditions on the apparent water diffusion
coefficient at 25 �C for dispersion powders containing intact ( ) and hydrolysed
( ) whey protein exposed to a RH increments of 10%.
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respectively, without glass transition. The literature suggests that
this occurs without change in structure and is mostly due to surface
adsorption (Burnett, Thielmann, Sokoloski & Brum, 2006; Maher,
Auty, Roos, Zychowski & Fenelon, 2015). This was not expected,
as the literature shows that as DH% increases, there is also a
concomitant increase in moisture sorption in the lower RH range,
due to there being more available binding sites associated with
lower molecular mass fractions (Hogan & O'Callaghan, 2013;
Mounsey, Hogan, Murray & O'Callaghan, 2012).

In the next region (30e40% RH), there was a rapid increase in
the rate of moisture sorption, 2.96 and 3.40 g/100 g, for IF and HF,
respectively, indicative of water migrating into the bulk of the
powder as it approaches a glass transition region, prior to
crystallisation.

As the humidity rapidly increased to >40% RH, the sample mass
increased dramatically due to water sorption. After a further period
of time, the sample mass decreased at a particular RH, referred to as
crystallisation relative humidity (RHc). This characteristic mass loss
feature is associated with the crystallisation of amorphous lactose,
where crystallisation of lactose is evidenced by a decrease in
moisture, or discontinuity in the isotherm, due to the release of
moisture previously bound by amorphous lactose (Burnett,
Thielmann & Booth, 2004; Kelly et al., 2014); this was apparent
for both powders, with RHc of IF and HF powder occurring at 50%
and 60% RH, respectively (Fig. 2). The amount of moisture sorbed by
powders prior to lactose crystallisation was higher for HF powder.
Crystallisation of lactose was significantly delayed with respect to
RH in the HF powder.

When powder equilibration was examined with respect to time
over successive increments of RH, HF had a significantly shorter
equilibration cycle compared to IF (data not shown), crystallisation
occurred earlier for HF (480 min) than IF (1373 min) corresponding
to moisture contents of 14.5 and 9.77 g/100 g, respectively. Thus, it
appears that hydrolysed whey proteins absorb water more quickly,
reaching glass transitionmore quickly, but because crystallisation is
a process that takes place over a period of time, the crystallisation
phenomenon is observed at a higher water content than for intact
proteins.

A reduction in mass of sorbed water from ~9.77 to ~4.82 g/100 g
and 14.5 to 7.26 g/100 g due to crystallisation of amorphous lactose
was observed for IF and HF, respectively (Fig. 2). Post crystallisation,
the uptake in water increased to ~12.4 and ~18.4 g/100 g at 90% RH
for IF and HF. Maximumwater sorption occurred more slowly for IF
than for HF (~1843 min and ~772min); this significant difference in
equilibration time may be explained by the increase in hydrophilic
charged peptides and amino acids due to hydrolysis, leading to
rapid sorption of water molecules in HF powder (Mahmoud,
Malone & Cordle, 1992). Water diffusion increases in polar
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hydrophilic matrices (Palzer, 2010) and has been shown to increase
with increasing water activity up to the point of lactose crystal-
lisation in SMP andWMP powders (Murrieta-Pazos et al., 2011) and
hydrolysed protein/lactose dispersions (Hogan & O'Callaghan,
2013; Mounsey et al., 2012).

GAB monolayer (mm) values were 1.6 and 2.19 g water/100 g
solids for HF and IF powders, respectively (Table 4). Although HF
powders havemore active sites for water adsorption, the calculated
mm value was lower, possibly due to HF having a larger powder
particle size than IF and hence, lower specific surface area. The mm
value can indicate the optimum quantity of moisture in dried foods
associated with negligible loss in product quality in terms of aroma
retention, colour and biological value (Andrade, Lemus & P�erez,
2011). Above the mm value (RH > 30%), food powders may have
enough water to go through a glass transition, which can lead to
powder deterioration (caking, crystallisation etc.).
3.3. Sorption kinetics and water diffusion coefficient

Water vapour sorption kinetics for powders were evaluated by
Fig. 5. Scanning electron microscope (SEM) images of IF (A and B, pre-crystallisation, low an
(E and F, pre-crystallisation, low and high magnification); G and H, post-crystallisation (low
high magnification.
fitting the exponential model (Eq. (6)) to DVS data. The exponential
model fitted well (R2 � 0.99 and SEy � 0.088 g/100 g) for each
equilibration step for powders (Table 5). The time taken for pow-
ders to equilibrate at each RH (B, min; Table 5) was generally lower
in HF powder, suggesting that equilibration was achieved due to
more hydrophilic sites associated with hydrolysed whey proteins.
The equilibrium water sorption capacity, Q, was not significantly
different (P > 0.05) between the two powders examined at the
same RH values (0e60% RH). However, there was a concomitant
increase in Q with RH, mirroring the increments observed in
sorption isotherms (Fig. 2), with a significant difference (P < 0.05)
between RH levels (Table 5). The initial rate of water sorption (R0 in
Eq. (8); Fig. 3) was not significantly different (P > 0.05) between the
two powders, when examined over the RH range 0e50% (Table 5).
R0 did not show an overall increase over the RH range 0e40%, but
increased by a factor of 2 or more above 40% RH.

Water diffusion coefficient (D) (Fig. 4) was calculated for each
10% RH increment (for initial RH values of 0e50% RH) from water
sorption kinetic curves obtained fromDVS and powder particle size
distribution data, by applying Fick's second law to spherical
d high magnification; C and D, post-crystallisation, low and high magnification) and HF
and high magnification). Scale bar indicates 10 mm for low magnification and 2 mm for
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particles (Eq. (9)), taking powder particle size distribution into
account. Other studies have used Fick's second law to model water
diffusivity in food powders but assumed a constant particle size
(Dv50) for the calculation, and did not account for size distribution
(Murrieta-Pazos et al., 2014). Diffusion coefficients were modelled
below the onset of crystallisation at 25 �C, i.e., up to 50 and 60% RH
for IF and HF, respectively. D varied for IF and HF powder, from 1.93
to 0.41 and 4.15 to 0.57, (units of 10�12 m2/s), respectively,
depending on the RH conditions (Fig. 4). These values are lower
than those reported in the literature for other food products (e.g.,
sponge cake, bread biscuit and muffin) (Guillard, Broyart, Bonazzi,
Guilbert & Gontard, 2003), with the difference being attributed to
differences in food structure and composition.

The maximum values for D were observed for an initial RH of 0%
(equilibrium RH of 10%), at 1.93 and 4.15, (units of 10�12 m2/s), for IF
and HF, respectively, corresponding to the formation of a mono-
layer (Murrieta-Pazos et al., 2014). D decreased gradually for both
powders as moisture content increased to initial RH of 30% (where
the curves converged; Fig. 4). A similar trend of decreasing D value
with increasing RH above 10% was observed in durum wheat
(Murrieta-Pazos et al., 2014). HF powder generally had a signifi-
cantly higher (P < 0.05) diffusivity in comparison to IF powder. The
difference in D value between powders possibly reflects the num-
ber of available water binding sites associated with lower average
molecular weight peptides in hydrolysed proteins. Hogan and
O'Callaghan (2013) examined lactose/protein dispersions of vary-
ing DH and observed an increase in moisture uptake with
increasing DH after equilibration at all RH, noting this was done
under static rather than dynamic conditions, (i.e., the rate of
moisture uptake was not monitored).

At an initial RH of 40% (equilibrium 50% RH; Fig. 4), there was a
significant (P < 0.05) acceleration of water diffusivity in IF and HF,
corresponding to the glass transition of powders, when there is a
rapid increase in moisture, with the increase for HF powder being
significantly higher than that of IF powder, which possibly corre-
sponds to a lower Tg in HF in comparison to IF powder.

3.4. Scanning electron microscopy

Images of powders were obtained at two levels of RH (0 and
54.4% RH; Fig. 5), to determine the effect of RH on powder surface
morphology, in intact and hydrolysed whey protein dispersion
systems. Powder surfaces at different RH can be observed in Fig. 5
A, C, E and G, and interior of particles can be observed, at higher
resolution, in Fig. 5 B, D, F and H. At 0% RH (before lactose crys-
tallisation), IF and HF powders appear similar in shape and struc-
ture with a smooth surface (Fig. 5; A and E), while at higher
magnification similarities in wall structure can be seen (Fig. 2; B
and F). In contrast, both powders stored at 54.4% RH (post lactose
crystallisation) were noticeably rougher, possibly due to protruding
lactose crystals (Fig. 2; C and G), and an agglomerated structure of
powder particles was apparent in HF.

4. Conclusions

This study investigated the effects of whey protein hydrolysis on
viscosity, moisture sorption, water diffusion and morphology of
whey protein/lactose powders. Hydrolysed whey protein-based
powders demonstrated a delay in lactose crystallisation with
respect to % RH. During hydration, the dispersion containing
hydrolysed whey protein had higher water diffusivity, possibly
reflecting the number of available water binding sites associated
with lower molecular weight peptides. From SEM images of pow-
ders before and after lactose crystallisation, HF displayed a more
agglomerated structure in comparison to IF dispersion after
crystallisation. The higher water diffusivity of hydrolysed whey-
protein-based powders can lead to powder handling and quality
issues related to caking, stickiness and flowability in humid envi-
ronments. Consequently, these issues need to be considered in the
design of packaging and conditions of storage and powder
handling.
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a b s t r a c t

Brea gum (BG) is an exudate gum obtained from the Cercidium praecox tree. It is an acidic polysaccharide,
made up of 75 g/100 g of hydrolysable sugars, such as L-arabinose, D-xylose, D-glucuronic acid and 4-O-
methyl-D-glucuronate. The purpose of this study was to investigate the role of BG as a structural agent in
the formulation of emulsion based films. Beeswax (BW) and glycerol (Gly) were added as moisture
barrier and plasticizer, respectively. Mechanical and optical properties, microstructure and water vapour
permeability were studied. The concentration of BW and Gly was ranged from 0 to 40 g/100 g in a dry
basis with respect to BG. We found that, regardless the BW concentration, films with 0 g/100 g Gly were
too brittle and they could not be handled. In contrast, films with 40 g/100 g Gly were too tacky and
gummy, consequently they could not be unpeeled. Only those films with 20 g/100 g Gly (and 0, 20 and
40 g/100 g of BW) were assayed. Increasing BW concentration resulted in better vapour permeability, to
the detriment of its mechanical properties; meanwhile it had no influence in colour parameters. BG may
be considered to be a structural support for emulsion based films, being 20 g/100 g of Gly the satisfactory
amount of plasticizer.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With the prospect of environmental problems and a global en-
ergy crisis looming, fully green ecomaterials based on bio-
macromolecules have increasingly attracted researchers' interest
due to their advantages: low cost, renewable resource, and biode-
gradability (Song& Zheng, 2014). Edible films are able to reduce the
amounts of non-renewable conventional synthetic polymer pack-
aging materials, and use ingredients of agricultural derived
products.

An edible coating or film has been defined as a thin and
continuous layer of edible material formed on food that can be
ingested by the consumer (Wu, Weller, Hamouz, Cupett,& Schnepf,
2002). The coatings are directly applied by dipping or spraying on
food, so the coating is formed during a drying step, while edible
films are produced on a cast, and applied onto the food (Dangaran,
Tomasula, & Qi, 2009).

Ideal edible films have a great potential for enhancing food
quality, safety and stability and are used as carrier for functional
tti).
active substances. They can also act as a barrier for moisture
transmission, solutes and/or gases and can provide mechanical
protection. The most commonly used materials for edible film
production are biopolymers such as polysaccharides and proteins
(Liu, 2005; Ponce, Roura, del Valle, & Moreira, 2008). Such natural
polymers can be effective as gas barriers (O2 and CO2) (Baldwin,
Nisperos-Carriedo, & Baker, 1995), having suitable mechanical
and optical properties but being highly sensitive to moisture and
exhibiting poor water vapour barriers (Guilbert, Gontard, & Gorris,
1996). On the contrary lipid component, such as sunflower oil or
beeswax, can serve as a good barrier to water vapour permeability
(P�erez-Gago & Krochta, 2005; Garcia, Martino, & Zaritzky, 2000).
Film forming solutions frequently include plasticizers (Wu et al.,
2002) like sorbitol and glycerol, which reduce internal hydrogen
bonding while increasing intermolecular spacing (Hernandez-
Izquierdo & Krochta, 2008). Therefore, it is quite a well-
established concept to combine different biopolymers and lipids
for food packaging.

Many types of polysaccharides were used for film production
including exudate gums, which are produced by many trees and
shrubs as a natural defence mechanism, particularly in semiarid
regions. When the bark is injured, an aqueous gum solution is
exuded to seal the wound. This solution dries in contact with air
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Table 1
Concentrations in dry basis of Gly and BW (�1, 0, þ1 are the levels of the two
factors).

Formulation Wax (g/100 g) Glycerol (g/100 g)

1 20 (0) 0 (�1)
2 20 (0) 20 (0)
3 20 (0) 40 (þ1)
4 0 (�1) 0 (�1)
5 0 (�1) 20 (0)
6 0 (�1) 40 (þ1)
7 40 (þ1) 0 (�1)
8 40 (þ1) 20 (0)
9 40 (þ1) 40 (þ1)
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and sunlight, to form hard, glass-like lumps which can easily be
collected (Verbeken, Dierckx, & Dewttlinck, 2003). Some gums
used for making edible films were Arabic gum (Ali, Maqbool,
Ramachandran, & Alderson, 2010), Mesquite gum (Bosquez-
Molina, Guerrero-Legarreta, & Vernon-Carter, 2003) and Brea
gum (Bertuzzi & Slavutsky, 2013).

Brea gum (BG) is a hydrocolloid exudate obtained from Cerci-
dium praecox (Brea tree); which grows in semi-arid regions in South
America (Bertuzzi, Slavutsky, & Armada, 2012). BG is defined as an
acidic polysaccharide, made up of 75 g/100 g of hydrolysable
sugars, such as L-arabinose, D-xylose, D-glucuronic acid and 4-O-
methyl-D-glucuronate (De Pinto, Rodriguez, Martinez, & Rivas,
1993), and having no starch, dextrin or tannins. These carbohy-
drates are in association with approximately 8 g/100 g of protein,
which may indicate the presence of proteoglycans (Majewska-
Sawka & Nothnagel, 2000) which are crucial for the functionality
of the gums, mainly for their emulsifying properties. Moreover, it
has been proved that this gum is safe (Von Müller, L�opez, Eynard,
Aldo, & Guzm�an, 2009), having been incorporated as a food addi-
tive in the Argentinian Food Code.

The BG has great economic, social and environmental impor-
tance in Argentina. Since it has similar properties to the Arabic gum,
which Argentina imports, the exploitation of this gum could lead to
significant profits for the country. Furthermore it could also
represent an alternative income for indigenous communities,
which currently harvest the gum. From an environmental point of
view, this tree can be a groundbreaking element in the recovery of
desert land.

Accordingly, the objective of this research was to obtain edible
films from BG, with different concentration of beeswax and glyc-
erol, and to study their mechanical and optical properties and their
water vapour permeability.

2. Materials and methods

2.1. Materials

The BG was collected as small drops, and kindly provided by an
indigenous community from Tartagal (Salta, Argentina).). The pu-
rificationwas done following these steps: the gumwas dissolved in
distilled water at 17 g/100 g and stirred with mechanical stirrer
(Thorbell model HS30SE, Argentina) for 3 h, then kept overnight at
4 �C. After that, the solution was stirred again for 1 h, and centri-
fuged at 2000 g for 20 min. The supernatant was filtered by
0.45 mm filter paper, and the permeate was analysed in solid
content (105 �C for 2 h) or freeze dried and kept at�18 �C for future
experiments. The beeswax (BW) was obtained from a local pro-
ducer of Santa Fe (Santa Fe, Argentina). This beeswax was melted at
60 �C and filtered through a mesh strainer before the experiments
were conducted.

2.2. Experimental design

An experimental design with 2 variables: Glycerol (Gly) and BW
concentrations, in 3 levels: �1, 0, þ1 (design 32) was carried out.
These levels correspond to 0 g/100 g (�1), 20 g/100 g (0) and 40 g/
100 g (þ1) on a dry basis of Gly and BW in each formulation with
respect to BG, which remained constant 10 g/100 g (Table 1).

2.3. Preparation of film-forming solutions

GB was dissolved in distilled water at 19 g/100 g, 24 h before
being used. Gly (Cicarelli, Argentine) and BW were added at 0, 20
and 40 g/100 g dry solid basis with respect to BG, potassium sorbate
(Anedra, Argentina) was added as an antimicrobial agent (0.12 g/
100 g), and Tween 80 (Anedra, Argentina) was used as an emulsi-
fier. In order to melt the BW and form the emulsion, film-forming
solutions were heated at 90 �C for 30 min in a water bath. The
emulsions were obtained by homogenization at 90 �C using a
Waring Blender 8010 EG (Waring Products, USA) for 4 min at high
speed. After, the exact amount of each system to reach 1 g of solid
per platewas placed in polyethylene Petri dishes (diameter 8.5 cm).
Films were dried at 40 �C for 5 h, and then were placed at room
temperature for 8 h. After that, the dried films were fitted out at
32 �C and 75.1 g/100 g of relative humidity for at least 3 days before
characterization.

2.4. Optical microscopy

Emulsions were observed by means of optical microscopy (Leica
DM Microsystems Inc., Germany). A drop of each forming film so-
lution was put onto clean dry slides, and observed in 10X.

2.5. Film thickness

Film thickness was measured with a precision digital micro-
meter (Testing Machine Inc., USA). For each film, 9 thickness
measurements were taken in different parts of the film chosen
randomly and averaged.

2.6. Water solubility

Films were dried at 70 �C for 24 h, and then were immersed in
100mL of distilled water for 24 h at 32 �C. Finally, the samples were
removed, filtered through a 0.5 mm paper filter, and the remaining
pieces were dried at 70 �C to constant weight (final dry weight).
Water solubility (WS) was calculated by using the following
equation:

WSðg=100gÞ ¼ ðinitial weight � final weightÞ=initial weight

� 100

(1)

Determinations were performed in quintupled.

2.7. Transparency

Film transparency was carried out according to the procedure
reported by Han and Floros (1997) with a spectrophotometer Jen-
way 7305 (Staffordshire, UK). Film samples were cut in rectangular
strips and placed in the interior of the spectrophotometer cell. The
transparency of the films was calculated by the Eq. (2):

Transparency ¼ logð%T600=bÞ (2)

Where % T600 is the Transmittance at 600 nm and b is film thickness
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(mm).

2.8. Colour

Colour was measured using CIE Lab parameters defined as
rectangular coordinates (L*, a*, b*). A 65� illuminant, 10� observer
angle and white background were set for the measurement. A
model 508D/8�, 8 mm Minolta colourimeter (Tokyo, Japan) was
used for the experiment. Opacity index was determined following
Spotti, Santiago, Rubiolo, and Carrara (2012), measuring the L*
value with a black background (LBb) and then with a white back-
ground (LBw). The following equation was then applied:

OI% ¼ LBb=LBw � 100 (3)

2.9. Mechanical properties

Film mechanical properties were evaluated by tensile and
puncture tests employing a Universal Testing Machine Instron
(Series 3340, Instron Corp., USA); measurements were performed
in triplicate.

The puncture test determines the film strength to penetration of
a probe at constant speed. Films of 8.5 cm diameter were fixed to a
support with a circular opening, and a cylindrical probe of 2 mm
diameter penetrated the film at 0.8 mm/s. Force-deformation
curves were recorded, in which Maximum Strength (N) and
Maximum Deformation (mm) were determined at the rupture
point.

To evaluate tensile properties, the films were cut into strips of
60 mm � 7 mm (length � width), using a scalpel. The initial grip
distance was 30 mm and the crosshead speed was 0.05 mm/s. The
parameters obtained from stress vs strain curves were as follows:
tensile strength (TS) calculated by dividing the maximum strength
(N) by the cross sectional area (thickness, mm x strip wide, 7 mm);
elongation (E) calculated as the difference in length of specimen
with respect to the original distance between the grips
(3 cm) � 100 (Han, Seo, Park, Kim, & Lee, 2006).

2.10. Water vapour permeability (WVP)

Amodification of the ASTM E96-95 (2005) desiccant gravimetric
method for WVP was used. The test was performed in glass cups
consisting of a cylindrical base of 4.5 cm diameter with a hole of
3 cm in diameter and 3 cm deep. To seal the sample to the glass, a
glass o-ring was used. The ring was sealed to the glass with silicone
grease (Tetahedron, Argentina).

Films were mounted on cups containing 4 g of CaCl2 (Anedra,
Argentina), with the film surface which had been exposed to the air
during drying facing the high RH environment. Previously, to
standardize the size of the CaCl2 beads, they were put through
2.36 mm þ 0.60 mm sieves. Then, they were dried at 200 �C (0 g/
100 g RH). The cups with the films and the CaCl2 were placed in a
chamber at 32 �C and 75.1 g/100 g RH, provided by a saturated NaCl
solution. The initial weight of the cups with the CaCl2 was recorded,
and then weighed every 24 h to obtain weight gain data versus
time. The weight gain of test cups was recorded until CaCl2 was
visibly wet. These values were used to calculate WVP. De-
terminations were performed in duplicate.

WVPR (Water Vapour Permeability Rate) is obtained according
to Eq. (4):

WVPR ¼ ðG=tÞ=A (4)
where:G/t: slope of the straight line (g/h).A: Exposed area of the
sample (1.13411 � 10�3.m2).

With WVPR value, we obtain WVP with the following equation:

WVP ¼ WVPR� T=S� ðHR1 � HR2Þ (5)

where:T: sample thickness (m).S: pressure of saturated water
vapour at the test temperature (4759.6 Pa).RH1: relative humidity
within the chamber (0.751), and HR2: relative humidity inside the
cup, which is considered 0.000.

2.11. Scanning electron microscopy (SEM)

Microstructure was examined by scanning electron microscopy
(JEOL JSM- 35C, Jeol Ltd., Japan). The samples were cut into small
pieces (2 � 2 � 4 mm), and then were immersed and fractured in
liquid nitrogen. Samples were mounted on aluminium stubs and
coated with gold.

2.12. Statistical analysis

For statistical treatment of data, StatGraphics Centurion XV
software was used and an analysis of variances (ANOVA) was done.
When statistical differences were found, LSD's test (a ¼ 0.05) was
carried out. ANOVA assumptions were also determined: Homoge-
neity of variance (Levene test), normality of residuals (Shapir-
oeWilk test) and Independence of residues. Graphic presentations
were performed using OriginPro 7.5 SR0 software (OriginLab Cor-
poration, Northampton, USA).

3. Results and discussion

3.1. Macroscopic appearance

All films based on BG presented a good visual aspect since they
were translucent with an amber colour. In the experimental design,
both Gly and BW concentrations were changed and the formula-
tions which contain 40 g/100 g Gly (Table 1: formulations 3, 6 and
9) were so tacky that were not able to be unpeeled, Fig. 1A. In spite
of showing only films with 40 g/100 g Gly and 20 g/100 g BW
(Fig. 1A and B), the same results were found in films with the same
concentration of Gly and 0 and 40 g/100 g BW (Figures not shown).
These results showed that 40 g/100 g of Gly was very high.
Laohakunjit and Noomhorm (2004) working with starch films
found that films with 35 g/100 g glycerol were very soft and could
not be peeled from the casting surface. Dick et al. (2015) also found
that chia seed mucilage films with glycerol concentrations higher
than 75 g/100 g were flexible but sticky.

The Gly addition to edible films is recommended to overcome
film brittleness caused by extensive intermolecular forces
(Laohakunjit & Noomhorm, 2004). Plasticizers mitigate these
forces due to their ability to reduce intermolecular hydrogen
bonding while increasing intermolecular spacing and the mobility
of polymer chains (Dick et al., 2015). As a result of these changes in
molecular organization, plasticizers modify the mechanical prop-
erties of films by increasing extensibility, dispensability, and flexi-
bility and by decreasing cohesion, elasticity, and rigidity. In general,
plasticizers increase gas, water vapour and solute permeability of
the film (Laohakunjit & Noomhorm, 2004). According to Gontard,
Guilbert, and Cuq (1993), a plasticizer must be compatible and
must be added at concentrations ranging from 10 to 60 g/100 g dry
matter depending upon polymer rigidity.

In order to evaluate the possibility of improving mechanical
properties without worsening water barrier properties, films
without Gly were formulated (formulations 1, 4 and 7 with 0, 20 or



Fig. 1. Brea Gum films with 40 g/100 g Glycerol and 20 g/100 g Beeswax peeled (A), and in the petri dish (B) before the peeling, and Brea gum filmwith 0 g/100 g Gly and 20 g/100 g
BW (C).
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40 g/100 g of BW, respectively). These films were very fragile and
brittle (Fig. 1C) cracking on the casting plates during drying, so they
could not be unmolded either, irrespective of the amount of BW.
Similar results were found by Bertuzzi and Slavutsky (2013).
Gontard et al. (1993) also found that unplasticized gluten film could
not be measured as it was too brittle to be handled. In that study,
beeswax and fatty acids (lauric, stearic and oleic acids), had an anti-
plasticizing effect on gluten film, decreasing flexibility. Dick et al.
(2015) also found that those edible films from chia mucilage pre-
pared without glycerol cracked during drying on the casting plates,
and those made with concentrations of Gly lower than 25 g/100 g
produced brittle films that were difficult to handle.

Those compositions with 20 g/100 g Gly were the only formu-
lations with an optimal concentration for an easy unpeeling and
handling of the films without difficulty. Consequently, film for-
mulations with 20 g/100 g Gly, inwhich the lipid (BW) ranged from
0, 20 and 40 g/100 g films (Table 1: formulations 5, 2 and 8) were
tested on mechanical and optical properties and WVP. In order to
make an easier comparison and taking into account that all the
tested films had 20 g/100 g Gly, films will be named as BG with the
percentages of beeswax as following: BG-0, BG-20 and BG-40
(Fig. 2A, B and C, respectively). All of them were slightly brown,
soft and flexible. Films with 20 and 40 g/100 g BW were rougher
and more opaque than films with 0 g/100 g BW.
3.2. Film forming emulsions

The incorporation of hydrophobic materials can be either as a
hydrocolloid-lipid bi-layer or a stable lipid emulsion by casting
methods (Talens & Krochta, 2005). Emulsion composite films
require only a single casting process for film formationwithout any
Fig. 2. Brea Gum films with 40 g/100 g Gly an
further process of lamination, which is frequently used for making
edible films with hydrophobic components.

In Fig. 3 the film forming emulsions of BG-0, BG-20 and BG-40
systems can be observed. The BG-0 formulation (Fig. 3A) can be
observed as it was very homogeneous in comparison with BG-20
and BG-40 that showed wax particles scattered in the matrix
(Fig. 3B and C, respectively). The major difference in these latter
systems was the number of droplets, since BG-40 had high lipid
content.

In spite of the fact that the formulations studied here had Tween
80 as emulsifier, BG also has good emulsifying properties (Bertuzzi
et al., 2012). BG has naturally produced proteinepolysaccharide
conjugates responsible for emulsion stabilization. The poly-
saccharide part, which is the hydrophilic region, would be exposed
to the aqueous system, and the hydrophobic region of the protein
part would be adhered to the oil drop surface conferring stabili-
zation to the system.

3.3. Film thickness

Table 2 shows the thickness of formulations with 20 g/100 g of
Gly and 0, 20 and 40 g/100 g of BW. The different formulations have
a similar thickness, and since they have a similar amount of dry
solids per plate, they do not show any statistical differences.

3.4. Solubility

Solubility is an important property in edible films. A higher
solubility and hydration would be desirable in the edible film
packaging of dry soup mixes or controlled drug delivery. Insoluble
films could be used as wraps or casings for foods with a somewhat
d 0 (A), 20 (B) and 40 g/100 g Beeswax.



Fig. 3. Micrographs (10 X) of BG films forming solutions with 0 (A), 20 (B) and 40 g/100 g (C) of BW.

Table 2
Thicknesses (mm), Solubility (%) and Transparency of Brea gum filmswith 20 g/100 g
of Glycerol and 0, 20 and 40 g/100 g of beeswax in dry basis.

Beeswax content Thicknesses (mm) Solubility (%) Transparency

0 g/100 g 0.163 ± 0.027a 100.00 ± 0.29a 10.29 ± 1.58a

20 g/100 g 0.159 ± 0.012a 93.18 ± 0.72b 9.48 ± 1.89a

40 g/100 g 0.161 ± 0.011a 86.83 ± 0.75c 7.95 ± 1.78a

Values with the same letters did not show significant differences when LSD test was applied with a ¼ 0.05.

Table 3
a*, b* and L* CIE Lab parameters and Opacity Index (%) of Brea gum films with 20 g/100 g of Gly and 0, 20 and 20 g/100 g of beeswax in dry basis.

Beeswax content (g/100 g) L* a* b* OI (%)

0 83.62 ± 0.26a 0.58 ± 0.11a 26.81 ± 0.77a 32.63 ± 0.89 a
20 81.50 ± 0.72a 2.60 ± 0.32b 29.19 ± 1.24a 43.61 ± 0.53 b
40 82.63 ± 1.10a 2.92 ± 0.48b 28.34 ± 1.87a 49.35 ± 0.60 c
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higher moisture content (Brindle & Krochta, 2008).
As it can be seen in Table 2, films with 20 g/100 g Gly without

BW are totally soluble. There is not any insoluble component in its
structure. When 20 g/100 g of BW is added, solubility decreases,
and with 40 g/100 g it decreases even more. BW decreased water
solubility of films considerably because of its hydrophobic nature,
which was one of our initial goals in BW application.

Bertuzzi and Slavutsky (2013) have studied the solubility of BG
films with different concentrations of Gly, and they have found that
films with 20 g/100 g of Gly without lipids have 85% solubility. In
spite of showing a lower solubility value than our results for the
same formulation (BG-0: 100%), the difference could be due to time
since they measured the solubility after an hour while we did it
after 24 h.

Alhough GB films have less solubility with BW, their values
remained higher than other film formulations. Khanzadi et al.
(2015) studied films of whey proteins and pullulan with different
amounts of BW, and they also found that solubility decreased with
increasing BW content, but rose when the pullulan concentration
was higher, being the solubility value of films with 70:30 of pul-
lulan: whey protein without BW 88%, approximately.
3.5. Transparency, colour and opacity

Transparency is an important property which affect the
appearance of the wrapped food. As it can be shown in Table 3,
transparency decreased with increasing BW concentration,
although no statistical differences were found. The different
transparency of films is related to their internal structure devel-
oped during film drying (Villalobos, Chanona, Hern�andez,
Guti�errez, and Chiralt (2005). This structure is greatly affected by
the initial structure of the emulsions and their development
throughout the drying process due to flocculation, coalescence and
creaming. Taking into account the content of lipids, the decrease in
transparency of BG-20 and BG-40 with respect to BG-0 films is
expected since the former formulations have droplets of BW, as
shown in emulsion microscopy (Fig. 3A), and these lipid droplets
decrease the amount of light that passes through the film, i.e. the
overall transparency decreases. The opacity index increased with
BW concentration from 32.63 for films without BW to 49.35 for
films with 40 g/100 g of BW.
Concerning colour, the increase in Beeswax concentration can
produce a slight change in film colour. L* and b* did not change
with BW concentration. The b* parameter is positive, showing a
yellow colour. The most affected parameter was a*, which appears
red when positive, indicating a reddish contribution. These pa-
rameters went up significantly when the BW concentration
increased.
3.6. Mechanical properties

3.6.1. Tensile test
Suitable mechanical properties, such as strength and extensi-

bility, are commonly required for a packaging film to resist
manipulation and maintain its integrity and barrier properties.
Accordingly, the mechanical properties of the films were assessed.
Stress/strain curves from film tensile tests provide valuable infor-
mation on film flexibility, toughness, and elongation, and are useful
in the prediction of package performance during handling and
storage (Hernandez-Izquierdo & Krochta, 2008).

Tensile strength (TS) represents film resistance to elongation,
and Elongation (E) is a measure of the film's capacity for stretching.
TS and E for BG films with different concentrations of BW and 20 g/
100 g of Gly are shown in Fig. 4A and B, respectively. A pronounced
decrease in TS values can be seenwhen BW is present in films, from
7.58 MPa for GB-0 to 1.64 MPa for GB-20, although there is no
difference between values of BG-20 and BG-40. Similar results were
found by Talens and Krochta (2005) working on whey protein
isolate (WPI) films with Gly and BW, where the TS for WPI:BW:Gly
film 1:0:1 was 2.9 MPa, and TS for WPI:BW:Gly 1:1:1 was 1.2 MPa.

E values decreased drastically with the addition of BW, from
8.22% for GB-0 to 4.85% g for GB-20 and 3.45% for GB-40. As ex-
pected, films with lower BW content were stronger, stiffer, and
more extendible than films with high BW content, because



Fig. 4. Maximum Deformation (A) and Maximum Strength (B) of the BG films according to different beeswax concentrations: 0, 20 and 40 g/100 g. Values with the same letters did
not show significant differences when LSD test was applied with a ¼ 0.05.

M.L. Spotti et al. / LWT - Food Science and Technology 68 (2016) 127e134132
increasing the lipid level reduces the strength and flexibility of the
protein phase (P�erez-Gago& Krochta, 2001). Han et al. (2006), who
studied edible films of starch varying the wax content from 0 to
40 g/100 g, observed a reduction in both parameters (TS and E)
starting from a concentration of BWof 30 g/100 g. They did not find
differences in TS and E values for films with 10 and 20 g/100 g of
wax. They concluded that the film structure was not affected by
20 g/100 g or lower wax concentration Bertuzzi and Slavutsky
(2013) obtained comparable TS and E values in BG films with
20 g/100 g of Gly, being them approximately 10 MPa and 10%
respectively, meanwhile our values were 7.58 MPa and 8.22%.
3.6.2. Puncture test
Fig. 5A and B shows Maximum Deformation (mm) and

Maximum Strength (N) for the puncture test. A gradual decrease in
deformation values with increasing lipid content was observed.
Deformation decreases from 4.5 mm for BG-0 g to 3 mm approxi-
mately for BG-40, being this difference statistically significant.
Maximum Strength also decreases with increasing lipid content,
from 8 N for BG-0 to 2 N for BG-40, although no significant dif-
ferences were observed between BG-20 and BG-40.

These results are in agreement with Soazo, Rubiolo, and Verdini
(2011), who studied films of WPC and beeswax. In this study, the
parameters gradually diminish with the increase of wax content.
According to these authors, the cause for a decrease in these pa-
rameters is due to a disruption in the biopolymer continuous ma-
trix, inducing a heterogeneous film structure. Navarro-Tarazaga,
Sothornvit, and P�erez-Gago (2008) observed similar results work-
ing with hydroxyl propylmethylcellulose-beeswax films, being the
films obtained more fragile, which led to a decrease in the
Fig. 5. Tensile strength (MPa) (A) and Elongation (%) (B) of the films according to different
significant differences applying LSD test with a ¼ 0.05.
evaluated parameters.
3.7. Scanning electronic microscopy

Fig. 6 shows that the cross section of BG film with 20 g/100 g of
plasticizer changes with the BW content. SEM observation of BG-
0 in Fig. 6A show a high density structure with a smooth, homo-
geneous and continuous structure with very small bubbles of air
randomly distributed.

Micrographs of BG-20 (Fig. 6B) show a wavy matrix because of
the content of BW, without air bubbles and with some spheres of
wax. Finally, BG-40 (Fig. 6C) presented a similar microstructure to
BG-20 but with a rougher aspect provided by the highest concen-
tration of wax. A higher BW concentration produced a rougher
system. However, the size and number of these wax particles are
difficult to analyse in the cross section. These results are consistent
with those found by Han et al. (2006). They made edible pea starch
films with a wax content from 0 to 40 g/100 g, and found that there
was an increase in the number of particles when the beeswax
content increased, and these beeswax particles were homoge-
neously distributed in the starch matrix. This image showed that
films were homogeneous and they were not destabilized by
creaming during drying. This is useful information because both
sides of the films can act in the same way. In films in which
creaming takes place, two layers are observed in the cross-section
image, one of them on top corresponding to the creamed lipid,
and the other at the bottom corresponding to BG matrix. Soazo
et al. (2011) found that films of WPC with beeswax showed a
rougher matrix similar to those found with BG and wax, but with a
creaming layer at the top of the film, i.e. with the preferential
wax concentrations. 0, 20 and 40 g/100 g. Values with the same letters did not show



Fig. 6. SEM cross-section micrographs of BG films without BW (A), with 20 g/100 g of BW (B) and with 40 g/100 g (C). Left and right column in the same row indicate different cross-
sectional images of the same film.
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localization of the lipid component on the side of the film exposed
to the air during drying. Jim�enez, Fabra, Talens, and Chiralt (2013)
also found that biodegradable films based on caseinate, starch,
glycerol, and lipids (oleic acid and/or a-tocopherol) exhibited
phase-separation due to the different interaction between each
polymer and lipids.
Fig. 7. Effect of wax content of BG films on Water Vapour Permeability (WVP). Values
with the same letters did not show significant differences, when LSD test was applied
with a ¼ 0.05.
3.8. Water vapour permeability

WVP of films plays an important role in deteriorating reactions
of food, so it is one of the most studied properties of films. Fig. 7
shows WVP for films, in which there is a notable reduction of
WVP with increasing lipid content. Permeability decreased almost
to half from BG-0 to BG-20 and by adding a 40 g/100 g of wax, it
decreased even further, but the difference was smaller. Similar re-
sults were obtained by Bravin, Peressini, and Sensidoni (2006), with
films made of starch and methylcellulose, soybean oil and glycerol,
in which the addition of oil decreased by 43% the WVP value (from
20.50 to 11.68� 10�11 g.m�1.s�1.Pa�1). Han et al. (2006) also studied
the effect of addition of beeswax to films of pea starch, but they
found that the WVP began to decrease starting from 30 g/100 g of
wax.
4. Conclusions

It was possible to obtain translucent, slightly brown and flexible
films of BG with a good visual aspect, being the optimal concen-
tration of Gly 20 g/100 g. It must be noted that the absence of Gly
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made films too brittle whereas they become too tacky with 40 g/
100 g of Gly irrespective of BW concentration. Films made with
20 g/100 g of Gly and different amounts of BW were analysed
concerning their mechanical properties, microstructure and WVP.
We could also found that the addition of BW decreased the me-
chanical parameters and WVP, being the microstructure of those
films different. SEM observation showed films with a dense and
homogeneous structure, with a higher number of particles when
BW concentration increased without creaming layer.

Therefore, we concluded that BG could be a good polysaccharide
for making edible films and along with the other selected compo-
nents would result in a goodmatrix for performing edible films that
could be applied to those foods where a transparent film is not
needed, such as baked products, in which the brown colour can
improve their appearance.
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a r t i c l e i n f o

Article history:
Received 13 April 2015
Received in revised form
2 December 2015
Accepted 11 December 2015
Available online 13 December 2015

Keywords:
European anchovy oil
Omega-3 fatty acid
b-cyclodextrin
Thermal analysis
Karl Fischer water titration
* Corresponding author.
E-mail addresses: munlusayin@akdeniz.edu.tr (M.

yahoo.com (N.G. H�ad�arug�a), gerlinde.rusu@upt.ro (
yahoo.com (A.T. Gruia), vpaunescu@umft.ro (V. P�aun
ro (D.I. H�ad�arug�a).

http://dx.doi.org/10.1016/j.lwt.2015.12.017
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

European anchovy (Engraulis encrasicolus L.) is one of the most important oily fish that provide valuable
omega-3 containing fish oil. The aim of the study was to protect the labile fatty acids from anchovy oil by
b-cyclodextrin complexation. The competitiveness to molecular encapsulation of anchovy oil compo-
nents were also studied.

Anchovy oil/b-cyclodextrin complexes at molar ratios of 1:1 and 1:3 were obtained by crystallization
and kneading methods with very good recovering yields (74e78% and 85e99%, respectively). The most
concentrated fatty acids in the raw anchovy oil were PUFAs at a relative concentration of 65.5 g/100 g.
Higher content of EPA and DHA of 28.2 and 22.3 g/100 g had determined. Molecular encapsulation
competitiveness conduct to a decrease of the PUFAs (even by five to seven times for EPA and DHA) and a
significant increase of saturated fatty acids in complexes. Thermogravimetry and differential scanning
calorimetry parameters well correlate with Karl Fischer titration parameters. They also supports the
formation of inclusion compound by means of lowering the water content that is replaced by anchovy oil
components. As a conclusion, valuable anchovy oil/b-cyclodextrin complexes as well as omega-3
concentrated anchovy oil (non-encapsulated “residue”) can be obtained in one step for food applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fish oils in general, and European anchovy (Engraulis encrasi-
colus L.) oil especially, are a cheap and valuable essential fatty acids
source, both omega-3 and omega-6 fatty acids (Boran, Boran, &
Karaçam, 2008; Kaya & Turan, 2008). The main omega-3 fatty
acids, named (all-Z)-5,8,11,14,17-eicosapentaenoic acid, EPA and
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G. Rusu), gruia_alexandra@
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(all-Z)-docosa-4,7,10,13,16,19-hexaenoic acid, DHA are very impor-
tant in human health. EPA is present in the grey matter from brain
while DHA is contained by the nerve tissue. As a consequence, they
are related to brain and cardiovascular functions and have impli-
cations in the treatment of many neuronal and cardiovascular
diseases (He, 2009). EPA and DHA (as glycerides) are the most
important fatty acids in anchovy oil. Their content varies in a large
range, depending on the season and place of growing (Boran et al.,
2008; Zlatanos & Laskaridis, 2007). According to Zlatanos and
Laskaridis (2007) these variations are in the range of 2.5e12.4 g/
100 g for EPA and 12.2e32.5 g/100 g for DHA. The higher content
was determined in spring for both omega-3 fatty acids. Mono-
unsaturated fatty acids (MUFAs) are also important in anchovy oil
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(especially oleic acid), as well as other polyunsaturated fatty acids
(PUFAs) such as linoleic and linolenic acids (Kaya & Turan, 2008).
Palmitic acid is the most concentrated saturated fatty acid (SFA) in
anchovy oil (Üstün, Güner, Arer, Türkay, & Erciyes, 1997).

The presence of higher content of PUFAs in fish oils conduct to a
higher susceptibility to lipid oxidation (Gokoglu, Topuz, &
Yerlikaya, 2009; Huang & Weng, 1998). Oxidation of fatty acids
involves radical reactions and conduct to harmful free radicals as
well as disagreeable odoriferous compounds (e.g. propanal, hexa-
nal, (E,Z)-2,4-heptadienal, 1-penten-3-one and 1-penten-3-ol hav-
ing rancid, metallic, green, and burnt sensory attributes (Serfert,
Drusch, & Schwarz, 2010)). The oxidation rate of PUFAs increases
by several thousand times in comparison with SFAs (Belitz, Grosch,
& Schieberle, 2009). Various conditions such as light, the presence
of heavy metal ions, or some proteins and enzymes (e.g. heme
proteins and superoxide radical anion-generating enzymes) can
enhance the initiation and oxidation rate of MUFAs and PUFAs
(Carvajal, Mozuraityte, Standal, Storrø, & Aursand, 2014; Walker,
Decker, & McClements, 2015). Studies related to the stability and
degradation of various fish oils had performed (for example on
anchovy oil by means of unsaponificable matter, peroxide, acid,
ester, and thiobarbituric acid values (Boran et al., 2008), on red and
pink salmon oil by means of peroxide and free fatty acid values
(Bower, Hietala, Oliveira, & Wu, 2009; Huang & Weng, 1998)).

In order to reduce the oxidation level of lipids and to enhance
the bioactive properties of compounds, nano-encapsulation
methods are widely used. Various shell material can be used.
Natural (such as unsaturated soy phosphatidyl choline liposomes
(Frenzel & Steffen-Heins, 2015), soybean soluble polysaccharide
and maltodextrin (Anwar & Kunz, 2011), fucoidan (Chang &
McClements, 2015), sardine and horse mackerel protein hydroly-
sates (Morales-Medina, Tamm, Guadix, Guadix, & Drusch, 2016),
culled banana resistant starch-soy protein isolate (Nasrin & Anal,
2015) and even yeast cells (Czerniak, Kubiak, Białas, & Jankowski,
2015)) and semi-synthetically modified polymers (e.g. N-stearoyl
O-butylglyceryl- or N-lauroyl-chitosan (Chatterjee & Judeh, 2015,
2016), methylcellulose in combination with maltodextrin and
Arabic gum (Tirgar, Jinap, Zaidul, & Mirhosseini, 2015)) were used
for nano-encapsulation of fish oils. Emulsifying of fish oils can also
improve the physical and oxidative stability of unsaturated fatty
acid glycerides (Walker et al., 2015; Zhang et al., 2015).

Among these shell materials, naturally or chemically modified
cyclodextrins (CDs) are often used for molecular encapsulation of
bioactive compounds (Giordano, Gazzaniga, Bettinetti, & Manna,
1990; Hırayama & Uekama, 1999; Santos, Kamimura, Hill, &
Gomes, 2015; Szejtli, 1988). They are cyclic oligosaccharides with
architecture such as truncated cone having hydrophilic exterior and
hydrophobic inner cavities (Loftsson & Duchêne, 2007). These
structures are capable to molecular encapsulate geometrically
compatible and mostly hydrophobic compounds. CDs are exten-
sively used in medicine and food fields (Astakhova & Demina,
2004; Hunt, Tonelli, & Balik, 2008; Sliwa & Girek, 2005). Powdery
formulations with higher water solubility, protecting capacity, and
controlled release properties could be obtained (Avcı & D€onmez,
2010; Marques, 2010). As a result, it is possible to obtain more
stable, useful and healthy fish oils using cyclodextrins. Fatty acids
from fish oils possess thin and hydrophobicmoieties (Kaya& Turan,
2010; Üstün et al., 1997), which could be proper molecular encap-
sulated in cyclodextrins (Choi, Ruktanonchai, Min, Chun, &
Soottitantawat, 2010; Choi, Ruktanonchai, Soottitantawat, & Min,
2009). No literature data on anchovy oil/cyclodextrin complexa-
tion with enhanced oxidative stability was found.

The aim of the study was to evaluate the b-cyclodextrin
complexation behaviour of anchovy oil in order to enhance the
oxidative stability of omega-3 containing fatty acid glycerides.
Furthermore, the competitiveness of anchovy oil components to b-
cyclodextrin molecular encapsulation and possible applications of
nano-encapsulated and “residual” (non-encapsulated) anchovy oils
in food and pharmaceutical fields were also evaluated.

2. Materials and method

2.1. Materials

European anchovy (E. encrasicolus L.) was used as research
material. This material was supplied from Samsun, Turkey, Black
Sea region of local fish markets in spring of the year 2014. The cold
chain was provided by the Fisheries Processing laboratory from the
Faculty of Fisheries (Akdeniz University) without delay. In this
study a total amount of anchovies of 12 kg were used. The following
reagents have been used: hexane (GC grade, SigmaeAldrich),
Supelco™ 37 Component FAME mix (SigmaeAldrich), anhydrous
sodium sulphate (p.a., Merck & Co.), C8eC20 alkane standard solu-
tion (Fluka Chemie AG), b-cyclodextrin hydrate (>98%, CycloLab,
Budapest, Hungary), ethanol 96 mL/100 mL solution (Chimopar,
Bucharest, Romania), Hydranal®-Titrant 5, Hydranal®-Solvent and
Hydranal®-Water Standard 10.0 (SigmaeAldrich, Buchs,
Switzerland).

2.2. Fish oil extraction

Oil extraction was made by pressing method (with cooking).
Fish was boiled at a temperature of 100 �C for approximately
20 min. The fish:water ratio was 1:2. The boiled fish was cooled,
filtered, the solid portion or raw fish was pressed in the strainer
pressing tool and whole raw oil was separated from aqueous layer.
The raw oil was centrifuged for 20 min at 9600� g, at 4 �C for the
separation of oil. Crude oil, based on upper aggregated from
centrifuge tubes were collected in the vacuum liners (350 g of oil)
(Rubio-Rodríguez, Jaime, de Diego, Sanz, & Carballido, 2010).

2.3. Obtaining of anchovy oil/b-cyclodextrin complexes

The anchovy oil/b-cyclodextrin complexes have been obtained
using two different methods: (1) controlled crystallization of the
complex from ethanolewater mixture, and (2) kneading method.
Two fish oil:b-cyclodextrin molar ratios of 1:1 and 1:3 have been
used (~887 g/mol meanmolar mass for fish oil (Kaya& Turan, 2010)
and 1314 g/mol for b-cyclodextrin hydrate (H�ad�arug�a, H�ad�arug�a,
Bandur, & Isengard, 2012; H�ad�arug�a, H�ad�arug�a, & Isengard, 2012,
2013; Isengard & Heinze, 2003)).

Crystallisation from ethanolewater mixture have been performed
in double walled 20 mL glass reactors, equipped with reflux
condenser and dropping funnel. One or three mmol of b-cyclo-
dextrin were suspended in 12 mL of distilled water and heated at
50 �C using a Julabo ED heating immersion circulator (Labortechnik
GmbH, Germany) under vigorously magnetically stirring. The
dropping funnel that was attached to the top of the reflux
condenser have been filled with 4 mL ethanolic solution containing
one mmol of anchovy oil and slowly added to the b-cyclodextrin
suspension at 50 �C during 15 min under magnetically stirring. The
complexation process was perfected at the same temperature for
another 30 min. The temperature was then decreased to the room
temperature in about three hours (cooling rate 8 �C/h). The crys-
tallisation of the complex was perfected at 4 �C over night. Anchovy
oil/b-cyclodextrin complex crystals were then filtered under vac-
uum, washed with 2 mL of ethanol, dried at room temperature in a
desiccator using molecular sieves as drying agent, and stored at
4 �C. All fish oil/b-cyclodextrin complexes were obtained in
duplicate.
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Kneading method was performed in a 50 mL ceramic mortar
using the same fish oil and b-cyclodextrin quantities, but the
ethanolewater solvent mixture was reduced six times. The mixture
was continuously milled for 15 min until a pasta-like material have
been obtained. This material was dried at constant mass at room
temperature in a desiccator using molecular sieves as drying agent.
The fish oil/b-cyclodextrin complex was then dry milled and stored
at 4 �C until analysis. All syntheses have been performed in
duplicate.
2.4. Gas chromatography-mass spectrometry (GCeMS) analysis

The raw fish oil was derivatized to the corresponding fatty acid
methyl esters (FAMEs) using methanol$BF3 reagent, according to
H�ad�arug�a et al. (2006). On the other hand, the b-cyclodextrin
encapsulated fish oil have been recovered by hexane multiple
extraction (H�ad�arug�a, H�ad�arug�a, & Isengard, 2012; H�ad�arug�a et al.,
2006). GCeMS analysis of derivatized raw and recovered fish oil
have been performed on a GC Hewlett Packard 6890 Series gas
chromatograph coupled with a Hewlett Packard 5973 Mass Selec-
tive Detector. The following GC conditions have been used: Zebron
5-MS columnwith a length of 30m, inner diameter of 0.25mm, and
a film thickness of 0.25 mm. The temperature programme was
50 �Ce300 �C with a heating rate of 6 �C/min. Both injector and
detector temperatures were 300 �C. Helium has been used as car-
rier gas. The injection volume was 2 mL. The solvent delay was
7 min. The MS system was set as following: EI energy of 70 eV,
source temperature of 150 �C, scan range of 50e300 amu, and scan
rate of 1 s�1.
2.5. Thermogravimetric analysis (TG) of anchovy oil/b-cyclodextrin
complexes

Thermogravimetry was performed using a Netzsch TG 209
equipment. A temperature programme of 25e400 �C and a heating
rate of 10.0 �C/min have been used. Thermogravimetric analysis
was performed under nitrogen. Netzsch Proteus e Thermal Anal-
ysis ver. 6.1 software have been used for acquisition and data
handling.
2.6. Differential scanning calorimetry analysis (DSC) of anchovy oil/
b-cyclodextrin complexes

A Netzsch DSC 204 equipment with a temperature programme
of 25e400 �C, a heating rate of 10.0 �C/min, purge flow of 20 mL/
min, protective flow of 50 mL/min, and sample quantities up to
18.5 mg have been used. All determinations were performed under
nitrogen atmosphere.
2.7. Karl Fischer water titration (KFT) of anchovy oil/b-cyclodextrin
complexes

The KFT apparatus was provided by Metrohm (Herisau,
Switzerland) and comprise of a KF 701 Titrino, equipped with a
10 mL dosing system and coupled with a 703 Ti Stand stirring
system. Sample masses in the range of 19e80 mg and 30 mL as
starting solvent volume (Hydranal®-Solvent) were used for the KFT
analysis. The titre of the iodine reagent (Hydranal®-Titrant 5) was
determined using the Hydranal®-Water Standard 10.0 mg H2O/g.
The following KFT parameters have been used: electrode polari-
zation of 50 mA, endpoint voltage of 250 mV, maximum titration
rate of 5 mL/min, drift as stop criterion, with a value of 20 mL/min,
and a titration time of 300 s.
2.8. Statistical and regression analysis

ANOVA statistical analysis have been used for data handling of
replicated experimental results on both GC, TG, DSC, and KFT an-
alyses as well as for the TG/DSC-KFT regression analysis. Pearson
correlational coefficient, r2, F-test for the regression equation and
standard errors for both equations and coefficients have been
determined for the thermal analysis-KFT correlations.

3. Results and discussion

3.1. Obtaining of anchovy oil/b-cyclodextrin complexes

The anchovy oil/b-cyclodextrin complexes were obtained by
two different methods. Thus, the controlled crystallization of the
fish oil glycerides/b-cyclodextrin complex allows to obtain an
enhanced quality complex. This is due to a low ethanolewater
solubility of the biologically active compound/b-cyclodextrin
complex in comparison with the non-complexed b-cyclodextrin.
Furthermore, the competitiveness to nano-encapsulation in b-
cyclodextrin of the fish oil constituents (fatty acid profile) can be
achieved using the crystallization method due to the possibility to
reach the complexation equilibrium. On the other hand, kneading
(or “paste”) method is very useful from applicative and economical
point of view. The recovery yield is significantly higher in com-
parison with the crystallization method, but the non-complexed b-
cyclodextrin is found in higher content in kneading method. As a
consequence, the recovery yields of the anchovy oil/b-cyclodextrin
complex was 12e22 g/100 g higher for kneading method than in
the case of crystallization method (73.6e78.3 g/100 g and
85.4e99 g/100 g, respectively).

3.2. Nano-encapsulation competitiveness of anchovy oil
components

The fatty acid profile of anchovy oil has been performed using
GCeMS analysis of the corresponding FAMEs. The identification of
these components has been performed using both the Kovats
indices of the FAMEs standard solution and the experimental MS
spectra (comparison with the NIST 2002 database) that were ob-
tained from the GCeMS analysis. The total relative concentration of
the identified compounds (calculated according to GCeMS data as
the percent ratio between the compound GC area and the sum of
GC areas for all separated compounds) in the derivatized anchovy
oil were 97.5 g/100 g. The most concentrated anchovy oil com-
pounds were PUFAs (65.5 g/100 g), followed by MUFAs (19.7 g/
100 g), and SFAs, with a relative concentration of 12.3 g/100 g
(Table 1). The main PUFAs in the anchovy oil were EPA (28.2 g/
100 g) and DHA (22.3 g/100 g). The MUFAs derivatives were at
almost 20 g/100 g in these samples, with an important concen-
tration for oleic acid (10.8 g/100 g). Less concentratedwere the SFAs
(palmitic and stearic acids were the most important fatty acids
from this class). Detailed data on the fatty acid composition and
Kovats indices were presented in Table 1.

Evaluation of the relative concentrations of the fatty acid methyl
esters that were obtained by derivatizing of the b-cyclodextrin
encapsulated anchovy oil allows establishing the competitiveness
to b-cyclodextrin molecular encapsulation of the anchovy oil-
containing fatty acid moieties. The molecular encapsulation
competitiveness can only be established for the complexes ob-
tained by controlled crystallization method. Consequently, only
these samples were evaluated from this point of view.

The overall b-cyclodextrin molecular encapsulation competi-
tiveness of the anchovy oil fatty acid moieties is closely related to
the number of double bonds. Thus, the saturated fatty acid moieties



Table 1
Fatty acid relative concentrations (as methyl esters) obtained from the GCeMS analysis of the derivatised raw anchovy oil (AO) and those recovered from the b-cyclodextrin
complexes (mean values for duplicates at 1:1 M ratio: AO_bCD_1:1a, AO_bCD_1:1b, and duplicates at 1:3 M ratio: AO_bCD_1:3a, AO_bCD_1:3b) (the results for the main PUFAs
and total quantified FAs are bolded).

No Namea KIb Codec Classd Area (AO) (g/100 g)e

1 Myristic 1734 C14:0 S 0.94
2 Pentadecanoic 1835 C15:0 S 0.09
3 7,10,13-Hexadecatrienoic 1900 C16:3 PU 0.40
4 Palmitoleic 1916 C16:1 MU 3.05
5 Palmitic 1941 C16:0 S 6.10
6 Margaric 2039 C17:0 S 0.30
7 Polyunsaturated fatty acidf 2096 C20:4* PU 2.21
8 Linoleic 2108 C18:2 PU 0.63
9 Oleic 2121 C18:1 MU 10.77
10 Stearic 2148 C18:0 S 4.62
11 Polyunsaturated fatty acidf 2165 C20:4* PU 1.00
12 Monounsaturated fatty acidf 2190 C18:1* MU 2.98
13 Nonadecanoic 2255 C19:0 S 0.21
14 EPA (5,8,11,14,17-eicosapentaenoic) 2309 C20:5 PU 28.18
15 Polyunsaturated fatty acidf 2322 C20:3* PU 1.62
16 11-Eicosenoic 2347 C20:1 MU 1.09
17 Polyunsaturated fatty acidf 2404 C20:5* PU 0.75
18 Polyunsaturated fatty acidf 2429 C20:5* PU 2.08
19 Polyunsaturated fatty acidf 2523 C20:5* PU 0.64
20 DHA (4,7,10,13,16,19-docosahexaenoic) 2573 C22:6 PU 22.27
21 Polyunsaturated fatty acidf 2591 C20:5* PU 3.80
22 Polyunsaturated fatty acidf 2709 C20:5* PU 1.90
23 Erucic 2784 C22:1 MU 0.95
24 Behenic 2855 C22:0 S 0.05
25 Nervotic 3173 C24:1 MU 0.84
26 Other minor compoundsg 2.54

TOTAL quantified fatty acids (g/100 g) 97.46
TOTAL Saturated fatty acids (g/100 g) 12.31
TOTAL Monounsaturated fatty acids (g/100 g) 19.68
TOTAL Polyunsaturated fatty acids (g/100 g) 65.47

No Area (mean) ± SD (AO_bCD_1:1) (g/100 g) Area (mean) ± SD (AO_bCD_1:3) (g/100 g)

1 2.51 ± 0.13 2.71 ± 0.42
2 0.26 ± 0.00 0.11
3 0.14 ± 0.01 0.12
4 6.78 ± 0.02 7.41 ± 0.13
5 18.49 ± 1.14 18.65 ± 2.29
6 0.70 ± 0.06 0.52 ± 0.18
7 0.52 ± 0.10 0.22
8 0.65 ± 0.15 0.55
9 28.58 ± 0.87 29.41 ± 2.05
10 16.58 ± 0.84 7.85 ± 0.30
11 1.32 ± 0.02 1.25 ± 0.20
12 7.84 ± 0.45 10.44 ± 0.22
13 0.81 ± 0.25 2.44 ± 2.21
14 3.54 ± 0.03 3.06 ± 0.06
15 0.75 ± 0.28 0.58
16 1.06 1.93
17
18 1.27 ± 0.14 1.82 ± 0.33
19
20 4.04 ± 0.11 4.51 ± 1.65
21
22
23 1.40 ± 0.36 2.74 ± 0.61
24
25
26
QFA 97.23 ± 0.23 96.33 ± 2.39
SFA 39.35 ± 0.24 32.28 ± 0.46
MUFA 45.66 ± 0.56 51.93 ± 4.52
PUFA 12.23 ± 0.55 12.12 ± 1.67

a The fatty acid methyl ester name.
b Kovats index (calculated according to alkane standard solution GC data).
c The corresponding fatty acid code (Cx:y represents the fatty acid containing “x” carbon atoms and “y” double bonds).
d S e saturated fatty acid, MU e monounsaturated fatty acid, PU e polyunsaturated fatty acid.
e The fatty acid methyl ester concentration, calculated as the percent ratio between the GC peak area of the compound and the sum of all GC peak areas.
f There were identified as isomers with the code indicated by “*” (using only the MS data and not the standard FAMEs).
g The other minor compounds were fatty acid methyl esters having concentrations lower than 0.05 g/100 g or they are not belong to this class (e.g. aldehydes).
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have been more than three times concentrated in the 1:1 anchovy
oil/b-cyclodextrin complexes and approximately 2.6 times more
concentrated in the corresponding 1:3 complex (Table 1). The
monounsaturated fatty acid moieties have been encapsulated at
more than two times higher relative concentrations than for the
raw fish oil. On the contrary, polyunsaturated fatty acid moieties
have been encapsulated in lower relative concentration in com-
parison with the raw anchovy oil (approximately five to seven
times lower).

The higher structural rigidity of polyunsaturated fatty acid
moieties hinder the molecular encapsulation process and allow to
better encapsulate the saturated and even monounsaturated fatty
acid moieties. This observation is clearly demonstrated by the
relative concentrations of the fatty acid methyl esters in the
derivatized raw and recovered anchovy oils. This concentration is
only 3.5 g/100 g and 4 g/100 g for EPA and DHA in the 1:1 complex,
in comparisonwith concentrations of 28.2 g/100 g and 22.3 g/100 g
in the raw sample, respectively. This behaviour is almost the same,
even if the b-cyclodextrin content is increased to 1:3 M ratio. The
most concentrated saturated and monounsaturated fatty acid
moieties have been better encapsulated in b-cyclodextrin. They
were found in higher relative concentrations in complexes than in
the raw samples. Palmitic acid methyl ester was determined at
18.5e18.7 g/100 g relative concentration in the b-cyclodextrin
complex in comparison with 6.1 g/100 g in the raw fish oil. On the
other hand, oleic acid methyl ester had relative concentrations of
28.6e29.4 g/100 g and 10.8 g/100 g, respectively (Table 1).

These observations suggest that b-cyclodextrin allows to
concentrating the polyunsaturated fatty acid-containing glycerides
from the raw anchovy oil by complexation, especially saturated and
monounsaturated species. Therefore, the anchovy oil can be
“omega-3 concentrated” (as the “residual” non-encapsulated fish
oil) using b-cyclodextrin. Furthermore, the anchovy oil/b-cyclo-
dextrin complex can also be used in food and pharmaceutical in-
dustries (due to the environmentally friendly method used for
encapsulation as well as to the GRAS acceptance for b-cyclodextrin;
see “Supplementary Material” file).

3.3. Thermogravimetric analysis (TG) of anchovy oil/b-cyclodextrin
complexes

The cyclodextrin nano-encapsulation efficiency can be easily
evaluated by thermal methods. Thermogravimetry indicates the
mass loss during the heating. Therefore, it can be successfully used
for evaluating the water (and other volatile) content in anchovy oil/
b-cyclodextrin complexes. Almost all crystallization water is
released up to 110 �C for b-cyclodextrin, while the water released
from the corresponding b-cyclodextrin complexes have very
different thermogravimetric behaviour (Table 2 and Figs. 1 and 2). If
the range up to 140 �C is compared, the mass loss of anchovy oil/b-
cyclodextrin complexes is two-three times lower for complexes
obtained by crystallization method and 0.5e0.7 times lower for the
case of kneading method. On the other hand, the mass loss up to
250 �C is higher for complexes and can be due to the faster
degradation of the complex components. Thus, the water loss
during the heating can be an indirect parameter for the efficiency of
complexation. During the molecular encapsulation, a part of water
molecules from the b-cyclodextrin hydrate is replaced by the hy-
drophobic fatty acid moieties. This process reduces the final water
concentration in the complex. As a result, the mass loss of 13 g/
100 g for b-cyclodextrin is reduced to 4.5e6.1 g/100 g for anchovy
oil/b-cyclodextrin complexes obtained by crystallization method
and to 6e9.5 g/100 g for complexes obtained by kneading method
(Table 2; see also “Supplementary Material” file). The mass loss
cannot differentiate between the type of volatiles (water and other
solvents such as ethanol) and another method for evaluation of
water content is needed.

3.4. Differential scanning calorimetry analysis (DSC) of anchovy oil/
b-cyclodextrin complexes

Important information on the dissociation processes during the
heating of b-cyclodextrin and its anchovy oil complexes can be
obtained by DSC analysis. Two main endothermic peaks corre-
sponding to the dissociation of water and to decomposition of b-
cyclodextrin can be observed. If the last peak appear at the same
temperature (317e324 �C), the peak corresponding towater release
is drastically modified by the complexation (Figs. 3 and 4). Thus,
this peak temperature is 105 �C for b-cyclodextrin, while the
complexes reveal DSC peaks at even 40 �C. Furthermore, the peak
corresponding to the water release from complexes has two peak
temperatures, which are more evident for complexes obtained by
crystallization method. These release behaviour can be due to the
dissociation of “surface” water molecules (at lower temperatures)
and “strongly-retained” water molecules from the cyclodextrin
cavity (at higher temperatures) (H�ad�arug�a, H�ad�arug�a, Costescu,
David, & Gruia, 2014; H�ad�arug�a, H�ad�arug�a, & Isengard, 2013). The
peak temperatures of the “surface”water release are in the range of
40e74.9 �C and those corresponding to “strongly-retained” water
release are in the range of 80.5e92.1 �C. These differences
demonstrate that the water molecules from the cyclodextrin cavity
are replaced by the hydrophobic fatty acid moieties, which had
better interact with the hydrophobic inner cavity. As a result, the
corresponding peak temperatures decreases and the endothermic
effects are also reduced. A wide peak in the range of 140e250 �C,
having the maximum peak temperatures at 177e200 �C, can be
observed in all complex cases, especially for 1:1 ratio (Figs. 3 and 4).
This peak can appear due to a multiple dissociation of both water/
solvent molecules and encapsulated anchovy oil components. The
differentiation between these compounds is difficult to achieve by
these thermal methods and further analysis is needed.

3.5. Karl Fischer water titration (KFT) of anchovy oil/b-cyclodextrin
complexes

The water content of anchovy oil/b-cyclodextrin complexes can
be selectively determined using the Karl Fischer titration method
(Isengard & Heinze, 2003). This redox reaction is potentiometri-
cally monitored and the water content can be more accurately
determined. Furthermore, the type of water molecules from the
insoluble complex samples can be estimated from the titration
curve: “surface” water molecules rapidly react, while “strongly-
retained” water molecules needs more time to diffuse from the
inner of complex particles to the surface and to react. These ob-
servations allow establishing the type of water molecules bymeans
of the reaction kinetics.

Thewater content in complexes is significantly lower than in the
case of b-cyclodextrin. Thus, b-cyclodextrin had a water content of
13.7 g/100 g, while this parameter was in the range of 6.3e9.2 g/
100 g for the corresponding anchovy oil/b-cyclodextrin complexes
(Table 3). Significant difference between the water content in
complexes obtained by different methods has been observed. The
water content in complexes obtained by crystallizationmethod is in
the range of 6.3e6.9 g/100 g, while this value was much higher for
the complexes obtained by kneading method (8.3e9.2 g/100 g).
This aspect can be explained by the technique of complexation. In
the crystallization method an equilibrium between all components
that participate to the “host-guest” molecular encapsulation pro-
cess exists; consequently, the water content is especially crystalli-
zation or “strongly-retained” water, while the “surface” water is



Table 2
Thermogravimetric and differential scanning calorimetry results for anchovy oil/b-cyclodextrin complexes (mass loss from TG analysis for three temperature intervals: up to
140 �C, 140e250 �C, and after 250 �C, as well as the DSC peak characteristics corresponding to dissociation of water or solvent molecules from the complex: calorimetric peak
area and peak temperatures).

No Code Mass loss (TG) (<140 �C) (g/
100 g)

Mass loss (TG) (140e250 �C) (g/
100 g)

Mass loss (TG) (>250 �C) (g/
100 g)

Peak area (DSC) (mV$s/
mg)

Peak temps.a (DSC)
(�C)

1 bCD �13.00 �0.19 �71.58 �302.1 105
2 AO_bCD_1:1a �6.05 �14.75 �58.37 �172.1 57.2/89.8
3 AO_bCD_1:1b �4.52 �10.51 �69.64 �100.1 40/80.5
4 AO_bCD_1:3a �5.34 �9.57 �62.22 �149.2 61.7/91.9
5 AO_bCD_1:3b �4.88 �8.69 �66.17 �146.8 64/92.1
6 AO_bCD_1:1(k)

a
�5.93 �20.40 �54.88 �166.1 62.6/-

7 AO_bCD_1:1(k)
b

�6.27 �19.47 �53.84 �169.3 74.9/-

8 AO_bCD_1:3(k)
a

�8.11 �5.89 �68.62 �189.1 63.9/86.4

9 AO_bCD_1:3(k)
b

�9.45 �8.00 �63.97 �196.9 64.9/85.6

a The DSC peak temperatures were those corresponding to the calorimetric peaks for the dissociation of water (or other solvent) molecules (first value corresponds to the
dissociation of the water molecules from the crystal surface, while the second value corresponds to the dissociation of water molecules from the cyclodextrin cavity).
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Fig. 1. (a) Thermogravimetric analysis of anchovy oil/b-cyclodextrin complex obtained
by crystallization method at 1:1 M ratio, duplicate “a” (AO_bCD_1:1a, dashed line),
anchovy oil/b-cyclodextrin complex obtained by crystallization method at 1:1 M ratio,
duplicate “b” (AO_bCD_1:1b, dotted line) and commercial b-cyclodextrin (bCD,
continuous line); (b) thermogravimetric analysis of anchovy oil/b-cyclodextrin com-
plex obtained by crystallization method at 1:3 M ratio, duplicate “a” (AO_bCD_1:3a,
dashed line), anchovy oil/b-cyclodextrin complex obtained by crystallization method
at 1:3 M ratio, duplicate “b” (AO_bCD_1:3b, dotted line) and commercial b-cyclodextrin
(bCD, continuous line).
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Fig. 2. (a) Thermogravimetric analysis of anchovy oil/b-cyclodextrin complex obtained
by kneading method at 1:1 M ratio, duplicate “a” (AO_bCD_1:1(k)a, dashed line), an-
chovy oil/b-cyclodextrin complex obtained by kneading method at 1:1 M ratio,
duplicate “b” (AO_bCD_1:1(k)b, dotted line) and commercial b-cyclodextrin (bCD,
continuous line); (b) Thermogravimetric analysis of anchovy oil/b-cyclodextrin com-
plex obtained by kneading method at 1:3 M ratio, duplicate “a” (AO_bCD_1:3(k)a,
dashed line), anchovy oil/b-cyclodextrin complex obtained by kneading method at
1:3 M ratio, duplicate “b” (AO_bCD_1:3(k)b, dotted line) and commercial b-cyclodextrin
(bCD, continuous line).

M. Ünlüsayin et al. / LWT - Food Science and Technology 68 (2016) 135e144140
significantly removed at the stage of filtration/washing with
ethanol. On the other hand, the kneading method only assumes the
drying of the complex that allows complexes to retain a higher
content of water.

Thewater titration curve allows evaluating the kinetics of the KF
reaction, taking into account the volume of the titrant used, the



Fig. 3. (a) Differential scanning calorimetry analysis for anchovy oil/b-cyclodextrin
complex obtained by crystallization method at 1:1 M ratio, duplicate “a” (AO_bCD_1:1a,
dashed line), anchovy oil/b-cyclodextrin complex obtained by crystallization method
at 1:1 M ratio, duplicate “b” (AO_bCD_1:1b, dotted line) and commercial b-cyclodextrin
(bCD, continuous line); (b) Differential scanning calorimetry analysis for anchovy oil/b-
cyclodextrin complex obtained by crystallization method at 1:3 M ratio, duplicate “a”
(AO_bCD_1:3a, dashed line), anchovy oil/b-cyclodextrin complex obtained by crystal-
lization method at 1:3 M ratio, duplicate “b” (AO_bCD_1:3b, dotted line) and com-
mercial b-cyclodextrin (bCD, continuous line).

Fig. 4. (a) Differential scanning calorimetry analysis for anchovy oil/b-cyclodextrin
complex obtained by kneading method at 1:1 M ratio, duplicate “a” (AO_bCD_1:1(k)a,
dashed line), anchovy oil/b-cyclodextrin complex obtained by kneading method at
1:1 M ratio, duplicate “b” (AO_bCD_1:1(k)b, dotted line) and commercial b-cyclodextrin
(bCD, continuous line); (b) Differential scanning calorimetry analysis for anchovy oil/b-
cyclodextrin complex obtained by kneading method at 1:3 M ratio, duplicate “a”
(AO_bCD_1:3(k)a, dashed line), anchovy oil/b-cyclodextrin complex obtained by
kneading method at 1:3 M ratio, duplicate “b” (AO_bCD_1:3(k)b (dotted line) and
commercial b-cyclodextrin (bCD, continuous line).
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titre of the iodine solution, and the reaction volume (H�ad�arug�a,
Costescu, Corpaş, H�ad�arug�a, & Isengard, 2016). The KF titration
curve reveals three important pseudolinear intervals. The first in-
terval started after adding the sample and is a narrow interval of
about 10e30 s; especially the “surface”water is titrated in this part.
The second interval was approximated to 30e90 s and was related
to the “strongly-retained” water reaction. The third interval cor-
responds to the “normal” drift of the KFT system. The first two
linear correlations for b-cyclodextrin as well as for representative
anchovy oil/b-cyclodextrin complexes are presented in Fig. 5 (see
“Supplementary Material” file for all data). The water reaction rates
for these intervals significantly differ for b-cyclodextrin in com-
parison with the corresponding complexes. Thus, the “surface”
water reaction rate is fifth to eighth fold lower for complexes in
comparison with those for b-cyclodextrin, while the “strongly-
retained” water reaction rates are eighteenth to twenty-seventh
times lower than for the case of the starting cyclodextrin (excep-
tion for complexes obtained by kneading method). This behaviour
can be explained by the significant replacing of thewatermolecules
from the inner cavity of cyclodextrin by the hydrophobic fatty acid
moieties contained by anchovy oil. These observations are in good
agreement with the thermal analysis data, especially with the DSC
analysis. Consequently, thermal analysis e KFT correlations have
been further performed for the anchovy oil/b-cyclodextrin
complexes in order to validate the importance of these analyses for
nano-encapsulation efficiency.
3.6. Thermal analyses e Karl Fischer titration correlations

In order to evaluate the consistency of both thermal analyses
and KFT analysis, the main parameters were subjected to correla-
tional regression. Monolinear correlations have been evaluated for
TG mass loss parameters, DSC peak temperatures, KFT water con-
centration, “surface” and “strongly-retained” water reaction rates.
First, the correlational matrix of all valuable parameters was ob-
tained (Table 4). Significant correlations were observed for TGmass
loss (up to 140 �C, corresponding to water and other volatile
dissociation) with DSC and KFT parameters, as well as for DSC and
KFT parameters for all samples, including b-cyclodextrin (Table 4a).
The statistical significance is reduced if only complexes have been
considered. Thus, significant correlation coefficients were obtained
for TG mass loss (<140 �C) and DSC parameters, but no important
relationships were observed for KFT parameters if only complexes
were considered (Table 4b). In this context, correlational equations
have been obtained for all relevant parameters and sample sets.

TG and DSC parameters corresponding to water (or other sol-
vents) dissociation from the complex or b-cyclodextrin very well
correlates. Moreover, all statistical parameters for the correlational



Table 3
Karl Fischer water titration results for the water content and water reaction rates on the main time ranges (10e30 s and 30e90 s) of anchovy oil/b-cyclodextrin complexes and
commercial b-cyclodextrin.

No Code Water contenta(g/100 g) v1
b (millimol/L/s) v2

b (millimol/L/s)

1 bCD 13.69 ± 0.21 (8) 0.462 ± 0.196 0.053 ± 0.021
2 AO_bCD_1:1a 6.32 ± 0.20 (6) 0.059 ± 0.009 0.003 ± 0.000
3 AO_bCD_1:1b 6.80 ± 0.28 (5) 0.096 ± 0.002 0.003 ± 0.000
4 AO_bCD_1:3a 6.81 ± 0.23 (7) 0.108 ± 0.017 0.003 ± 0.001
5 AO_bCD_1:3b 6.94 ± 0.16 (7) 0.094 ± 0.048 0.002 ± 0.001
6 AO_bCD_1:1(k)a 8.26 ± 0.19 (5) 0.090 ± 0.018 0.009 ± 0.002
7 AO_bCD_1:1(k)b 9.20 ± 0.55 (7) 0.093 ± 0.005 0.010 ± 0.002

a The number of replicates are presented in parenthesis.
b v1 and v2 represents the mean water reaction rates from the KFT analysis for the time intervals corresponding to “surface”water (10e30 s) and “strongly-retained”water

molecules (30e90 s), respectively.
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Fig. 5. Karl Fischer water titration curve (V versus Time) for anchovy oil/b-cyclodextrin
complexes and commercial b-cyclodextrin (correlational lines for the time ranges
corresponding to “surface” and “strongly-retained”water molecules are also indicated:
circles and continuous line for b-cyclodextrin (bCD), squares and dashed line for an-
chovy oil/b-cyclodextrin complex obtained by crystallization method at 1:1 M ratio
(AO_bCD_1:1), diamonds and dotted line for anchovy oil/b-cyclodextrin complex ob-
tained by crystallization method at 1:3 M ratio (AO_bCD_1:3), triangles and “line-
point” line type for anchovy oil/b-cyclodextrin complex obtained by kneading method
at 1:1 M ratio (AO_bCD_1:1(k) complex)).

Table 4a
Correlational matrix (Pearson correlation coefficient, r) for thermal and KFT parameters
cyclodextrin for all samples (statistically significant correlation coefficients are bolded).

ML<140 �C (g/100 g) Apeak (mV s/mg) tpe

ML<140 �C (g/100 g) 1.00 �0.97 0
Apeak (mV$s/mg) 1.00 �0
tpeak (�C) 1
W (g/100 g)
v1 (millimol/L/s)
v2 (millimol/L/s)

Table 4b
Correlational matrix (Pearson correlation coefficient, r) for thermal and KFT parameters
cyclodextrin (only for complexes) (statistically significant correlation coefficients are bol

ML<140 �C (g/100 g) Apeak (mV$s/mg) tpe

ML<140 �C (g/100 g) 1.00 �0.90 0
Apeak (mV$s/mg) 1.00 �0
tpeak (�C) 1
W (g/100 g)
v1 (millimol/L/s)
v2 (millimol/L/s)
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equation are significant (Eq. (1a)). On the other hand, significant
correlational equation is obtained for the same parameters if only
anchovy oil/b-cyclodextrin complexes (without b-cyclodextrin) are
considered (Eq. (1b)). These correlations demonstrate the consis-
tency of thermal analyses on anchovy oil/b-cyclodextrin complexes.

MLðTG;<140�CÞ ¼ �1:310ð±1:047Þe0:047ð±0:006Þ$ApeakðDSCÞ
n ¼ 9; r2 ¼ 0:953; s ¼ 0:88; F ¼ 69:4

(1a)

MLðTG;<140�CÞ ¼ �1:274� 0:047ð±0:012Þ$ApeakðDSCÞ
n ¼ 8ðno b� cyclodextrinÞ; r2 ¼ 0:721; s ¼ 0:95; F ¼ 15:6

(1b)

Further, the quality of correlational equations for thermal ana-
lyses and KFT parameters have been evaluated for all samples
analyzed by both thermal and KFT methods. The mass loss corre-
sponding to water release very well correlates with the total KFT
water concentration (r2 ¼ 0.95, Eq. (2)) and with the “strongly-
retained” water reaction rate (r2 ¼ 0.99, Eq. (3)). All statistical pa-
rameters are significant and support the validity and quality of both
determinations. Furthermore, if the water content is higher, the
diffusion of the “strongly-retained” water molecules from the
complex particles (very slightly soluble in the KF reaction media) is
enhanced and the v2 water reaction rate is higher. The same
resulted from analysis of anchovy oil/b-cyclodextrin complexes and commercial b-

ak (�C) W (g/100 g) v1 (millimol/L/s) v2 (millimol/L/s)

.91 0.95 0.96 0.99

.95 �0.91 �0.90 �0.94

.00 0.92 0.85 0.89
1.00 0.93 0.97

1.00 0.98
1.00

resulted from analysis of anchovy oil/b-cyclodextrin complexes and commercial b-
ded).

ak (�C) W (g/100 g) v1 (millimol/L/s) v2 (millimol/L/s)

.70 0.55 �0.45 0.70

.81 �0.38 0.43 �0.48

.00 0.65 0.06 0.57
1.00 0.25 0.95

1.00 0.06
1.00
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important correlation was obtained for KFT water content and
“strongly-retained” water reaction rate (Eq. (4)).

MLðTG;<140�CÞ ¼ �2:245ð±1:405Þ þ 1:063ð±0:163Þ$WðKFTÞ
n ¼ 7; r2 ¼ 0:946; s ¼ 1:03; F ¼ 42:7

(2)

MLðTG;<140�CÞ ¼ 4:723ð±0:232Þ þ 155:755ð±11:181Þ$v2ðKFTÞ
n ¼ 7; r2 ¼ 0:987; s ¼ 0:50; F ¼ 194:1

(3)

WðKFTÞ ¼ 6:672ð±0:309Þ þ 136:337ð±14:870Þ$v2ðKFTÞ
n ¼ 7; r2 ¼ 0:944; s ¼ 0:67; F ¼ 84:1

(4)

Statistically significant correlational equations for DSC and KFT
have also been obtained. DSC peak temperature well correlate with
both KFT water content and “strongly-retained” water reaction
rate, having correlation coefficients, r2, of 0.88 and 0.84, respec-
tively (Eqs. (5) and (6)). This is in good agreement with the above
mentioned findings: a higher DSC peak temperature means
important “strongly-retained” water content as well as total water
content (W(KFT)) for complexes and an enhanced diffusion to the
surface of the anchovy oil/b-cyclodextrin particles appear (related
to v2(KFT)).

tpeakðDSCÞ ¼ 7:822þ 7:078ð±1:370Þ$WðKFTÞ
n ¼ 7; r2 ¼ 0:842; s ¼ 8:7; F ¼ 26:7

(5)

tpeakðDSCÞ ¼ 55:054ð±4:569Þ þ 964:125ð±219:954Þ$v2ðKFTÞ
n ¼ 7; r2 ¼ 0:794; s ¼ 9:9; F ¼ 19:2

(6)

4. Conclusion

The molecular encapsulation of European anchovy (E. encrasi-
colus L.) oil in b-cyclodextrin was successful for both complexation
methods used, according to the performed analyses.

The b-cyclodextrin encapsulation efficiency of anchovy oil
glycerides have been evaluated bymeans of fatty acids profile of the
raw and recovered encapsulated compounds. It was clearly
demonstrated that polyunsaturated fatty acid glycerides from the
anchovy oil is poor encapsulated in b-cyclodextrin in controlled
crystallization conditions, while the monounsaturated and espe-
cially saturated fatty acid glycerides were more appropriate for
molecular encapsulation. These findings suggest that b-cyclodex-
trin is more appropriate for concentrating the anchovy oil with
omega-3 fatty acid-containing components rather than complex-
ation these components. Furthermore, the b-cyclodextrin encap-
sulation process can furnish two valuable materials for food and
pharmaceutical applications: an omega-3-enhanced anchovy oil
(resulted as “residual” oil in the b-cyclodextrin complexation pro-
cess) and a powdery anchovy oil-containing complex with higher
thermal and oxidative stability (further studies are needed on this
context).

Important and statistically significant correlations have been
obtained between thermal analyses and Karl Fisher water titration.
The findings shows that the “strongly-retained” water molecules
are considerable reduced. The conclusion is that the molecular
encapsulation of anchovy oil components in b-cyclodextrin was
successful (even the fatty acid profile of the encapsulated fish oil
was significantly modified).
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a b s t r a c t

General markers of HOCl induced changes in food proteins were evaluated and compared with the
specific indicator 3-chlorotyrosine using dairy proteins at various oxidant/protein ratios and at different
pHs. Protein aggregation was more pronounced at alkaline pH and already observed at a ratio of
0.3 mmol HOCl/g protein. Tryptophan, methionine, tyrosine and lysine in whey proteins showed more
degradation at pH 8.0, whereas methionine and histidine in caseins were more vulnerable for degra-
dation at pH 5.8. Total thiol content was strongly decreased, up to 75% at 4.8 mmol HOCl/g whey protein
with more degradation at acidic pH while in caseins it remained constant. The available lysine content
notably decreased upon HOCl treatment and was more pronounced at pH 8.0. The levels of 3-
chlorotyrosine increased as function of the oxidant/protein ratio and reached a maximum at 2.8 mmol
HOCl/g whey and casein proteins. The 3-chlorotyrosine concentration was observed the least at pH 8.0,
while the increase in protein carbonyls depended only on the HOCl/protein ratio, but not on the pH. It is
concluded that 3-chlorotyrosine provides a more accurate assessment of the impact of HOCl damage on
proteins in foods.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Hypochlorous acid (HOCl) is a strong oxidizing agent, destroying
target organisms by oxidation of their cellular material. HOCl has
been shown to be effective in eliminating large populations of
S-PAGE, sodium dodecyl sul-
2,4-dinitrophenylhydrazine;

. De Meulenaer).
microorganisms and to extend the shelf life of many foods,
including meat, poultry, fish and fish products, fruits and vegeta-
bles (Report of a Joint FAO/WHO Expert Meeting, 2008; Reuter,
1998; Stober, Dinnel, Hurlburt, & DiJulio, 1980; Vandekinderen
et al., 2009). The reaction of HOCl is however not limited to mi-
croorganisms but also organic compounds found in food matrices.
Several studies in the 80s and 90s have reported incorporation of
chlorine into beef, pork, chicken and shrimp (Johnston, Ghanbari,
Wheeler, & Kirk, 1983; Cunningham & Lawrence, 1977). Chlorine
(1.1%) was shown to oxidize cysteine and methionine, destroy a
proportion of tyrosine and histidine and cause some deamidation
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of wheat proteins (Ewart, 1968). In addition, chlorine that was
applied to cake flour at levels of 0e8.93 g/kg caused some changes
in the sulfhydryl content, degradation of the aromatic amino acids,
and the chlorination of tyrosine have also been reported (Tsen,
Kulp, & Daly, 1971).

Currently, the use of chlorine as a sanitizer to decontaminate
animal products is prohibited in the EU. It is however used as a
hygienic processing aid in for instance water used for irrigation or
for washing fresh cut fruits and vegetables (Alegria et al., 2009;
Artes, Gomez, Aguayo, Escalona, & Artes-Hernandez, 2009; Rico,
Martin-Diana, Barat, & Barry-Ryan, 2007). Apart from potential
abuse of hypochlorite as a decontamination agent, applied con-
centrations used in sanitizing applications can be too high because
of insufficient care or ignorance. Moreover consumer's acceptance
to the use of bleach in contact with foods is not general, turning it
into a quality issue (MacRitchie, Hunter, & Strachan, 2014).

Recently we reported potential use of 3-chlorotyrosine as an
indicator for the treatment of fish fillet with hypochlorite (Bao
Loan, Devlieghere, Van Hoeke, & De Meulenaer, 2015). Reaction
of free tyrosine with HOCl resulted in the formation of 4-
hydroxyphenylacetaldehyde, 3-chlorotyrosine, and 3,5-
dichlorotyrosine. In protein or peptide-bound tyrosine however,
only the formation of 3-chlorotyrosine and 3,5-dichlorotyrosine
was reported (Fu, Wang, Davies, & Dean, 2000). Obviously, hypo-
chlorite induces considerably more changes in proteins than only
the conversion of tyrosine to 3-chlorotyrosine and further to 3,5-
dichlorotyrosine. Indeed, various authors described the formation
of protein carbonyls and the reaction products of various amino
acids with HOCl. Protein carbonyls are readily formed when pro-
teins are treated with hypochlorite due to the decomposition of the
formed chloramines (Chapman, Senthilmohan, Winterbourn, &
Kettle, 2000). However, protein carbonyls can be formed via
many other routes, and thus cannot be considered as a specific
marker (Winterbourn & Kettle, 2000). Similarly, tryptophan, lysine
and histidine are readily reacting with hypochlorite, but the re-
actions products formed can also be produced via other oxidation
routes (Ferrer, Alegria, Farre, Abellan, & Romero, 2003; Hawkins,
Pattison, & Davies, 2003; Pattison & Davies, 2001). In addition,
other changes with the sulphur-containing side chains of methio-
nine, cystine and cysteine residues, are difficult to access because of
the instability of the reaction products, thus limiting their appli-
cability to be used as a biomarker for hypochlorite exposure
(Monnier, Nemet, Sell, & Weiss, 2011; Pitt & Spickett, 2008).

Previously, we reported on the oxidation of dairy proteins with
hypochlorite at one particular pH, but 3-chlorotyrosine was not one
of the markers monitored (Kerkaert et al., 2011). As an elaboration
of this earlier work, the impact of hypochlorite on these model food
proteins was currently studied at various pH levels. Various mo-
lecular changes on protein level were considered and additionally
with the formation of 3-chlorotyrosine. In consequence, the po-
tency of 3-chlorotyrosine was evaluated as an indicator for the use
of hypochlorite in contact with foods in comparison with the other
molecular changes in proteins.

2. Materials and methods

2.1. Chemicals

Whey protein isolate (Lacprodan® DI-9224) and caseinate
(Miprodan® 30) both containing 88% protein,1.5% fat, 0.3% sugar, 4%
ash and 6% moisture were delivered by Acatris Food Belgium
(Londerzeel, Belgium). Gel and standards for SDS-PAGE were from
Bio-Rad (Nazareth, Belgium). Pyridine and trifluoroacetic acid were
of analytical grade and obtained from Merck (Darmstadt, Ger-
many). Acetonitrile HPLC grade was obtained from VWR (Leuven,
Belgium). All other chemicals and reagents were of analytical or
HPLC grade and obtained from Sigma Aldrich (Bornem, Belgium)
and Chemlab (Zedelgem, Belgium).

2.2. Oxidation of milk proteins with HOCl

Proteins and HOCl were dissolved in a 0.1 M potassium phos-
phate buffer at pH 8.0, 7.4 and 5.8 and in an acetate buffer con-
taining 0.1 M acetic acid and 0.013 M sodium acetate at pH 3.8. For
caseins, the experiments were only performed at pH 8.0, 7.4 and 5.8
since they precipitate at pH 3.8 (below their isoelectric point of 4.6).
The HOCl stock standardization, protein oxidation and protein
content determination were done as described earlier (Kerkaert
et al., 2011).

2.3. SDS-PAGE

Proteins were subjected to sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) under reducing condi-
tions as described earlier (Kerkaert et al., 2011). Diluted samples
were 1:1 mixed with Laemmli buffer, heated (5 min at 90 �C) and
centrifuged. 10 mg of protein was brought onto a 12% or 15% poly-
acrylamide TriseHCl gel. Gels were developed Biosafe Coomassie
and read using a Bio-Rad Gel Doc™ Imager (Nazareth, Belgium).

2.4. Carbonyl assay

Protein carbonyls were determined as described earlier
(Kerkaert et al., 2011). Proteins were reacted with 2,4-dini-
trophenylhydrazine (DNPH) and unreacted DNPH was removed by
precipitating the proteins using trichloroacetic acid (TCA) and
washing the protein pellet with ethanol:ethylacetate (1:1, v/v).
Absorbance of the dissolved pellet (in 0.5 mL of 6 M urea in 20 mM
phosphate buffer) was read at 370 nm using a Bio-Rad Benchmark
Plus microplate spectrophotometer (Nazareth, Belgium). The
carbonyl contentwas expressed in mmol carbonyls/g protein using a
molar absorption coefficient of 22,000 M�1 cm�1.

2.5. Amino acid analysis

Proteins were hydrolysed to their constituent amino acids
which were then derivatized with ortho-phthaldialdehyde and 9-
fluorenylmethyl chloroformate and separated on HPLC as described
earlier (Kerkaert et al., 2011). Before hydrolysis, the oxidized pro-
teins were precipitated with TCA and then incubated on ice during
10 min followed by a centrifugation at 4053 �g for 10 min at 4 �C.
The obtained pellet was redissolved in 5 mL of 0.1 M phosphate
buffer. For the acid hydrolysis, 1.3 mL of the redissolved pellet was
added to 3.7 mL of 8MHCl. For basic hydrolysis, 2 mL of redissolved
pellet was added to 2 mL of 8 M NaOH. Both mixtures were incu-
bated for 24 h at 110 �C, and further neutralised before analysis.
Amino acids were derivatized in the injector of an Agilent 1100
system (Agilent Technologies, Switzerland) and separated on a
Zorbax Eclipse AAA Rapid Resolution column (4.6 � 150 mm, Agi-
lent Technologies).

2.6. Total thiol groups

The oxidation of the sulphur containing amino acids was
monitored by the Ellman method as described earlier (Kerkaert
et al., 2011). One mL of 10 M urea (in TriseHCl) and 20 mL of mer-
captoethanol was added to 0.2 ml of protein solution. After incu-
bation (1 h), proteins were precipitated with TCA (20%). The pellet
was washed with TCA (20%) and redissolved in 3 mL of 50 mM
TriseHCl buffer (pH 8.0) containing 8 M urea. Subsequently 20 ml of
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10 mM of 5,5-dithiobis nitro-benzoic acid was added. The absor-
bance was measured at 412 nm before and after adding 5,5-
dithiobis(2-nitro-benzoic)acid against a blank without protein us-
ing a Varian Cary 50 UVevisible spectrophotometer (Varian, USA).
The thiol content in mmol SH/g protein was calculated using the
molar extinction coefficient of 13,600 M�1 cm�1.

2.7. Available lysine residues

The loss of reactive lysine residues was determined by a fluo-
rescence method as described earlier (Kerkaert et al., 2011). Briefly,
protein solutions were mixed 1:1 with 12% SDS and overnight
incubated at 4 �C. After sonication, 25 mL of sample was mixed with
750 mL ortho-phthaldialdehyde reagent during 30 s and incubated
for 90 s in the dark. After vortexing, the fluorescence was measured
at an excitationwavelength of 340 nm and an emissionwavelength
of 450 nm (with a Spectramax Gemini XPS fluorimeter, Molecular
Devices, Brussels, Belgium). Results were expressed in mg lysine/g
protein.

2.8. Determination of 3-chlorotyrosine

The internal standard 3-[13C6] chlorotyrosine was isolated by
reverse-phase HPLC (Thermo Electron Corporation, Waltham, MA,
USA), with monitoring of the absorbance at 276 nm. Then 3-
chlorotyrosine was analysed by a stable isotope assay as
described earlier (Bao Loan et al., 2015). Briefly, a known amount of
internal standard was added to all oxidized samples before hy-
drolysis with 12 N hydrochloric acid (24 h at 110 �C). The amino acid
fraction was isolated using cation-exchange column chromatog-
raphy (DOWEX 50WX8, 200e400 mesh) and dried under nitrogen.
Amino acids were dissolved in water:ethanol:pyridine (60:32:8
v:v:v) and derivatized with ethyl chloroformate. Samples were
extracted with dichloromethane containing 2% ethyl chlor-
oformate. An aliquot was taken from the dichloromethane layer,
dried over Na2SO4 and injected to an Agilent 5975 GC/MSD (Agilent
Technologies, Germany). The concentrations of 3-chlorotyrosine
were calculated from the observed ion current ratios from m/z
226/232 and 298/304 for 3-chlorotyrosine and its isotopic labelled
internal standard respectively. The detection limit (LOD) is
0.30 nmol 3-chlorotyrosine/mg protein, limit of quantification
(LOQ) is 0.59 nmol 3-chlorotyrosine/mg protein.

2.9. Statistical analysis

All laboratory experiments were performed in triplicate and
statistical analysis was carried out with SPSS Statistics package
version 22 (IBM, SPSS, Inc.). The ShapiroeWilk test was used to
verify the normality of the data distribution. Statistical compari-
sons between groups were then made using one-way analysis of
variance (ANOVA), followed by Tukey post hoc test with signifi-
cance level of p < 0.05.

3. Results

3.1. Gel electrophoresis

In whey proteins, the intensity of three major bands that
correspond to a-lactalbumin, b-lactoglobulin and bovine serum
albumin decreased and an increase in smearing was observed with
increasing the HOCl/protein ratio (Fig. 1). Nonetheless, a new
broader protein band with a molecular weight around 36 kDa
appeared until a ratio of 4.9 mmol HOCl/g protein, indicating dimer
formation. At pH 8.0 and 7.4 (Fig.1A and B) the b-lactoglobulin band
disappeared at 3.2 mmol HOCl/g protein but persisted in the case of
the acidic pH 5.8 and especially 3.8 (Fig. 1C and D). At the higher
oxidant/protein ratios than 3.2 mmol HOCl/g protein, the dimer
band tended to disappear, probably due to further aggregation of
the protein.

Formation of high molecular weight aggregates was more pro-
nounced in the case of caseins at all pH levels considered, as can be
observed from the smearing in the 75e250 kDa range and the
presence of larger aggregates at the top of the running gel (at HOCl/
protein ratio from 0.3 to 1.6) and the bottom of the stacking gel (at
HOCl/protein ratio from 3.2 to 6.5) (Fig. 2). The bands for the ag-
gregates were already observed at the lowest HOCl/protein ratio of
0.3 mmol/g at all pH studied and their intensity became more
prominent at higher oxidant/protein ratios regardless of the pH
applied. Meanwhile, caseins bands tended to disappear completely
at HOCl/protein ratio of 3.2 (at a pH of 8.0 and 7.4, Fig. 2A and B) and
4.9 (at pH 5.8, Fig. 2C).

3.2. Protein carbonyls

The carbonyl content significantly increased upon HOCl oxida-
tion and was higher in whey proteins compared to caseins (Fig. 3).
Initially, protein bound carbonyls content was 0.44e0.78 mmol/g
whey protein and 2.09e2.65 mmol/g caseins protein. At a 1.2 mmol
HOCl/g whey protein ratio, a 50-fold increase in protein carbonyls
was observed while at higher ratios even a more than 100-fold
increase compared to the initial levels of carbonyls was noticed.
In the case of caseins, the increase was 7-fold and above 20-fold,
respectively. Remarkably, the increase in protein carbonyls
depended only on the HOCl/protein ratio, but not on the pH.

3.3. Amino acid content

In this experiment, two HOCl/protein ratios were evaluated (1.0
and 2.5 mmol HOCl/g protein) (Table 1). Among the 5 amino acids
reported, tryptophan was the most vulnerable for degradation.
Indeed, a strong degradation was already observed at 1.0 mmol
HOCl/g protein, however for whey at acidic pH, this loss was clearly
less than at alkaline pH. At 2.5 mmol HOCl/g protein, tryptophan
was not detectable anymore for any of the proteins; therefore,
higher HOCl/protein ratios were not evaluated.

Methionine oxidation in whey proteins was less pronounced
compared to caseins most probably because of the difference in
protein structure between caseins and whey proteins. At 1.0 mmol
HOCl/g protein less degradationwas found inwhey especially at pH
3.8e7.4. At pH 8.0 however, 96% ofmethionine residues were lost in
whey and 89% in casein which is in contradiction with the obser-
vations at pH 3.8e7.4. At 2.5 mmol HOCl/g protein ratio, methio-
nine was almost completely degraded for both proteins.

Tyrosine in whey was more stable than in caseins at a ratio of
1.0 mmol HOCl/g protein for all pH levels. The pH impact on the
degradation of tyrosine in whey proteins was more pronounced at
pH 8.0 than at the other pHs, whereas for caseins this difference
was not so pronounced. At the highest oxidant/whey proteins
ratio, the influence of pH was more noticeable with the least
modified at pH 5.8 and lowest at pH 8.0. The impact of pH was
similar for caseins but tyrosine degradation was most pronounced
at pH 7.4.

For histidine at 1.0 mmol HOCl/g protein, no pH impact was
observed for whey proteins and a minor pH impact for caseins. This
way, at pH 8 less histidine residues were modified. At 2.5 mmol
HOCl/g protein, the pH impact was somewhat more pronounced in
caseins (more stable at higher pH) than in whey proteins (the least
stable at pH 3.8).

At 1.0 mmol HOCl/g protein, pH had no effect on HOCl oxidation
of lysine in whey proteins and a restricted pH impact at pH 5.8 for



Fig. 1. SDS-PAGE profiles of oxidized whey proteins as function of the hypochlorous acid/protein ratio (mmol/g) and pH. Whey e pH 8.0 (A), whey e pH 7.4 (B), whey e pH 5.8 (C),
whey e pH 3.8 (D). The ovals indicated a dimer formation (36 kDa). ALA: a-lactalbumin. BLG: b-lactoglobulin.
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caseins. At the highest oxidant/whey proteins ratio, a limited pH
impact on lysine modification was noticed for both proteins with
the lowest stability at pH 8.0. Lysine was degraded at a HOCl/pro-
tein ratio higher than 1.0 mmol HOCl/g protein. However, at
2.5 mmol HOCl/g protein, lysine degradation was stronger in ca-
seins than in whey proteins.

3.4. Available lysine content

As can be seen from Table 2, the available lysine content notably
decreased upon HOCl treatment. At all pH levels evaluated, for
whey proteins incubated with 1.2 mmol HOCl/g protein, about 30%
of the available lysine residues were lost and a reduction of 40e70%
at higher ratios was observed. In caseins, available lysine losses
were about 50% at 1.2 mmol HOCl/g protein and from 66 to 100% at
ratios above 3.5 mmol HOCl/g protein. The loss of available lysine
was more pronounced at pH 8 for both proteins however, lysine
was typically less stable in caseins than in whey.

3.5. Total thiols

As shown in Table 2, while the depletion of the total thiol con-
tent in caseins was quite limited, the loss was more severe for whey
proteins at all pH levels tested.

A clear impact of pH on the protein thiols was observed in
whey proteins with a stronger degradation at acidic pH. Indeed,
whey proteins incubated with 4.8 mmol HOCl/g protein at pH 3.8
led to a 75% decrease while 50% of total thiol groups at the same
oxidant/protein ratio were lost at pH 8.0. This tendency was
observed at all oxidant/protein ratios evaluated. Furthermore, the
loss of sulfhydryl content in whey proteins depended on the
oxidant/protein ratio. For example, at pH 8.0 15% of the sulfhydryl
groups were degraded at 1.2 mmol HOCl/g protein, while at 3.5
and 4.8 mmol HOCl/g whey protein losses amounted 40 and 50%
respectively. Similar trends were observed at the other pH levels
evaluated.

3.6. Formation of 3-chlorotyrosine

As illustrated in Fig. 4, the concentration of 3-chlorotyrosine
increased as a function of the HOCl/protein ratio and reached a
maximum at 2.8 mmol HOCl/g protein for both proteins. While a
low percentage (3e5%) of tyrosine was modified to 3-
chlorotyrosine at a ratio of 0.21 mmol HOCl/g whey and caseins
proteins, those percentages amounted 20e40% in whey and
30e50% in caseins incubated with 2.8 mmol HOCl/g protein. At
higher oxidant/protein ratios the 3-chlorotyrosine content how-
ever decreased. At a 4.4 mmol HOCl/g protein ratio, up to 14e24%
and 22e34% of tyrosine was converted to 3-chlorotyrosine in whey
proteins and caseins, respectively.

The impact of pH on 3-chlorotyrosine formation seemed to be
dependent upon both the protein and the oxidant/protein ratio. Up
to a HOCl/protein ratio of 1.45 mmol HOCl/g protein, 3-
chlorotyrosine formation was least pronounced at pH 5.8 for both
proteins. At higher ratios, 3-chlorotyrosine formation in whey was
least pronounced at pH 8.0, while for caseins the least influenced



Fig. 2. SDS-PAGE profiles of oxidized caseins as function of the hypochlorous acid/protein ratio (mmol/g) and pH. Caseins e pH 8.0 (A), casein e pH 7.4 (B), caseins e pH 5.8 (C). The
ovals indicated aggregates.
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pH levels were pH 5.8 or pH 8.0. For whey proteins, the formation of
3-chlorotyrosine was highest at pH 3.8 at the oxidant/protein ratios
studied, while for caseins pH 7.4 was the most efficient pH for 3-
chlorotyrosine generation.
4. Discussion

4.1. The impact of HOCl at various pH levels on general protein
oxidation markers

Besides the oxidant/protein ratio and the type of protein, the pH
had a major impact on the HOCl induced protein modifications
except for protein carbonyls in both proteins and sulfhydryl groups
in the case of caseins. While more protein aggregation was
observed at alkaline pH levels (Figs. 1 and 2), surprisingly the pH
influence on the degradation of specific amino acids (Table 1)
showed an unclear trend. Tryptophan, methionine, tyrosine and
lysine in whey proteins showed more degradation at pH 8.0,
whereas methionine and histidine in caseins were more vulnerable
for degradation at pH 5.8. Losses of available lysine residues were
more pronounced at basic pH than at acidic conditions (Table 2).
The differences observed between the total lysine and available
lysine content were most probably caused by the conversion of the
chloramines of the lysine ε-amino group to the native lysine during
the strong acid hydrolysis applied for amino acid analysis (Cucu
et al., 2013; Nightingale et al., 2000; Moughan, 2003). It was
observed that the higher amount of protein carbonyls formed at the
basic pH in whey proteins was in agreement with the stronger
tryptophan, methionine, tyrosine, lysine degradations and losses
available lysine of whey proteins at the basic pH compared to acidic
pH. It is well known that the oxidative degradation of amino acids
such as proline, arginine, lysine and threonine results in the for-
mation of carbonyl groups. Besides, in the case of hypochlorous acid
also tryptophan, methionine, cysteine and histidine oxidize to
carbonyl compounds (Hawkins et al., 2003). That these oxidative
degradations and SDS-PAGE observed aggregationwere stronger at
basic pH could be due to the fact that the anionic form (OClˉ) had a
higher reactivity towards the protonated amine groups compared
to the protonated acid (HOCl) (Abia, Armesto, Canle, Garcia, &
Santaballa, 1998; Armesto, Canle, & Santaballa, 1993; Hawkins
et al., 2003). An opposite pH effect was observed in Table 2, at
4.8 mmol HOCl/g protein, total thiol content of whey proteins
decreased significantly at pH 5.8 and 3.8 compared to basic pH. The
higher reactivity of hypochlorous acid towards the sulphur group of
cysteine was described earlier by Armesto, Canle, Fernandez,
Garcia, and Santaballa (2000) who showed that the reaction rate
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Fig. 3. The carbonyl content (mmol carbonyl/g protein) in whey (A) and casein (B)
proteins as function of the hypochlorous acid/protein ratio (mmol/g) and pH. The data
points represent mean values ± standard deviation of three independent
determinations.
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constant between the thiol group of cysteine and HOCl was
1.2 � 109 mol�1 dm3 s�1, while the reaction rate constant with OClˉ

was 1.9 � 105 mol�1 dm3 s�1.
The molecular changes observed are not suitable as specific

indicators for the HOCl induced oxidation of food proteins. First of
all, they are not very specific: protein carbonyls can be generated
via other reactions and the considered amino acids can be degraded
by a series of other interactions. The current study reinforced this
view because of the variable impact of pH on the considered pa-
rameters modifications induced by hypochlorous acid oxidation.
Table 1
Evaluated amino acid contents of whey and casein proteins oxidized at different hypochlo

HOCl
(mmol/g
protein)

pH Whey proteins

Trp Met Tyr His Lys

0 8.0 1.73Aa ± 0.02 2.65Aa ± 0.04 3.69Aa ± 0.04 2.14Aa ± 0.02 10.88Aa

7.4 1.56Ac ± 0.04 2.53Ab ± 0.01 3.48Ab ± 0.03 2.03Ab ± 0.03 10.38Ab

5.8 1.65Aab ± 0.03 2.55Ab ± 0.02 3.50Ab ± 0.03 2.06Ab ± 0.03 10.39Ab

3.8 1.61Abc ± 0.03 2.51Ab ± 0.03 3.44Ab ± 0.02 2.02Ab ± 0.02 10.13Ab

1 8.0 0.08Ba ± 0.03 0.09Ba ± 0.01 1.74Ba ± 0.06 1.64Ba ± 0.00 8.82Ba

7.4 0.08Ba ± 0.00 0.60Bb ± 0.00 2.62Bbc ± 0.01 1.67Ba ± 0.01 8.13Ba

5.8 0.12Ba ± 0.01 1.33Bc ± 0.03 2.88Bc ± 0.11 1.84ABa ± 0.10 8.98Ba

3.8 0.53Bb ± 0.01 0.98Bd ± 0.05 2.17Bab ± 0.25 1.44Ba ± 0.20 9.65Aa

2.5 8.0 0.00Ba ± 0.00 0.10Bab ± 0.06 0.16Ca ± 0.01 1.15Ca ± 0.01 6.76Ca

7.4 0.00Ca ± 0.00 0.00Ca ± 0.00 0.53Cb ± 0.00 1.23Ca ± 0.01 7.57Cb

5.8 0.05Ba ± 0.03 0.15Cb ± 0.00 1.54Cc ± 0.07 1.57Bb ± 0.03 8.94Bc

3.8 0.00Ca ± 0.00 0.10Cab ± 0.00 0.31Ca ± 0.01 0.87Cc ± 0.02 7.58Bb

Results are expressed as mean ± standard deviation (n ¼ 3). Amino acid contents for each
among HOCl treatments for the same pH; different lowercase letters indicate statistically
P < 0.05). ND not determined.
Indeed, some parameters (carbonyl formation, total thiols decrease
in especially caseins) seem not to be pH dependent, although other
parameters do change in a pH dependent manner. Therefore the
use of 3-chlorotyrosine as a potentially more specific and reliable
indicator was considered.
4.2. The impact of HOCl at various pH levels on the specific
indicator chlorotyrosine

The most striking result to emerge from this study refer to one
specific degradation compound, 3-chlorotyrosine, determined in
both whey and casein proteins treated with HOCl (Fig. 4). The 3-
chlorotyrosine formation strongly depended on the HOCl/protein
ratio: the significant difference of 3-chlorotyrosine concentrations
was observed between almost all ratios. From a HOCl ratio of
0.8 mmol/g protein and higher, the formation of 3-chlorotyrosine
was remarkably higher in caseins compared to whey proteins. It
seemed that in caseins tyrosine residues more readily react with
HOCl to form 3-chlorotyrosine residues than in whey proteins. This
could be due to the better accessibility of the HOCl to the tyrosine
residues in caseins in view of their random coil structure. Moreover,
by evaluating the 3D structure of a-lactalbumin and b-lactoglobulin
(using the PyMOL molecular visualization software, www.pymol.
org), it was shown that in whey proteins 40% tyrosine residues
are buried explaining the lower susceptibility to degradation.

The levels of 3-chlorotyrosine inwhey proteins and caseins both
reached a maximum level at 2.8 mmol HOCl/g protein. These re-
sults match those observed in earlier studies. In bovine serum al-
bumin treated with 0.01e1.0 mmol HOCl/g protein, levels of 3-
chlorotyrosine significantly increased at all doses of HOCl
(Chapman et al., 2000). Kettle, Chapman, Senthilmohan, Vile, and
Chai (1998) reported that the HOCl-induced formation of 3-
chlorotyrosine in peptides and proteins reached a plateau at
about 800 mM.

At higher oxidant/protein levels, the formation of 3,5-
dichlorotyrosine, which could not be monitored with the method
used, most likely predominated the formation of 3-chlorotyrosine.
Indeed, when 200 mM HOCI was added to 500 mg/ml of bovine
serum albumin both 3-chlorotyrosine and 3,5-dichlorotyrosine
were formed (Kettle et al., 1998). Furthermore, as the dose of hy-
pochlorous acid increased from 0.01 to 1.0 mmol HOCl/g bovine
serum albumin, levels of 3,5-dichlorotyrosine also increased
(Chapman et al., 2000).

A clear discrepancy between the tyrosine losses as determined
by amino acid analysis (Table 1) and the generated amounts of 3-
rous acid/protein ratios and at different pHs. Results are expressed in g/100 g protein.

Caseins

Trp Met Tyr His Lys

± 0.18 1.19Aa ± 0.02 3.35Aa ± 0.03 6.64Aa ± 0.08 3.42Aa ± 0.04 8.50Aa ± 0.12
± 0.02 1.20Aa ± 0.01 3.51Ab ± 0.04 6.92Ab ± 0.06 3.59Ab ± 0.02 8.74Aa ± 0.06
± 0.09 1.14Ab ± 0.02 3.21Ac ± 0.08 6.54Aa ± 0.15 3.39Aa ± 0.07 8.49Aa ± 0.12
± 0.08 ND ND ND ND ND
± 0.13 0.04Ba ± 0.01 0.36Ba ± 0.13 3.30Ba ± 0.12 2.71Ba ± 0.08 6.38Ba ± 0.34
± 0.06 0.15Bb ± 0.00 0.34Ba ± 0.01 3.90Bb ± 0.03 2.46Bab ± 0.02 6.34Ba ± 0.03
± 0.35 0.08Bc ± 0.00 0.04Bb ± 0.03 3.30Ba ± 0.04 2.23Bb ± 0.09 5.83Bb ± 0.09
± 0.57 ND ND ND ND ND
± 0.01 0.00Ca ± 0.00 0.00Ca ± 0.00 0.29Ca ± 0.01 1.94Ca ± 0.02 4.18Ca ± 0.02
± 0.01 0.00Ca ± 0.00 0.00Ca ± 0.00 1.27Cb ± 0.00 1.70Cb ± 0.00 6.01Cb ± 0.00
± 0.04 0.00Ca ± 0.00 0.00Ba ± 0.00 0.48Cc ± 0.01 1.27Cc ± 0.01 5.23Cc ± 0.02
± 0.02 ND ND ND ND ND

milk protein, different uppercase letters indicate statistically significant differences
significant differences between pH for the same HOCl treatment (One way ANOVA,

http://www.pymol.org
http://www.pymol.org


Table 2
D 75 50 37 25 20 Total thiol content (mmol SH/g protein) and available lysine content (mg lysine/g protein) in whey and casein proteins at different hypochlorous acid/protein
ratios and at different pHs.

HOCl (mmol/g protein) pH Total thiol (mmol SH/g protein) Available lysine (mg lysine/g protein)

Whey proteins Caseins Whey proteins Caseins

0 8.0 210.95 ± 6.67Aa 22.92 ± 0.72Aa 102.65 ± 2.89Ca 59.16 ± 1.65Aa

7.4 206.02 ± 1.64Aa 23.91 ± 0.94Aa 101.52 ± 0.60Ca 68.40 ± 2.46Ab

5.8 199.61 ± 4.64Aa 23.66 ± 1.81Aa 103.00 ± 0.58Ca 62.88 ± 0.51Aab

3.8 195.33 ± 7.03Aa ND 103.35 ± 1.06Ca ND
1.2 8.0 180.66 ± 4.42Ba 21.83 ± 1.65Aa 63.59 ± 1.26Bab 18.46 ± 0.35Ba

7.4 164.48 ± 4.86Ba 22.65 ± 0.92Aa 60.12 ± 0.39Ba 32.96 ± 1.15Bb

5.8 169.65 ± 1.93Ba 22.57 ± 0.97Aa 71.08 ± 0.54Bbc 43.61 ± 1.07Bc

3.8 126.71 ± 4.92Bb ND 75.33 ± 3.92Bc ND
3.5 8.0 131.56 ± 0.46Ca 21.31 ± 0.88Aa 28.83 ± 0.78Aa 0.00 ± 0.00Ca

7.4 113.75 ± 5.03Cb 22.21 ± 1.12Aa 43.42 ± 1.60Ab 14.67 ± 0.79Cb

5.8 47.91 ± 0.05Cc 22.53 ± 1.41Aa 52.69 ± 0.52Ac 15.69 ± 0.76Cb

3.8 55.38 ± 1.07Cc ND 61.20 ± 0.83Ad ND
4.8 8.0 104.07 ± 0.84Da 21.89 ± 0.96Aa 24.03 ± 0.18Aa 0.00 ± 0.00Ca

7.4 92.49 ± 4.25Da 21.59 ± 1.84Aa 47.16 ± 2.21Ab 15.58 ± 0.32Cb

5.8 34.98 ± 0.53Db 23.27 ± 1.74Aa 53.01 ± 0.39Abc 20.98 ± 1.60Dc

3.8 46.92 ± 3.62Cb ND 57.23 ± 1.66Ac ND

Results are expressed as mean ± standard deviation (n ¼ 3). For each milk protein, different uppercase letters indicate statistically significant differences among HOCl
treatments for the same pH; different lowercase letters indicate statistically significant differences between pH for the same HOCl treatment (One way ANOVA, P < 0.05). ND
not determined.

0

100

200

300

400

500

600

0 1 2 3 4 5

m
m

ol
 c

hl
or

ot
yr

os
in

e/
m

ol
 ty

ro
si

ne

mmol HOCl/g protein

A

pH 8.0

pH 7.4

pH 5.8

pH 3.8

0

100

200

300

400

500

600

0 1 2 3 4 5

m
m

ol
 c

hl
or

ot
yr

os
in

e/
m

ol
 ty

ro
si

ne

mmol HOCl/g protein

B

pH 8.0

pH 7.4

pH 5.8

Fig. 4. The concentration of 3-chlorotyrosine (mmol/mol tyrosine) in whey (A) and
casein (B) proteins as function of the hypochlorous acid/protein ratio (mmol/g) and pH.
The data points represent mean values ± standard deviation of three independent
determinations.
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chlorotyrosine was observed for both proteins. The discrepancy
was observed at all pH level tested, but was most pronounced at pH
8.0: about 95% tyrosine residues were modified whereas only
23 mol% of 3-chlorotyrosine/mol tyrosine was found at a ratio of
2.8 mmol HOCl/g protein. This result may be explained by the fact
that 3-chlorotyrosine reacts readily with HOCl to form 3,5-
dichlorotyrosine in combination with the fact that some tyrosine
residues were not efficiently chlorinated. Those findings were in
line with the results reported by Fu et al. (2000) who showed that
the yield of chlorinated tyrosine does not account for all the tyro-
sine lost. Indeed, at 750 mM HOCl the amounts of 3-chlorotyrosine
and 3,5-dichlorotyrosine formed on bovine serum albumin were at
37 and 6.8 mM, respectively, whereas 58 mM tyrosine was lost.

On the other hand, our experiments demonstrated that the
impact of pH on the formation of 3-chlorotyrosine in proteins is
somewhat more complex than the impact of pH on the modifica-
tions of the general protein oxidation markers. In both whey and
caseins proteins, at oxidant/protein ratios above of 0.8 mmol hy-
pochlorous acid/g protein, significant pH-dependent differences
were observed. Particularly, in whey proteins, it was more pro-
nounced at the most acidic pH evaluated of pH 3.8. In the case of
caseins, the 3-chlorotyrosine generation was significant higher at
pH 7.4 than at pH 8.0 and 5.8. Our experiments demonstrated that
the formation of 3-chlorotyrosine is not only favoured by acidic pH
3.8 but also in alkaline pH of 7.4.

One should keep into account the fact that the levels of 3-
chlorotyrosine used not only depend on the level of OClˉ used,
but also on the pH and the type of protein and indeed also on the
tyrosine content. These experiments confirmed that 3-
chlorotyrosine is a potential qualitative indicator at least for hy-
pochlorite induced damage in a protein. Furthermore, possible to
use 3-chlorotyrosine as a quantitative indicator at the ratio below
2.8 mmol HOCl/g protein. We recommend a better assessment of
the level of oxidative damage to proteins in food industries and this
can be achieved by measuring both 3-chlorotyrosine and 3,5-
dichlorotyrosine.
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a b s t r a c t

The effect of salt content, pressing and moisture content on textural, micro structural and color char-
acteristics, adsorption isotherms and microbiological count of turkey breast meat were studied. There
were no statistically significant differences (P � 0.05) between samples including high salt-moisture and
low salt-moisture for color (lightness, redness and yellowness) and textural properties of hardness,
cohesiveness, springiness and chewiness parameters and they were determined as 59.10e65.76, 0.30
e0.28, 1.27e1.19 and 22.44e22.21, respectively. Total mesophilic aerobic counts, Micrococcus/Staphylo-
coccus counts and yeast/mold counts of samples including low salt and moisture were detected as 3.23, 0,
2.98 (log cfu/g) and they were lower than the same counts of samples including high salt and moisture
which were found as 6.66, 6.69, 5.95 (log cfu/g) after 70 days of storage. The reduction of salt content did
not increase the growth of these microorganisms if we also decrease the moisture content of turkey meat
by freeze drying process. Increase of hardness of turkey meat by drying is not found related to shrinkages
according to comparison of air and freeze drying. Reduction of moisture content to 40% reduced freeze
dying time to 7 h from 27 h of complete drying in freeze dryer.

© 2015 Published by Elsevier Ltd.
1. Introduction

The consumer demands for poultry products have increased in
recent years because of being an economical protein sources con-
taining less fat than red meat. Producers modified the red meat
processes to poultry or other meats and created new products like
poultry ham, bacon, hot dogs and dry-fermented sausages (Barbut,
2002; Kargozari et al., 2014). Traditional Turkish meat product
Pastrami (Pastrami) is also a cured, pressed and partially driedmeat
product that can be produced by poultry meat. Salt is used to
control microbial growth as if spice is used (Guler & Seker, 2009).
There is an interest to reduce salt content of processed meat
products to minimize effect of salt on hypertension and cardio-
vascular diseases (Askin& Kilic, 2009). On the other hand, reducing
salt content enhance microbial growth during long drying period in
conventional air drying (U�guz, Soyer,& Dalmiş, 2011). The effects of
low salt concentration on microbial growth during long drying
period can be compensated by alternative drying methods and
reducing the moisture content of product.
Pastrami has traditionally been made by drying meat at

15e20 �C in several days (G€ok, Obuz, & Akkaya, 2008). Freeze-
drying is a low temperature dehydration process that preserves
the taste, color, appearance, texture, and dimensions while pre-
venting oxidation and extending the shelf life of foods but it is a
slow and consequently an expensive process. Therefore the use of
this process is restricted to high value products (Babi�c, Cantalejo, &
Arroqui, 2009; George & Datta, 2002; Lopez-Quiroga, Antelo, &
Alonso, 2012). Previously, we studied the optimal control of freeze
drying of pharmaceutical products (Sadikoglu, Ozdemir, & Seker,
2003). Freeze-drying can also be applied to expensive dried meat
products like pastrami. Complete drying of meat with freeze drier is
considered for production of soup and sauce base material (Babi�c
et al., 2009). Partial drying of meat with freeze drier decreases
production cost compared to complete drying and it may increase
the application field but it has not been searched before. We
examined fitness of freeze drying model of turkey breast meat with
experimental results (Cumhur, Şeker, & Sadıko�glu, 2015).

Microbial growth can be decreased by salting and reducing
moisture content of meat product but these treatments also affect
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the texture of meat product. There is limited research papers in the
literature about the effects of salt and moisture content varied with
air drying on textural properties of meat muscle (Ruiz-Ramírez,
Arnau, Serra, & Gou, 2005; Ruiz-Ramírez, Serra, Arnau, & Gou,
2005) while there is no study about texture profile analysis (TPA)
of freeze dried turkey meat as pastrami. Beside texture, color of the
meat products gives important information about the quality. Babi�c
et al. (2009) studied the color properties of completely freeze dried
and rehydrated chicken meat, Canto et al. (2012) examined the
effect of hydrostatic pressure on color of refrigerated Caiman tail
meat, and U�guz et al. (2011) studied the effect of salt content on
color properties of muscle. However, the effect of moisture content
varied with freeze dryer on color of turkey meat has not been
studied before. The other important safety and quality issue is the
microbial stability of foods having a strong correlation with water
content and water activity (aw). The relationship between water
content and aw is demonstrated by sorption isotherms which are
used for product development, shelf life prediction and determi-
nation of package requirements depending on the products sensi-
tivity to moisture gain or loss. Comaposada, Gou, Pakowski, and
Arnau (2000) analyzed the effect of salt content on desorption
isotherms of pork meat but the effect of salt content on the
adsorption isotherms of freeze dried turkey meat has not been
examined.

In this study, TPA and color parameters, microstructure analysis
with Scanning Electron Microscopy (SEM), the adsorption iso-
therms and microbiological count of freeze dried turkey meat
including high salt-moisture or low salt-moisture were studied to
determine if it is possible to produce a low salted turkey meat
product by reducing moisture content in freeze dryer without
reducing microbiological and physical quality.

2. Materials and methods

2.1. Raw material and sample preparation

All measurements were made on Bolca (Bolu, Turkey) brand's
turkey breast meat which was stored at 4 �C until usage. The meat
samples were prepared for salting process after removing the fatty
parts and cutting parallel to fiber direction. The thickness of the
samples were determined as 10mm for only salted products (S) and
20 mm for salted and pressed products (SP) by an electronic digital
caliper (Fred Fowler Co., Newton, MA) because the samples become
thinner after pressing.

Samples were placed between 10 mm thickness of coarse salt
layer and salted to different salt levels (4e5% and 7e8% on dry base)
with dry salting. After salting process, the samples were washed
and dried on paper towels to eliminate excess salt. Samples were
pressed with weight of 10 kg which is put onto each sample with
dimensions of about 60 � 90 � 20 mm (approximately 80 g) for
16 h. Meat samples release some water with pressing. Moisture
content of products was measured according to method of
Wiklund, Kemp, Li, and Wu (2010) and salt content of samples was
determined byMohr's method (Kirk& Sawyer,1991). Table 1 shows
the name of the samples with their salt and moisture contents.

Salted and salted-pressed samples were freeze dried until
desired moisture contents with a pilot scale freeze drier (VirTis
Ultra 25 Super XL, New York, USA). In all experiments, the freeze
drier shelf temperature was maintained at �40 �C for freezing and
20 �C for drying step. Heat flows perpendicular to fiber direction. In
drying step the chamber pressure was set at 10 Pa.

2.2. Texture profile analysis (TPA)

Textural properties of samples were examined using Texture
Analyzer Model TA Plus (Lloyd Instruments, Hampshire, UK) with
1 kN load cell and data was interpreted using Nexygen™ (NexyGen
Plus, Lloyd Instruments, Hampshire, UK) software. Cylindrical
subsamples (14.5 mm diameter and 10 mm height) were prepared
from every meat sample by using a sharp cylindrical apparatus. A
double compression test was applied to 30% compression of their
original height with a cylindrical shaped probe of 25 mm diameter.
The crosshead speed was set to 0.5 mm s�1.
2.3. Microstructure analyses

Microstructures of samples were observed by SEM (XL-30 SFEG,
Philips, Eindhoven, Holland). S and SP samples were completely
freeze dried until constant mass. Samples with dimension of
5 � 2 � 5 mm were coated with gold by using Sputter Coater
SC7620 (Quorum Technologies Ltd., Lewes, UK) before the analysis.
2.4. Color measurement

Color values of samples were measured by using a Konica
Minolta CM-5 colorimeter (Osaka, Japan) according to CIELab sys-
tem (L*: lightness, a*: redness, and b*: yellowness). Measurements
were evaluated at four points in central and lateral locations of
samples and average results were given.
2.5. Sorption isotherms

Sealed glass jars which were containing different saturated salt
solutions (LiCI, MgCI2, Mg(NO3)2, NaCI, BaCI2) to provide aw be-
tween 0.11 and 0.92 were used for gravimetric determination of
adsorption isotherms (Greenspan, 1977; Rahman & Sablani, 2009).
Triplicate subsamples were taken from completely freeze dried
meat samples and they were placed into the jars within weighted
petri dishes (Bell & Labuza, 2000). Small quantity of toluene was
also added to each jar to inhibit fungal activity (Kaymak-Ertekin &
Gedik, 2004). Adsorption isotherms were determined at 15 �C with
temperature controlled cabinet having ±1 �C accuracy. The samples
were weighted until desired equilibrium water content to be
reached when the weight changes was as small as 0.001 g.
2.6. Microbiological analyses

Salted-pressed samples including low salt content (SP1) and
high salt content (SP2) with high moisture and salted-pressed
samples including low salt content with low moisture (SP3) were
used to analyze the effects of salt contents and moisture contents
on microbial counts of freeze dried products during the storage.
Samples were individually overwrapped with polyvinyl-chloride
film (thickness: 0.04 mm) by an impulse sealer. A 10 g of sample
were transferred into a stomacher bag under aseptic conditions,
and homogenized with 90 mL of sterile physiological saline (0.85%
NaCI) in a laboratory blender (BagMixer 400 V W, Interscience,
France) for 3 min. Serial decimal dilutions were prepared in the
sterile physiological saline and 0.1 ml of appropriate dilutions was
spread in triplicate onto agar plates. Total aerobic mesophilic (TAM)
bacteria count was enumerated on a Plate Count Agar (PCA, Merck)
at 30 �C for 72 h. Yeast and molds were incubated aerobically on
Potato Dextrose Agar (PDA, Merck) at 25 �C for 5 days. Micrococci
and staphylococci were determined on Mannitol Salt Phenol-Red
Agar (MSA, Merck) by incubation at 30 �C for 48 h. Enter-
obacteriacea were incubated on Violet Red Bile Dextrose Agar
(VRBD, Merck) at 30 �C for 48 h in anaerobic conditions.



Table 1
Salt andmoisture contents of samples (C1, control; S1, low-salted; S2, high-salted; SP1 and SP2, low-salted and high salted also pressed and dried to 42%moisture; SP3 and SP4,
low-salted and high-salted also pressed and dried to 33% moisture).

Sample Salt content (%, dry matter) Pressure treatment Moisture content (%), by wet weight

After salting After pressing After drying

C1 No salting X e e 41.48 ± 1.83
S1 4e5 X 73.36 ± 0.33 e

S2 7e8 X 72.55 ± 0.50 e

SP1 4e5 ✓ 72.09 ± 0.98 71.06 ± 1.10
SP2 7e8 ✓ 70.66 ± 1.11 69.23 ± 1.50
SP3 4e5 ✓ e e 33.12 ± 1.28
SP4 7e8 ✓ e e
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2.7. Statistical analyses

Statistical analysis was performed with the SPSS software
(version 15 for windows, SPSS, Inc., Chicago, IL, USA). The datawere
subjected to analysis of variance to determine the effects of
different salting, drying level and pressure treatments on related
parameters. The differences between microbiological results were
evaluated for significance (P < 0.05) by Duncan's multiple range
test and all analyses were carried out at a 95% level of confidence.
3. Results and discussion

3.1. Salting and pressing processes

Turkey breast meat samples having 74.84 ± 0.44% (onwet basis)
of moisture and 19.81 ± 2.82% (on wet basis) of protein content
were left to salting. The salt content of samples increased with time
due to diffusion of salt into samples with concentration difference
of salt in medium and samples. Samples were salted to 5% and 8%
Fig. 1. Effect of salt and moisture contents and drying type on TPA parameters of dried tur
surements (C1, control; S1, low-salted; S2, high-salted; SP1, low-salted pressed and dried t
pressed and dried to 33% moisture; SP4, high-salted pressed and dried to 33% moisture).
(by dry weight) salt levels. Time required to reach the salt levels of
0.052 ± 0.004 and 0.08 ± 0.005 g salt/g ids (initial dry solids) was
measured as 4 and 9 min respectively for samples of 10 mm
thickness while it was measured as 9 and 30 min respectively for
samples of 20 mm thickness. The moisture content of all samples
decreased after salting step (P < 0.05) due tomoisture diffusion and
it decreased further during pressing step due to mechanical forces
(Table 1).
3.2. Freeze drying

It took 27 h to dry non-treated samples completely but moisture
content was reduced to 40% at 7 h. There was a sharp decrease in
moisture content up to 15% moisture content and then drying rate
and water removal slowed down because sublimated vapor passes
through a dry layer with increasing thickness over time and water
is progressively more bound at the end of the process as drying
proceeds. When only desorption of highly bound water takes place,
freeze-drying kinetics are very slow. Therefore, complete drying
key meat samples. Error bars represent the standard deviation of four samples' mea-
o 42% moisture; SP2, high-salted pressed and dried to 42% moisture; SP3, low-salted



Fig. 2. SEM micrographs of freeze dried turkey meat samples a: Dried raw meat, b: Dried salted meat c: Dried salted and pressed meat.
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requires longer time.

3.3. Texture profile analysis

The standard deviations of TPA parameter values were high
because of the moisture distribution in central and lateral locations
of dried meat products due to different level of drying at these
points. Freeze dried control samples (C1) had significantly lower
hardness values than highly salted samples (S2) as shown in Fig. 1.
Increasing salt level enhanced hardness as it is indicated by higher
hardness of SP2 samples than hardness of SP1 samples (P < 0.05).
Ruiz-Ramírez, Arnau, et al. (2005) also found that air dried and
cured muscles with higher salt content had higher hardness value
than muscles with low salt content. They explained the hardness of
samples including higher salt level by compaction of the myofi-
brillar structure and inhibitory effect of NaCl on calpains activity.
The effect of salting on hardness of freeze dried samples was found
smilar to hardness of air dried samples. There was no statistically
significant difference between hardness of pressed and non-
pressed samples having same salt content (P � 0.05). Garcia-Gil
et al. (2014) indicated that high pressure treatment of 100 MPa
affected softness. Hardness was not affected by pressing force we
applied but greater forces may change the hardness of samples.
Decreasing moisture content increased hardness so that there was
a negative relationship between hardness and moisture content
(P < 0.05). Ruiz-Ramírez, Serra, et al. (2005) indicated that hardness
of cured loin products dried by air increased with drying and they
explained the reasons of that as shrinkage with water loss during
the drying. We dried our samples by freeze drying so effect of
shrinkage on hardness is not expected so closer contact and in-
teractions of proteins can be reason for enhanced hardness with
reduction of moisture.

Effect of salt levels, pressing and moisture levels on cohesive-
ness was not found statistically significant (P � 0.05). Although the
difference was not significant, the drier samples showed less actual
cohesiveness value. Ruiz-Ramírez, Serra, et al. (2005) reported that
there was a positive relationship between moisture content and
cohesiveness of dry-cured loin products and they stated that the
high energy is needed to compress harder samples and conse-
quently this energy broke the protein interactions and reduced the
cohesiveness.

The springiness increased with presence of salt in sample and
application of pressure, but this changes were not statistically sig-
nificant (P � 0.05). Springiness and moisture content showed a
positive relationship for salted and pressed samples; however, it
should be noted that the difference was not important for low-
salted samples (P � 0.05) while it was important for high-salted
samples (P < 0.05). Ruiz-Ramírez, Arnau, et al. (2005) founded a
positive relationship between moisture content and springness of
cured muscles dried by air.

Control samples had significantly lower chewiness values when
compared to high salted samples (P < 0.05). Increasing salt level
enhanced the chewiness values at high moisture content. Appli-
cation of pressure also increased the chewiness values; however



Fig. 3. Effect of salt and moisture contents and drying type on color of dried turkey meat samples. Error bars represent the standard deviation of four samples' measurements (C1,
control; S1, low-salted; S2, high-salted; SP1 and SP2, low-salted and high salted also pressed and dried to 42% moisture; SP3 and SP4, low-salted and high-salted also pressed and
dried to 33% moisture).
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this differences were not great (P � 0.05). The chewiness values
increased by drying samples at low salt content (P < 0.05) but this
effect was not observed at high salt content.

On the other hand, samples with low salt-moisture content
(SP3) has similar cohesiveness, springiness and chewiness values
with samples including high salt-moisture content (SP2), but has
slightly lower hardness values which is not statistically significant
(P � 0.05).
3.4. Microstructure analyses

In addition to water loss, salt diffusion caused higher gaps in
salted samples when compared to raw muscle (Fig. 2a and b).
Moreover swelling of fibers and disrupted muscle structure
occurred because of the salt diffusion. Sultana et al. (2008)
observed that salting of meat caused partial solubilization of
myofibrillar proteins and consequently it weakens the myofibril
structure for frozen and chilled beef with the application of sodium
chloride and bicarbonate solution. Wang et al. (2014) indicated that
salt addition led to degradation or denaturation of membrane and
proteins linked the membrane to the myofibrils in dry-cured duck
products. According to Duranton, Simonin, Ch�eret, Guillou, and de
Lamballerie (2012), injection of salt solution (3% salt w/w) to pork
meat caused less visible but intact fibers. Salted samples subjected
to pressure treatment showed more compact and distrupted
structure than other samples (Fig. 2c). Garcia-Gil et al. (2014) re-
ported that dry-cured ham muscles being subjected to high pres-
sure were more compact than samples being not subjected to high
pressure (500MPa) because of the interstitial space reduction. They
also stated that the increase of hardness value could be related to
compact structure of meat samples in addition to interstitial space
reduction.
3.5. Color measurements

Salting of turkeymeat samples did not affect the L* and b* values
(P � 0.05) as shown in Fig. 3. Curing agents stabilize the color of
meat products but usage of NaCI alone could not provide enough
stabilization. The a* values decreased after salting (P < 0.05) but
increasing salt level did not affect a* values significantly. U�guz et al.
(2011) found that increasing salt concentration from 3 to 9% did not
affect L* and a* values, but increased b* values.

The L* and a* values of freeze dried meat samples were not
affected by pressing procedures (P � 0.05). The b* values were
reduced by pressing of samples including low level of salt while
they were not affected at high level of salt. Overall effect of pressing
on b* values was not statistically significant. Canto et al. (2012)
found the effect of high hydrostatic pressure on refrigerated
Caiman tail meat as loss of color caused by the oxidation of
myoglobin and changes in the myofibrillar and sarcoplasmic pro-
teins resulting in alterations to the surface of the product. Higher
pressure and differentmaterial in their study can be reason for their
different result.

Reducing moisture content of samples did not affect the L*, a*
and b* values (P � 0.05). According to Babi�c et al. (2009),
completely freeze drying increased the L* and b* values but it did
not affect a* values of chicken breast meat. Their different result
may be due to completely drying of samples and absence of salt and
pressure treatments.

On the other hand, the L*, a* and b* values of samples including
high salt-moisture (SP2) and low salt-moisture (SP3) were not
different (P � 0.05).



Fig. 4. Moisture adsorption isotherms of dehydrated low-salted pressed and high-
salted pressed samples.
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3.6. Sorption isotherms

The equilibriummoisture content changed slowly with increase
of water activity upto 0.4 while a step increase at aw between 0.4
and 0.6 and exponential increase after aw of 0.6 were observed
(Fig. 4). The equilibrium moisture content of sample including high
level of salt was similar to one which has low level of salt at aw
below 0.4; however, it was higher after aw of 0.6. The aw of satu-
rated NaCI solution was reported as 0.75 by Lioutas, Bechtel, and
Steinberg (1984). They stated that NaCI binds a small amount of
water at aw below 0.75 because of crystallization and a large
amount of water at aw above 0.75. Muscles adsorbed less moisture
below this point. Therefore, water sorption of samples including
high level of salt were greater than the samples including low level
of salt above aw of 0.75. Iglesias and Chirife (1976) indicated that the
high protein content of meat products causedmostly the binding of
water. They also explained that the number and availability of two
types of hydrophilic groups (polar side chains and the carbonyl and
imido groups of peptide bonds) are responsible for the water
adsorption. Water was adsorbed on polar side chains in monolayer
at low humidities but adsorbed on peptide linkages in multilayer
form at higher humidities.

3.7. Microbiological analyses

Therewere significant increases in TAM counts of salted-pressed
samples including low salt content (SP1) or high salt content (SP2)
with high moisture at day 28, 42 and 70 (Table 2). After 70 days
storage, the mesophlic aerobic counts reached high values. The
initial TAM counts of SP2 samples was higher than TAM counts of
Table 2
Microbial growth during storage (log mean cfu g�1 ± standard deviation) nd: not detect
nificant differences between storage times (P < 0.05) while different lowercase letters (a
(P < 0.05); (SP1 and SP2, low-salted and high salted samples also pressed and dried to 4

Storage (days)

0 14

Total mesophilic aerobic bacteria count (log cfu g�1)
SP1 3.30 ± 0.12Aa 3.25 ± 0.09Ab

SP2 4.88 ± 0.02Cb 3.39 ± 0.14Ab

SP3 3.35 ± 0.06BCa 2.98 ± 0.14Aa

Micrococcus/Staphylococcus count (log cfu g�1)
SP1 nd Nd
SP2 nd nd
SP3 nd nd

Yeast/Mould count (log cfu g�1)
SP1 nd nd
SP2 nd nd
SP3 nd nd
SP1 samples. This should be a result of higher initial microbial
count of samples or contamination during processing. SP1 samples
had higher TAM counts than SP2 samples after 42 days of storage.
Increase of TAM counts with reduction of salt content must be
result of increased water activity and reduced antimicrobial effect
of salt. U�guz et al. (2011) produced partially dried beef samples
with air drying and found that increasing salt content reduced the
initial TAM count of dried beef samples. They did not examine
microbial growth during storage. Reduction of moisture content
with longer drying in samples including low salt and moisture
(SP3) decreased the TAM counts compared to SP2 samples.

Micrococcus/Staphylococcus counts were not detected in SP1, SP2
and SP3 samples until 42 day. After this day, Micrococcus/Staphy-
lococcus counts reached detectable levels in SP1 and SP2 samples
and increased from 42 day to 70 day; however, in SP3 sample no
Micrococcus/Staphylococcus count was found. SP1 samples had
higher Micrococcus/Staphylococcus counts than SP2 samples after
42 days of storage. Reduction of moisture content with longer
drying in samples including low level of salt (SP3) caused lower
count of Micrococcus/Staphylococcus.

Initial Yeast/Mold counts of samples were not detectable level,
they reached that levels after 70 days of storage. SP1 samples had
higher Yeast/Mold count than SP2 samples and SP3 samples had
the lowest count at the day of 70. These results show that, reduction
of moisture content is more effective than high level salting process
to reduce growth of TAM, Micrococcus/Staphylococcus and Yeast/
Mould counts. Enterobacteriaceae counts were under detectable
levels (<2.00 log cfu g�1) during all storage period.
4. Conclusions

Increase of hardness of turkey meat by drying is not found
related to shrinkages according to comparison of air and freeze
drying. Reduction of moisture content to 40% reduced freeze dying
time to 7 h from 27 h of complete drying in freeze dryer.

Physical properties (color, hardness, cohesiveness, springiness
and chewiness values) of freeze dried turkey meat including high
level of salt-moisture (SP2) and low level of salt-moisture (SP3)
were similar, so salt and moisture content of freeze dried samples
can be reduced without negative affect on the physical properties.

Samples including low level of salt (SP1) had higher TAM,
Micrococcus/Staphylococcus and Yeast/Mold counts than samples
including high level of salt (SP2) after 70 day of storage. SP2 sam-
ples had higher equilibrium moisture content than SP1 at water
activities above 0.6 according to their adsorption isotherms. On the
other hand, TAM, Micrococcus/Staphylococcus and Yeast/Mold
ed (<2.00 log cfu g�1), different capital letters (A-D) in the same row indicates sig-
-c) in the same column indicates significant differences between different samples
2% moisture; SP3, low-salted pressed and dried to 33% moisture).

28 42 70

3.66 ± 0.08Bb 7.28 ± 0.09Cc 8.02 ± 0.04Dc

4.03 ± 0.05Bc 4.78 ± 0.10Cb 6.66 ± 0.03Db

3.46 ± 0.09Ca 3.89 ± 0.05Da 3.23 ± 0.15Ba

nd 6.51 ± 0.02 7.80 ± 0.04
nd 4.72 ± 0.01 6.69 ± 0.05
nd nd nd

nd nd 7.38 ± 0.06c

nd nd 5.95 ± 0.05b

nd nd 2.98 ± 0.26a
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counts of SP3 samples having low level of salt-moisture were lower
than those counts of SP2 samples. It can be concluded from these
results that, salt content of freeze dried turkeymeat can be reduced
by reducing moisture content in freeze dryer without negatively
affecting microbial quality.
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a b s t r a c t

Labels can largely influence functional foods consumers' purchase decisions. The aim of the work was to
study consumers' attention to functional food labels and to evaluate differences between regular and
functional products probiotic milk as case study. Four labels were designed considering two types of
product (regular milk vs. probiotic milk) and two label backgrounds. Sixty consumers were asked to look
at the labels while their eye movements were recorded using an eye-tracker and to complete a word
association task. Then, they had to complete eight flicker change detection tasks, involving four different
changes on key aspects of the labels (brand, type of product, type of microorganism and health claim) for
each label background. Visual processing of the labels was not largely affected by the type of product and
label design. Health claims were not comprehensively processed, probably due to the high information
density of this area. Besides, consumers' health-related associations were generated by graphic design
and not by the functional aspect of the products, suggesting that graphic design plays a key role in
shaping health-related associations. Recommendations for the design of functional food labels are
discussed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Functional foods are one of the most dynamic and innovative
categories in the food industry, with an estimated global value over
40 billion US dollars and steady annual increases in sales (Bigliardi
& Galati, 2013; Valls et al., 2013). These products can be defined as
foods with health benefits beyond their basic nutritional value
(Galland, 2013). In particular, probiotics are one of the most prof-
itable categories within the functional foods market (Cruz et al.,
2010). The number of probiotic products available in the market-
place continuously increases, being fermented milk the most
popular vehicle (Al-Sheraji et al., 2013).

Although food companies invest substantial resources in the
development of new functional foods, the large majority of the
products fail in the marketplace (Khan, Grigor, Winger, & Win,
2013; Mellentin, 2014). This suggests that a deeper understanding
ira).
of motives underlying consumers' willingness to purchase func-
tional foods is necessary.

Research has shown that consumers do not perceive functional
foods as a specific food category, different from their conventional
counterparts. Instead, functional foods are perceived as an addi-
tional alternative within the wide range of products available
within the food category to which they belong (Sir�o, K�apolna,
K�apolna, & Lugasi, 2008; Urala & L€ahteenm€aki, 2003). Thus,
when shopping for a product within a certain food category, con-
sumers have to choose between functional and conventional foods.
In this context, labels can largely influence purchase decisions by
attracting consumers' attention and providing key information
about the products (Moskowitz, Reisner, Lawlor, & Deliza, 2009;
Rettie & Brewer, 2000; Silayoi & Speece, 2007). In the case of
functional foods, health claims on labels are particularly important
to communicate their potential health benefits (L€ahteenm€aki,
2013).

The information included on food labels has been reported to
generate sensory and hedonic expectations which modulate future
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experiences with the products (Ares & Deliza, 2010; Becker, van
Rompay, Schifferstein, & Galetzka, 2011; Deliza & MacFie, 1996;
Schifferstein, Kole, & Mojet, 1999). Previous research has shown
that label design can have a higher impact on consumers' willing-
ness to purchase than the functional aspect of products (Ares, Besio,
Gimenez, & Deliza, 2010).

In the few seconds that consumers spend selecting products
they do not attend to all information available on food labels
(Milosavljevic & Cerf, 2008). Therefore, a subset of the information
is usually selected for further processing, whereas the rest is not
processed and consumers do not even become aware of its pres-
ence on the label (Wedel & Pieters, 2008). For this reason, studying
consumers' attention to food labels becomes a key aspect for the
design of food labels which successfully attract consumers'
attention.

Consumers' perception of food labels has been traditionally
based on self-reported measures (Mackison, Wrieden, & Anderson,
2010; Napolitano, Caporale, Carlucci, & Monteleone, 2007;
Poelman, Mojet, Lyon, & Sefa-Dedeh, 2008; Verbeke & Ward,
2006). However, these measures have been reported to be sub-
jected to different biases and to be poor indicators of what con-
sumers actually do in real-life situations (Podsakoff, MacKenzie,
Lee, & Podsakoff, 2003; Rosbergen, Pieters, & Wedel, 1997). For
this reason, several alternative methodologies have been recently
proposed to study consumers' processing and perception of food
labels, including eye-tracking and change detection tasks (Ares
et al., 2013; Gaschler, Mata, St€ormer, Kühnel, & Bilalic, 2010;
Varela, Antúnez, Cadena, Gim�enez, & Ares, 2014).

Eye-movements have been extensively considered good in-
dicators of information acquisition (Holmqvist, Nystr€om,
Andersson, & van de Weijer, 2011). In order to acquire informa-
tion from a specific part of a stimulus consumers have to fixate their
eyes so that the light from that part falls into the fovea, the most
sensitive are of the retina (Wedel & Pieters, 2008). For this reason,
eye-tracking techniques are being increasingly used in sensory and
consumer science to assess how consumers acquire information
from labels (Ares et al., 2013; Piqueras-Fiszman, Velasco, Salgado-
Montejo, & Spence, 2013; Rebollar, Lid�on, Martín, & Puebla, 2015;
Varela et al., 2014).

Change detection tasks, which are based on the idea that
attention is needed to detect changes in a visual stimulus (Rensink,
O'Regan, & Clark, 1997), has also been used to study attentional
capture of food labels (Bix, Kosugi, Bello, Sundar, & Becker, 2010;
Gaschler et al., 2010). In this task, participants are repeatedly
exposed to a stimulus and a modified stimulus. Their task is to
detect the change between the original and the modified stimulus,
as quickly as possible (Simons & Rensink, 2005). The time needed
by participants to detect the change is a good indicator of the
attentional capture of the area of the stimulus, which was subjected
to change (Rensink et al., 1997).

The aim of the present work was to study consumers' attention
to functional food labels, and to evaluate differences between
regular and functional products using probiotic milk as case study.

2. Materials and methods

In the present study consumers' attention to functional foods
labels was evaluated using eye-tracking and change detection. In a
first task, consumers were asked to look at food labels, while their
eye movements were recorded, and to complete a word association
task. The word association task was used to evaluate consumers'
spontaneous perception of the labels, without making them focus
on specific aspects. Finally, they had to complete eight flicker
change detection tasks, involving different changes on key aspects
of the labels.
2.1. Participants

Sixty participants (18e45 years old; 67%women) participated in
the study. They were recruited among students and workers of the
Psychology Faculty (Universidad de la República, Uruguay), ac-
cording to their milk consumption (at least once a week), interest
and availability to participate in the study. All participants self-
reported normal or corrected-to-normal vision and full color
vision. They signed an informed consent form and received a gift for
their participation in the study.

2.2. Design of the study and data collection

Data collection was carried out using a Tobii T60 eye tracker
(Tobii Technology, Stockholm, Sweden). Participants were asked to
sit at a distance of 65 cm from the monitor and to move as little as
possible. Before starting the task participants followed a 5-point
calibration procedure of Tobii Studio Professional version 2.3
(Tobii Technology, Stockholm, Sweden). Participants completed a
word association task, followed by a change detection task.

2.2.1. Word association task
Four labels were designed following a factorial design with two

2-level variables: type of product (milk vs. probiotic milk) and label
background (A and B). The two backgrounds were designed by a
graphic designer with previous experience in label design, to
communicate different messages to consumers. Background A was
expected to elicit associations related to milk and nature, while
Background B was designed to generate expectations of health and
wellbeing. In order to avoid any influence of consumers' previous
experience with the products, all the labels corresponded to new
products, which were not available in the Uruguayan market.

Labels included all the information that is compulsory for food
labels in Uruguay. The probiotic milk label included the following
health claim “Lactobacillus acidophilus contributes to the equilibrium
of gut flora. Consumption of this product should be associated with a
balanced diet and a healthy life style”, as well as the following
recommendation “Pregnant women, breast-feeding mothers and
children should consume this product under the medical supervision”.
The four labels used in the study are shown in Fig. 1.

The images were presented in the monitor of the eye-tracker for
20 s, following a design that was balanced for order and carry over
effects (Williams' Latin square). Participants had to look at each of
the four labels and to write down the first four words that came to
their minds. A fixation cross appeared for 0.2 s prior to each label to
make participants fixate their gaze at a pre-defined point before
looking at the labels.

2.2.2. Change detection task
Each of the two probiotic labels designed for the word associ-

ation task were modified in four different ways: type of product
(probiotic milk vs. milk), brand (Probio vs. Lactobio), health claim
(with vs. without) and type of microorganism (L. acidophilus vs.
Bifidobacterium bifidum). The changes involved key information
related to the functional aspect of the product. Examples of the
stimuli used in the change detection test are shown in Fig. 2.

Participants completed eight change detection tasks, corre-
sponding to the four changes of each of the two label backgrounds.
During each task, the standard label appeared for 240 ms and was
continuously alternatedwith themodified label for another 240ms.
The two images were separated by a brief white screenwith a cross
in the center for 80ms. The sequence of images looped continuously
until the participant made a click with the mouse on the area in
which the two labels differed. The task is represented in Fig. 3. The
trial ended if participants were not able to detect the change in 40 s.



Fig. 1. Labels of probiotic (left) and regular milk (right), designed with two different backgrounds: A (above) and B (below).

Fig. 2. Stimuli used in the flicker change detection task for probiotic milk labels with background B: (a) standard label, (b) label without health claim, (c) label with a different
microorganism, (d) label with different brand name, (e) label for a different product (milk).

Fig. 3. Schematic representation of the flicker change detection task.
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2.3. Data analyses

2.3.1. Eye-tracking data
The following areas of interest (AOI) were defined on the labels:

brand, type of product, manufacturer, best before date, net content,
nutritional label, recommendation and health claim, as exemplified
in Fig. 4. The last two areas were only defined in probiotic milk
labels.

For each AOI several measures were calculated using the eye-
tracker's software: percentage of consumers who their gaze on the
AOI, total fixation duration (duration of all fixations within an AOI),
fixation count (number of times that a participant fixated on an
AOI), and time to first fixation (time from the start of the label
display until the participant fixated on the AOI for the first time).

A logistic regression analysis was used to analyze and interpret
data from the percentage of fixations on an AOI. This analysis en-
ables evaluating the influence of many different independent var-
iables on dependent variables that are binary (discrete) (Freeman,
1987). In this case logistic regression was used to study the influ-
ence of the experimental variables (type of product and label
background) on the probability of consumers' fixating their gaze on
a specific AOI on the label. The statistical significance of the inde-
pendent variables was confirmed using chi-square statistical test. A
significance level of 5% was used as criterion for statistical
significance.

A mixed linear model was used to analyze time to first fixation,
fixation count and total fixation duration. For each area of interest,
type of product, label background and their interaction were
considered as fixed effects, while consumer was considered as
random effect.

2.3.2. Word association
All the words mentioned by participants were considered for

data analysis. Frequency of mention of each word was calculated.
Then, data were analyzed by grouping the responses into exclusive
and exhaustive categories using inductive coding (Krippendorff,
2004). Two coders, who had more than 2 years of experience in
content analysis, performed the task. Final categories were estab-
lished by consensus. The frequency of mention of each category
was determined and differences among labels were evaluated us-
ing chi-square test. Furthermore, a chi-square per cell test was used
to identify the source of variation of the global chi-square
(Symoneaux, Galmarini, & Mehinagic, 2012).

2.3.3. Change detection task
In each trial, the location of the change was selected as area of

interest. Time to first mouse click on the area of interest was
calculated as indicator of time to change detection. Fixation count
on the labels during the change detection task was calculated as a
measure of consumers' attentional effort during the task. Data from
participants who had not clicked inside the area of interest were
discarded.
Fig. 4. Example of how areas of interest
Time to change detection and fixation count data were analyzed
using a mixed linear model considering change, type of product,
label background and their interaction as fixed effects, while con-
sumer was considered as random effect. A logistic regression
analysis was used to study the influence of the experimental vari-
ables (type of product and label background) on the probability of
consumers' fixating their gaze on a specific AOI on the label.

All statistical analyses were performed using R language (R Core
Team, 2013).

3. Results

3.1. Eye-tracking

3.1.1. Percentage of consumers who fixated their gaze
The percentage of consumers who fixate their gaze on an area of

interest (AOI) is an indicator of its attentional capture, due to bot-
tomeup and/or topedown processes (Holmqvist et al., 2011).
During the word association task, brand information was the AOI
with the highest attentional capture, regardless of the type of label.
As shown in Table 1, this AOI was fixated by the great majority of
the participants. At the aggregate level the AOIs nutritional label,
recommendation and type of product were also fixated by the
majority of the consumers (Table 1). On the contrary, less than half
of the participants fixated their gaze on the health claim included
on probiotic milk labels, which indicates that they did not extract
information from this AOI to complete the word association task.
Best before date was fixated by few consumers, which could be
probably related to its non-central location and small relative size
(Fig. 4).

Type of product and label background did not significantly affect
the percentage of consumers who fixated their gaze on the areas of
interest (p > 0.098). The only exception was the percentage of
consumers who fixated their gaze at brand information, which was
significantly affected by label background (p ¼ 0.017). The per-
centage of consumers who fixated their gaze on brand information
was significantly higher for Background A (expected to elicit asso-
ciations related to milk and nature) than for Background B
(designed to generate expectations of health and wellbeing) (86.5%
vs.78.5%).

3.1.2. Time to first fixation
Time to first fixation is indicative of the attentional capture of

the AOI and the order in which participants process them for
completing the task (Holmqvist et al., 2011). In the present work
time to first fixation on an AOI provided similar results than the
percentage of consumers who fixated their gaze. Regardless of the
type of label, participants first looked at brand information, fol-
lowed by type of product (Table 1). This result can be explained by
the fact that these areas of interest were located in the center of the
label (Fig. 4). Meanwhile, time to first fixation on manufacturer and
shelf-life date were markedly longer, as shown in Table 1.
were defined in one of the labels.



Table 1
Average percentage of consumers who fixated their gaze, average time to first fixation, fixation count, and total fixation duration on specific areas of interest on the labels
during the word-association task for milk and probiotic milk labels.

Area of interest Percentage of consumers who fixated their gaze (%) Time to first fixation (s) Fixation count Total fixation duration (s)

Brand 82.5 1.6 5.0 0.9
Nutritional label 70.8 3.6 4.6 1.0
Recommendationa 70.8 3.2 6.4 1.7
Type of product 63.3 2.3 2.5 0.5
Net content 42.9 4.1 1.8 0.3
Health claima 42.5 4.4 4.9 1.1
Manufacturer 35.4 5.1 1.8 0.4
Shel life date 16.7 5.9 1.9 0.5

a This area of interest was only defined in probiotic milk labels.
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Time to first fixation on the areas of interest was not signifi-
cantly affected by label background (p > 0.068). Type of product
significantly affected time to first fixation on nutritional informa-
tion, manufacturer and product name. Time to first fixation on the
first two areas of interest was significantly shorter for milk than for
probiotic milk labels (3.1 s vs. 4.1 s and 4.5 s vs. 5.7 s, respectively).
The opposite trend was found for product name. Consumers looked
at this information earlier for probiotic milk labels than for regular
milk labels (1.8 s vs. 2.8 s).

3.1.3. Fixation count
Fixation count is related to processing of information and in-

dicates its information for consumers and/or difficulty for visual
processing (Holmqvist et al., 2011). Brand, recommendation,
nutritional label and health claim received more fixations than the
rest of the information. In the case of the last three areas of interest
the highest number of fixations can be related to the high infor-
mation density of the areas of interest. The high fixation count on
brand can be attributed to its central position on the label, as well as
to its large relative size (Fig. 4).

Fixation count on the areas of interest was not significantly
affected by label background (p > 0.068). However, product type
significantly affected fixation count on brand, nutritional informa-
tion and product name (p < 0.020). Consumers made more fixa-
tions on brand, nutritional information on milk labels than on
probiotic labels (3.0 s. 2.5 and 5.4 vs. 3.8, respectively). Regarding
product name, consumers made more fixations on probiotic milk
labels than on regular milk labels (2.8 vs. 1.8). The interaction be-
tween label background and type of product was not significant
(p > 0.075).

3.1.4. Total fixation duration
As shown in Table 3, the largest total fixation duration values

were found for the areas of interest recommendation, health claim,
nutritional label and brand, suggesting that consumers invested
more time extracting information from them than from any other
AOI. However, consumers did not perform a comprehensive eval-
uation of these areas of interest as they only read part of the in-
formation, as exemplified in Fig. 5.
Fig. 5. Exemplar heatmap of one of the probiotic mi
Fig. 5 shows an exemplar heatmap for one of the probiotic milk
labels. In the figure the relative duration of the fixations in each
point of the label is represented using a heat scale (from cold/green,
for shorter duration, to hot/red, longer duration). As shown, con-
sumers did not fixate some parts of the health claim and nutritional
information, suggesting that did not comprehensively assess the
information.

As for the rest of the eye-tracking variables, label background
did not significantly affect total fixation duration on any of the areas
of interest (p > 0.077). Type of product affected the total duration of
the fixations on brand, nutritional information, net content and
product name (p < 0.020). Consumers invested more time fixating
their gaze on the first four areas of interest for regular milk labels
than for probiotic milk ones. On the contrary, total duration of the
fixations on product name was longer for probiotic milk than for
milk labels (0.5 s vs. 0.4 s). The interaction between label back-
ground and type of product did not significantly affect total fixation
duration (p > 0.098).
3.2. Word association task

The most frequent associations elicited by the labels were
related to the categories Nutritional characteristics, followed by as-
sociations related to Food. Type of product and label design
significantly affected the frequency of mention of the categories. As
shown in Table 2, frequency of mention of the category Health was
significantly higher for labels designed with background B than for
labels with background A. However, it is interesting to note that
probiotic milks were not associated with the category Health more
frequently than milk labels. Besides, probiotic milks were
frequently associated with the category Childhood, which included
words such as baby, childhood and mother.

Labels with background A were frequently associated with the
category Cow, which is clearly related to graphic design (Fig. 1).
Probiotic milk labels designed with background A were more
frequently associated with the categories Probiotic and Positive as-
sociations than the rest of the labels (Table 2). On the contrary,
regular milk labels designed with background A were frequently
associated with the categories Usage and Safety.
lk labels evaluated in the word association task.



Table 2
Results from the word association task. Percentage of consumers who mentioned words within each of the identified categories.

Category Examples Milk background A Probiotic milk background A Milk background B Probiotic milk background B

Nutritional
characteristics

Sodium, carbohydrates, proteins, fat 77 57 (�)* 83 72

Food Food, eat, drink, hungry 65 80 (þ)* 50 42
Health Basketball, dance, exercise, vitality, gut flora 10 (�)*** 18 (�)*** 100 (þ)*** 77 (þ)***
Sensory characteristics Color, liquid, light, tasty 22 25 40 37
Information Bottle, information, numbers 27 30 37 22
Childhood Baby, childhood, mother 7 (�)*** 52 (þ)*** 10 (�)** 38 (þ)*
Cow Cow, animal, spots 52 (þ)*** 45 (þ)** 5 (�)*** 3 (�)***
Positive associations Calm, interesting, young, new 3 (�)* 25 (þ)* 12 18
Brand Brand, marketing 17 7 22 8
Usage Daily, breakfast 23 (þ)*** 13 5 3 (�)*
Safety Safe, warning, care, prohibited 17 (þ)* 13 2 (�)* 7
Negative associations Boring, not attractive 12 8 7 0 (�)*
Probiotic Probiotic, bifidum, biology 0 (�)* 15 (þ)*** 0 (�)* 7
Neutral associations Common, regular 8 (þ)* 2 3 2
People People 0 0 8 (þ)** 2

Effect of the chi-square per cell test for comparing eating situations: (þ) or (�) indicate that the observed value is higher or lower than the expected theoretical value,
*p < 0.05; **p < 0.01; ***p < 0.001.
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3.3. Change detection task

Time to change detection and total fixation duration were
significantly affected by the type of change, label background and
the interaction between these two variables (p < 0.010). Table 3
shows average time needed for consumers to detect the changes
on labels with different background design, as well as average
fixation count on the labels.

For both backgrounds, time for detecting the change and fixa-
tion count were significantly longer when labels differed in type of
microorganism than for the rest of the changes (Table 3), suggest-
ing that this change was the most difficult to detect.

For labels designed with background A, time needed to detect
changes in brand, product name and health claim did not signifi-
cantly differ. However, total fixation duration during the task was
significantly higher when labels differed in brand than for the rest
of the changes (Table 3). Meanwhile, a change in health claim was
the easiest to detect in labels designed with background B, both in
terms of time needed to detect the change and fixation count.

Time for detecting a change in brand and product name, as well
as total fixation count during the task, were significantly lower for
labels with background A than for labels designed using back-
ground B, whereas the opposite trend was found for time needed to
detect a change in the type of microorganism (Table 3).
4. Discussion

Information processing has been closely related to decision
making. Several studies have shown that consumers have higher
fixation likelihood on attributes that are more relevant for reaching
a decision (Gl€ockner & Herbold, 2011; Orquin & Mueller Loose,
2013; Su, Rao, Li, Wang, & Li, 2012). Therefore, a deeper
Table 3
Average time (s) needed by consumers to detect different changes on labels with differen
detection task.

Change Average time to change detection (s)

Background A Back

Brand 1.6a,A 2.5b;

Type of product 1.1a,A 2.8b,B

Health claim 0.9a,A 1.3a,A

Type of microorganism 4.7b,B 3.3c,A

Average values within a column (row) with different lowercase (uppercase) superscript
understanding of how consumers process functional food labels
can contribute to increasing their interest and purchase intention of
this food category. In this context, the present work studied con-
sumers' attention to regular and probiotic milk labels using eye-
tracking and change detection tasks.

Results from the eye-tracking task showed that the areas of the
labels with the highest attentional capture during the word asso-
ciation task were brand, nutritional information, type of product
and a recommendation on product consumption for specific con-
sumer segments. The percentage of consumers who fixated their
gaze on the areas of interest, as well as time to first fixation, fixation
count, and total fixation duration were not significantly affected by
the type of product and label design. These results indicate that
visual processing of the labels was mainly determined by tope-
down attentional capture, i.e. consumers looked at specific areas of
the labels when completing the task. Previous work on visual
processing of food labels showed that consumers intentionally scan
them in order to find basic information: brand, image, nutritional
information and ingredients (Ares et al., 2013).

However, label design influenced consumers' ease to identify
changes in the labels (Table 3). This results indicates that graphic
design affected the attentional capture of specific areas of interest
of the labels. Label design can increase attentional capture of spe-
cific pieces of information by increasing saliency of the element
from the background in which it is included (Koch, 2004). In the
present work, background A increased the attentional capture of
brand, type of product and health claim compared to background B.
These results suggest the need to consider visual attention during
the selection of the graphic design of food labels.

On average, specific information about the functional product
did not show a high attentional capture. Information about type of
product (milk vs. probiotic milk) and health claimwere only fixated
t background design detection task, and total number of fixations during the change

Average fixation count

ground B Background A Background B

B 9.3b,A 13.6b,B

5.1a,A 16.6b,B

5.7a,A 7.5a,B

24.7c,A 25.4c,A

s are significantly different according to Tukey's test, for a significance level of 5%.
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by 63.3% and 42.5% of the consumers. This result suggests that
many consumers did not even realize that labels corresponded to
probiotic milks with potential health benefits to their health.
Similarly, Varela et al. (2014) reported that consumers did not seem
to visually process nutritional information and health claims when
evaluating breakfast cereal packages. The low attentional capture of
health claims suggests that many consumers who do not inten-
tionally look for functional food products might not be aware of
their existence when making their purchase at supermarkets. It is
worth highlighting that in the present work labels were presented
on a computer screen one by one, which could have increased the
salience the information, particularly that usually presented on the
sides and back of the packages. In this sense, consumers' attention
to information about health claims and type of product in real-life
settings is expected to be even lower than in the present work.
Further research on consumers' attention to health claims when
evaluating products and making their purchase decisions in more
realistic environments (e.g. simulated supermarket shelves) seems
necessary to provide recommendations to the industry about how
to design functional food labels.

The extent to which consumers processed different areas of the
label depended on the size and information density, as expected
(Loftus & Mackworth, 1978). As shown in Table 1, consumers ten-
ded to make more and longer fixations on the largest areas of the
labels (e.g. brand, Fig. 1), as well as areas with high information
density (e.g. nutritional label, recommendation and health claim).
However, the former areas of interest were not comprehensively
processed by consumers (Fig. 5). This result, added to the low
percentage of consumers who fixated their gaze on health claim,
suggests that the attentional capture of health claims on food labels
should be considered in order to effectively communicate the
health benefits of functional foods to consumers. In the present
work health claim was included in the side of the label and with a
small font (Fig. 4), which might have reduced consumers' atten-
tional capture.

Consumers' lack of deep processing of health claims can explain
the fact that probiotic milk labels did not elicit more health-related
associations than regular milk labels (Table 2). As shown in Table 2,
health associations were mainly generated by background B, which
included people doing physical activities. Previous research has
also shown the large impact of graphic design on consumers' as-
sociations of food labels (Ares, Piqueras-Fiszman, Varela, Morant
Marco, Martín L�opez & Fizman, 2011; Smith, Mogelvang-Hansen, &
Hyldig, 2010), which suggests that graphic design of labels could be
more effective than words in communicating specific characteris-
tics of the products.

Consumers' visual processing of regular and probiotic milk la-
bels was similar. However, results from the eye-tracking task
showed that consumers reduced the depth with which they pro-
cessed specific areas of the labels as the amount of information
included on labels increased. Consumers reduced total duration
fixation and fixation count on brand and nutritional information
when information about the probiotic milks was included on the
labels, compared to the regular milks. This can be probably attrib-
uted to the fact that consumers had the same time (20 s) to look at
the labels, even if they differed in the amount of information they
contained.

It is worth highlighting that several individual variables, such as
gender, age, involvement with the product, health consciousness
and product liking, are expected to have a large influence on con-
sumers' visual processing of food labels. For example, health
motivation has been reported to affect consumers' attention to
nutrition information (Bialkova & van Trijp, 2011). In this sense,
further research focused on the influence of individual variables on
consumers' attention to functional food labels is necessary. In
particular, it would be interesting to better understand how inter-
est in functional foods affects attention to health claims.

From amethodological point of view, it is worth highlighting the
advantages of combining methodologies for studying consumers'
attention to food labels. Firstly, the combination of eye-tracking and
word association enabled a better understanding of consumers'
associations with the products. For example, although probiotic
milks were more frequently associated with the category Childhood
than regular milks (Table 2), it cannot be concluded that functional
foods were regarded as appropriate for children. Results from the
eye-tracking task showed that the recommendation related to the
consumption of probiotic products by children and breast feeding
mothers in probiotic products generated associations related to
childhood. Therefore, the word association task seemed to have
captured the most salient words or characteristics after consumers
read the labels, as it has been previously reported by Piqueras-
Fiszman et al. (2013).

Secondly, the consideration of the number of fixations needed to
complete the change detection task provided additional informa-
tion to that provided by time to change detection and showed
higher discriminative ability. Furthermore, the information pro-
vided by change detection on the attentional capture of the
different areas of the labels was not directly comparable to eye-
tracking measures during the word association task. Change
detection seems to be largely dependent on the size and location of
the change, which suggests that care must be takenwhen using this
type of task to conclude on how consumers visually processed food
labels.

5. Conclusions

The information provided on functional food labels plays an
important role for differentiating them from their conventional
counterparts. Results from the present work showed that con-
sumers may not perform an in-depth evaluation of key information
related to the functional aspects of the products, particularly
nutritional information and health claims. In this sense, it is
important to stress that consumers' attention to health claims in
real-life settings might be actually lower than that obtained in the
present work.

Consumers' attention to specific areas of interest labels
decreased as information density increased, suggesting that health
claims should be written as concise as possible to assure that
consumers fully process them. Besides, consumers' health-related
associations were generated by graphic design and not by prod-
uct description (i.e. probiotic milk) or health claim, suggesting that
graphic design should be regarded as a key strategy to generate
health-related associations in consumers.

In summary, results stress the need to further study the influ-
ence of consumers' processing of functional food labels. In partic-
ular, studying how label design can increase bottomeup attentional
capture of key information about functional foods can contribute to
increasing consumers' awareness of this food category at the point
of sale.
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a b s t r a c t

The aim of this study was to investigate whether ultrasound (US) assistance during the osmotic pre-
treatment of sour cherries has any influence on quality and changes in the levels of bioactive compounds
present in dried product during storage using an accelerated shelf-life test. Sour cherries of ‘Nefris’ va-
riety were pitted in a frozen state and subjected to osmotic dehydration in a water bath fitted with
ultrasound transducers (25 kHz, 0.4 W/cm2) and a shaking plate (30 rpm) in sucrose solution (60 �Bx,
fruit to syrup ratio 1:4, 40 �C) and then convectively dried (60 �C, 9 h, 2.5 m/s). The osmotic dehydration
lasted 120 min with (60US) and without US (0US) treatment. The application of US resulted in the
enhancement of mass transfer after osmotic dehydration (higher dry matter content and lower water
activity in dried 60US sample in comparison to 0US). Storage caused the deterioration of anthocyanin
content and after 8 weeks of storage significant differences between samples became visible. Samples
treated with US application had a lower antiradical capacity than those untreated. It can be anticipated
that ultrasound application had a negative influence on anthocyanin content and may speed up the loss
of antioxidant potential.

© 2015 Published by Elsevier Ltd.
1. Introduction

Nowadays consumers are more and more aware of the health
benefits connected with consuming food containing bioactive
substances. They paymore attention to reading labels and are ready
to pay more for consciously chosen products they recognize as
containing healthy ingredients. Maintaining the highest possible
content of compoundswhich naturally occur in fruit and vegetables
is of vital importance. But unfortunately during every step of pro-
cessing nutritional value decreases to a greater or lesser extent.
Thus producers and researchers are forced to search for novel
techniques to retain such valuable components in products as
much as possible. One potential solution is applying ultrasonic
waves. Using ultrasound in the pretreatment stage and the final
drying process is, on one hand, considered as good way of
enhancing mass transfer, but on the other hand, it can reduce the
product quality. Sour cherries are rich in antioxidants such as
phenolic compounds, especially anthocyanins. Their stability de-
pends on temperature, the action of light, oxygen, metal ions and
uci�nska).
endogenous enzymes (Stintzing & Carle, 2004). Scientific evidence
exists to support both the positive (Deng & Zhao, 2008a; Gamboa-
Santos et al., 2014; Mieszczakowska-Frac, Dyki,& Konopacka, 2015;
Rawson, Tiwari, Tuohy, O'Donnell, & Brunton, 2011) and the
negative (Gamboa-Santos et al. 2013; Kek, Chin, & Yusof, 2013;
Stojanovic & Silva, 2007) impact of US on the retention of bioac-
tive compounds in various fruit and vegetable species, though the
particular effect depends on choosing the appropriate parameters
regarding the specificity of the plant material involved.

Various stress factors, like elevated temperature, humidity, high
concentration of oxygen etc., can result in product deterioration.
Accelerated shelf life tests are a good solution to study the changes
in product over a shorter period of time. Industry is eager to use
such methods to establish the storage life of products, as it enables
the accurate prediction of changes in product quality and therefore
leads to acceleration in the product marketing process (Ghidouche,
Rey, Michel, & Galaffu, 2013; Socarras & Magari, 2009).

The aim of the study was to investigate whether US assistance
during the osmotic pretreatment of sour cherries has any influence
on the quality and changes in the level of bioactive compound
during the storage of dried product, by means of an accelerated
shelf-life test.
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2. Materials and methods

2.1. Raw material

As a raw material sour cherries (Prunus cerasus L.) of ‘Nefris’
variety originating from the Experimental Orchard of the Research
Institute of Horticulture in Dąbrowice were used. Fruits were
collected at the commercial maturity stage, having characteristic
color, aroma and flavor. After harvest the fruits werewashed, frozen
at �25 �C then stored at this temperature until processing. Prior to
the osmo-convective dehydration they were pitted in the frozen
state (before pitting fruit temperature was equilibrated to �5 �C).
2.2. Pretreatment

Osmotic dehydration was carried out in a water bath fitted with
ultrasound transducers (25 kHz, 0.4 W/cm2) and a shaking plate
(30 rpm). The bath container was equipped with a special cooling
system to control the adjusted process temperature. Fruits were
placed in six, 2L capacity glass beakers (300 g per beaker) with a
sucrose solution (60 �Bx, fruit to syrup ratio 1:4). The temperature
wasmaintained at 40 �C. The osmotic treatment lasted 120min and
was conducted using two variants: with and without ultrasound
application (Table 1). The duration of ultrasound assistance (60 min
from a total of 120 min osmotic dehydration) was chosen based on
the results of previous experiments, where such a procedure
resulted in product with the highest percentage of total phenolic
and anthocyanin retention (Siuci�nska, Mieszczakowska-Frąc,
Połubok, & Konopacka, 2014b) as well as the most uniform struc-
ture (Siuci�nska, Dyki, Murgrabia, Pieczywek, & Konopacka, 2014a).
For both variants two technological repetitions were carried out.

After treatment the plant material was drained, rinsed with cold
water and gently blotted up on filter paper, before being weighed
and subjected to convective drying.
Table 2
Accelerated shelf-life test duration at 45 �C simulating storage for 8,16 and 24 weeks
at a temperature of 25 �C.

Test duration at 45 �C (days) Expected shelf-life at 25 �C

weeks days

23 8 56
45 16 112
68 24 168
2.3. Drying

Osmodehydrated samples were spread in a mono-layer on
stainless steel sieves covered with a teflon coated glass fiber net to
avoid sticking and dried in a convective dryer. Drying parameters
were as follows: hot air temperature 60 �C, duration 9 h, horizontal
air flow (velocity 2.5 m/s), recuperation (r) 50%. Such a drying
procedure enables the reduction of water activity in dried samples
to a level far below 0.75, which minimizes the risk of microbial
spoilage. For the following 24 h the samples were stored in glass
jars in darkness at a temperature of 18 �C and then subjected to a
quality assessment as well as a packaging procedure. The dried
material of each combination was divided into four parts, vacuum
wrapped in plastic PP bags and stored in a phytotron chamber
(Model FD 711DD, Biosell, Poland) at a constant temperature
(45 ± 1 �C) and a relative humidity (30 ± 5%RH), using an accel-
erated shelf-life test to establish their potential storage life.

Storage time at 45 �C (t2), corresponding to storage for 8, 16 and
24weeks at a temperature of 25 �C (t2), was calculated according to
formulas described by (Tryzno, �Sled�z, Hankus, Kr�olikowski, &
Witrowa-Rajchert, 2013), (Eq. (1e2))
Table 1
A breakdown of sour cherry fruit osmotic pretreatment.

Combination Sample code Ultrasou

Sonicated sample 60US 60
Control (no sonication) 0US 0
t1

t2
¼ Q10

DT
10 (1)

Q10 ¼ exp
�

10Ea
RTðTþ 10Þ

�
(2)

To determine the temperature coefficient of reaction speed rate
(Q10), as the activation energy (Ea) a value of 35.52 kJ/mol was
adopted from Ochoa, Kesseler, De Michelis, Mugridge, and Chaves
(2001). This numerical value was indicated by the authors as the
activation energy for anthocyanin degradation in sour cherry pre-
serves. The outlined intervals of shelf-life test duration at 45 �C are
gathered in Table 2.

2.4. Physicochemical and chemical analyses

The following parameters were measured: soluble solids, dry
matter content, water activity, color, antioxidant activity and an-
thocyanins by HPLC method.

Dry matter content was determined using the gravimetric
method by drying to constant weight at 70 �C under vacuum
conditions (3$103 Pa) according to PN-90/A-75101/03.

Soluble solids were analyzed in samples after osmotic dehy-
dration and in raw material employing the refractometric method
(RE50 Refractometer, Mettler Toledo).

The measurement of water activity took place using AW-Therm
40-RS (Rotronic).

The color assessment was measured at the beginning of storage,
immediately after drying (0 weeks), after 8 and 24weeks of storage
with the colorimeter of model CR-2600d Konica Minolta Sensing,
INC. (Japan), which was connected to a PC equipped with the
Windows software SpectraMagic. For each combination 30 dried
fruits were measured and then colors of the sample were indicated
by CIElab color scales L, a, b. Total color change (DE) was calculated
according to the Eq. (3).

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q
(3)

Prior to analysis of bioactive components the samples were
ground in liquid nitrogen using amill (IKA A11 Basic IKA-WERKE) in
order to obtain a representative powdered sample. Then 2 g of
dried cherries or 5 g of raw material samples were homogenized in
50 ml of 1 ml/100 ml formic acid in 60 ml/100 ml methanol. The
sample solution was filtered through a Whatman No. 4 filter paper
and a 0.45 mm PTFE filter.

The antioxidant activity was determined according to Re et al.
(1999) and expressed as a 50% reduction of ABTS$þ solution
nd assistance (US), 25 kHz, (min) Shaking (S), 30 rpm, (min)

60
120
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absorbance and recalculated to mg of Trolox equivalents. All mea-
surements were carried out in two independent replicates per each
batch of raw material as well as for processed fruit.

A HPLC analysis of anthocyanins was performed according to the
method described by Nielsen, Haren, Magnussen, Dragsted, and
Rasmussen (2003) with some modifications. In short, 5 ml volume
of the eluate was analysed using an Agilent HPLC Model HP 1100
equipped with a Diode Array Detector (DAD). Separation was per-
formed on a Phenomenex®Fusion RP column (250 mm � 4.6 mm;
particle size 4 mm) using a mobile phase consisting of water: formic
acid (95:5 (v/v)) (A), and acetonitrile (B). The anthocyanins in the
eluate were detected at 520 nm. Their amounts were quantified by
calibrationwith the standards of cyanidin-3-sophoroside, cyanidin-
3-glucoside, cyanidin-3-rutinoside and peonidin-3-rutinoside, and
expressed in mg/100 g dm.
2.5. Statistical analysis

The experimental results were statistically analyzed using the
STATISTICA 10 software package. To follow the antioxidant activity
changes during the storage test the Two-way ANOVA was used,
where both storage time and kind of pretreatment were considered
as a source of variability. For the remaining qualitative factors, the
One-way ANOVA was applied for data gathered within the partic-
ular storage time, checking the influence of the ultrasound assis-
tance. In both cases the statistical significancewas determined with
using a Duncan multiple range test at P < 0.05.
3. Results and discussion

3.1. Physicochemical characteristics changes

As is shown in Table 3, the ultrasound assistance influenced the
characteristics of osmo-treated sour cherry fruits. The 60 min ul-
trasound application during the pretreatment stage resulted an
increase in both soluble solids and dry matter content in dehy-
drated samples. This result corroborates reports in recent literature,
where it is stated that US had a positive influence on water loss in
samples (C�arcel, Benedito, Rosell�o, & Mulet, 2007; Deng & Zhao,
2008b; Garcia-Perez, Ortuno, Puig, Carcel, & Perez-Munnuera,
2012; Nowacka, Tylewicz, Laghi, Rosa, & Witrowa-Rajchert, 2014).
Our results confirmed that US can facilitate mass transfer. Although
the difference noticed in the experiment was not very high, the
soluble solid content in the sample subjected to US were signifi-
cantly higher when compared to the value obtained for the sample
dehydratedwithout ultrasound assistance (Table 3). It can be linked
to the microstructural changes caused by acoustic wave energy,
which give rise to cycles of compressions and expansions,
contributing to the formation of microscopic channels within the
fruit tissue, which in turn favor mass transfer efficiency (Siuci�nska
& Konopacka, 2014).
Table 3
Effects of ultrasound (US) assistance as a tool to intensify osmotic dehydration.
Soluble solids and dry matter content of raw and osmo-dehydrated samples of sour
cherries.

Sample Soluble solids (�Bx) SD Dry matter content (%) SD

Raw fruit 15.7 ±0.08** 16.2 ±0.39
60US 21.2 a* ±0.14 29.4 a ±0.33
0US 20.5 b ±0.29 27.6 b ±0.24

*Means in columnsmarked with the same letter do not differ significantly according
to Duncan's multiple range test, P < 0.05
**Standard deviation for soluble solids was calculated for 4 analytical replications
and for dry matter for 6 analytical replications.
The influence of US treatment was also noticeable after drying
and during storage in terms of dry matter content and water ac-
tivity (Table 4). The increase in solids gain during osmotic treat-
ment resulted in a higher dry matter content after 9 h of convective
drying. At the beginning of the shelf-life test (0 weeks) the dry
matter content amounted to 74.8% and 72.1%, respectively for
sonicated and not sonicated samples. Despite being vacuum
wrapped in plastic bags, alongwith storage time prolongation, both
kinds of samples dried out. The percentage of dry matter increased,
which generallywas reflected by a decrease inwater activity values.
Although the sonicated and control samples had different initial
values of both dry matter content and water activity, these
parameter changes occurred in a very similar way (Table 4),
resulting in samples obtained by osmotic dehydration with US
application having lower final moisture content than samples
pretreated without US.

The changes in LAB color parameters of the stored sour cherry
samples are presented in Table 5. The values of the total changes in
color (DE) were calculated after 8 weeks and 24 weeks of storage.
The measurements after 8 and 24 weeks were compared to the
measurement at the beginning of storage, immediately after drying
(0 weeks). Although an analysis of variance did not show statistical
differences between the DE for compared samples, after 8 weeks of
storage the untreated samples had a DE value of only half compared
with whose US treated. Along with storage extension the observed
color changes nearly equalized. This can be explained by the fact
that the US treated samples, after 8 weeks storage, contained about
29% less anthocyanins (the compounds responsible for the color of
dried cherry) than the untreated sample after the same time of
storage, while after 24 weeks both samples contained only trace
amounts of anthocyanins (Table 6).

3.2. Changes of anthocyanins content

The data in Table 6 illustrates the results of HPLC analysis of the
anthocyanins present in fresh sour cherries as well as their changes
during processing and the shelf-life test. In the fresh fruit of ‘Nefris’,
the cultivar used for the experimental sample manufacture, five
individual anthocyanins were detected: 3-sophoroside, 3-
glucosylrutinoside, 3-xylosylrutinoside and 3-rutinoside of cyani-
din and peonidin-3-rutinoside. Cyanidin-3-glucosylrutinoside was
the most abundant, constituting up to 77% of the total anthocyanin
content. As is clearly visible in Table 6, the combined processes of
osmotic dehydration and convective drying led to substantial losses
of anthocyanins. Just after production (0 weeks) the dried products
contained an average of only 43% of the initial amount of antho-
cyanins present in fresh fruit. These results, however were not
surprising, as osmotic treatment is known to lead to a serious loss
in anthocyanin rich tissue (Konopacka, Jesionkowska,
Mieszczakowska, & P1ocharski, 2008; Lohachoompol, Srzednicki,
& Craske, 2004).

Regarding the effect of US treatment on anthocyanin retention
during the processing stage, sonication seems to have had a
negative influence. Immediately after production (0 weeks) the
non-sonicated dried cherries retained 45.5% of the initial amount of
anthocyanins, while the US treated ones only 40.2%. The observed
difference was not statistically significant, however a similar ten-
dency was reported by other researchers. Stojanovic and Silva
(2007) in their investigation on osmoconcentrated rabbiteye
blueberries stated that high frequency ultrasound negatively
influenced anthocyanin content and other phenolic compounds.
According to these authors a sugar solution, used for osmotic
dehydration, promotes the formation of colorless carbinol base
form of anthocyanins, which being very unstable and more sus-
ceptible to degradation can then be easily impacted by the



Table 4
Effects of US application on dry matter content and water activity of dried sour cherry samples during the shelf life test, means ± SD.

Storage (weeks) Dry matter content (%) Water activity aw

60US 0US 60US 0US

0 74.8 a* ± 1.02** 72.1 b ± 0.35 0.708a* ± 0.023** 0.693 a ± 0.016
8 77.7 a ± 2.36 75.3 a ± 0.49 0.706 a ± 0.029 0.735 b ± 0.005
16 80.6 a ± 1.13 78.1 b ± 0.66 0.657 a ± 0.022 0.695 b ± 0.012
24 83.2 a ± 1.55 80.2 b ± 0.18 0.613 a ± 0.024 0.666 b ± 0.006

*Means in rows for particular characteristic marked with the same letter do not differ significantly according to Duncan's multiple range test, P < 0.05; **Standard deviations
calculated for 6 analytical replications.

Table 5
Effects of US application on color changes of dried sour cherry samples during the shelf life test; L*, a*, b* values and the overall color change (DE).

Storage (weeks) 60US 0US

L* a* b* DE L* a* b* DE

0 22.6 a** 4.02 a �0.12 a 23.2 a** 4.65 a 0.07 a
8 22.8 a 3.00 a �0.18 a 1.20 a 22.6 a 3.79 a �0.02 a 0.65 a
24 22.4 a 1.42 a 0.29 a 2.86a 22.3 a 1.51 a 0.26 a 2.73 a

**Means calculated for particular parameters (L, a, b, DE) and storage duration (in rows) marked with the same letter do not differ significantly according to Duncan's multiple
range test, P < 0.05.

Table 6
Effects of US application on anthocyanin deterioration during shelf life test. Anthocyanin quantified by HPLC method (mg/100 g dm).

Storage (weeks) Combination Cy-3-S Cy-3-GR Cy-3-XR Cy-3-R Pe-3-R

Raw fruit 141.07 ± 5.33 908.87 ± 21.55 11.86 ± 0.77 108.68 ± 2.55 8.04 ± 0.24
0 60US 49.1 a* ± 10.22** 365.68a ± 59.94 8.25a ± 1.05 46.45a ± 8.67 4.13a ± 0.51

0US 53.3 a ± 2.14 414.63a ± 8.16 9.12a ± 0.29 55.01a ± 1.62 4.71a ± 0.13
8 60US 9.78 a ± 1.71 6.75a ± 0.69 nd nd nd

0US 15.4 b ± 2.93 7.83a ± 0.67 nd nd nd
16 60US 0.81 a ± 0.03 5.41a ± 0.53 nd nd nd

0US 1.19 b ± 0.28 6.7b ± 0.27 nd nd nd
24 60US nd 2.84a ± 0.08 nd nd nd

0US nd 3.77b ± 0.25 nd nd nd

*Means in columns within particular storage duration marked with the same letter do not differ significantly according to Duncan's multiple range test, P < 0.05 **Standard
deviation was calculated for 4 analytical replications.
Abbreviations: Cy-3-S e cyanidin-3-sophoroside, Cy-3-GR e cyanidin-3-glucosylrutinoside, Cy-3-XR e cyanidin-3-xylosylrutinoside, Cy-3-R e cyanidin-3-rutinoside, Pe-3-R
e peonidin-3-rutonoside, nd e not detected.
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ultrasound action. Moreover, a loss of anthocyanins in samples
treated by USwere higher than in those no sonicated, whichmay be
caused by easier extraction of bioactive compounds from plant
Fig. 1. The changes of total anthocyanin content in dried sour cherries during shelf-life
test. Samples treated with US ( ) and control e no sonication (-). Points marked
with the same letters do not differ at P < 0.05; significance was calculated separately
for the particular storage duration.
material into osmotic medium due to cavitation (Golmohamadi,
M€oller, Powers, & Nindo, 2013; Keenan et al., 2012). Although, as
was shown in Fig. 1, storage had a detrimental effect on the an-
thocyanins contained in the osmo-dried sour cherries, with indi-
vidual compounds degrading at different rates (Table 6). The Cy-3-
XR, Cy-3-R and Pe-3-R totally disappeared after only 8 weeks of
storage. The Cy-3-S and Cy-3-GR were more stable than the
abovementioned. Surprisingly, it emerged that the loss of Cy-3-S
(80.1% for 60US and 71.2% for 0US) after 8 weeks was much lower
than the loss of Cy-3-GR (98.2% for 60US and 98.1% for 0US).
However, in the following period deterioration of these compounds
in both samples occurred at a similar rate, and when compared to
0 weeks, it amounted to 98%. Piasecka, Uczciwek, Klewicki,
Konopacka, and Mieszczakowska-Frąc (2013) also discovered that
the main anthocyanin in sour cherries (Cy-3-GR) and Cy-3-R were
unstable, and after 3 and 6 months simulated storage their content
decreased by 81% and 98%, respectively. After 24 weeks all the
anthocyanins had completely receded with the exception of a small
amount of Cy-3-GR. It seems that Cy-3-S was the most stable
during the first 8 weeks, after which it rapidly declined, whereas for
Cy-3-GR this initial period is crucial and between 8 and 16 weeks
the lowest losses were noticed (20.0% and 14.5% for 60US and 0US,
respectively).

Despite the huge deterioration in anthocyanin content caused
by storage, significant differences between US treated and
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untreated samples became visible after 8 weeks of storage, espe-
cially for Cy-3-S. The more pronounced losses of bioactive com-
pounds may be related to oxidation reactions, initiated by the
interaction with free radicals generated during sonication (Soria &
Villamiel, 2010; Tiwari, O'Donnell, & Cullen, 2009). According to
Kidak and Ince (2007) application of ultrasound extended the
decomposition of phenols and additionally enhanced peroxy and
hydroxyl radical production.

As can be seen in Fig. 1, the early stage of storage time is of key
importance in anthocyanin degradation, however, the applied
methodology did not foresee such radical destruction of anthocy-
anins. It can be anticipated that ultrasound application, negatively
impacted anthocyanin deterioration in the initial stage, though
further investigations over shorter time periods are required to
confirm such conclusions.

3.3. Changes of antioxidant activity

The data presented in Fig. 2 indicates that dried sour cherry
snacks produced from ‘Nefris’ cultivars are characterized by high
antioxidant potential, which directly after production (0 weeks)
amounted to 23.1 and 25.2 mg Trolox/g, respectively for sonicated
(60US) and non-sonicated (0US) material. The obtained values are
much higher than the antioxidant capacity reported for osmo-dried
sour cherry snacks produced from different sour cherry cultivars,
where the best combinations yielded on antioxidant potential of
twice lower (Konopacka, Markowski, Płocharski, & Rozpara, 2014),
than the products in the current experiment. For both kinds of
samples investigated, the antioxidant capacity of dried fruit
decreased gradually during storage, however, unlike anthocyanins,
no drastic drop was observed. This may be attributed to the fact,
that as well as anthocyanins, sour cherries also contain other
polyphenols such as phenolic acid and flavonols (Chaovanalikit &
Wrolstad, 2004; Kim, Heo, Kim, Yang, & Lee, 2005), in particular
quercetin derivatives that exhibit a very high contribution to the
antioxidant capacity (Kirakosyan, Seymour, Urcuyo Llanes,
Faufman, & Bolling, 2009; Rice-Evans, Miller, & Paganga, 1996).
Disregarding the high initial level of antioxidant activity, and the
more gentle breakdown of the components responsible for anti-
oxidant properties, the samples treated with US were characterized
by significantly lower antiradical capacity than those untreated,
which means that the US applied at the pretreatment stage may
quicken the loss of antioxidant potential, however, it does not seem
Fig. 2. The changes of antioxidant activity in samples during shelf-life test. Samples
treated with US ( ) and control e no sonication (-). Points marked with the same
letters do not differ at P < 0.05.
to influence the changes in this characteristic during product shelf-
life. The negative effect of ultrasound treatment noticeable at the
first stage of storage disappeared along with prolonged storage
time (Fig. 2). Irrespective of the kind of pretreatment, the largest
losses of antioxidant potential were observed during the first 8
weeks of storage, where the rate of deterioration amounted to
35.9% (0US) and 42.7% (60US). However, further sample storage of
up to 24 weeks showed an inverse relationship. The rate of anti-
oxidant capacity losses for samples treated with US clearly slowed
down (29%), whilst remaining at almost the same rate for sonicated
samples (35%). The significantly lower initial antioxidant capacity
of the sample pretreated with ultrasound was probably a result of
more effective mass transfer at the stage of osmotic treatment
(Table 3). The higher water loss and gain in soluble solids usually
correlate with a higher leakage of low molecular or water soluble
compounds of cell sap, including chemical composition building up
the antioxidant properties (Kebe, Renard, Maâtaoui, Amani, &
Maingonnat, 2015; Mieszczakowska-Frąc et al., 2015).

3.4. Further planned experiment

To be able to explain the reason for the observed difference in
the deterioration rate between sonicated and non-sonicated sam-
ples, further more expansive researchwould be advisable including
both qualitative and quantitative analyses of a wider spectrum of
polyphenol groups starting from the pretreatment stage and
monitoring the shelf-life test of shorter intervals, especially in the
first weeks of storage. Taking into consideration the incredible rate
of deterioration in bioactive compounds during the accelerated
shelf-life test, the experiment repetition in the mode of regular
storage conditions would be recommend to verify the observed
adverse phenomena.

4. Conclusions

The application of US at the stage of dried sour cherry produc-
tion resulted in the enhancement of mass transfer after osmotic
dehydration, which led to a higher dry matter content and lower
water activity in 60US sample after drying when compared to 0US..

Directly after processing, the US treatment seems to have had a
negative effect on anthocyanin retention, although the differences
were not significant. Despite the deterioration caused by storage,
significant differences between US treated and untreated samples
became visible after 8 weeks of storage. During storage antioxidant
potential decreased gradually and no substantial decline was
observed, as was also the case with anthocyanins. However, sam-
ples treated with an US application had a lower antiradical capacity
than those untreated. It can be anticipated that ultrasound appli-
cation had a negative influence on anthocyanin content and may
quicken the loss of antioxidant potential.
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Notation

Q10 temperature coefficient of the reaction rate -
Ea energy of activation J/mol
R universal gas constant 8.31 J/mol K
T reference/absolute temperature 298 K
Tþ10 temperature rose by 10 �C K
t1 storage time at temperature of 25 �C days
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t2 storage time at temperature of 45 �C days
DT temperature increase K
DE overall color change -
L degree of lightness -
a degree of redness -
b degree of yellowness -
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a b s t r a c t

The purpose of this study was to compare the chemical, microbiological, and sensory stability of raw
peanuts packaged in high barrier plastic bags (EVOH) under vacuum and in regular polypropylene (PP)
ventilated bags during 60 days of storage at 40 �C. The peroxide value showed a higher increase (from
0.38 to 0.95 meqO2/Kg) in PP samples than in EVOH samples (from 0.38 to 0.63 meqO2/Kg) during
storage. The highest free fatty acids value (0.60g oleic acid/100g peanut oil) was reached by EVOH
samples at day 60. The samples packaged in PP pouches showed a significantly higher oleic/linoleic ratio
(15.94) and lower iodine value (78.07) with respect to EVOH (13.80 and 80.30, respectively) at the end of
storage. A greater decrease of a-tocopherol was observed in PP ventilated bags (from 27.78 to 23.24 mg/
100g oil) than in EVOH bags (from 27.78 to 25.10 mg/100g oil). At storage day 60, only molds were
detected for both peanut samples but EVOH (2900 CFU/g) showed higher values than PP (2170 CFU/g). An
increase of the cardboard flavor and a decrease of roasted peanutty were greater in PP samples. The
EVOH bags preserve raw peanuts with better quality in comparison with PP bags.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The peanut industry's challenge is to preserve chemical,
microbiological and sensory quality of peanuts and peanut-
containing foods until it reaches the consumer. Lipid oxidation is
one of the major causes of peanut deterioration. Oxidative changes
affect the overall quality of the end product making it less accept-
able or unacceptable for consumers. Those reactions lead to the
formation of volatile compounds such as hydrocarbons, alcohols,
furans, aldehydes, ketones and acid compounds. Most of these are
responsible for off-flavors and certain oxidation compounds are
potentially toxic for human health (Akoh & Min, 2002).

Peanut seeds are rich in tocopherols. These are lipid-soluble
natural antioxidants that act as free radical scavengers counter-
acting propagation of the free radical chain so that they protect
against lipid oxidation. However, these antioxidants are prone to
decomposition, particularly at elevated temperatures and the
osso).
presence of oxygen molecules resulting in the formation of
degradation products, and contributing to sensory or nutritional
deterioration (Christopoulos & Tsantili, 2011).

Since oxidative reactions in food lipids are a constant concern
for all mentioned above, it is important to know how different
factors influence the rate of lipid oxidation to find the best way to
keep the oxidative stability in peanuts and by-products during the
marketing chain. There are many catalytic factors that can accel-
erate peanut lipid oxidation in postharvest management. The most
important extrinsic factors are storage conditions including tem-
perature, O2 availability, time, exposure to light and relative hu-
midity (Torres, Barros, Palacios, Chulze, & Battilani, 2014).

An improper handling of storage conditions may also promote
the development and colonization of microorganisms. Therefore, in
postharvest management, microorganisms continue their multi-
plication, and if storage conditions are not good, new microor-
ganisms can colonize the product and contribute, along with lipid
oxidation, to the emergence of undesirable flavors and mainly
affect food safety (Torres et al., 2014).

Food processors attempt to reduce or prevent oxidation and
colonization of microorganisms through the application of special
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measures to control storage conditions such as the removal of ox-
ygen, addition of antioxidants, use of gas barrier packaging mate-
rials, nitrogen-filled headspaces, vacuum packaging and barriers to
light (Talcott, 2005). Today, polypropylene (PP) ventilated big bags
are the most universally used packaging to transport and store
large tons of seeds, particularly peanuts, for long periods of time
due to their proven convenience and low cost. However, the effects
of this kind of packaging material on lipid oxidation, microbiolog-
ical contamination and sensory attributes of raw peanuts during
certain conditions of storage in comparison to others packaging
materials such as ethylene vinyl-alcohol (EVOH) films are un-
known. EVOH films are copolymers of ethylene and vinyl alcohol,
which have many desirable properties such as their resistance to
oils and weather effects, excellent barrier properties with low ox-
ygen and water permeability, ability to prevent insect infestation
and contamination with undesirables odors of the surrounding
environment (McKeen, 2012).

The purpose of this study was to compare the chemical,
microbiological and sensory stability of raw peanuts produced in
Argentina, packaged in high barrier plastic bags (EVOH) under
vacuum with respect to raw peanuts packaged in regular poly-
propylene (PP) ventilated bags during storage.

2. Materials and methods

2.1. Materials

Sound and mature seeds of raw peanuts type Runner (cv.
Granoleico), size 38/42 kernels per ounce (2013 crop), were pro-
vided by the company Lorenzati, Ruetsch & Cia (Ticino, Prov.
C�ordoba, Argentina).

2.2. Methods

2.2.1. Storage conditions and sampling
Peanut samples (2 kg) were placed in bags

(25 cm � 35 cm � 3.6 cm ¼ 3150 cm3) of two different packaging
materials: a) polypropylene (PP) ventilated pouches (C�ordoba
Envases, C�ordoba, Argentina) having 75 mm total thickness and b)
high barrier plastic pouches made of ethylene vinyl-alcohol (EVOH)
having 175 mm total thickness with an oxygen transmission rate of
1e5 cm3/m2/bar/24hs (DISE S.A., Cordoba, Argentina) packaged
under vacuum condition (- 760 mmHg) using an industrial pack-
aging machine. In both cases, there was no headspace in the bags
because the material used for PP ventilated pouches was holey and
the EVOH bags were packed under vacuum. The packaged kernels
were placed randomly on shelves and stored in a dark room at 40 �C
(accelerated storage conditions) and 60 ± 10% relative humidity for
60 days. The ambient temperature and relative humidity were
recorded using a data logger. The samples were removed from
storage on day 0, 20, 40, and 60 for analysis.

2.2.2. Peanut kernel moisture content
The moisture was determined by the method 27.500 (AOAC,

2010).

2.2.3. Lipid oxidation indicators
Peanut oil was obtained by cold pressing from the peanut

samples using a 20-ton press (HE-DU, Hermes I. Dupraz S.R.L.,
C�ordoba, Argentina). The following indicators were determined on
peanut oil samples: peroxide value (PV) expressed as milli-
equivalents of active oxygen per kilogram of oil, meqO2/kg (AOAC,
2010); conjugated dienes (CD) and trienes (CT) reported as
extinction coefficient E 1%, 1 cm (COI, 2001); and free fatty acids
(FFA) expressed as g oleic acid/100 g peanut oil (AOAC, 2010).
2.2.4. Fatty acid composition
The fatty acid methyl esters were analyzed on a Perkin Elmer

Clarus 600 gaseliquid chromatograph (Waltham, Massachusetts,
USA). A SAC™-5 capillary column (30m � 0.25 mm i.d., 0.25 mm
film thickness; C#24156, Supelco) was used. Separation, identifi-
cation and quantification of the fatty acid methyl esters were per-
formed according to Asensio, Grosso, and Juliani (2015). Iodine
value (IV) was calculated from the fatty acid composition using the
formula:

IV ¼ ð% C18 : 1� 0:8601Þ þ ð% C18 : 2� 1:7321Þ
þ ð% C20 : 1� 0:7854Þ

2.2.5. Tocopherol analysis
Tocopherols' concentrations (a, b, g and d) in peanut oils were

analyzed by HPLC according to Silva, Martinez, Casini, and Grosso
(2010) using a Zorbax RX-SIL column (5 mm particle size,
4.6 � 250 mm, Agilent Technologies, Palo Alto, CA, USA). A solution
of 0.5% v/v isopropanol in hexanewas used as themobile phase and
tocopherols were detected at 298 nm. Identification and quantifi-
cation of peaks were done by comparing their retention time with
those of standards purchased from SigmaeAldrich (St Louis, MO,
USA).

2.2.6. Volatile analysis (VA)
The extraction of volatile compounds of peanut samples was

done by solid phase microextraction (HS-SPME) fiber and analyzed
by gas chromatography/mass spectrometry (GC/MS) according to
Quiroga, Asensio, and Nepote (2014). The SPME fiber used was
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
(Supelco, Bellefonte, PA, USA). Raw peanut seeds (2 g) were ground
and placed in a vial at 70 �C for 20min. The fiber was exposed to the
vial headspace for 10 min and then injected into a GCeMS Perkin
Elmer Clarus 600 coupled with a mass detector. An ELITE 5MS
(30 m � 0.25 mm i.d., 0.25 mm film thickness; Perkin Elmer) was
used. The column temperature was programmed from 50 �C
(10min hold) to 280 �C (5 min hold) at a rate of 4 �C/min. Ionization
was performed by electron impact at 70 eV. Identification of vola-
tile compounds was performed in full scan mode (m/z 40e550) via
a combination of the NIST mass spectral library and gas chro-
matographic retention times of standard compounds. When stan-
dards were not available, volatile compounds were tentatively
identified using GC/MS spectra only.

2.2.7. Microbiological count
Counts of aerobic mesophilic bacteria were determined by

culturing samples in TSA (Triptone Soya Agar, Britania Lab). Quan-
titative enumeration was done using the surface-spread method.
Ten grams of each milled peanut sample were blended and ho-
mogenized in 90 mL peptone water (0.1 g/100 mL) in sterile sample
bags. Plates were incubated for 24 h at 37 �C. The results were
expressed as colony forming units per g of peanut kernels (CFU/g)
(FDA-BAM Online, 2001).

Counting of total yeasts and molds was determined as stated
above except that SDA (Sabouraud Dextrose Agar, BritaniaLab) was
used as culture medium by pour-plated method. Plates used for
counting were those containing 10e100 colony forming units
(CFU). All plates were incubated at 25 �C for 5 days (ISO method
7954, 1987).

2.2.8. Sensory descriptive analysis
Peanut samples were roasted at 155 �C for 20 min in an air

circulation oven (Garmont, Alta Gracia, Argentina) and blanched
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before descriptive analysis (Grosso& Resurreccion, 2002). A trained
descriptive sensory panel (9 panelists: 7 women and 2men) with at
least 6 years of experience in evaluating peanut products partici-
pated in the analysis. Panelists used a ‘hybrid’ descriptive analysis
method combining the quantitative descriptive analysis (Tragon
Corp., Redwood City, CA, USA) and Spectrum TM analysis (Sensory
Spectrum, Inc., Chatham, NJ, USA) for evaluating samples
(Meilgaard, Civille, & Carr, 2006). A 150 mm unstructured linear
scale was used for measuring attribute intensity ratings. All pan-
elists were selected, trained and calibrated according to Grosso and
Resurreccion (2002). All samples were evaluated in partitioned
booths under fluorescent light at room temperature. A completely
randomized block design was used for testing samples. The data
were registered on paper ballots.

2.2.9. Statistical analysis
The experiment was run in three repetitions. Data were

analyzed using INFOSTAT software Version 2013 (Facultad de
Ciencias Agropecuarias, Universidad Nacional de C�ordoba, C�ordoba,
Argentina). Two-way analysis of variance (factors: 'treatment' and
'time') and LSD Fisher's multiple range test were developed to
figure out significant differences among means in data from
chemical and sensory analysis of peanut samples during storage
(a ¼ 0.05). Pearson coefficients were estimated to stablish corre-
lations between dependent variables. Principal component analysis
(PCA) was performed on the correlation matrix of standardized
data from chemical and sensory variables. The purpose of the PCA
was to explore associations between both treatments, chemical and
sensory variables.

3. Results and discussion

3.1. Chemical changes in the samples

Changes in moisture content (MC), peroxide value (PV), conju-
gated dienes (CD) and trienes (CT) and free fatty acids (FFA) in raw
peanut samples packaged in polypropylene ventilated pouches (PP)
and high barrier plastic pouches under vacuum (EVOH) are illus-
trated in Fig.1. MC decreased significantly between day 0 and 60 for
both packaging but this decrease was greater in PP than EVOH, and
that remained constant from day 20 (Fig. 1a). The temperature of
40 �C probably caused the samples to lose moisture.

Peroxide value (PV), conjugated dienes (CD) and conjugated
trienes (CT) are lipid oxidation indicators used to measure primary
oxidative changes. The initial PV, CD, and CT of fresh raw peanuts
were very low. These oxidation indicators increased with storage
time, and significant differences were found between packaging
conditions. With respect to PV, the maximum tolerance value ex-
pected in raw peanuts is 2 meq O2/Kg oil. Both packaging material
preserved raw peanuts below this value during storage time.
However, PP samples developed higher PV than EVOH samples
throughout the storage (Fig. 1b). Similar behavior was observed in
the results of CD and CT, as shown in Fig. 1c and d.

Previous researchers (Bakkalbaşı, Yılmaz, Javidipour, & Artık,
2012; Mexis, Badeka, Riganakos, Karakostas, & Kontominas, 2009)
reported that the effect of temperature on lipid oxidation was
higher than the effect of oxygen permeability and lighting condi-
tions. In the present study, temperature (40 �C) and lighting con-
ditions (dark room) were constants and pre-established; therefore,
the changes observed in oxidative indicators between treatments
were probably due to differences in packaging conditions. Raw
peanuts packaged in EVOH under vacuum exhibited better resis-
tance to lipid oxidation than those packaged in PP ventilated
pouches. These results could be explained primarily by the lower
permeability to oxygen in EVOH materials with respect to PP
ventilated materials. It is also observed that lower loss of moisture
occurs in EVOH bags and could also contribute to limit lipid
oxidation. The way in which water acts to decrease lipid peroxi-
dation within a given range of increasing water activity was
explained by polar bonds that could be established between the
polar groups of the lipids and water, so that lipids are taken out of
the autoxidation reaction. What is more, water could react with
free radicals to form non-radical products and thus facilitate
termination reactions (Nelson & Labuza, 1992). Moreover, Abegaz,
Kerr, and Koehler (2004) investigated the role of moisture in
product flavor and quality changes and demonstrated that the
addition of moisture in peanut pastes acts decreasing peroxide
value and hexanal contents; therefore, limiting the extent of lipid
oxidation in these products.

FFA measurements indicate the degree of glycerid lipolitic
decomposition. These reactions occur by lipases (enzymatic hy-
drolysis) produced in the seeds or by fungi at high temperatures
and moisture contents. In this study, FFA increased with storage
time for both packaging material. However, EVOH showed signifi-
cantly higher FFA than PP samples during storage (Fig. 1-e). The
highest FFA values reached for raw peanuts packaged in both ma-
terials at day 60 were within acceptable limits (lower than 1.00%)
(CODEX STAN 200e1995). Other authors (Worang, Dharmaputra,
Syarief, & Miftahudin, 2008) found similar increasing tendencies
in FFA for nut seeds packed in plastic bags during storage. As fungal
population and moisture content decreased during storage, they
assumed that lipase activity could be due to seed enzymes.
Considering the conclusion of Worang et al. (2008) and the results
observed in the present research, the higher formation of FFA in
peanuts packaged in EVOH could be related to a greater lipase ac-
tivity indicating higher seed viability in comparison with those
packaged in PP bags. In addition, higher moisture content in sam-
ples packaged in EVOH than in PP bags possibly played an impor-
tant role in the development of enzymatic hydrolytic reactions.

3.2. Fatty acid composition

Fatty acid composition results of raw peanut samples packaged
in PP and in EVOH under vacuum during storage are summarized in
Table 1. The major fatty acids found in peanut samples were oleic
acid followed by linoleic and palmitic acids. O/L and S/U ratios
increased significantly during storage time until day 40 for PP
samples. In EVOH samples, there were significant differences only
at day 60with respect to day 0 for both ratios. On the other hand, IV
decreased with storage time for PP since for EVOH samples, there
were no significant differences until day 40 and between 40 and 60
days. PP samples showed, in general, a greater decrease in unsat-
urated fatty acids (oleic, linoleic, and eicosenoic acids) during
storage time in comparison to EVOH samples, resulting in an in-
crease of saturated fatty acids (palmitic, stearic, arachidic, behenic,
and lignoceric acids). This behavior was observed in the fatty acids,
and could be explained by the fact that double bonds of unsatu-
rated fatty acids are more susceptible to oxidation reactions. Mexis,
Badeka, & Kontominas (2009) investigated the effect of active and
modified atmosphere packaging, container oxygen barrier and
storage conditions on fatty acid composition of raw ground al-
monds. They concluded that the use of a barrier packaging material
and oxygen absorber were the optimum conditions for packaging
and storage of raw almonds. In the present research, EVOH pouches
preserved the fatty acids profile of the fresh product for a longer
time with respect to PP ventilated pouches.

3.3. Tocopherol contents

Tocopherol contents of peanut samples are shown in Table 2.



Fig. 1. (a) Peanut kernel moisture content (MC), (b) Peroxide value (PV), (c) Conjugated dienes (CD), (d) Conjugated trienes (CT) and (e) Free fatty acids (FFA) in raw peanuts
packaged in polypropylene ventilated pouches (PP) and high barrier plastic pouches (EVOH) under vacuum analyzed during storage at 40 �C and 60 ± 10% relative humidity (n ¼ 3).
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Over 55% of the total tocopherols present at day 0 were in the form
of a-tocopherol. The next most abundant tocopherol in the samples
was g-tocopherol. The other tocopherols (b and d-tocopherols)
showed very low concentrations. Shin, Pegg, Phillips, and
Eitenmiller (2010) also found that a and g-tocopherol were in a
higher concentration than b and d-tocopherol for high oleic
peanuts from the USA.
In this study it was observed that the content of all tocopherols

decreased with storage time. The a and g-tocopherols decreased
significantly with storage time from day 0 to day 60 for both
treatments, but the decrease observed for samples packaged in PP
ventilated bags was higher than the produced in samples packaged



Table 1
Fatty acid composition of raw peanuts packaged in polypropylene ventilated pouches (PP) and high barrier plastic pouches (EVOH) under vacuum analyzed during storage at
40 �C and 60 ± 10% relative humidity.

Fatty acids Composition (g/100g fatty acids)

Day 0a PPa EVOHa

20 days 40 days 60 days 20 days 40 days 60 days

Palmitic acid (C16:0) 5.37 ± 0.03a 5.49 ± 0.04c 5.70 ± 0.04d 5.77 ± 0.06d 5.38 ± 0.03 ab 5.45 ± 0.06bc 5.48 ± 0.05c
Heptadecanoic acid (C17:0) TRACES
Stearic acid (C18:0) 1.49 ± 0.05a 1.58 ± 0.12abc 1.70 ± 0.11cd 1.77 ± 0.07d 1.52 ± 0.03 ab 1.58 ± 0.02abc 1.63 ± 0.04bc
Oleic acid (C18:1) 79.48 ± 0.06d 79.29 ± 0.01c 79.11 ± 0.04b 78.64 ± 0.05a 79.44 ± 0.05d 79.35 ± 0.07c 79.28 ± 0.03c
Linoleic acid (C18:2) 6.05 ± 0.14e 5.61 ± 0.15c 5.21 ± 0.30b 4.94 ± 0.07a 6.00 ± 0.06de 5.83 ± 0.12cde 5.75 ± 0.05cd
Arachidic acid (C20:0) 0.71 ± 0.09a 0.86 ± 0.11 ab 1.07 ± 0.06b 1.09 ± 0.11b 0.84 ± 0.06a 0.85 ± 0.05a 0.68 ± 0.10a
Eicosenoic acid (C20:1) 2.74 ± 0.02d 2.63 ± 0.03c 2.53 ± 0.03b 2.37 ± 0.07a 2.75 ± 0.06d 2.69 ± 0.01cd 2.72 ± 0.03d
Behenic acid (C22:0) 2.26 ± 0.04a 2.30 ± 0.10a 2.32 ± 0.01a 2.72 ± 0.06b 2.35 ± 0.15a 2.40 ± 0.07a 2.43 ± 0.21a
Erucic Acid (C22:1) 0.22 ± 0.04a 0.25 ± 0.05a 0.25 ± 0.01a 0.31 ± 0.04a 0.30 ± 0.01a 0.22 ± 0.05a 0.18 ± 0.02a
Lignoceric acid (C24:0) 1.56 ± 0.04a 1.66 ± 0.04a 1.81 ± 0.06b 2.11 ± 0.14c 1.59 ± 0.05a 1.61 ± 0.07a 1.88 ± 0.06b
Oleic/linoleic ratio 13.14 ± 0.30c 13.94 ± 0.21b 15.21 ± 0.82a 15.94 ± 0.31a 13.23 ± 0.15c 13.61 ± 0.29bc 13.80 ± 0.13b
Saturated/unsaturated ratio 0.13 ± 0.00c 0.14 ± 0.00b 0.14 ± 0.00b 0.15 ± 0.00a 0.13 ± 0.00c 0.14 ± 0.00bc 0.14 ± 0.00b
Iodine value 81.00 ± 0.31a 80.11 ± 0.15b 79.05 ± 0.52c 78.07 ± 0.06d 80.85 ± 0.02a 80.55 ± 0.00 ab 80.30 ± 0.07b

a Means ± standard deviation followed by different letters in each row indicate significant differences at a ¼ 0.05 (n ¼ 3, LSD Fisher).

Table 2
Tocopherol content of raw peanuts packaged in polypropylene ventilated pouches (PP) and high barrier plastic pouches (EVOH) under vacuum, during storage time at 40 �C
and 60 ± 10% relative humidity.

Tocopherol Tocopherol content (mg/100g peanut oil)

Day 0a PPa EVOHa

20 days 40 days 60 days 20 days 40 days 60 days

a-tocopherol 27.78 ± 0.37e 25.08 ± 0.60bc 24.19 ± 0.80 ab 23.24 ± 0.37a 26.49 ± 0.19d 25.71 ± 0.81cd 25.10 ± 0.64bc
b-tocopherol 0.95 ± 0.05b 0.76 ± 0.07a 0.74 ± 0.02a 0.72 ± 0.01a 0.82 ± 0.02a 0.79 ± 0.01a 0.75 ± 0.07a
g-tocopherol 22.00 ± 0.07e 21.41 ± 0.01c 21.19 ± 0.03b 21.01 ± 0.06a 21.88 ± 0.03de 21.78 ± 0.09d 21.54 ± 0.12c
d-tocopherol 0.66 ± 0.02b 0.53 ± 0.01a 0.52 ± 0.01a 0.51 ± 0.00a 0.65 ± 0.00b 0.53 ± 0.00a 0.52 ± 0.01a

a Means ± standard deviation followed by different letters in each row indicate significant differences at a ¼ 0.05 (n ¼ 3, LSD Fisher).

Ma.P. Martín et al. / LWT - Food Science and Technology 68 (2016) 174e182178
in EVOH bags. The b-tocopherol only showed significant differences
for day 0 and 20 for both treatments, but from day 20 it remained
constant without significant differences between samples. The d-
tocopherol decreased with storage time but EVOH samples did not
show a significant decrease until day 40, remaining constant on day
60, while for PP samples, significant differences appeared from day
20 and remaining constant from then on. The a-tocopherol pre-
sented the greatest deterioration during storage time for both
treatments. These results are consistent with those reported by
Silva et al. (2010) who studied tocopherol contents in stored roas-
ted peanuts. They found that a-tocopherol was more sensitive to
deterioration than the other tocopherols.

The degradation of tocopherols are influenced by the same
factors that oxidize unsaturated lipids (Roman, Heyd, Broyart,
Castillo, & Maillard, 2013). In this study, all tocopherols had a
higher rate of degradation throughout storage in peanut samples
packaged in PP pouches than in samples packaged in EVOH
pouches. A better preservation of tocopherols in raw peanuts
samples packaged in EVOH bags allows them to keep a higher
antioxidant activity with respect to peanuts packaged in PP bags,
resulting in a significantly lower production of oxidation markers.
3.4. Volatile compounds

Table 3 summarizes volatile organic compounds identified in
raw peanut samples during storage. Only three relevant peaks were
found at storage day 0. Cyclobutanol was also found in others raw
peanut samples by (Burroni, Grosso, & Guzm�an, 1997). In contrast,
they detected trace amounts in roasted and fried peanut samples.
These results could indicate that cyclobutanol would be amarker of
a fresh product, which is susceptible to degradation throughout
storage. Ara, Shinwari, Rashed, and Bakir (2013) reported high
percentages of cyclobutanol (91.70%) and cyclopropyl carbinol
(84.50%) in two extracts from walnuts, and concluded that these
compounds were responsible for the strong antimicrobial activity
of these samples. In the present study, cyclobutanol was only
detected at storage day 0. In the case of cyclopropyl carbinol, it was
not detected at day 20, 40, and 60 for PP samples. On the other
hand, this volatile compound appeared along with storage time in
EVOH, showing a significant decrease until day 40 and was not
detected at day 60.

Decane,5,6-bis(2,2-dimethylpropylidene)-,(E,Z)- was found
during the storage period but showed a decrease from day 0 to day
60, significantly more pronounced in PP samples than in EVOH
samples. Other authors (Haroun, Elghamry, Abdel-Shakour,
Elmorsy, & Zahem, 2014) found that decane,5,6-bis(2,2-
dimethylpropylidene)-,(E,Z)- was part of the bioactive compounds
of a plant extract (Artemizia herba alba) known by its antimicrobial
effects against some bacteria species. Similar results were reported
by, Nahar, Shahedur Rahman, Mizanur Rahman, and
Moniruzzaman (2016) in the essential oil of a legume (Trigonella
foenum-graecum) that belongs to the same family plant (Fabaceae)
of peanuts. In the present study, the results revealed that cyclo-
propyl carbinol and decane,5,6-bis(2,2-dimethylpropylidene)-
,(E,Z)- had similar tendencies to cyclobutanol in peanut samples.
They decreased during storage time, with a higher rate in PP
samples. These compounds could be used as markers of fresh raw
peanuts. In other studies in peanuts, Pizzolitto et al. (2013) reported
that others natural compounds (probably catechin, epicatechin,
protocatechuic, caffeic and ferulic acids, and resveratrol) found in
peanut skins inhibite fungal growth and fumonisin production.

Ory, Crippen, and Lovegren (1992) reported that in samples



Table 3
Volatile compounds (electronic counts. 103) per gram of raw peanuts packaged in polypropylene ventilated pouches (PP) and in high barrier plastic pouches (EVOH) under
vacuum analyzed during storage at 40 �C and 60 ± 10% relative humidity.

Volatile compound Day 0a PPa EVOHa

20 days 40 days 60 days 20 days 40 days 60 days

Alcohols
Cyclobutanol 69 ± 1.55 ND ND ND ND ND ND
Cyclopropyl carbinol 18 ± 0.23a ND ND ND 17 ± 0.11b 14 ± 0.18c ND
Alkanes
Undecane ND 22 ± 0.72c 28 ± 1.46b 43 ± 0.41a 21 ± 0.77c 26 ± 1.54b 28 ± 2.26b
Dodecane ND 60 ± 2.02c 219 ± 6.99 ab 237 ± 23.22a 51 ± 0.59c 61 ± 1.33c 213 ± 15.79b
Tridecane ND 51 ± 3.09bc 54 ± 4.56b 63 ± 5.42a 46 ± 0.29c 52 ± 4.13bc 53 ± 4.46b
Tetradecane ND 74 ± 3.08d 2564 ± 27.40b 2753 ± 21.10a 53 ± 1.29d 55 ± 3.11d 1870 ± 23.95c
Pentadecane ND 50 ± 1.00e 103 ± 3.18b 107 ± 0.28a 53 ± 1.35d 54 ± 1.51d 72 ± 2.74c
Hexadecane ND 33 ± 0.96d 2115 ± 9.36b 2189 ± 4.27a 24 ± 0.48d 30 ± 1.59d 1254 ± 36.51c
Octadecane ND 12 ± 0.80e 495 ± 3.11b 535 ± 4.56a ND 18 ± 0.49d 270 ± 2.85c
Nonadecane ND 15 ± 0.96d 52 ± 0.47b 56 ± 0.44a ND 13 ± 0.65e 41 ± 0.75c
Decane,5,6-bis(2,2-dimethylpropylidene)-,(E,Z)- 670 ± 33.42a 623 ± 24.63bc 620 ± 21.31bc 381 ± 18.16d 626 ± 16.16b 611 ± 19.29bc 578 ± 14.41c

ND¼Not detected.
a Means ± standard deviation followed by different letters in each row indicate significant differences at a ¼ 0.05 (n ¼ 3, LSD Fisher).
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stored under no ideal conditions, another type of lipid oxidation
molecules appeared in the form of a homologous series of hydro-
carbons. These hydrocarbons seem to affect flavor or could indicate
future flavor problems. From day 20 to day 60 for both peanut
samples in the present investigation, new peaks appeared and
eight of them were identified as saturated hydrocarbons forming
the homologous series. Undecane to hexadecane homologous se-
ries of saturated hydrocarbons appeared in both samples and
showed a higher increase in PP samples than in EVOH samples.
Heptadecane could not be identified. Octadecane and nonadecane
appeared in PP samples at day 20, 40, and 60 but only at day 40 and
60 for EVOH samples.

The homologous series of hydrocarbons appeared in the studied
storage conditions. However, EVOH bags under vacuum preserved
the raw peanuts with a better volatile profile quality than PP
samples.
3.5. Microbiological counts

Microbial contamination in stored peanuts should be controlled
for the safety and quality of the product. Aspergillus flavus and
Aspergillus parasiticus are the most frequent mold species respon-
sible for the colonization and contamination of stored peanuts,
being the most important producers of aflatoxins (Torres et al.,
2014).

All samples were evaluated at day 0 and 60 to detect levels of
total aerobic mesophilic bacteria, yeasts and molds. At day 0, less
than 10 CFU/g aerobic mesophilic bacteria, yeasts and molds were
detected. At storage day 60, only molds were detected for both
peanut samples but EVOH (2900 CFU/g) showed higher values than
PP (2170 CFU/g). Most fungi are obligate aerobes and require oxy-
gen to live. Although peanuts stored in EVOH pouches had the
microenvironment modified by vacuum, low levels of oxygen were
able to stay inside the bag. This situation, combinedwith the higher
moisture content in EVOH samples in comparison to PP samples
during storage, probably encouraged molds to grow in the former.
However, there was no visible mold growth in either peanut
sample.

There are no specific limits for total yeasts and molds counts in
raw peanuts due to the fact that these products must be roasted
before consuming which contributes to kill many microorganisms.
Nevertheless, owing to the association between aflatoxins-molds
with toxicity and carcinogenicity in humans and animals, it is of
global concern to reduce the risk of its occurrence in peanuts and
derivate. It is well stablished that one of the most important factors
that contributes to contamination of stored peanuts is the high
moisture content (Zorzete et al., 2013). Aflatoxin production is
generally correlated with kernel moisture contents of 10 g H2O/
100g or higher. The range of moisture content found in the present
research (day 0 ¼ 7.96 g H2O/100g, day 60 ¼ 6.83 g H2O/100g) is
considered as safe for stored peanuts (Torres et al., 2014).
3.6. Sensory descriptive analysis

Mean intensity ratings (scale 0e150 mm) of the sensory attri-
butes obtained from descriptive analysis at day zero (fresh product)
were: brown color ¼ 49.33 ± 0.26, roughness ¼ 11.83 ± 0.38,
glossiness ¼ 10.21 ± 0.07, roasted peanutty ¼ 81.71 ± 0.07,
oxidized ¼ 0, cardboard ¼ 8.25 ± 0.22, sweetness ¼ 20.71 ± 0.07,
saltiness ¼ 5.29 ± 0.07, sourness ¼ 5.12 ± 0.13,
bitterness ¼ 6.33 ± 0.19, astringent ¼ 18.12 ± 0.00,
hardness ¼ 43.87 ± 0.22 and crunchiness ¼ 42.54 ± 0.19. Similar
intensity rating attributes were reported by Grosso and
Resurreccion (2002).

The sensory attributes that changed during storage time were
cardboard and roasted peanutty. The intensity ratings of cardboard
and roasted peanutty flavors at storage days 0, 20, 40, and 60 for
EVOH and PP samples are presented in Fig. 2. The cardboard in-
tensity ratings of this attribute increased with storage time
(p < 0.0001). This trend was also found in earlier investigations
(Quiroga et al., 2014; Riveros, Mestrallet, Quiroga, Nepote,&Grosso,
2013). Therewere no significant differences between the packaging
materials until storage day 40 when PP samples showed higher
intensity ratings than EVOH samples. Since cardboard is an attri-
bute related to the lipids oxidation, these results could indicate that
EVOH packaging under vacuum could retard lipid oxidation of raw
peanuts, while lipid deterioration reactions continued in PP
pouches as observed in chemical indicators. These results are
comparable to the findings reported by Bakkalbaşı et al. (2012) who
studied the effect of packaging materials, storage conditions, and
variety on the oxidative stability of walnuts. Those authors
concluded that the use of a packaging material with low oxygen
permeability under vacuum leads to the inhibition of lipid peroxi-
dation and increased shelf-life of walnuts for up to 12 months.

Roasted peanutty flavor is the attribute used to characterize
typical roasted peanut flavor in peanut products; and is related to
certain molecules like alquilpyrazines which are produced in the
roasting process as a consequence of the reactions between the



Fig. 2. Intensity ratings of sensory attributes: (a) cardboard and (b) roasted peanutty in
raw peanuts packaged in high barrier plastic pouches (EVOH) under vacuum and
polypropylene ventilated pouches (PP) evaluated during storage at 40 �C and 60 ± 10%
relative humidity (n ¼ 3).
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amine groups of proteins with carbohydrates (Grosso &
Resurreccion, 2002). In this study, roasted peanutty flavor
decreased with storage time (p < 0.0001). This decrease was higher
in PP samples than in EVOH samples. It was reported that a
decrease in this sensory attribute is correlated with a decrease in
the alquilpyrazine content (Bett & Boylston, 1992). Since in this
study, raw peanuts were roasted at the moment of the sensory
analysis, the results could indicate degradation in aminoacids and
sugars during storage time, so during the roasting process there
was a decline in the formation of alquilpyrazines with the subse-
quent decrease in roasted peanutty flavor. As a consequence, higher
scores for roasted peanutty flavor observed in EVOH samples in
comparison to PP ones throughout storage possibly indicate a lower
deterioration rate of proteins and carbohydrates in the former.

As mentioned above, the moisture content in a food product
could have an important effect on flavor changes due to the pro-
tective properties of water against oxidation process (Nelson &
Labuza, 1992). In addition, Reed, Sims, Gorbet and O'Keefe (2002)
reported that the highest water activity treatments in roasted
high oleic peanuts (HOP) produce fewer off-flavor compounds with
lower off-flavor notes in comparison to HOP with the lowest water
activity. In the present research, higher moisture content and lower
oxidation rates during storage of raw peanuts packaged in EVOH
under vacuum in comparison with raw peanuts stored in PP
ventilated pouches allowed the former to preserve flavor stability
in a more efficient way.

3.7. Principal component analysis

A principal component analysis (PCA) was conducted in order to
compare both packaging materials (PP or EVOH) with respect to
their ability to preserve oxidative stability and sensory quality of
raw peanut kernels during storage. The biplot obtained from the
first two principal components (PC) in the PCA is presented in Fig. 3.
The first two PCs explained 90.2% variability in the samples during
60 days of storage. The variablesMC, IV, tocopherol contents (a, b, g,
and d-tocopherols), volatiles related to fresh product cyclobutanol,
cyclopropyl carbinol, decane,5,6-bis(2,2-dimethylpropylidene)-
,(E,Z)-, and roasted peanutty flavor were placed on the right side
(PC1) of the biplot. These variables showed positive association
between them; but they were negatively related to chemical
oxidative indicators (PV, CD, and CT), S/U ratio, O/L ratio, cardboard,
some of the volatiles considered indicators of future flavor prob-
lems (undecane, dodecane, tridecane, tetradecane, pentadecane,
hexadecane, octadecane, and nonadecane), and FFA (although, it
showed poor association mainly with O/L, S/U and IV). Therefore,
peanut samples with lower values for the variables related to lipid
oxidation appeared to the right side, and peanut samples with
higher results for these variables were placed on the left side
(negatives values in CP1) of the biplot. Most of these associations
were confirmed by correlation analysis (Pearson coefficients). PP
and EVOH samples at day 0 were placed more to the right followed
by EVOH samples at day 20. In contrast, PP samples at day 40 and
60 appeared more to the left.

There are quality attributes, such as flavor, nutritive value,
safety, and overall quality that must be preserved to ensure the
stability and acceptability of peanuts. Peanut spoilage begins
trough primary oxidative reactions followed by secondary path-
ways, which lead to the development of rancidity and off-flavors;
degradation of lipids, proteins, and tocopherols; and occurrence
of toxic substances. In the present research, the lipid oxidation
indicators (PV, CD, and CT) were used to follow the primary
oxidative reactions in the peanut samples. They increased with
storage time but they exhibited significant higher values in PP than
in EVOH. Initial oxidative products broke down during storage
giving rise to the formation of decomposition products such as the
volatiles considered indicator of future flavor problems (undecane,
dodecane, tridecane, tetradecane, pentadecane, hexadecane, octa-
decane, and nonadecane) which appeared in greater amount in PP
than in EVOH. Higher rate of deterioration observed in PP than in
EVOH also led to a greater degradation of fatty acids and tocoph-
erols in the former due to these molecules are prone to oxidation.
For that reason, PP bags were positively associatedwith S/U and O/L
ratios, and negatively associated with IV and tocopherols contents.
Moreover, the occurrence of certain undesirable molecules like it is
mentioned above could be responsible for higher rating of card-
board flavor observed in PP bags. These facts indicate that raw
peanuts stored in PP bags showed a greater tendency to oxidative
deterioration and loss of sensory quality than raw peanuts stored in
EVOH bags.

In addition, correlation coefficients higher than 0.65 were
observed among PV, CD, CT, FFA, cardboard flavor and O/L ratio.
Negative correlation coefficients higher than �0.65 were observed
between MC, roasted peanutty flavor, IV, a-tocopherol and the
variables mentioned above for both samples. These results were
due to the fact that MC, roasted peanutty flavor, IV, and a-
tocopherol decreased while PV, CD, CT, FFAs, cardboard and O/L
increased with storage. In previous works, relations between
chemical and sensory variables were reported for other products
(Bakkalbaşı et al. 2012; Olmedo, Nepote, & Grosso, 2013).



Fig. 3. Biplot from the first and second components from principal component analysis. Variables: peroxide value (PV), conjugated dienes and trienes (CD and CT), free fatty acids
(FFA), moisture content (MC), saturated/unsaturated fatty acids ratio (S/U), oleic/linoleic ratio (O/L), iodine value (IV), tocopherols (a, b, g and d), cardboard and roasted peanutty
flavors, and volatile compounds like cyclobutanol, cyclopropyl carbinol, decane,5,6-bis(2,2-dimethylpropylidene)-,(E,Z), undecane, dodecane, tridecane, tetradecane, pentadecane,
hexadecane, octadecane, and nonadecane. Treatments: raw peanuts packaged in high barrier plastic pouches (EVOH) under vacuum and raw peanuts packaged in polypropylene
ventilated pouches (PP) evaluated at storage days 0, 20, 40, and 60 under storage condition of 40 �C and 60 ± 10% relative humidity (n ¼ 3).
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Finally as additional comment related to the packaging cost, the
estimative price of EVOH bag material (U$S35/1000 kg bag) is
higher than PP bag material (U$S12/1000 kg bag) but raw peanuts
packaged in EVOH bags will preserve better chemical and sensory
quality parameters during storage increasing their shelf-life. In
addition, raw peanuts packaged in EVOH bags will not have prob-
lem with insect infestation and humidity interchange with relative
humidity from the environment which will help to save money
avoiding fumigation and decreasing energy expenditure for cold
storage.
4. Conclusions

High barrier plastic bags (EVOH) provide raw peanuts with a
higher protective effect against deterioration of the chemical pa-
rameters and sensory quality in comparison to regular poly-
propylene (PP) ventilated materials during storage time. The
findings reported in this study also show that raw peanuts pack-
aged in EVOH under vacuum preserve in a suitable way the
microbiological quality during storage. Only, the free fatty acids
considered a negative parameter for raw peanuts is the variable
that increases in higher proportion in raw peanut samples pack-
aged in EVOH at the beginning of storage in comparison with
samples packaged in PP.

Even though, PP bags are actually the most common packaging
systems to transport and store peanuts due to their low costs, the
peanut industry should consider to replace these types of pack-
aging for EVOH materials under vacuum as a cost-effective alter-
native. The EVOH bags extend the shelf-life of raw peanuts
preserving in better conditions chemical, microbiological, and
sensory properties of these products. In addition, this packaging
material is a solid and effective barrier between the product and the
external environment which, in turn, prevents insects’ infestation,
growth and development.
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a b s t r a c t

Most Chilean wineries perform malolactic fermentation by means of non-typified autochthonous lactic
acid bacteria already present in grapes and oak barrels or fermenters. The objective of this research was
to investigate the principal lactic acid bacteria present during spontaneous malolactic fermentation of
Chilean Cabernet Sauvignon wines and to study its role in BA formation. To the best of our knowledge
this is the first time that this relation has been reported for Chilean wines. Lactic acid bacteria were
isolated from five wineries located in three Chilean geographical regions. Genotypic differentiation of
each bacterial isolated was performed via a restriction fragment length polymorphism method using
rpoB and 16S rRNA genes and HinfI, AciI and MseI enzymes. Sixty-five colonies were isolated and iden-
tified as lactic acid bacteria, identifying two species, Lactobacillus rhamnosus and Oenococcus oeni. The
predominant species was L. rhamnosus, which, to the best of our knowledge, we are describing for the
first time in the vinification process. Considering that L. rhamnosus was detected in wineries from
different geographical viticultural regions, it could be preliminarily considered as an endemic species.
Both species were biogenic amines producers, L. rhamnosus being mainly responsible for biogenic amines
present in the Cabernet Sauvignon wines studied.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Winemaking or vinification is an ancient and traditional tech-
nological process that involves an almost perfect combination of
biochemical and microbiological reactions. This process typically
requires two fermentation stages: i) alcoholic fermentation (AF)
performed by yeasts and ii) malolactic fermentation (MLF) con-
ducted by lactic acid bacteria (LAB) mainly Oenococcus oeni species.
This last step has been considered relevant and non-avoidable for
red wines, because produces a decrease in total wine acidity, en-
hances organoleptic properties and improves microbiological sta-
bility (Capozzi et al., 2010; Lonvaud-Funel, 1995; Versari,
esearch on Foods and Drugs,
y of Pharmacy, University of
e.
x.net (M. Aranda).
Parpinello, & Cattaneo, 1999). LAB are naturally present in grapes,
musts and wines, the predominant genera are Leuconostoc, Ped-
iococcus, Lactobacillus and Oenococcus (Lonvaud-Funel, 1995;
Versari et al., 1999). During MLF the most observed species is
Oenococcus oeni (Garcia-Moruno & Mu~noz, 2012) which is capable
of proliferating in the harsh wine environment, i.e. low pH (ca. 3.5),
high alcohol content (14% v/v), high concentration of SO2
(50e80 mg L�1) and low temperature (18-20 �C) (Versari et al.,
1999). During MLF, besides the beneficial conversion of L-malic to
L-lactic acid mainly via malate decarboxylase (malolactic enzyme),
other compounds like biogenic amines (BA) are formed. These
kinds of compounds, produced by free amino acids decarboxylation
(Gerbaux, Villa, Monamy, & Bertrand, 1997; Lonvaud-Funel, 2001),
can negatively affect the wine quality and its presence might be
considered a possible health risks for some consumers (Ancin-
Azpilicueta, Gonzalez-Marco, & Jimenez-Moreno, 2008; Anli &
Bayram, 2009). Our research group evaluated the BA content in
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Chilean red wines finding higher concentrations than in foreign
wines (Henríquez-Aedo, Vega, Prieto-Rodríguez, & Aranda, 2012;
Pineda, Carrasco, Pena-Farfal, Henriquez-Aedo, & Aranda, 2012).
In Chile most wineries perform MLF by means of non-typified
autochthonous lactic acid bacteria already present in grapes, oak
barrels or fermenters, thus, for Chilean wineries, the identification
of autochthonous lactic acid bacteria is important in order to
determine which kinds of bacteria are present and responsible for
MLF and to establish their relationwith BA formation. The objective
of this research was to isolate, characterize and identify autoch-
thonous lactic acid bacteria present during spontaneous MLF of
Cabernet Sauvignon wines and to study their role in biogenic
amines formation. To the best of our knowledge this is the first time
that this relation has been reported for Chilean wines.

2. Materials and methods

2.1. Samples

All MLF samples were collected in 2011 from five wineries (A-E)
located in three Chilean valleys: Limari (30� 340 29.100S and 71�

24.450 45.400W), Curico (35� 050 54.500 S and 71� 180 37.00 W) and
Itata (36� 460 4.80 S and 72� 130 00.50 W). All the wineries selected
carry out spontaneous MFL without commercial starter. The
winemaking process was initiated with grapes harvested in March,
followed by the traditional vinification practices of each winery. As
a general rule, AF using freeze-dried yeast was performed in plas-
tics bins (wineries A and B) or stainless steel tanks (wineries C, D
and E) at 22-25 �C. Spontaneous MLF was carried out immediately
after AF in oak barrels (wineries A, B, D and E) or stainless steel
tanks (winery C) at 18-22 �C for 30e40 days. Sampling was
randomly done in the cellar, 100 mL of different barrels (or tanks)
were pooled to obtain 750 mL of composed sample. Chemical pa-
rameters such as pH and alcohol content were determined before
microbiological assays. Samples were stored at 4 �C until be
processed.

2.2. Bacterial isolation and culture media

Bacterial isolation was carried out using four different media
(Table 1): Man Rogosa & Sharpe (MRS) (De Man, Rogosa, & Sharpe,
1960) from Difco (Le Pont de Claix, France); Acid Tomato Broth
(ATB) using grape juice instead tomato juice (Garvie, 1967); Lactic
Acid Bacteria from Wine (LABW) (Weiler & Radler, 1970) and Me-
dium for Leuconosctoc oenos (MLO), supplemented with 10% v/v of
Table 1
Culture media composition for lactic acid bacteria isolation from MLF samples.

Componenta MRS ATB LABW MLO

Casein trypsin digest 10.0 10.0 e 10.0
Gelatin pancreatic digest 10.0 e 5.0 e

Yeast extract 5.0 5.0 5.0 5.0
Glucose 20.0 10.0 10.0 10.0
Fructose e e e 5.0
MgSO4.7H2O 0.1 0.2 0.5 0.2
MnSO4.4H2O 0.05 0.05 0.2 0.05
Grape juice e 25b e e

Tomato juice e e e 100.0b

(NH4)2 citrate 2.0 e 2.0 3.5
NaCH3COO$3H20 5.0 e 5.0 e

Tween 80 1.0 e 1.0 1.0
FeSO4$7H20 e e 0.05 e

KH2PO4 2.0 e 5.0 e

pH 5.0 4.8 5.3 4.8

a g L�1.
b mL.
tomato juice (Zú~niga, Pardo, & Ferrer, 1993). All media were pre-
pared with ultra-pure water (18 MU cm), autoclaved and stored
refrigerated at 4 �C. The pH (4.8e5.3) was adjusted with 1 N HCl. To
avoid yeast proliferation 100 mg L�1 of filtered (0.22 mm) pimaricin
solution (VGP Pharmachem, Vic, Spain) was added after the auto-
clave process (Sanchez et al., 2010). Serial dilutions were plated
onto the MRS, ATB and LABW media and incubated for 24e48 h at
37 �C under microaerophilic conditions (7% CO2). MLO plates were
anaerobically incubated (BD Gaspak EZ from Sparks, Marylans,
USA) for 5e7 days at 30 �C. After count (CFU mL�1), colonies from
different plates were randomly selected and transferred to the
original broth. Each colony was transferred at least three successive
times to obtain pure cultures. Each isolate was stored at �80 �C in
the original medium supplemented with glycerol (20% v/v).
2.3. Microbiological characterization of lactic acid bacteria isolated
from MLF

Isolated colonies were phenotypically characterized including
macroscopic and microscopic analysis, i.e. shape, color, border,
surface, aspect, elevation, light and consistency. A gram test was
assayed observing a positive reaction for lactic acid bacteria and a
negative reaction for acetic acid bacteria. A catalase test was per-
formed with 3% (v/v) of hydrogen peroxide (Wu, Ma, Zhang, &
Chen, 2012) and a negative reaction was observed in the presence
of lactic acid bacteria.
2.4. Molecular characterization of lactic acid bacteria: 16S rRNA
and rpoB genes

Cells from bacterial cultures were collected by centrifugation at
15183 � g for 5 min. The pellet generated was subjected to DNA
extraction using Power Soil DNA isolation kit (Mo Bio Laboratories
Inc, Solana Beach, CA, USA) adhering to themanufacturer's protocol
but using double incubation time (10 min) for DNA extraction. DNA
purity and concentration were determined spectrophotometrically
using a Tecan (M€annedorf, Switzerland) Multimode Reader Infinite
M200 Pro NanoQuant. The extracted DNA was amplified using the
primers: WLAB1 (50-TCCGGATTTATTGGGCGTAAAGCGA-30) and
WLAB2 (5-TCGAATTAAACCACATGCTCCA-3) (Lopez et al., 2003),
that amplifies the region V4 and V5 of the 16S rRNA subunit
generating a product of ca. 400 bp. For RNA polymerase b subunit
(rpoB) the following primers were used: rpoB1 (50 ATTGAC-
CACTTGGGTAACCGTCG 30) and rpoB2 (50 ACGATCACGGGTCAAAC-
CACC 30) obtaining an amplification product of ca. 306 bp (Claisse,
Renouf, & Lonvaud-Funel, 2007; Renouf, Claisse, & Lonvaud-
Funel, 2006). Each amplification reaction solution was prepared
by mixing 12.5 mL of Takara kit (Bio inc, Shiga, Japan), 0.4 mM of
primers and 20 ng of DNA template. The amplification was per-
formed using a Veriti 96-wall gradient thermocycler from Applied
Biosystem (Foster, CA, USA) utilizing the following program:
2 min at 95 �C for initial denaturation, 30 cycles of: 30 s at 95 �C for
denaturation, 30 s at 55 �C for rpoB annealing and 30 s at 60 �C for
WLAB annealing, and 1 min at 72 �C for extension. Afterwards a
final extension stepwas carried out for 2 min at 72 �C. PCR products
were separated by gel electrophoresis on 2% w/v agarose gel, pre-
pared with 1X TAE (Tris acetate-EDTA, pH 8) buffer, in a MS Mini-7
horizontal chamber (Cleaver Scientific, Warwickshire, UK) applying
100V. PCR amplification patterns were visualized under a UV light
using SafeView Nucleic Acid Stain (NBS Biologicals, Richmond,
Canada) and 100 bp ladder (Thermo Scientific, Vilnius, Lithuania) as
a DNA molecular weight marker.



Table 2
Chemical and microbiological analysis of MLF samples.

Vineyard pH Alcoholic strength % (v/v) Medium/Bacterial count (log
CFU mL�1)

MRS ATB LABW MLO

A 3.85 9.1 4.6 4.1 5.2 4.4
B 3.38 11.0 3.6 3.9 6.3 Nd
C 3.61 9.3 5.5 4.1 5.3 2.5
D 3.72 14.4 4.6 3.1 3.8 4.7
E 3.64 11.0 4.3 Nd 4.0 Nd

Nd: no detected.
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2.5. Bacterial differentiation by RFLP

Each bacterial colony was subjected to DNA extraction and PCR
procedures as described in section 2.4. The presence of PCR prod-
ucts, i.e. amplicons of ca. 306 and 400 bp obtained with rpoB and
WLAB primers respectively, were first confirmed by gel electro-
phoresis and then were independently digested directly from PCR
tubes each with Thermo Scientific restriction enzymes, i.e. HinfI,
AciI and MseI, following the protocol described by Claisse et al.
(Claisse et al., 2007) with slight modifications. Briefly, 10 uL of PCR
products were mixed with 0.5 mL of enzyme and 2 mL of 10X
FastDigest Green Buffer (Thermo Scientific), then the reaction
mixturewas subjected to enzymatic digestion for 3 h at 37 �C inside
the thermocycler block. The resulting DNA fragments (patterns)
were separated by gel electrophoresis on 12% v/v polyacrylamide
gel in a omniPAGE mini vertical chamber (Cleaver Scientific, War-
mickshire, UK) applying 80 V. RFLP patterns were visualized under
UV light using 0.5 mg mL�1 of ethidium bromide with 20 bp ladder
(Thermo Scientific) as a DNA molecular weight marker.

2.6. Species identification

Following the protocol described by Lopez et al. (Lopez et al.,
2003) the bacterial species were identified sequencing the PCR
products obtained with WLAB primers (V4 and V5 regions of 16S
rRNA) and rpoB (b subunit of RNA polymerase) primers. Amplicons
were first purified using Wizard Genomic DNA Purification Kit
(Promega, San Luis Obispo, CA, USA) and then sequenced with ABI
PRISM 3100 Genetic Analyzer from Applied Biosystem (CA, USA).
The sequences were compared with BLAST database (99%
matching).

2.7. Aminogenic capacity of lactic acid bacteria isolated from MLF

Aminogenic capacity of each bacterial isolate was studied using
a synthetic medium previously described by Bover-Cid (Bover-Cid
& Holzapfel, 1999). MRS (pH 5.0) and MLO (pH 4.8) media were
supplemented with 0.1% w/v of each amino acid precursor: L-his-
tidine monohydrochloride (Hist �98%), L-tyrosine (Tyro �98%), L-
lysine monohydrochloride (Lys �98%), L-ornithine monohydro-
chloride (Orn �98%), L-arginine (Arg �99%), and the cofactor pyr-
idoxal-5-phosphate (5 mg L�1) (Bover-Cid & Holzapfel, 1999). Both
activation cultures were autoclaved at 121 �C for 10 min to avoid
amino acids denaturation. LAB strains were sub cultured seven
times and incubated under microaerophilic and anaerobic condi-
tions for 2e4 days at 28 and 37 �C, respectively. Growth cultures
(1mL) were centrifuged at 15000� g for 5min and the supernatant
was filtered through a 13 mm PVDF sterile syringe filter (0.22 mm)
and stored at �20 �C until analysis.

2.8. BA determination by high performance liquid chromatography

BA were determined following the method reported by Henrí-
quez-Aedo et al. (Henríquez-Aedo et al., 2012) with some modifi-
cations. Chromatography was carried out on Merck Hibar
Purospher C18 column (250 mm � 4.6 mm, 5 mm) set at 45 �C using
a binary mobile phase composed of acetonitrile (A) and 10 mM
ammonium formate pH 7 (B). The gradient program applied was
the following: 0 min. 35% A; 12 min. 55% A; 16 min. 70% A; 18 min.
70% A (isocratic step); 25 min. 80% A; 27 min. 100% A; 35 min. 100%
A (isocratic step); 37 min. 35% A and 45 min. 35% A (condition
column). The best relation between backpressure, resolution and
analysis time was achieved at a flow rate of 0.8 mL min�1, with
which a complete separation and column reconditioning/equili-
bration was accomplished in 45 min. Detection was performed by
fluorescence using 330 nm and 520 nm as excitation and emission
wavelengths, respectively (Supplementary data, table and Fig. S1).
2.9. Statistical analysis

Data was evaluated using descriptive statistics. Calibration was
established using a linear regression model correlating BA con-
centrationwith fluorescence emission units (EU). Correlations were
evaluated by means of the Pearson correlation test. Analysis of the
biogenic amines produced by different bacterial isolated was
completed using a one-way analysis of variance (ANOVA), Bartlett's
test for equal variances and Bonferroni's multiple comparison test
(pairs comparison). All above statistical analyses were carried out
with a significance level (a) of 0.05 using GraphPad (San Diego, CA,
USA) Prism 6.0 software.
3. Results and discussion

3.1. Medium analysis and bacterial isolation

First all MLF samples were analyzed by scanning electron mi-
croscopy confirming the presence of yeasts and bacteria (bacilli and
cocci). To achieve a comprehensive observation of MLF microbiota
it was necessary to use different culture media in order to obtain
pure cultures of bacterial cells (Barata, Malfeito-Ferreira, & Lour-
eiro, 2012). Microbial count was performed using the serial dilution
method observing that all culture media (Table 1) were adequate
for bacterial isolation, however, the viable populations counts were
lower (102e106 CFU mL�1) than previous reports (106 a
109 CFU mL�1) (Gonzalez-Arenzana, Santamaria, Lopez, Tenorio, &
Lopez-Alfaro, 2012; Ruiz, Sese~na, Izquierdo, & Llanos Palop, 2010).
The highest counts were obtained for bacilli using MRS
(3.2� 105 CFUmL�1) and LABW (2.0� 106 CFUmL�1) culturemedia
(24 h of incubation). By means of four culture media, sixty-five
colonies were isolated from MLF samples and based on their
phenotypic and biochemical characteristics were preliminarily
classified as lactic acid bacteria (cocci and bacilli). From both bac-
terial types, bacilli were found in all wineries (A-E) and they were
the predominant species representing 65% of all bacterial isolated.
Cocci isolationwas limited to the use of MLO culture medium being
detected in only three wineries (A, C, D). These results differ from
previous studies, which report that cocci (Oenococcus) are the
predominant species during MLF of Cabernet Sauvignon wines
(Gonzalez-Arenzana, Santamaria, Lopez, & Lopez-Alfaro, 2013;
Ruiz, Izquierdo, Sesena, & Palop, 2010). Regarding chemical anal-
ysis, MLF samples showed pH and alcohol strength values from 3.38
to 3.85 and between 9.1 and 14.4% v/v, respectively (Table 2). From
both, according to the Pearson correlation test, only pH values
showed a weak correlation with isolated bacterial count (r ¼ 0.372,
a ¼ 0.05).
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3.2. Molecular identification of lactic acid bacteria

Different species can exhibit similar phenotypic characteristics
and the same fermentation profile (Ribereau-Gayon, 2000), there-
fore, it is necessary to applymore precise and reliable identification
methodologies such as molecular based methods to describe the
bacterial ecology of wines (Gonzalez-Arenzana, Lopez, Santamaria,
& Lopez-Alfaro, 2013; Gonzalez-Arenzana et al., 2012; Guerrini,
Mangani, Granchi, & Vincenzini, 2002). The most reported ones are
denaturing gradient gel electrophoresis (DGGE) (Renouf, Claisse, &
Lonvaud-Funel, 2006), random amplified polymorphic DNA (RAPD)
(Reguant & Bordons, 2003) and restriction fragment length poly-
morphism (RFLP) (Claisse et al., 2007). Wine bacterial diversity has
been mainly studied through 16S rRNA gene amplification (Rodas,
Ferrer, & Pardo, 2003; Ruiz, Izquierdo, et al., 2010; Ruiz, Sese~na,
et al., 2010; Sanchez et al., 2010; Spano, Lonvaud-Funel, Claisse, &
Massa, 2007), but other genes like rpoB (encodes the b subunit of
bacterial RNA polymerase) have arisen as surrogate markers. This
gene presents a high variability between species, which facilitates
the discrimination between closely-related ones (Renouf, Claisse,
Miot-Sertier, & Lonvaud-Funel, 2006). rpoB gene has already been
used for wine lactic acid bacteria identification and even when its
use has not been well documented, it seems that it could be an
adequate alternative to 16S rRNA. The sixty-five colonies isolated
from MLF samples were subjected to RFLP assay. Bacilli colonies
(n ¼ 42) were amplified using rpoB1 and rpoB2 primers producing
an amplicon of 306 bp. This PCR product was digested with HinfI
restriction enzyme observing the same fragmentation pattern (101
and 205 bp) in all digested amplicons (n ¼ 42). Since with HinfI
enzyme it was not possible to observe different digestion patterns,
a second restriction enzyme (MseI) was utilized. After enzymatic
digestion, the same pattern composed of three bands (51, 65 and
165 bp) was observed in all digested amplicons (Fig. 1). Therefore a
third restriction enzyme (AciI) was used, but also produced the
same fragmentation pattern (113, 103 and 43 bp) for all digested
amplicons. Cocci isolates (n ¼ 23) were amplified with WLAB1 y
WLAB2 primers; producing a single PCR product of 400 bp. This
amplicon was digested by the same restriction enzymes used for
bacilli colonies, applying the same protocols. The digestion with
Hinfl enzyme produced only one amplicon of 350 bp., which was
observed in all digestion amplicons. MseI restriction enzyme
generated two major bands, one of 249 bp and another thicker
band that gathered three fragments of 38, 41 and 45 bp, both major
bands were observed in all samples. With AciI enzyme the same
fragment patternwas also observed (26, 35, 36, 43, 104 and 113 bp.)
in all samples. As described above, evenwhen the digestion process
itself was successful, none of these enzymes were adequate to
Fig. 1. rpoB PCR-RFLP assay of LAB bacilli species (BM2, BM4, ML9 and SM9) applying HinfI (
enzymes.
achieve a differentiation at species level within bacterial groups. All
bacilli colonies showed the same restriction pattern on poly-
acrylamide gel (data not shown), the same situation was observed
for cocci colonies. Thus, it was preliminarily inferred that both type
of isolated colonies, bacilli and cocci, belong to only two bacterial
species. The identification of these species was carried out
sequencing nine randomly selected colonies of each bacterial type
using an ABI PRISM 3100 Genetic Analyzer fromApplied Biosystem.
The results indicated that Bacilli colonies correspond to Lactoba-
cillus rhamnosus species (99%) and that the cocci shaped colonies
correspond toOenococcus oeni species (99%) (Table 3). To the best of
our knowledge this is the first time that L. rhamnosus has been
reported during the vinification process. After identification, both
bacterial species were studied according to winery and predomi-
nance. L. rhamnosuswas isolated from all wineries (A-E) and O. oeni
was only isolated from three wineries A, C and D. Regarding bac-
terial count, L. rhamnosus was the predominant species in all
wineries, except in winery A where 67% of isolated viable bacteria
corresponded to O. oeni (Fig. 2). Only this result is concordant with
previous studies (Gonzalez-Arenzana, Lopez, et al., 2013; Gonzalez-
Arenzana, Santamaria, et al., 2013; Ruiz, Izquierdo, et al., 2010; Ruiz,
Sese~na, et al., 2010). Considering wineries and bacterial count re-
sults, it is possible to conclude that L. rhamnosus was the pre-
dominant species during MLF of Chilean Cabernet Sauvignon
wines. This is uncommon as most reports about MLF microbiota
describe O. oeni as the predominant species. L. rhamnosus has been
previously described as associated with cheese production (Bove,
De Dea Lindner, Lazzi, Gatti, & Neviani, 2011) but it has never
been isolated or related to wine elaboration/vinification. Although
more studies are required, L. rhamnosus could be preliminarily
considered as an endemic species of these viticultural regions, and
maybe national, because it was isolated from all wineries sampled,
which are located in different Chilean geographical regions (north,
center and south).

3.3. BA production by lactic acid bacteria

BA content has been studied in several foods because it may
cause undesirable effects such as hypotension, hypertension,
nausea, vomitting, diarrhea, migraines, heart palpitations, kidney
failure, anaphylactic shock and death (Anli & Bayram, 2009;
Shalaby, 1996). In the case of wine consumption, these effects
could be more severe due to the concomitant intake of ethanol,
which reduces/inhibits the activity of monoamine oxidase and
diamine oxidase, enzymes responsible for BA metabolism. The
principal BA reported in wines are 2-phenylethylamine (2-Phe),
putrescine (Put), cadaverine (Cad), histamine (His), tyramine (Tyr),
fragmentation pattern 101 and 205 bp (A)) and MseI (51, 65 and 165 bp (B)) restriction



Table 3
Species identification by 16S rRNA or rpoB genes PCR-products sequencing.

Isolates Base pairs Species ID (%) Query coverage (%) Accession number

B6 397 Oenococcus oeni 99 100 LC071842.1
B8 396 Oenococcus oeni 99 100 LC071842.1
B10 395 Oenococcus oeni 99 100 LC071842.1
BM2 268 Lactobacillus rhamnosus ATCC 53103 99 100 AP011548.1
BM4 301 Lactobacillus rhamnosus ATCC 53103 99 100 AP011548.1
HM8 290 Lactobacillus rhamnosus ATCC 53103 99 100 AP011548.1
ML9 282 Lactobacillus rhamnosus ATCC 53103 99 96 AP011548.1
SM8 278 Lactobacillus rhamnosus ATCC 53103 99 98 AP011548.1
SM9 278 Lactobacillus rhamnosus ATCC 53103 99 98 AP011548.1

ID: identities.

Fig. 2. Distribution and predominance of bacterial genotypes.
Fig. 3. Box and whisker plot of biogenic amines formation by Lactobacillus rhamnosus
and Oenococcus oeni.
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spermine (Spm) and spermidine (Spd). These BA come from two
main sources, grapes (considered natural) and the vinification
process (associatedwithmicrobial activity). In grapes Spm, Spd and
Put are mainly found (Bover-Cid, Iquierdo-Pulido, Marine-Font, &
Vidal-Carou, 2006), which are commonly reported at low concen-
trations except when vines suffer stressful conditions (Ancin-
Azpilicueta et al., 2008; Souza et al., 2005). His, Cad, Tyr and 2-
Phe are related with microbial activity and their formation occurs
mainly during alcoholic and malolactic fermentations (Anli &
Bayram, 2009; Beneduce et al., 2010). Even when several factors
affect the final BA content in wines, e.g. amines content in grapes
and must (Sass-Kiss, Szerdahelyi, & Hajos, 2000), maceration
(Martin-Alvarez, Marcobal, Polo, & Moreno-Arribas, 2006) amino
acids concentration (Herbert, Cabrita, Ratola, Laureano, & Alves,
2006), grape variety (Marques, Leitao, & Romao, 2008), etc., the
nature of the lactic acid bacteria responsible for MLF exerts a major
influence on BA formation and thus, the levels observed are highly
dependent on their aminogenic capacity (Ancin-Azpilicueta et al.,
2008; Lerm, Engelbrecht, & du Toit, 2010; Martin-Alvarez et al.,
2006). Therefore the detection of bacteria with this capacity is
relevant in order to estimate the possibility of BA formation during
vinification (Spano et al., 2010). Accordingly, the BA formation ca-
pacity of all sixty-five isolated colonies was studied to evaluate
their potential to produce His, Cad, Tyr, 2-Phe, Spm, Spd and Put. All
the bacterial isolated showed aminogenic capacity, with clear dif-
ferences between bacterial species (Fig. 3), L. rhamnosus
(10.97e28.61 mg L�1) presented significantly higher BA formation
capacity than O. oeni (3.31e6.64 mg L�1). The type of BA formed
also showed some differences, even when both species produced
all BA; only L. rhamnosus species produced histamine, which is one
of the most important BA due to its toxicological risk. The
histamine-producing capacity of O. oeni species is not well-defined,
Coton et al. (Coton, Rollan, Bertrand, & Lonvaud-Funel, 1998) and
Landete et al. (J.M. Landete, Ferrer, & Pardo, 2005) found O. oeni
strains with histamine-forming capacity, in contrast, Moreno-
Arribas et al. (M. Moreno-Arribas, Polo, Jorganes, & Munoz, 2003)
and Garai et al. (Garai, Duenas, Irastorza, & Moreno-Arribas, 2007),
isolated strains without this capacity. Two reasons could explain
these contradictory results: i) BA production is associated with
specific strains rather than particular species (Garai et al., 2007),
and ii) histidine decarboxylase genes might be located in unstable
plasmid being lost during bacterial cultures (Lucas, Claisse, &
Lonvaud-Funel, 2008). Tyr and 2-Phe were produced for both
species at very low levels (<1 mg/L); this tyramine- and
phenylethylamine-forming capacity is being observed for the first
time in O. oeni species (Jos�e María Landete, Pardo,& Ferrer, 2007; V.
Moreno-Arribas, Torlois, Joyeux, Bertrand,& Lonvaud-Funel, 2000).
With these results it is possible to indicate that L. rhamnosus strains
are the main strains responsible for BA formation in the five win-
eries studied. Additionally, all isolated colonies were classified ac-
cording to their aminogenic capacity in order to select those with
lower BA production. Six colonies, three L. rhamnosus and three
O. oeni strains (Fig. 4) were chosen as potential autochthonous MLF
culture starter. Our research group is currently carrying out the
required experiments to study their applicability.
4. Conclusions

The bacterial ecology of Chilean Cabernet Sauvignon wines
during MLF and its relation with BA formation is being reported for
the first time in this study. The principal LAB found were
L. rhamnosus and Oenococcus oeni. Contrarily to previous studies
about MLF microbiota, the predominant species was L. rhamnosus,
which, to the best of our knowledge, has previously been described
in other food items but not in wine. Considering that L. rhamnosus



Fig. 4. Biogenic amines profile produced by potential MLF culture starter. Each bar
indicates the mean ± standard error of the mean.

K. Henríquez-Aedo et al. / LWT - Food Science and Technology 68 (2016) 183e189188
was detected in wineries from different geographical viticultural
regions, it could be preliminarily considered as an endemic species.
Both species showed aminogenic capacity, however L. rhamnosus
produced significantly higher BA concentrations than O. oeni, as
well as a histamine-forming capacity, thus being the principal
species responsible for biogenic amines formation in the five
wineries studied. Further experiments are currently being carried
out to study the potential of L. rhamnosus and O. oeni as MLF starter
cultures.
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a b s t r a c t

Freezing modifies microstructures and affects physico-chemical changes during thawing of foods. This
study investigated impact of freezing temperature (�20 �C, �50 �C and �90 �C) and controlled freezing
process, and dextrose equivalent (DE5, DE15 and DE18) of maltodextrin (MD) on microstructure, me-
chanical and structural changes (shrinkage and recrystallization) of freeze-thawed MD-agar gels.
Shrinkage and turbidity of matrices were dependent on freezing conditions and microstructures of
solids. X-ray tomography revealed that low cooling rate formed large ice crystals contributed to thicker
solid networks. However, a slow cooling to a supercooled region (~0 �C to �1 �C) followed by a quench
cooling caused rapid ice nucleation and inhibited ice growths resulting in only few clusters of large ice
with a high number of fine ice crystals. Raman spectra indicated amorphousecrystalline transition
(recrystallization) of gel components particularly maltodextrin after thawing in low DE systems which
increased gel turbidity and subsequently accelerated shrinkage. Lower temperature freezing gave thinner
but higher connectivity of solid networks providing higher mechanical strength and delayed recrystal-
lization of maltodextrin which primary increased firmness values. The results indicated that the
manipulation of freezing process in achieving small ice crystals effectively reduced structural changes
attributing to recrystallization of high DE maltodextrin components in gel systems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Freezing is an excellent process to preserve food quality and
develop new products i.e. frozen desserts. Ice morphology plays
significant role in textural and physical properties of frozen foods.
Size and location of ice crystals are keys in the quality of thawed
products. Cooling rate is the most common variable controlling ice
morphology in frozen and partly frozen systems (Petzold &
Aguilera, 2009). Freezing affects microstructures and subsequent
changes of food properties such as syneresis and drip loss in freeze-
thawed tissues (Kidmose & Martens, 1999; Ngapo, Babare,
Reynolds, & Mawson, 1999), texture and firmness of agriculture
g and Materials Technology,
am Wong Wan Rd, Lat Yao,

nsujarit).
products (Kidmose & Martens, 1999; Miles, Morris, Orford & Ring;
1985; Sigurgisladottir, Ingvarsdottir, Torrissen, Cardinal, &
Hafsteinsson, 2000; Badii & Howell, 2002) and increased tough-
ness of meat (Badii & Howell, 2002) as well as accelerated protein
denaturation (Benjakul, Visessanguan, Thongkaew, & Tanaka,
2003; Mackie, 1993; Tironi, Tom�as, & A~n�on, 2010). The structural
changes in frozen foods take place during freezing, storage and
subsequent thawing. A rapid freezing forms small ice crystals and
has been proved to reduce structural changes of frozen foods dur-
ing storage and thawing. Accordingly, the controlled freezing con-
dition to achieve small ice crystals is essential for frozen food
industries. A faster cooling rate can be easily achieved by reduced
freezing temperature in conventional freezer. In the present study,
a control freezing protocol was used to achieve a rapid freezing
after a slow cooling into the supercooled region below equilibrium
freezing point.

The destabilization of food gels due to freezing such as drip loss
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and shrinkage significantly causes adverse effects to frozen prod-
ucts after thawing. Several studies indicated that freezing and
thawing modify microstructures and accelerates retrogradation of
starch gels (Charoenrein & Preechathammawong, 2010; Kim, Kim,
& Shin, 1997; Lee, Baek, Cha, Park, & Lim, 2002; Muadklay &
Charoenrein, 2008). The retrogradation of freeze-thawed starch
gels led to the release of water adsorbed in the network of starch
matrices or so called ‘syneresis’. Consequently, the shrinkage of
the gels occur as liquid drains from the pores of the matrices
(Scherer, 1993). Addition of some food additives such as poly-
saccharides e.g. gums and maltodextrin has been proved to in-
crease stability of some frozen products (Goff, 1995). Maltodextrin
has wide food applications such as carrier for encapsulated com-
ponents i.e. flavor and bioactive compounds, provide full-fat
texture to reduced-fat formulations or fat replacer, modify struc-
tures for superior mouthfeel in frozen food and desserts with a
lower cost (Chronakis, 1998; Gibbs, Kermasha, Alli, Catherine, &
Mulligan, 1999; Setser & Racette, 1992). Previous study showed
that various dextrose equivalent (DE) of maltodextrin controlled
microstructure formation of freeze-dried matrices which attrib-
uted to the manipulation of unfrozen water and ice fraction
(Harnkarnsujarit, Charoenrein, & Roos, 2012). Moreover, Rojas,
Rosell, and de Barber (2001) showed that maltodextrins of low
degree of polymerization (DP) and hence high DE effectively
retarded staling of starch gels; however, lack of study revealed the
effect of maltodextrin as well as their DE on structure properties of
gel matrices after thawing. The structural changes of freeze-
thawed systems which majorly contain maltodextrin and
freezing effects have also rarely been investigated.

The amorphous starch component is thermodynamically non-
equilibrium material and tends to recrystallize which can be
measured by using various methods such as differential scanning
calorimetry (DSC), X-ray diffraction, spectroscopic and turbidi-
metric methods (Karim, Norziah, & Seow, 2000). The DSC mea-
sures the energy required to disintegrate crystalline fraction
relating to the degree of crystallinity which destroys the sam-
ples. While some other spectroscopic methods including infra-
red and Raman spectroscopy are non-destructive and can be
used in on-line monitoring of structural changes of food prod-
ucts including retrogradation of amylose and amylopectin in
starch components (Bulkin, Kwak, & Dea, 1987; Fechner,
Wartewig, Kleinebudde, & Neubert, 2005; Li-Chan, 1996;
Schuster, Ehmoser, Gapes, & Lendl, 2000). Raman spectroscopy is
based on the distinct vibrational transitions that occur in the
ground electronic state of molecules attributes to various
stretching and bending deformation modes of individual chem-
ical bonds (Li-Chan, 1996). The sample is radiated with a
monochromatic visible or near infrared light from a laser giving
the vibrational energy levels in the molecule to a short-lived,
high-energy collision state. The activated molecules return to a
lower energy state by emission of photon which has a lower
frequency than the laser light. The difference between the fre-
quency of the laser and that of the scattered photon is called the
Raman shift given in reciprocal centimetres (Thygesen, Løkke,
Micklander, & Engelsen, 2003).

The objectives of this study were to determine the effect of
freezing on microstructure formations of maltodextrin-agar
matrices and subsequent impacts on structural changes upon
thawing. Moreover, the structural changes of freeze-thawed
maltodextrin with various DE (DE5, DE15 and DE18) were inves-
tigated. Agar was formulated to form gel matrices mimicking
semi-solid food structures. The findings give benefits to frozen
food industry on manipulating freezing process and carbohydrate-
based components in achieving highest food stability upon
thawing.
2. Materials and methods

2.1. Maltodextrin-agar gels preparation

Maltodextrin (DE5, DE15 and DE18) and agar powders were
purchased from SigmaeAldrich Japan G.K. (Tokyo, Japan) andWako
Pure Chemical Co., Ltd. (Osaka, Japan), respectively. Solid mixtures
(15 g/100 g) of maltodextirn-agar (9:1) were dispersed in distilled
water (Water distillation apparatus RFD 240RA, Advantec®, Toyo
Seisakusho Kaisha Ltd., Osaka, Japan). The maltodextrin-agar sus-
pensions were stirred at 25 �C for 20 min using magnetic stirrer to
allow for water adsorption of solids prior to heating to 90 �C and
held for 5 min to ensure complete melting of agar. The mixtures
were cooled, then poured into containers and left for gelation at
25 �C for 2 h.

2.2. Freezing and thawing

Gels containing maltodextrin were cut into 1-cm cubic and
placed on aluminium trays prior to freezing. The freezing condi-
tions composed of conventional chest freezers at �20 �C (dimen-
sion of 60 � 80 � 120 cm, SCR-R451G, Sanyo, Japan), �50 �C
(dimension of 70 � 80 � 130 cm, Ultra Low, Sanyo, Japan)
and �90 �C (dimension of 60 � 50 � 90 cm, MDF-C8v1, Sanyo,
Japan) and three controlled freezing protocols using a program
freezer (Taiyo Nippon Sanso Corporation, Tokyo, Japan) equipped
with liquid nitrogen vessel. A pilot scale program freezer composed
of a stainless steel freezing chamber (approximate dimension of
20 � 30 � 30 cm). The samples were loaded from the top with a
metal scaffold and door was locked with metal clamps. A built-in
temperature sensor was designed in the freezing chamber to
monitor the temperature change and control the release of liquid
nitrogen to the chamber during freezing. The programmed freezer
is chamber temperature and time controlled to achieve target
temperature. The freezer was programmed according to the trial
experiments to control three freezing conditions namely protocol
A, B and C. All the systems were programmed to prefreezing from
2 �C to target freezing temperature within a considered time fol-
lowed by immediate cooled to �80 �C and held for 1 h prior to
transfer to store in a chest freezer at�90 �C. The freezing profiles of
each system are shown in Fig. 1. The gel temperatures during
freezing were recorded at 1 s interval using type-T thermocouples
(copper-constantan) connected to a data logger (Memory HiLOG-
GER LR8431, HIOKI E.E. Corporation, Nagano, Japan). The thermo-
couples (diameter 0.046 mm, response time <1 s, T-T40,
Ishikawansangyo, Co. Ltd., Japan) were inserted to the center of the
gels prior to freeze and attach to the aluminium platewith adhesive
tape. The frozen gels were removed from the freezer and thawed at
25 �C under the ambient laboratory condition for 3 h prior to
measure for mechanical properties and Raman spectra.

2.3. X-ray tomography

A Skyscan 1172 X-ray microcomputed tomography system (X-
rayCT, Bruker, Kontich, Belgium) was used to measure the micro-
structures of freeze-dried solids which reflected ice formation in
maltodextrin-agar systems. The frozen maltodextrin-agar systems
were transferred to store at �90 �C for further 3 h prior to freeze-
dry at below 100 Pa for approximately 60 h in a freeze-dryer
(Kyowac, Kyowa Vacuum Engineering Co., Ltd., Tokyo, Japan). The
vacuum was released with an ambient air. The freeze-dried solids
were removed and stored in an evacuated desiccator containing
P2O5 for 5 days to remove residual water prior to the measurement.
The freeze-dried gels were wrapped with a cling film to prevent
water adsorption and mounted on a rotational plate. The X-ray



Fig. 1. Freezing profiles of maltodextrin-agar gels underwent various freezing conditions. Inlet figure shows the initial freezing point (Ti), supercooling temperature (Ts) and freezing
time of a typical freezing profile. Freezing time refers to the time allows for phase transition of liquid water into ice.
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voltage and current was 54 kV and 100 mA, respectively. A CCD
camera with 2000 � 1332 pixels was used to record the trans-
mission of the conical X-ray beam through all samples. The distance
source-object-camera was adjusted to produce images with a pixel
size of 13.59 mm. Two frames averaging, a rotation step of 0.4� with
10 random movement and an exposure time of 1840 ms were
chosen to cover a view of 180� contributed to the scan time of
60 min. Three-dimensional reconstruction of samples was created
by stacking of two-dimensional tomographs from a total of
800e1000 slices with a slice spacing of 0.013 mm using the
reconstruction NRecon software (Version 1.6.8.0, Bruker, Kontich,
Belgium). A ring artifact reduction (set to 7) and beam hardening
correction (52%) were performed with NRecon software.

2.4. Mechanical properties

Mechanical properties of fresh and freeze-thawed gels were
measured with a rheometer (Rheoner RE-3305, Yamaden, Co,
Tokyo, Japan) equipped with a 2 N load cell. The penetration test
was performed with a cylindrical plunger (diameter, 2 mm) at a
speed of 0.5mm/s and a constant deformation of 50%. The first peak
force of penetration test defined as the ‘hardness’which is the force
required to rupture the gels and expresses as Newton (N); whereas,
the ‘firmness’ of the gels shows the resistance to penetration and
was determined from the slope of the first peak force and pene-
tration depth reported in N/mm. The gel hardness and firmness
values were calculated using data measured for 5e7 replicate
samples.

2.5. Raman microscopy

Raman spectra of fresh and freeze-thawed maltodextrin-agar
gels were collected using a DXR Raman microscope (Thermo Fisher
Scientific, Madison, WI, USA) connected to a 100 W halogen lamp
with an intensity adjustment system (TH4-100, Olympus Corpo-
ration, Tokyo, Japan). Gel specimens were placed on a microscopic
glass slide and placed on the Ramanmicroscopic stage and adjusted
with a joystick controller (PROSCAN III, Prior Scientific Instruments
Ltd., Cambridgeshire, UK). The samples were immediately
measured after placing into the microscopic systems using a
532 nm excitation laser with 10 mW laser powers and an aperture
of 50-mm pinhole at 50� microscope magnifications. The spectra
were collected with 2 times of laser exposure and exposure time of
10 s. The collected spectra were baseline corrected and smoothed
by using the Thermo Scientific OMNIC™ for Dispersive Raman
software version 9.2.41 (Thermo Fisher Scientific, Madison, WI,
USA). All data were collected and reported as Raman shifts within
the range from 3500 to 100 cm�1.

2.6. Micro differential scanning calorimetry (mDSC)

The phase transitions temperatures namely glass transition
temperature (Tg) and onset temperature of ice melting (Tmʹ) were
determined using a micro differential scanning calorimetry (mDSC
VII Evo, SETARAM, KEP Instrumentation, Caluire, France). Approx-
imately 80e90 mg of maltodextrin-agar gels were transferred into
a standard hastelloy DSC cell. Duplicate samples were scanned
within the range of �45 �C to 20 �C at a rate of 1 �C/min. The
thermal properties were derived from the onset temperature of the
heating scan using the Calisto software (Version 1.14, SETARAM,
KEP Instrumentation, Caluire, France).

2.7. Statistical analysis

The parameters derived from Raman spectra (peak height, peak
area and full width at half height; FWHH) centered at 480 cm�1

were subjected to analysis of variance (ANOVA). Duncan's multiple
range test at 95% confidence intervals were carried out for mean
comparison using SPSS 17.0 software for Windows (SPSS Inc., Chi-
cago, USA). The differences between maltodextrin DEs and freezing
conditions were analyzed.

3. Results

3.1. Freezing properties

Gel systems contained maltodextrin at various DEs (DE5, DE15
and DE18) were frozen at various freezing conditions composed of
chest freezers (�20 �C, �50 �C and �90 �C) and controlled freezing
(protocol A, B and C). The freezing profile and properties of gels
containing maltodextrin DE15 are shown in Fig. 1 and Table 1,
respectively. The freezing properties were determined from the



Table 1
Freezing properties; cooling rate, supercooling temperature (Ts), initial freezing point (Ti) and freezing time of agar gels containing maltodextrin underwent various freezing
conditions namely conventional freezing temperature of �20 �C, �50 �C and �90 �C, and controlled freezing protocol A, B and C.

Freezing protocol Cooling ratea (�C/min) Ts (�C) Ti (�C) Freezing time (min)

�20 �C 1.04 ± 0.18 �8.1 ± 2.9 �0.6 ± 0.1 4 ± 2
�50 �C 2.18 ± 0.81 �1.0 ± 0.2 �0.6 ± 0.3 5 ± 0
�90 �C 3.84 ± 0.12 �1.6 ± 0.1 �1.1 ± 0.2 1 ± 1
A 0.02 ± 0.00 N/A �0.2 ± 0.0 40 ± 3
B 0.08 ± 0.00 �3.7 ± 0.1 �0.4 ± 0.0 3 ± 0
C 0.17 ± 0.01 �5.2 ± 0.2 �0.6 ± 0.1 30 ± 3

Values shown are mean ± SD (n ¼ 3).
a Cooling rates were derived from the initial slope of the freezing profile.
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freezing profile as shown in Fig.1. The initial slopewas calculated as
cooling rate of the systems; whereas the freezing time refers to the
period of which the liquid water transformed into ice. Table 1
shows that the decrease of freezer temperature resulted in a
faster cooling rate (p� 0.05), lower initial freezing temperature (Ti)
and reduced freezing time (time between Ti and the drop of tem-
perature from the freezing plateau as shown in Fig. 1) which re-
flected the time for the ice growth. The results showed that the
supercooling temperature (Ts) of maltodextrin systems can possibly
be less than �1.0 �C to �8.1 �C.

Fig. 1 clearly indicated that the initial cooling rate (slope of
cooling curve) of protocol A at above 2 �C was around 1.0 �C/min,
and thereafter sharply decreased when the temperature was 0 �C.
The initial fast cooling caused the temperature gradient within gel
matrices and surface temperature was lower than the core tem-
perature. The ice nucleation possibly took place at the surface
resulting in the release of latent heat. The slow cooling rate of the
chamber (0.17 �C/min) cannot extract the heat of crystallization
which raised the matrices temperature and, therefore, the nucle-
ation proceeded with a slower cooling rate of 0.02 �C/min. It is
presumed that an extremely slow ice nucleation took place andwas
followed by a long freezing time and hence ice growth. Freezing
protocol B was programmed to achieve a slow cooling rate (0.08 �C/
min) and in the supercooled region (subzero temperature, < 0 �C)
where ice has not yet formed, the temperature was programmed to
drop immediately by quench cooling to �80 �C. Consequently, the
releases of latent heat of crystallization were observed in all DE
Fig. 2. DSC thermograms of agar gels containing maltodextrin (DE5, DE15 and DE18). Arr
thermograms with arrows showing the endothermic shift of heat flow refers to glass transiti
DE15 and DE18 systems, respectively. Full and dotted arrows indicate Tmʹ and Tg of the gel
systems followed by a very limited freezing time due to a rapid
quenching of chamber temperature to �80 �C. Freezing protocol B
represented slow cooling followed by a very rapid freezing condi-
tion; whereas, the ice crystallization in protocol C were completed
with a constant cooling and freezing rate of 0.17 �C/min. Such
constant freezing rate was identical to that generally obtain in
conventional freezers.

The mDSC showed the onset of ice melting temperature for
maltodextrin-agar gels with DE5, DE15 and DE18 as �10 �C, �18 �C
and �18 �C, respectively (Fig. 2). The thermograms indicated that
all the DEs systems were kept frozen below the onset temperature
of ice melting or Tmʹ at which the maximum ice formed in the
matrices. The difference molecular weight of DE15 and DE18 sys-
tems showed similar DSC thermal properties. High molecular
weight polymer including starch and maltodextrin show a very
small endothermic shift of heat flow indicating glass transition
temperature (Tg) that is very difficult to detect with a DSC. How-
ever, the mDSC in the present study clearly revealed an endothermic
shift of heat flow of maltodextrin DE5 and DE15 systems suggesting
Tg at �19 �C and �30 �C, respectively. The results confirmed that
increased small molecular weight components led to a decreased Tg
of the gel systems.
3.2. Microstructures

The x-ray CT images of freeze-dried solids reflected the ice
formation during freezing of maltodextrin systems (Figs. 3 and 4).
ows indicate onset of ice melting temperature (Tmʹ). Inlet figures are zoomed in DSC
on temperature (Tg) of the systems. Full (d), dash (—) and dotted (˖˖˖) line indicate DE5,
s, respectively.



Fig. 3. Crosssectioned imagesof freeze-driedgelscontainingmaltodextrin(DE5,DE15andDE18)underwentvarious freezingconditions(freezing temperatureof�20 �C,�50 �Cand�90 �C,
and controlled freezing protocol A, B and C). Dark region indicates void spaces of freeze-dried matrics reflecting ice morphology formed during freezing embeded in solid network.
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Fig. 4. X-ray CT images showing 3D structures of freeze-dried gels containing maltodextrin (DE5, DE15 and DE18) underwent various freezing conditions (freezing temperature
of �20 �C, �50 �C and �90 �C, and controlled freezing protocol A, B and C).
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Fig. 5. Appearance of thawed agar gels containing maltodextrin of various dextrose
equivalents (DE5, DE15 and DE18) at 25 �C for 3 h underwent various freezing con-
ditions (freezing temperature of �20 �C, �50 �C and �90 �C, and controlled freezing
protocol A, B and C) suggesting shrinkage and turbidity after freeze-thawing.

Table 2
Mechanical properties (hardness and firmness) of unfrozen and freeze-thawed gels containing maltodextrin of various dextrose equivalents (DE5, DE15 and DE18) underwent
various freezing conditions (freezing temperature of �20 �C, �50 �C and �90 �C, and controlled freezing protocol A, B and C).

Mechanical property Gel system Unfrozen Freezing protocols

�20 �C �50 �C �90 �C A B C

Hardness (N) DE 5 0.821 ± 0.238 0.157 ± 0.017 0.118 ± 0.028 0.165 ± 0.025 0.223 ± 0.052 0.156 ± 0.022 0.133 ± 0.033
DE 15 0.883 ± 0.252 0.141 ± 0.042 0.154 ± 0.035 0.190 ± 0.027 0.209 ± 0.049 0.174 ± 0.016 0.142 ± 0.021
DE 18 0.940 ± 0.268 0.154 ± 0.048 0.196 ± 0.017 0.239 ± 0.009 0.209 ± 0.037 0.174 ± 0.015 0.125 ± 0.023

Firmness (N/mm) DE 5 0.036 ± 0.011 0.055 ± 0.007 0.036 ± 0.006 0.050 ± 0.007 0.026 ± 0.007 0.038 ± 0.007 0.023 ± 0.005
DE 15 0.078 ± 0.016 0.037 ± 0.013 0.046 ± 0.010 0.053 ± 0.014 0.043 ± 0.014 0.038 ± 0.010 0.029 ± 0.003
DE 18 0.059 ± 0.011 0.038 ± 0.010 0.062 ± 0.008 0.073 ± 0.007 0.038 ± 0.007 0.047 ± 0.002 0.029 ± 0.003

Values shown are mean ± SD (n ¼ 5 to 7).
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The decreased freezer temperature and hence a faster cooling rate
gave a faster nucleation and limited time allowed for the ice growth
contributed to formation of a high number of small ice crystals.
Regardless of conventional and controlled freezing conditions, a
rapid cooling rate as determined by the initial slope of the cooling
curve enhanced formation of many small ice crystals; whereas, a
longer freezing time as suggested by the plateau after supercooling
increased the ice growth resulting in a large size of ice crystal for-
mation. Conversely, the extremely slow cooling rate caused slow
nucleation and an extended ice growth period suggested by a long
freezing time which formed large dendritic ice crystals in the
freezing protocol A (Fig. 1 and Table 1). Interestingly, a slow cooling
to a supercooled region (~0 �C to�1 �C) followed by a rapid quench
cooling (to�80 �C) induced nucleation possibly by the temperature
fluctuation followed by a very limited freezing time in protocol B.
The frozen structures with a few irregular shaped large ice crystals
surrounded by small ice crystals embedded in gel matrix were
formed. The slow cooling rate of �20 �C, and protocol B and C
systems led to a lower supercooled temperature without ice crys-
tallization. The result is important to the freezing of food products
with a larger size where a homogeneous cooling of the bulk
matrices is required before the ice formation to achieve more ho-
mogeneous freezing and hence icemorphology. The results showed
that a slow cooling of such products to a supercooled region to
achieve a homogeneous temperature followed by a very rapid
cooling canmainly form small ice crystals. The quench cooling after
achieving nucleation effectively limited crystal growth and, there-
fore, small ice crystals sizes were formed. A slow freezing with
undercooling produced non-homogeneous of small and large ice
crystals embedded in gel matrix in accordance with Charoenrein
and Preechathammawong (2010). A faster cooling rate and hence
faster nucleation was achieved in protocol C; however, a longer
period of crystal growth caused the formation of larger ice crystals
(Harnkarnsujarit et al., 2012). The diverse molecular size of
maltodextrin in the presence study, however, showed an unclear
difference of the gel microstructures due to a low contrast and
magnification of the image (Figs. 3 and 4).
3.3. Shrinkage and turbidity

The appearance of freeze-thawed gels is shown in Fig. 5. The
freezing protocol A clearly caused shrinkage upon thawing which
was coincident with the large hole embedded in thick aggregated
gel matrices. A slightly less shrinkage was also observed in protocol
C which had a smaller size of ice formed in matrices. Conversely,
the small size of ice crystals formed in protocol B and freezing
conditions at �20 �C, �50 �C and �90 �C effectively retained high
gel network connectivity and resulting in no shrinkage structure.
Although protocol B had inhomogeneity structures, the gel network
was strong enough to prevent structural shrinkage. Upon thawing,
the liquid water was expelled leaving pores embedded in the gel
network. The network of amorphous solid provides mechanical
strength against gravimetric and capillary force which accelerated
and causes structural collapse (Rahman, 2001). The least solid
connectivity of protocol A gave least mechanical strength and
hence the highest degree of structural shrinkage.



Fig. 6. Raman spectra showing the position (cm�1) and assignments of agar-maltodextrin gels with different dextrose equivanlent (DE5, DE15 and DE18) of maltodextrin. The band
assignments were from Cael, Koenig, and Blackwell (1973), Bulkin et al. (1987), Sekkal, Dincq, Legrand, and Huvenne (1995); Schuster et al. (2000) and Pigorsch (2009).
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Upon thawing, turbidity of the gels was clearly observed in DE 5
systems frozen at �20 �C (Fig. 5). The systems frozen at �50 �C
showed only slight turbidity on the edge; whereas, clear gels were
observed for systems frozen at �90 �C. The DE15 and DE18 showed
no turbidity at all freezing temperatures. In case of program
freezing, the DE5 systems underwent freezing protocol A had the
highest turbidity followed by protocol C; whereas protocol B
showed only slight turbidity.

3.4. Mechanical properties

The hardness and firmness values of the freeze-thawed gels are
shown in Table 2. The results clearly showed that increased DE of
maltodextrin gave an increased mechanical strength (hardness and
firmness) of the fresh gel systems. Sworn and Kasapis (1998)
showed the effects of co-solute types and concentrations on me-
chanical strength of gellan gel that 14-DE of maltodextrin had less
firmness than 42-DE of corn syrup up to 40 g/100 g. The lower DE of
solids contained higher fraction of large molecular weight com-
ponents which possibly hindered the association of agarose chain
to form helix structures resulting lower mechanical strength than
high DE systems.

The mechanical strength of all DE systems decreased sharply
upon freeze-thawing in agreement with Kozłowicz and Kluza
(2012). Freezing causes phase separation of ice and solutes and
accelerated irreversible aggregation of junction network. Lower
temperature freezing had a slightly higher mechanical strength
(hardness and firmness) than higher temperature freezing because
of less modification of junction networks due to freezing. It is also
presumed that smaller molecular weight solutes (higher DE)
increased amount of unfrozenwater and, therefore, less ice formed
than low DE systems leading to less structural disintegrity induced
by ice formation contributed to a higher strength in higher DE
systems frozen at �20 �C, �50 �C and �90 �C.

However, DE showed insignificant effects on mechanical
strength of systems frozen by programmed freezing. Freezing
protocol A gave high degree of gel shrinkage upon thawing resulted
in a high hardness values which was independent of the DE of
maltodextrin. A drop of the firmness values of DE5 frozen by pro-
tocol A and C was observed in concurrent with the shrinkage and
turbidity of the thawed gels. Low temperature freezing formed
small size of ice crystals and hence higher integrity of the gel
networks resulting in a higher mechanical strength; however, the
DE5 systems frozen at �20 �C which had non-shrinkage showed a
higher firmness than �50 �C and �90 �C systems in concurrent
with a high turbidity.

A thicker size of gel network formed in concurrent with large ice
crystal sizes (protocol A and C) decreased mechanical strength and
accelerated shrinkage of the gels upon thawing (Fig. 3 and Table 2).
Thawed gels frozen by protocol A had high degree of collapsed
network which increased the strength against penetration force
resulting in the highest hardness in all DE systems (Table 2). Fig. 3
clearly shows that decreased freezer temperature from �20 �C
to �90 �C formed a smaller size of ice and thinner solid networks
with a higher connectivity. Consequently, the decreased freezer
temperature formed a closer proximity of solid network resulted in
a higher mechanical strength of thawed gels.



Fig. 7. Raman spectra of unfrozen and freeze-thawed maltodextrin-agar gels at various
freezing temperatures (�20 �C, �50 �C and �90 �C) in the region of (a)
2800e3050 cm�1 and (b) 450e550 cm�1. Arrows indicates a clear developed peak
after freezing at �20 �C of DE5 system.

Fig. 8. Raman shift number and full width at half height (FWHH) of the band maximum at
DE15 (▫) and DE18 (B) maltodextrin underwent various freezing temperatures (�20 �C, �
(n ¼ 23).
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3.5. Recrystallization of maltodextrin-agar gels upon thawing

The Raman spectra of maltodextrin-agar gels and their vibration
modes are shown in Fig. 6. The results agreed well to the Raman
spectra of starch and amylose/amylopectin reported by previous
researchers (Bulkin et al., 1987; Cael, Koenig, & Blackwell, 1975; De
Veij, Vandenabeele, De Beer, Remon, & Moens, 2009; Łabanowska,
Wesełucha-Birczy�nska, Kurdziel, & Sepioło, 2013). The Raman
bands for different DE systems were similar. However, the
increased degree of polymerization (lower DE) resulted in a
stronger band at 1050 cm�1 assigned to stretching (n) and bending
(d) vibration of CeOeH bonds as well as a broader band at
480 cm�1. After freeze-thawing, the Raman spectra revealed
structural changes in the region between 2800 and 3050 cm�1 and
450e550 cm�1 (Fig. 7a and b) which were assigned to nC-H
stretching vibration and skeletal modes of pyranose ring, respec-
tively (Bulkin et al., 1987; Tu, 1982). In the nC-H stretching region,
themajor peak located at 2910 cm�1 due to symmetric stretching of
nCH2 with overlapped shoulders around 2950 and 3000 cm�1

assigned for assymetric nCH2 and nC-H stretching, respectively
(Łabanowska et al., 2013). The freezing at �20 �C introduced an
emerged peak at 2930 cm�1, particularly, in DE5 systems. The re-
sults showed the structural changes associated with CeH
structures.

Freezing obviously revealed impact on Raman peak centered at
480 cm�1 namely the shift of band maximum and shape of the
band. Fig. 8 shows a significant shift to a lower wavenumber of
band maximum at 480 cm�1 in all DE systems frozen at �20 �C
and �50 �C compared to unfrozen systems. Moreover, the band
narrowing and hence decreased full width at half height (FWHH)
was clearly observed in DE 5 systems after freeze-thawing (Table 3).
Nevertheless, the freezing conditions revealed insignificant effects
on the band width. The DE 15 and DE 18 showed slightly decreased
FWHH; whereas freezing showed an unclear effect on band nar-
rowing of DE 15 and DE 18 systems possibly due to less amounts of
high molecular weight components. The DE 15 and DE 18 systems
had a lower peak height and peak area than DE 5 system. Freezing
reduced the peak height and peak area in all DE systems which
indicated the structural changes of the gel components due to
freezing. The fast freezing at�90 �C, however, showed no effects on
peak height of DE 18 systems.

The drastic shift and narrowing of the bands at 480 cm�1 sug-
gested significant amorphousecrystalline transition of DE 5 sys-
tems. Fechner et al. (2005) found that a slight shift of approximately
1e2 cm�1 of the Raman maximum at 480 cm�1 was coincident
480 cm�1 of unfrozen (UF) and freeze-thawed maltodextrin-agar gels namely DE5 (◊),
50 �C and �90 �C). Values shown are mean and error bars indicate standard deviation



Ta
b
le

3
R
am

an
sp

ec
tr
a
an

al
ys
is
n
am

el
y
p
ea

k
h
ei
gh

t,
fu
ll
w
id
th

at
h
al
f-
h
ei
gh

t(
FW

H
H
)a

n
d
p
ea

k
ar
ea

of
ba

n
d
ce
n
te
re
d
at

w
av

en
u
m
be

r
of

48
0
cm

�
1
of

u
n
fr
oz

en
an

d
fr
ee

ze
-t
h
aw

ag
ar
-m

al
to
d
ex

tr
in

ge
ls
at

va
ri
ou

s
d
ex

tr
os
e
eq

u
iv
al
en

ts
(D

E5
,

D
E1

5
an

d
D
E1

8)
.

Sy
st
em

Pe
ak

h
ei
gh

t
FW

H
H

Pe
ak

ar
ea

U
n
fr
oz

en
Fr
ee

zi
n
g

U
n
fr
oz

en
Fr
ee

zi
n
g

U
n
fr
oz

en
Fr
ee

zi
n
g

�2
0

� C
�5

0
� C

�9
0

� C
�2

0
� C

�5
0

� C
�9

0
� C

�2
0

� C
�5

0
� C

�9
0

� C

D
E5

10
9.
9
±
18

.9
aA

88
.0

±
18

.2
bA

98
.0

±
10

.4
bA

74
.5

±
7.
6
cA

25
.6

±
2.
7
aA

22
.3

±
3.
7b

B
24

.6
±
2.
4a

bA
22

.6
±
4.
5b

A
51

85
.5

±
11

93
.1

aA
28

75
.2

±
15

42
.8

cA
43

12
.6

±
83

3.
5b

A
28

63
.7

±
13

44
.5

cA
D
E1

5
75

.8
±
8.
3
aB

56
.7

±
6.
6
cC

59
.2

±
4.
9
cB

63
.8

±
7.
8b

B
23

.8
±
2.
8b

B
27

.7
±
3.
9
aA

21
.6

±
2.
9b

B
24

.4
±
9.
7b

A
28

41
.4

±
80

8.
5
aB

29
53

.8
±
11

55
.5

aA
18

89
.2

±
62

7.
7b

B
17

75
.8

±
15

65
.9
bB

D
E1

8
79

.7
±
8.
6
aB

65
.8

±
6.
8b

B
57

.8
±
9.
4
cB

74
.5

±
10

.4
aA

22
.3

±
2.
2b

B
22

.8
±
4.
2b

B
26

.1
±
6.
6
aA

21
.4

±
4.
4b

A
27

99
.3

±
88

5.
5
aB

21
60

.5
±
14

75
.1

aA
23

77
.0

±
12

27
.2

aB
12

51
.1

±
11

86
.7
bB

D
if
fe
re
n
t
lo
w
er

ca
se

le
tt
er
s
in
d
ic
at
e
si
gn

ifi
ca
n
t
d
if
fe
re
n
ce

(p
�

0.
05

)
in

th
e
sa
m
e
co

lu
m
n
.

D
if
fe
re
n
t
u
p
p
er

ca
se

le
tt
er
s
in
d
ic
at
e
si
gn

ifi
ca
n
t
d
if
fe
re
n
ce

(p
�

0.
05

)
in

th
e
sa
m
e
ro
w
.

N. Harnkarnsujarit et al. / LWT - Food Science and Technology 68 (2016) 190e201 199
with the recrystallization of starch in gel systems which includes
helix formation and helixehelix aggregation. The shift of the band
maximum at 480 cm�1 and band narrowing in freeze-thawed gels
suggests the recrystallization of starch-like components in malto-
dextrin, particularly amylose recrystallization which occur within a
few hours (Fechner et al., 2005). The initial disorder state of starch-
like components in maltodextrin systems has a range of molecular
conformations; however, systems became more ordered upon
recrystallization. Consequently, the number of conformations
decreased leading to a smaller distribution of bond energies
compared with the initial state and hence the Raman band nar-
rowing was observed (Karim et al., 2000; Van Soest, De Wit,
Tournois, & Vliegenthart, 1994). The results indicated the highest
degree of maltodextrin recrystallization in systems frozen �20 �C
followed by �50 �C systems. Moreover, the maltodextrin recrys-
tallization was more pronounced in lower DE systems which
attributed to a higher degree of polymerization of starch-like
polymers. Conversely, the gels prefrozen at �90 �C showed
similar Raman spectra to the unfrozen systems and insignificant
decreased wavenumbers was observed which suggest efficacy to
maintain molecular structure of carbohydrate components.

The results indicated that large pore size in concurrent with
thicker network in low DE solids decreased strength of gel
network; however, a high firmness was observed in DE 5 system
frozen at �20 �C which was coincident with the gel turbidity
developed during thawing. The turbidity of the matrices suggested
the recrystallization of starch-like components (Karim et al., 2000)
which confirmed by the shift and narrowing of the Raman spectra
around 450e550 cm�1 and the changes associated to nC-H
stretching region (Figs. 7b and 8). The DE 5 system had least degree
of starch hydrolysis and hence higher content of starch polymer;
therefore, the amorphousecrystalline transition or recrystallization
of starch possibly took place upon cooling and thawing contributed
to the turbidity of the gels. The amylose and amylopectin re-
crystallizations at low temperature have been demonstrated by
previous researches, particularly, in starch-based systems which
contributed to changes of mechanical properties i.e. increased
firmness of starch gel systems (Miles, Morris, Orford, & Ring, 1985).
Kim and Lee (1987) also observed an increased penetration force
associated with the increased recrystallization of starch compo-
nents in surimi gels. The recrystallization has been reported to
increased firmness of starch-based systems ex. bread, rice and gel
systems (Kim & Lee, 1987; Morgan, Gerrard, Every, Ross, & Gilpin,
1997; Perdon, Siebenmorgen, Buescher, & Gbur, 1999; Seow &
Teo, 1996). Consequently, the unexpected increased mechanical
strength of DE 5 system frozen at �20 �C attributed to the recrys-
tallization of starch components.

Fig. 5a clearly showed that a low temperature freezing and
corresponding faster freezing resulted in a slower recrystallization
rate than slower freezing systems. The small ice crystals caused a
quicker thawing and gels subsequently pass through the temper-
ature of maximum recrystallization faster than slow frozen systems
which minimized starch recrystallization (Yu, Ma, & Sun, 2010).
Rapid freezing resulted in less structural changes of starch-based
foods including recrystallization of starch components than slow
freezing (Kock, Minnaar, Berry, & Taylor, 1995; Ma & Sun; 2009;
Navarro, Martino, & Zaritzky, 1995).

The cooling period of protocol B was longer than A and C (Fig. 1)
suggested a longer exposure to maximum recrystallization tem-
perature; however, the DE5 gels showed less turbid (Fig. 5).
Moreover, all the frozen storage temperature was lower than the Tg
of the DE5 gels (Fig. 2). The gels were considered to be in the glassy
state which possibly restricted the molecular mobility and hence
recrystallization of the gels (Goff, 1992). This confirmed that the
recrystallization of maltodextrin components primarily took place
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during thawing and is accelerated by ice crystallization that
modified microstructures of food matrices. The DE5 systems frozen
by protocol A had the highest turbid followed by protocol C,�20 �C,
protocol B and �50 �C, respectively. This order of starch recrystal-
lization was in agreement with the thickness of solid network form
after freezing as shown in Fig. 3. Therefore, physical aggregation of
solid network possibly enhanced intermolecular association and
accelerated starch recrystallization. In addition, the highest
turbidity of DE5 frozen by protocol A was coincided with the
highest degree of structural shrinkage and least firmness values
(Fig. 5). It is presumed that the drastic recrystallization of starch
components caused phase separation between crystalline and
amorphous solids that decreased mechanical strength which
accelerated gel shrinkage.

4. Conclusions

The results showed that freezing affected gel microstructure,
mechanical strength and subsequent structural changes of thawed
solid gels. The X-ray CT images reflected the size andmorphology of
ice crystals formed during freezing and determined microstruc-
tures of frozen agar-maltodextrin gels. Freezing also modified gel
structures as shown by the changes of the Raman spectra. The band
shift and narrowing at 480 cm�1 assigned to skeletal modes of
pyranose ring suggested amorphousecrystalline transition of
maltodextrin components in concurrent with the increased
turbidity of low DE systems after freeze-thawing. Large pores
embedded in thicker solid networks accelerated gel shrinkage
which was independent of freezing rate. The recrystallization of the
gel components initially increased mechanical strength; however,
further accelerated shrinkage of matrices possibly due to the phase
separation between crystalline and amorphous phases. The ice
crystallization controlled microstructures of solids (pore and
membrane thickness) which influenced shrinkage and recrystalli-
zation upon thawing.
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a b s t r a c t

The Ministry of the Environment, Government of Japan, defines a Satoumi as a coastal area where bio-
logical productivity and biodiversity has increased through human intervention. To identify new starter
cultures, we isolated and screened lactic acid bacteria (LAB) with acid resistance and lactose-utilising
ability from 94 algal or plant samples obtained from five Satoumi regions in Japan. Among the 138
LAB isolates, 10 were identified as acid (pH 5.0)-tolerant and milk and/or soymilk-fermenting LAB.
Among these, six isolates were identified as Lactobacillus plantarum, and four were identified as Lacto-
coccus lactis, respectively. Of the selected strains, only two strains, Lc. lactisMiura-SU2 and Lc. lactis Boso-
SU1, lowered milk pH and produced curd. Lc. lactis Miura-SU2 imparted a suitable flavour to the fer-
mented milk. All of the 10 selected LAB showed soymilk fermentation capability. In addition, a suitable
flavour was imparted to fermented soymilk by Lc. lactis Miura-SU2. Fermentation by Lb. plantarum
Tennozu-SU1 clearly increased the superoxide anion radical scavenging capacity of soymilk. These re-
sults suggest that Lc. lactis Miura-SU2 and Lb. plantarum Tennozu-SU1 have potential for use as starter
cultures and/or functional components for fermented milk and/or soymilk production.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Ministry of the Environment, Government of Japan, defines
a Satoumi as a coastal area where biological productivity and
biodiversity has increased through human intervention (Berque &
Matsuda, 2013). Several recent studies report the isolation of lac-
tic acid bacteria (LAB) from various environments and fermented
foods for use as functional food materials and probiotics (Folign�e,
Daniel, & Pot, 2013; Solieri, Bianchi, Mottolese, Lemmetti, &
Giudici, 2014). We have also previously isolated LAB such as Lac-
tococcus lactis, Leuconostoc mesenteroides, and Lactobacillus plan-
tarum from the intestines of marine fish caught in Japanese waters
(Kuda, Kawahara, Nemoto, Takahashi, & Kimura, 2014; Kuda, Kyoi,
Takahashi, Obama, & Kimura, 2011; Kuda, Kawahara, et al., 2014;
Kuda, Noguchi, et al., 2014) and from fermented fish products
(Kanno, Kuda, An, Takahashi, & Kimura, 2012; Kawahara et al.,
2015). Compared with their type strains, these LAB strains
showed resistance to acid, bile acid, and/or salt. It is considered that
this stress tolerance is correlated with the conditions prevalent in
the specific habitat of the LAB strain.

Various LAB species have also been isolated from fields, fresh
flowers, leaves, and fruits (Kawasaki, Kurosawa, Miyawaki,
Sakamoto, et al., 2011; Kawasaki, Kurosawa, Miyawaki, Yagi, et al.,
2011; Kim, Tyler, Kopit, & Marco, 2013). Some species isolated
from flowers show unique properties such as that the ability to
ferment fructose rather than glucose (Endo, 2012; Endo, Futagawa-
Endo, & Dicks, 2009). It is considered that these fructophilic
properties are correlated with the major carbohydrate source in a
specific habitat.

The antioxidant capacity of various foods is a subject of major
interest within the scientific community. The oxidative modifica-
tion of DNA, proteins, lipids, and small cellular molecules by reac-
tive oxygen species (ROS) such as superoxide anion (O2

- ) and
hydroxyl radicals plays a role in a wide range of common diseases
and age-related degenerative conditions (Wen et al., 2013). These
conditions include cardiovascular disease (Serra et al., 2012), in-
flammatory conditions (Kawahara et al., 2015; Nakamura et al.,
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2012), neurodegenerative disease such as Alzheimer's disease (Xu
et al., 2014), and cancer (Tong, Chuang, & Wu, 2015). Some LAB
isolated from fish intestines and fermented fish products show
antioxidant properties, both within their cells (Kuda, Kawahara,
et al., 2014; Kuda, Noguchi, et al., 2014) and in fermented food
products (Kuda et al., 2015; Kuda et al., 2016).

To identify new starter cultures, we isolated LAB from 94 algal
casts or plant samples obtained from five Satoumi regions in Japan,
and screened these strains for acid-resistance and lactose uti-
lisation. We also examined their fermentation properties in milk
and soymilk and their antioxidant properties in fermented soymilk.

2. Materials and methods

2.1. Fresh algae, sands, flowers, leaves, and seeds as sources of LAB

A total of 94 samples, consisting of 38 fresh algal beach casts, 29
flowers, 9 leaves, 4 seeds (acorns), and 14 beach sands were
collected from five Satoumi regions located in Tokyo, Kanagawa,
Chiba, Shizuoka, and Ishikawa prefectures in Japan, from May 2014
to January 2015. The collected samples were transferred to our
laboratory within 48 h under chilled conditions.

2.2. Isolation of LAB

Approximately 3 g of sample was inoculated into 30 ml of de
Man, Rogosa, and Sharpe (MRS) broth (Oxoid, Basingstoke, UK) and
incubated at 30 �C for 3 days. After incubation, a loopful of the
turbid culture was streaked on a MRS agar plate (Oxoid) and
incubated anaerobically at 30 �C under an AnaeroPack system
(Mitsubishi Gas Chemical, Tokyo, Japan) for 3 days. Five to 10 col-
onies were isolated from the incubatedMRS agar plates. After Gram
staining, cell morphology, spore formation, and catalase activity
were evaluated. Gram-positive and catalase-negative rods and
cocci were identified as LAB rods and LAB cocci (Kuda, Kawahara,
et al., 2014).

2.3. Screening LAB strains for acid-resistance and lactose utilisation

The isolates were inoculated into 3 ml of MRS broth adjusted to
a pH of 5.0 with HCl solution, and incubated at 37 �C for 3 days. To
evaluate lactose utilisation, the isolates were inoculated into 3ml of
GAM semisolid agar (Nissui Pharmaceutical, Tokyo, Japan) con-
taining 10 g/L lactose. After incubation at 37 �C for 3 days, acid
production in the broth was evaluated by the addition of BTB-MR
reagent (0.1 g bromothymol blue, 0.2 g methyl red, 300 ml
ethanol, and 200 ml distilled water).

Milk fermentation tests were carried out as previously reported
(Kawahara et al., 2015). The acid-tolerant and lactose-utilising LAB
isolates were pre-incubated in MRS broth or GAM broth (Nissui
Pharmaceutical) at 37 �C for 24 h. The pre-culture (0.04 ml) was
inoculated into 4 ml of 10% w/v skimmed milk (Morinaga Milk,
Tokyo, Japan) and soymilk (Fukuren, Asakura, Fukuoka, Japan)
(n ¼ 3). After 48 h of incubation at 37 �C, curd formation and
reduction in pH were observed (Kuda, Kaneko, Yano,&Mori, 2010).
To confirm the formation of the card, the test tube was laid to
horizontal and observed by naked eyes.

2.4. Identification of selected LAB

The 12 selected isolates were identified based on biochemical
methods and the 16S rRNA gene sequence (Kuda et al., 2010). The
carbohydrate fermentation pattern was examined using the API 50
CHL system (bioMereux, Marcy-l’Etoile, France; apiweb: https://
apiweb.biomerieux.com).
Amplification of the 10F to 800R region of 16S rRNA gene and
gene sequencing were carried out by BEX Co. (Tokyo, Japan). Ho-
mology search was performed using BLAST (https://www.ncbi.nlm.
nih.gov/BLAST/). Phylogenetic trees were constructed by three
different methods, a neighbour-joining algorithm (Saitou & Nei,
1987), ClustalW ver. 2.1 (http://clustalw.ddbj.nig.ac.jp/), and
TREEVIEW (Page, 1996) programs.

2.5. Experimentally fermented skimmed milk and soymilk

The 10 selected strains were used for experimental fermentation
of milk and soymilk. To determine the fermentation capacity, LAB
were pre-incubated in 4 ml of ultrahigh temperature (UHT) steri-
lised (long-life, LL) milk (RakunohMother's, Kumamoto, Japan) and
soymilk (Fukuren, Asakura, Fukuoka, Japan) at 37 �C for 24 h. An 80-
ml volume of milk or soymilk was pasteurised at 70 �C for 30 min.
The pre-culture was inoculated into pasteurised milk or soymilk
and incubated at 37 �C for 24 h. The fermentation capacity was
determined as a measure of curd formation and reduction in pH.
For selected LAB showing typical fermentation of milk and soymilk,
the lactic acid concentration was determined using a high perfor-
mance liquid chromatography system (Kuda, Sarengaole,
Takahashi, & Kimura, 2016). In this experiment, assessments of
flavour and taste were obtained from six volunteers, though the
data were not analysed statistically.

2.6. Antioxidant properties of fermented soymilk

After centrifugation (2200 � g for 10 min at 4 �C), 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and O2

- radical scavenging capacities
(chemical method with nitro-blue-tetrazolium (NBT) without
enzyme), Fe-reducing power, and total phenolic compound content
(Folin-Ciocalteu method) of the supernatant were determined us-
ing colorimetric microplate assays, as outlined in previous studies
(Kuda et al., 2010; Kuda et al., 2015).

Data for antioxidant activity in the fermented soymilk were
presented as means and standard errors (SE) and subjected to
ANOVA and Dunnett's post hoc testing by using a statistical soft-
ware (Excel Statistic Ver. 6, Esumi Co., Tokyo).

3. Results and discussion

3.1. Screening of acidophilic and lactose-utilising LAB

Table 1 shows the results from screening 94 samples. In total,
321 isolates were derived from MRS agar plates and purified.
Among the isolates, 138 were Gram-positive and catalase-negative
andwere regarded as LAB. Among the LAB isolates, 83 isolates grew
well in MRS broth adjusted to a pH of 5.0. Thirty-two of these
isolates could ferment lactose in GAM broth. Among the lactose-
utilising LAB, 12 and 25 lowered pH and formed curd in skimmed
milk and soymilk, respectively. For further experiments, we
selected, from each Satoumi region, one to four typical lactose-
utilising strains that lowered pH in the skimmed milk or soymilk.

3.2. Identification of selected LAB strains

As shown in Fig. 1, among the 12 type strains, six (Miura-SU1,
Tennozu-SU1, 2, and 3, Izu-SU1 and 2) were identified as Lactoba-
cillus plantarum by using a 16S rRNA gene BLAST (>99%). Four
strains (Miura-SU2, Boso-SU1, 2 and 3) were identified as Lacto-
coccus lactis subsp. Lactis. Several studies have reported the isola-
tion of these two strains from traditional foods and have described
their utility as starter cultures in the food industry (de Vries,
Vaughan, Kleerebezem, & de Vos, 2006; Douilard & de Vos, 2014;

https://apiweb.biomerieux.com
https://apiweb.biomerieux.com
https://www.ncbi.nlm.nih.gov/BLAST/
https://www.ncbi.nlm.nih.gov/BLAST/
http://clustalw.ddbj.nig.ac.jp/


Table 1
Screening of acid-resistant and lactose-utilising lactic acid bacteria isolated from plant and sand samples obtained from Satoumi regions.

Satoumi
regions

Prefectures Number of
samples

Number of
isolates

LAB*
isolates

Grew in pH
5.0

Lactose
utilization

Skimmed-milk
fermentation

Soymilk
fermentation

Stocked
strains

Shinagawa Tokyo 29 165 65 21 8 0 4 4
Noto Ishikawa 15 36 26 15 2 1 2 1
Miura Kanagawa 8 25 4 4 4 2 4 2
Izu Shizuoka 15 16 8 8 6 0 5 3
Boso Chiba 27 79 35 35 12 10 10 3
Total 94 321 138 83 32 13 25 12

* Catalase-negative and Gram-positive isolates.

Fig. 1. A dendrogram (A) based on the 16S rRNA gene sequences showing the relationships between sequences of Lb. plantarum and Lc. lactis subsp. lactis strains, isolated from
Satoumi regions, their type strains obtained from the DDBJ (http://www.ddbj.nig.ac.jp/index-j.html), and their typical cell images observed under (B and C). Bootstrap values
(expressed as a percentage of 1000 replications) > 50% at the branching points are provided. Filled circles indicate that the corresponding nodes (groupings) were also obtained in
maximum-likelihood trees. Open circles indicate that the corresponding nodes (groupings) were also obtained in maximum-likelihood and maximum-parsimony trees. Bar, 1%
sequence divergence. M, T, I, B, and N represent Miura, Tennozu, Izu, Boso, and Noto in Tables 1e3.
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Terzi�c-Vidojevi�c et al., 2015; Ma, Chemg, Liu, Gong, & Chen, 2016)
The other two strains were identified as Enterococcus avium. These
two strains were excluded from further experiments owing to re-
ports of their pathogenic properties (Chao, Yang, & Huang, 2013;
Patel, Keating, Cockerill, & Steckelberg, 1993).
3.3. Carbohydrate utilisation pattern of the type strains

Table 2 shows the carbohydrate utilisation pattern of the strains.
The pattern was found to vary according to the specific strain.
Among the Lb. plantarum strains, Tennozu-SU3 and Izu-SU1 iso-
lated from acorn and algae, respectively, were able to ferment the
widest range of saccharides e.g., 5-keto-gluconate and methyl-a-D-
glucopyranoside were utilised only by Lb. plantarum Tennozu-SU3
and Izu-SU1, respectively. In contrast, Lb. plantarum Tennozu-SU1
isolated from maple leaves showed a narrow range of utilisation.
Lb. plantarum Tennozu-SU1 and Lc. lactis strains could not ferment
D-raffinose, although this saccharide is typically found in soybeans
(Kennedy, Mwandemele, & McWhirter, 1985; Kumar & Mulimani,
2010).

Although Lc lactis Boso-SU1 and Boso-SU2 were isolated from
the same beach, from algal beach casts and grass leaves, respec-
tively, these two strains showed a narrow and wide range of
saccharide utilisation, respectively. Mannitol, a sugar-alcohol
metabolised by brown algae (Groisillier et al., 2014), was not fer-
mented by Lc. lactis Boso-SU1 or Lc. lactis Miura-SU2. Lb. plantarum
strains were found to ferment L-arabinose. It is reported that some
Lc. lactis strains from fish can ferment arabinose. On the other hand,
arabinose cannot be utilised by Lc. lactis isolated from a starter
culture for cheese production (Itoi et al., 2009).
3.4. Fermentation properties of selected LAB strains in milk and
soymilk

Among the 10 LAB, only two strains Lc. lactis Miura-SU2 and
Boso-SU1 were found to successfully ferment milk (Table 3),
although all 10 strains fermented lactose in GAM broth (Table 1).
These findings agreed with those of our previous study (Kuda,
Kawahara, et al., 2014; Kuda, Noguchi, et al., 2014). The pH value
dropped from 6.7 to 5.0 and 5.5, for Lc. lactis Miura-SU2 and Boso-
SU1, respectively. The lactic acid concentration in these samples
was similar (about 3.5 mg/ml). Compared with Lc. lactis Boso-SU1,
Lc. lactis Miura-SU2 was found to show improved curd formation
and flavour. Of course, major LABs in fermented dairy products
including Lb. plantarum and Lc. lactis can ferment milk well
(Kargozari et al., 2015; Mitra, Chakrabartty, & Biswas, 2010). On the
other hand, it had been reported that some Lb. plantarum strains
could not convert casein to amino acids and grew poor in milk (Ma
et al., 2016).

The selected LAB were all able to ferment soymilk The pH value
dropped from 6.5 to 5.6 or lower, and the value was the lowest in
soymilk fermented by Lc. lactis Boso-SU1. Lactic acid concentration

http://www.ddbj.nig.ac.jp/index-j.html


Table 2
Carbohydrate utilisation by lactic acid bacteria isolated from Satoumi regions.

Satoumi regions Miura Shinagawa Izu Miura Boso Noto
Carbohydrates 1 2 3 4 5 6 7 1 2 10

L-Arabinose þ þ þ þ þ þ þ e e e

D-Xylose e e e e e e þ e e þ
D-Mannitol þ þ þ þ þ þ þ e þ þ
D-Sorbitol þ þ þ þ þ þ e e e e

Methy-aD-Mannopyranoside þ þ e þ þ þ e e e e

Methy-aD-Glucopyranoside e e e e þ e e e e e

Esculin ferric citrate þ e e e e e þ þ þ þ
D-Melibiose þ þ þ þ þ þ e e þ e

D-Melezitose þ e þ þ þ þ e e þ e

D-Raffinose þ e þ þ þ þ e e e e

Starch e e e e e e þ þ þ þ
D-Turanose þ e þ þ þ e e e e e

D-Tagatose e e e e e e e e þ e

5 Keto Gluconate e e e þ e e e e e e

Identification by 16S rDNA-BLAST
Stock culture No.

Lb. plantarum Lc. lactis subsp. lactis

Miura-
SU1

Tennozu-
SU1 SU2 SU3

Izu-
SU1 SU2

Miura-
SU2

Boso-
SU1 SU2

Noto-
SU1

All strains fermented D-ribose, D-galactose, D-glucose, D-fructose, D-mannose, N-acetyl glucosamine, salicin, D-cellobiose, D-maltose, D-maltose, D-lactose, D-sucrose, D-trehalose,
amygdalin, and gentiobiose.
None of the strains fermented L-sorbose, D-adonitol, L-rhamnose, D-lyxose, D-fucose, xylitol, D-arabitol, L-arabitol, or 2-keto-gluconate.

Table 3
Fermentation of milk and soymilk by selected LAB isolated from Satoumi regions.

pH Lactic acid (mg/
ml)

Curd Solidity* Sour* Flavour

Milk fermentation Intact 6.7
Lc. lactis Miura-SU2 5.0 3.4 þþ þþþ Yogurt type
Lc. lactis Boso-SU1 5.5 3.6 þ þ Watery
Soymilk fermentation Intact 6.5
Lb. plantarum Miura-SU1 5.4 5.7 þþþ þþþ Soybeans
Lb. plantarum Tennozu-SU1 5.5 4.3 þþþ þþþ Soybeans
Lb. plantarum Tennozu-SU2 5.6 3.4 þþ þþ Soybeans
Lb. plantarum Tennozu-SU3 5.5 3.0 þ þþ Watery
Lb. plantarum Izu-SU1 5.2 3.8 þþ þþþ Soybeans
Lb. plantarum Izu-SU2 5.1 4.2 þþ þþþ Soybeans
Lc. lactis Miura-SU2 5.0 6.0 þþ þþ Cheesy
Lc. lactis Boso-SU1 4.9 5.5 þþ þþ Cheesy
Lc. lactis Boso-SU2 5.0 5.7 þþ þþþ Soybeans
Lc. lactis Noto-SU1 5.4 3.5 þþ þþ Cheesy

* þ: week, þþ: moderate, þþþ: strong.

T. Kuda et al. / LWT - Food Science and Technology 68 (2016) 202e207 205
was the highest (6.0 mg/ml) in soymilk fermented by the Miura-
SU2 strain. Lb. plantarum Miura-SU1 and Lb. plantarum Tennozu-
SU1 showed efficient curd formation. A strong sour taste was
apparent in fermented soymilk with Lb. plantarum strains rather
than Lc. lactis strains, although the pH value of the samples con-
taining Lc. lactis strains was lower than that of the samples con-
taining Lb. plantarum strains. Fermentation with Lb. plantarum
strains resulted in the retention of the original flavour of soymilk. In
contrast, a cheese-like flavour was generated by Lc. lactis strains
Miura-SU2, Boso-SU1, and Noto-SU1. It was also found that Lc. lactis
Miura-SU2 produced the most preferable flavour.

3.5. Antioxidant effects in fermented soymilk

Some Lb. plantarum and Lc. lactis strains isolated from fermented
foods can induce DPPH radical scavenging, O2

- radical scavenging,
and Fe-reducing properties when grown in MRS broth and/or each
food material (Das & Goyal, 2015; Kanno et al., 2012; Kuda,
Kawahara, et al., 2014; Lee et al., 2015). However, in the present
study, the selected strains were not found to show incrasing of
DPPH radical scavenging capacity and Fe-reducing power. Total
phenolic content was also not affected by the strains, which is
consistent with the findings of a previous study (Kawahara et al.,
2015).
The O2

- radical scavenging capacity of intact soymilk is about
40 nmol catechin equivalent/ml. This was increased over two-fold
by fermentation with Lb. plantarum strains isolated from Shina-
gawa, Tokyo (Fig. 2. Tennozu SU-1, 2, and 3). Fermentation using Lc.
lactis Miura-SU2 was also found to increase the O2

- radical scav-
enging capacity. In contrast, Lb. plantarum Izu-SU1 and 2 lowered
the scavenging capacity to about 1/4th of the capacity of intact
soymilk.

Although DPPH has been extensively used to evaluate reducing
substances in food materials (Dawidowicz, Wianowska, & Olszowy,
2013), this synthetic radical is stable in ethanol or methanol solu-
tions and is not a naturally occurring reactive oxygen species. In
most organisms, O2

- radicals are converted to H2O2 by superoxide
dismutase. H2O2 is stable in the absence of transition metal ions.
However, hydroxyl (OH-) radicals may be formed by the reaction of
superoxide with H2O2 in the presence of metal ions, usually ferrous
ions (Enami, Sakamoto, & Colussi, 2014; Macomber, Rensing, &
Imlay, 2007). Hydroxide (OH-) radicals are much more reactive
(toxic) than O2

- radicals. Therefore, in the present study, the O2-
scavenging activity of the selected isolates, particularly Lb. planta-
rum Tennozu-SU1, suggests that fermentation by these LAB isolates
is beneficial for decreasing the toxicity of not only O2- but also OH-



Fig. 2. Superoxide anion radical scavenging capacity in fresh (open column) and fermented soymilk with Lb. plantarum (closed column) and Lc. lactis subsp. lactis (semi-closed
column) isolated from Satoumi regions. * See Tables and footnote of Fig. 1. Values are expressed as mean and SE (n ¼ 3). Means within each error bar indicated by different letters are
significantly different (*p ¼ 0.05, **p ¼ 0.05).
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and H2O2.
Our results suggest that Lc. lactis subsp. lactisMiura-SU2 may be

utilised as a starter culture for high-quality milk and soymilk
fermentation. Lb. plantarum Tennoze-SU1 may also be used as a
starter culture. We aim to investigate fermentation by co-culturing
the two selected strains, as this is expected to produce both good
flavour and functional properties in food products. Furthermore, a
more detailed investigation of other functional properties relating
to the O2

- radical scavenging capacity of the selected LAB strains,
such as anti-inflammation, cholesterol-lowering, anti-glycation,
and immune properties (Keeney, Miriyala, Noel, Moscow, Clair, &
Butterfield, 2015; Kuda, Yazaki, Ono, Takahashi, & Kimura, 2013;
Zhang et al., 2013; Kuda et al., 2016), is needed.
4. Conclusion

To identify bacterial strains that can be utilised as new starter
cultures, we isolated LAB strains from 94 algal or plant samples,
obtained from five Satoumi regions in Japan, and screened these
strains for acid resistance and lactose-utilising properties. Of the
138 LAB isolates, 10 were identified to be acid (pH 5.0)-tolerant and
milk and/or soymilk-fermenting LAB. Among these, six and four
strains were identified as Lb. plantarum and Lc. lactis subsp. lactis,
respectively. Of the selected strains, only two strains, Lc. lactis
Miura-SU2 and Lc. lactis Boso-SU1, lowered milk pH and produced
curd. Lc. lactis Miura-SU2 imparted a suitable flavour to the fer-
mented milk. All 10 selected LAB were able to ferment soymilk. Lc.
lactis Miura-SU2 also imparted a suitable flavour to fermented
soymilk. Fermentation by Lb. plantarum Tennozu-SU21 clearly
increased superoxide anion radical scavenging in soymilk. These
results suggest that Lc. lactisMiura-SU2 and Lb. plantarum Tennozu-
SU1 may be potentially useful as starter cultures and/or functional
components for the production of fermented milk and/or soymilk.
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Feruloyl esterase producing lactic acid bacteria was isolated from pearl millet porridge (kambu koozh)
and characterized for its probiotic properties with respect to their biological barrier resistance. Among
the five feruloyl esterase hyperproducers, CFR5 (Lactobacillus fermentum) was found to tolerate phenol
and bile acids and survive in simulated gastro-intestinal passage conditions. Ability of the strain CFR5 to
produce b-galactosidase and glutamate decarboxylase enzyme as well as invitro cholesterol reducing
properties makes the strain suitable for its utilization in the formulation of functional foods.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Probiotics are live microorganisms when taken in a required
amount provide health beneficiary effects to the host. However
recent scientific investigations are being focused on the exploration
of probiotics with functional properties that make them suitable for
the formulation of functional foods. In this regard feruloyl esterase
enzyme is considered a prime requirement in the formulation of
cereal based functional foods to completely utilize their health
beneficiary properties in terms of ferulic acid bioavailability (Sakthi
Kumaran& Vijayalakshmi, 2015). Findings ofWang, Geng, Egashira,
and Sanada (2004) and Lai, Lorca, and Gonzalez (2009) clearly
suggest the importance of intestinal microbiota in the assimilation
and absorption of ferulic acid through released feruloyl esterase
activity in the intestine and lumen. A first try in formulation of
cinnamoyl esterase based probiotic product using renette cultivar
apple and green tea infusion was carried out by Guglielmetti et al.
(2008). Similarly Hole et al. (2012) used Lactobacillus acidophilus,
ogy and Fermentation Tech-
e (CSIR-CFTRI), Mysore, Kar-

wamy).
Lactobacillus johnsonii and Lactobacillus reuteri exhibiting feruoloyl
esterase activity to improve the bioavailability of dietary phenolics
in barley and oat in vitro. However, the available information
regarding the potential probiotics based functional foods with
feruloyl esterase activity is scarce.

Kambu koozh is a non alcoholic naturally fermented pearl millet
porridge, usually consumed as a traditional beverage in rural India.
Apart from its characteristic taste and aroma, people attribute this
product to therapeutic properties such as prevention of diarrhoea
and constipation (Ilango & Antony, 2014). The unique property of
kambu koozh is that it is fermented twice in its preparation. The
second fermentation after cooking of the millet in koozh prepara-
tion makes it an excellent source of live bacteria. Naturally fer-
mented foods have been a rich source of microorganisms with
functional properties capable of diverse enzyme production (Satish
Kumar et al., 2010). Lactic acid bacterial (LAB) fermentation of the
pearl millet grains results in higher protein and starch digestibility,
sugar transformation and bioavailability of minerals. Further,
fermentation also results in the reduction of antinutritional factors
in the grains (Jaybhaye, Pardeshi, Vengaiah, & Srivastav, 2014).

The substrate pearl millet or bajra (Pennisetum americanum) has
the highest content of macro and micro nutrients such as iron, zinc,
minerals, vitamins and are significantly rich in proteins, resistant
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starch, soluble and insoluble dietary fibres compared to that of
other millet varieties (Sehgal & Kawatra, 2003). Apart from these,
pearl millets are also rich source of polyphenols such as C -glyco-
sylflavones and an alkali labile ferulic acid, carotenoids such as b-
carotene, suggesting that this cereal may serve as a good source of
dietary antioxidants. However, most of these phenolics occur in
bound non bioavailable form ester linked with arabinoxylan resi-
dues (Chandrasekara et al., 2012). Wang, Geng, Egashira, and
Sanada (2005) reported feruloyl esterase from Lactobacillus to be
inducible with the presence feruoloyl arabinoxylan in wheat bran.
Presence of ester linked with arabinoxylan-ferulic acid residues in
pearl millet would thus indicate naturally fermented pearl millet
porridge (Kambu koozh) a good source of Lactobacilli exhibiting
high feruloyl esterase activity. Moreover lactic acid bacteria from
non clinical sources such as plant derived fermented foods are
considered acid tolerant and lacks resistance to clinically important
antibiotics. The objective of this work is thus to investigate the
Lactobacillus strains from kambu koozh with feruloyl esterase ac-
tivity for the essential characteristics to be considered as a good
probiotic candidate.

2. Materials and methods

2.1. Screening of feruoloyl esterase producing Lactobacillus

Kambu koozh is prepared by overnight fermentation of pearl
millet dough that results in, a semi solid porridge state called “kali”,
to which required amount of water (usually 1:6 w/v), buttermilk
and salt is added and mixed to give a thin porridge consistency. The
end product has a characteristic fermented flavour as a result of
microbial succession. However for our experiment, the semi solid
porridge (kali) was procured from five different places in Tamil
nadu (Salem, Erode, Coimbatore, Chennai andMettur) in triplicates.
The samples were collected in sterile containers and were imme-
diately brought to lab and tested in the same day according to
method described by Cappuccino and Sherman (1996). For isolation
of Lactobacilli, 1g of the samples were suspended in quarter-
strength Ringer solution (QRS) (10�1 dilution) and further diluted
in a tenfold dilution series with QRS. One hundred microlitres of
suitable dilutions were spread plated onto MRS agar (pH 6.5) to
enumerate bacteria and isolate predominant colonies. Plates were
incubated anaerobically at 37 �C for 48 h.

A total of 110 representative bacillus type strains obtained from
kambu koozh were then grown on MRS broth for 24 h at 37 �C and
tested for feruloyl esterase production using the method described
by Donaghy, Kelly, and McKay (1998). The culture broth of the
isolates were added to the wells bored in MRS-EtFr agar plates
(devoid of glucose) and incubated for 48 h at 30 �C. Formation of
clear zone around wells was considered affirmative for feruloyl
esterase enzyme production. Reverse phase HPLC was carried out
using waters HPLC (Quaternary system) with DAD detector using
Supelco-Discover HS C18 column (25 cm � 4.6 mm, 5 mm), to
confirm the release of ferulic acid. The gradient mobile phase
elution consisted of 0.2% Trifluoroacetic acid (TFA) as eluant A and
100% methanol as eluant B. Gradient elution used was: 0 min, 5% B;
40 min, 80% B; 41 min, 80% B; 50 min, 5% B. The flow rate of 0.75 ml
per minute was maintained. Peaks were monitored at 280 nm.

2.2. Determination of hyperproducers

Cells harvested after 48 h incubation from growth media
(devoid of glucose; replaced with 10% ethyl ferulate w/v in dime-
thylformamide incubation were ultrasonicated in lysis buffer
(50 mM Sodium phosphate buffer, pH 7.0 containing 0.9% NaCl,
2 mM (±)-Dithiothreitol and 1.3 mg lysozyme/g of cell pellet). The
supernatant obtained after centrifugation was used as crude
enzyme extract. The substrate for the feruloyl esterase activity
being commercially unavailable, 4-nitrophenyl-ferulate (PNPF) was
synthesized, according to the single step oxidative decoupling re-
action described by Hegde, Srinivas, and Muralikrishna (2009),
purified by column chromatography using silica gel (100e200
mesh size), with chloroform as the solvent and characterized
through HPLC (reverse phase, C-18 column, methanol/water/tri-
fluoroacetic acid [TFA] 70:30:0.1, flow rate 1ml/min at 340 nm) and
1H/13C nuclear magnetic resonance (NMR) spectral data (recorded
on a Bruker Avance 500-MHz spectrometer using CDCl3) prior to
the experiment. The enzyme assay was performed based on the
method by Mastihuba, Kremnicky, Mastihubova, Willett, and Cote
(2002). The reaction was monitored spectrophotometrically at
400 nm for the release of PNP from PNPF, making use of PNP
standard graph.

2.3. Phenotypic and genotypic strain identification

Five strains selected based on their enzyme activity were further
characterized phenotypically by their ability to grow in different
salt (2, 4, 6, 8 and 10%) T� (15, 30, 35 and 45 �C) and pH (3, 4 and 9.0)
gradient, CO2 and H2O2 production, arginine deamination, catalase
activity and sugar fermentation profiles using API 50CH identifi-
cation system (BioM�erieux, Nürtingen, Germany). Genotypic char-
acterization by sequencing internal 16S rRNA gene from genomic
DNA using primers LactoF (TGGAAACAGRTGCTAATACCG) and Lac-
toR (GTCCATTGTGGAAGATTCCC) (Byun et al., 2004) was done at
Chromos biotech (Bangalore, India). The resulting data was sub-
jected to blast analysis against NCBI database to identify the donar
species. L. acidophilus 10307, Lactobacillus fermentum 903 and
Lactobacillus plantarum 8296 obtained from MTCC, India was used
as reference standard strains.

2.4. Test for safety evaluation

2.4.1. Hemolysis assay
The strains were point incoculated with a heavy inoculum on

Tryptic soy agar (Hiemedia, Mumbai) containing 5% (w/v) defri-
binated sheep blood and incubated for 48 h at 37 �C. The hemolytic
activity was described by observing a clear zone of hydrolysis
around the colonies (b hemolysis), a partial hydrolysis and green-
hued zones around the colonies (a hemolysis) or no zone around
the colonies (g hemolysis); g hemolysis was considered negative.

2.4.2. Antibiotic susceptibility test
The antibiotic susceptibility assay was performed by broth

microdilution method (Yu et al., 2013). Lactobacillus strains were
inoculated in MRS broth supplemented with antibiotics (Erythro-
mycin, Streptomycin, Kanamycin, Penicillin, Ampicillin, Tetracy-
cline, Vancomycin, Rifampicin, Gentamicin and Polymyxin B;
Himedia, Mumbai) at various concentrations (512-0.5 mg/L) and
incubated at 37 �C for 24 h. MIC's defined as the lowest concen-
tration of antibiotics that inhibited the visible growth of the isolates
was calculated by E-test (AB Biodisk, Solna, Sweden) and then
compared with the standard limit prescribed by European Food
Safety Authority's (EFSA) recommendations (Danielsen, Simpson,
O'Connor, Ross, & Stanton, 2007).

2.5. Probiotic properties evaluation

2.5.1. Acid-bile tolerance and bile salt hydrolase activity (BSH)
To determine the acid tolerance, strains were inoculated in MRS

broth with pH 2, 2.5 and 3, followed by incubation at 37 �C for
180 min. The viable cells were determined on MRS agar (37 �C,
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24 h) (Hydrominus, LeMarrec, Hadj Sassi,&Deschamps, 2000). Bile
salt tolerance assay was performed based on the time taken by the
isolates to increase the O.D by 0.3 units at 620 nm. The CFU count
after 3 h incubation at acidic condition in the presence of 0.5%
oxgall bile salt was also determined (Oh & Jung, 2015). BSH activity
was determined according to the method described by Franz,
Specht, Haberer, and Holzapfel (2001).

2.5.2. Evaluation of parameters that affect viability of strain during
simulated stomach passage

Eight different conditions were simulated based on Plackett-
Burman statistical design, to determine the survival ability of the
strains in stomach passage and to identify the variables responsible
for its viability (Pinto, Franz, Schillinger,&Holzapfel, 2006; Plackett
& Burman,1946). The variables include 15% (w/v) skimmilk/MRS or
electrolyte solution, lysozyme (100 ppm), pepsin (0.3%), and pH.
Each variable was tested at two levels: either presence or absence
of each enzyme, two different pH values, using MRS or an elec-
trolyte solution (6.2 g/l NaCl, 2.2 g/l KCl, 0.22 g/l CaCl2 and 1.2 g/l
NaHCO3 pH 2.5) resembling artificial gastric solution. Overnight
grown culture with approximately 5 � 106e1 � 107 CFU/ml was
inoculated in each variable. Samples were taken and plated at the
beginning (T0) and 1 h later (T60). The difference in log units (in-
hibition: log CFU/mlT0�log CFU/mlT60) were used to determine the
effect of each variable analysed with variance and standard error.

2.5.3. Tolerance to simulated human oral cavity and gastro
intestinal tract

Culture with approximately 5 � 106e1 � 107 CFU/ml was added
to sterile electrolyte solution containing 6.2 g/l NaCl, 2.2 g/l KCl,
0.22 g/l CaCl2 and 1.2 g/l NaHCO3 towhich lysozymewas added to a
final concentration of 100 ppm, and incubated for 5 min at 37 �C to
simulate human oral cavity condition. The mixture was subse-
quently diluted 3:5 with artificial gastric fluid (pH 2.5) containing
0.3% pepsin and incubated for 1 h at 37 �C to simulate gastric
condition. The solution was further diluted 1:4 with artificial
duodenal secretion (pH 7.2) consisting of 6.4 g/l NaHCO3, 0.239 g/l
KCl, 1.28 g/l NaCl, 0.5% bile salts and 0.1% pancreatin and incubated
for 3 h to simulate intestinal condition. The CFU/ml was determined
for each level (Pinto et al., 2006).

2.5.4. Resistance to 0.4% phenol and b-galactosidase production
Resistance to 0.4% phenol was determined according to the

method described by Xanthopoulos, Litopoulou-Tzanetaki, and
Tzanetakis (2000). b-glucosidase activity was determined based on
the isolate's ability to liberate o-nitrophenol (ONP) from o-nitro-
phenyl-b-D-galactopyranoside (ONPG) (Z�arate, P�erez Chaia,
Gonz�alez, & Oliver, 2000).

2.5.5. Cell surface hydrophobicity, auto-aggregation and co-
aggregation assay

Cell surface hydrophobicity using xylene was performed ac-
cording to the method described by Kotzamanidis, Kourelis,
Litopoulou-Tzanetaki, Tzanetakis, and Yiangou (2010). The aggre-
gation studies were based on the method described by Kos et al.
(2003). Overnight grown culture was centrifuged and resus-
pended in PBS to get a viable count of 108 CFU/ml. OD600 after 5 h of
incubation with the same strain for auto-aggregation and with
E.coli strain for co-aggregation was recorded and the percentage
was calculated based on

Auto aggregation (%) ¼ (1-A5-A0) x 100; and Co-aggreation (%) ¼
(((Ax þ Ay)/2 e A(x þ y)/(Ax þ Ay)/2 � 100;

where A5 - represents the absorbance at timer t ¼ 5 h and A0
represents time t ¼ 0; x and y represents each of the two isolates in
the control tubes and (x þ y) the mixture.

2.5.6. Antagonistic activity
Bacterial pathogenic strains (B. cereus MTCC430, S. aureus

MTCC3160, E. coli MTCC40, Y. enterocolitica MTCC4858,
L. monocytogens MTCC657, and P. aeruginosa MTCC424) were
inoculated in BHI agar. The cell free supernatant of overnight grown
cultures was sterilized and pH adjusted to 7. Aliquots of about 30 ml
of each supernatant were added to the wells in the bacterial agar
plates and were incubated for 24 h at 37 �C (Ramos, Thorsen,
Schwan, & Jespersen, 2013). The appearance of hallow zone
around the wells indicate the lactic acid bacteria's antagonistic
activity.

2.6. DPPH and cholesterol reduction activity

Assays were carried out on the cell free supernatant of the
overnight grown culture as described by Goupy, Hugues, Boivin,
and Amiot (1999). DPPH radical scavenging activity was
expressed as micromoles of ferulic acid equivalent per gram of
defatted material. MRS broth supplemented with 0.3% oxgall bile
salt and water soluble cholesterol (100 mg/mL) (Sigma, USA) was
inoculated with each strain and incubated 24 h at 37 �C. The
remaining cholesterol obtained after incubation was used to
determine the cholesterol reduction activity (Rudel&Morris,1973).

2.7. Assay for glutamate decarboxylase activity

Lactobacillus strains were inoculated in MRS broth devoid of
glucose but replaced with 2% glutamate (Sigma, USA) for 24 h at
37 �C. 20 ml of cell free culture supernatant obtained after each 4 h
interval of incubation was derivatised with opthaldehyde-b-mer-
captoethanol solution and GABA content was determined through
HPLC system (Mobile phase: 100 mM Disodium hydrogen phos-
phate, 20% methanol, 3.5% acetonitrile, pH 6.7 with ortho-
Phosphoric acid; Flow rate 0.6 ml/min) (Donzanti & Yamamoto,
1988).

3. Results and discussions

3.1. Screening of feruloyl esterase producing Lactobacillus

A total of 110 bacillus type strains were obtained from, kambu
koozh, of which 45 g positive strains capable of growing in
microaerophilic conditions were, sorted out. The enzyme being
inducible, the isolates were grown in medium containing ethyl
ferulate as inducer. The formation of the halo zone around the point
inoculation for 38 isolates indicates release of extracellular feruloyl
esterase. However the agar zone region was further extracted with
ethyl acetate:diethyl ether (1:1 v/v) and the non aqueous phasewas
concentrated under nitrogen and subjected to HPLC. Presence of
single major peak corresponding to ferulic acid confirmed their
feruloyl esterase activity (Fig 1). 15 isolates showed a similar zone
pattern in agar plates and thus spectrometric enzyme assay to
screen for the hyper producers became essential. Based on the
enzyme activity assay, five strains (CFR5, CFR1, CFR4, CFR2 and
CFR6) with 84.2 ± 1.2, 81.9 ± 2.4, 75.8 ± 2.8, 72.9 ± 1.8 and
65.2 ± 2.2 mmol PNP/min/mg specific activity respectively were
further selected to evaluate their potential probiotic characteristics.

3.2. Phenotypic and genotypic characteristics of hyperproducers

The isolates screened were able to grow at 30, 35 and 45 �C, but
showed no growth at 15 �C. Similarly all isolates showed good



Fig. 1. Screening of feruloyl esterase producing isolates. The halo zone around the wells inoculated with the cultures on the MRS-EtFr Agar plates positively denotes FAE activity.
Here commercially available feruloyl esterase AsphamaltX™ was used as positive. The right shows the HPLC chromatogram of the ethyl acetate:diethyl ether agar diffusion sample,
showing single major peak corresponding to Ferulic acid. Below are the SEM pictures of CFR 5 (Lactobacillus fermentum) and CFR 6 (Lactobacillus delbreckii) respectively.
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growth at acidic conditions pH 2, 3 and 4, when compared to pH 9.
When comes to growth at different salt concentration in the me-
dium, four of the screened five isolates CFR1, CFR4, CFR2 and CFR5
were able to grow at 4% salt, but showed no growth with 8% salt in
the medium. However CFR6 showed no growth for both the salt
concentrations. All the strains lacked meso-diaminopimelic acid as
a component in their cell wall, but produced DL-Lactate. API Sugar
fermentation results showed the isolates to ferment glucose,
lactose, fructose, galactose, but showed negative growth towards
arabinose, xylose, erythritol, inositol and arabitol. However CFR5
and CFR2 showed similar positive results towards sucrose, raffinose
and aesculin. Except for CFR6 all isolates showed positive for
arginine deamination assay. Genotypic 16s rDNA sequencing for
these five isolates reported first four strains (CFR5, CFR1, CFR4 and
CFR2 as L. fermentum and the last strain CFR6 as Lactobaillus del-
brueckii. The sequences were submitted to NCBI and accession
number for these five isolates was obtained (CFR5- KJ719258.1;
CFR1- KJ867206.1; CFR4- KJ867208.1; CFR2- KJ867207.1 and CFR6-
KJ716215.1).
3.3. Safety evaluation

Antibiotic resistance of Lactobacillus is of major concern since
resistance genes are present often in plasmid or transposons and
therefore are associated with risk of horizontal antibiotic resistance
gene transfer. However it is found that isolates from non clinical
origin display lower incidence of antibiotic resistance (Trivedi,
Cupakova, & Karpiskova, 2011)). In our experiment minimum
inhibitory concentrations for the screened isolates were measured
against 9 antibiotics. Strains CFR4, CFR5 and CFR6 were capable to
resist Streptomycin, kanamycin, gentamicin and ciprofloxacin
relative to the breakpoints given by EFSA (2012) and were found
sensitive towards clinically relevant tetracycline and erythromycin.
However CFR1 showed specific resistance to tetracycline, penicillin
and CFR2 towards chloramphenicol. The resistance to antibiotics is
inherent to the isolates when compared with the standards, how-
ever further studies for their ability to transfer the resistance genes
to other bacteria has to be studied in detail (Thumu&Halami, 2012)
(Table 1). Even though Lactobacillus strains are considered GRAS
status it is essential to determine the hemolytic activity to ensure
their usage. Absence of hemolytic activity observed from the
screened isolates further reiterates the safety of the strains.
3.4. Bile-acid tolerance and cholesterol reducing activity

Bile salt tolerance for an isolate is very much important for their
survival in vivo in gastric conditions (Wang et al., 2005). Most of the
Lactobacilli and Bifidobacteria have shown to exhibit a strain vari-
ation in their tolerance to bile salts. It is therefore necessary to
evaluate the ability of potentially probiotic bacteria to resist the bile
salts as a selection criterion. Relevant physiological concentration
of the human bile salt ranges from 5000 to 20,000 mM (Hofmann,
1991). In our experiment a bile concentration of about 0.5%
(about 12,255 mM) was used, which is higher compared to that of
usually used concentrations to analyse bile tolerance. All the iso-
lates screened showed presence of bile salt hydrolase activity, an
enzyme that might be a detergent shock protein that enables lac-
tobacilli to survive under bile stress. However when supplemented
with 0.5% bile acids and in acidic conditions (pH 3), the strains
showed a divergent pattern in their ability to grow and sustain.
Presence of bile salts decreased the growth rate of all the screened
isolates to nearly by 20e30%. To increase the OD to 0.3 units,
CFR1,2,4 and 6 took an approximately 8 h with respect to the
control. CFR5 however took 7.48 h in differencewith the control. All



Table 1
Minimum Inhibitory Concentration (MIC) values of antibiotics.

Isolates Antibiotics MIC (mg/ml)

Ampicillin Streptomycin Kanamycin Gentamicin Ciprofloxacin Erythromycin Tetracycline Chloramphenicol Penicillin

MIC Bpa MIC Bp MIC Bp MIC Bp MIC Bp MIC Bp MIC Bp MIC Bp MIC Bp

L. fermentum CFR1 1 2 78 64 65 32 40 16 8 2 1 1 2 8 1 4 1 2
L. fermentum CFR2 1 2 78 64 64 32 41 16 8 2 1 1 1 8 1 4 1 2
L. fermentum CFR4 1 2 78 64 65 32 40 16 8 2 1 1 1 8 1 4 1 2
L. fermentum CFR5 1 2 78 64 65 32 40 16 7 2 1 1 1 8 1 4 1 2
Lactobacillus delbrueckii CFR 6 1 1 32 16 40 16 32 16 8 4 1 4 1 4 1 4 1 1
L. acidophilus 10307 1 1 4 16 78 64 2 16 1 2 1 1 26 4 4 4 1 2
L. fermentum 903 1 2 78 64 65 32 35 16 4 2 1 1 1 8 2 4 1 2
L. plantarum 8296 1 2 64 64 128 64 79 16 2 2 1 1 128 32 8 4 2 2

a Bp e Break Point as described in EFSA 2012.
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the isolates retained the CFU of nearly 7 log10 CFU/ml after 3 h of
incubation at 37 �C, indicating their ability to survive with both bile
salts and acid stress (Table 2).

The correlation between the bile salt hydrolase activity with
cholesterol absorption is known in Lactobacillus (Satish Kumar
et al., 2010). LAB with active bile salt hydrolase or their product
have been reported to have lower cholesterol levels via interaction
with host bile salt metabolism, and are able to deconjugate bile
salts to amino acids and cholesterol so as to reduce the corre-
sponding toxicity (Anandharaj et al., 2015). The cholesterol reduc-
tion percentage was in a similar range for all Lactobacillus
fermentum strains investigated in the experiment. Out of five iso-
lates investigated CFR5 showed an effective reduction of 60%
cholesterol in the medium. CFR6 Lactobacillus delbrueckii showed
the least with 25.4% cholesterol reduction.
3.5. Survival under invitro simulated gastro-intestinal condition

It has been observed that majority of the ingested microor-
ganisms along with the food are destroyed because of the gastric
juice of approximately pH 2.0 which is secreted to about 2 L each
day in the stomach. Hence forth, resistance to human gastric transit
is an important criterion for probiotic microorganisms (Kimoto,
Ohmomo, Nomura, Kobayashi, & Okamoto, 2000). Ability of the
isolate to survive in this condition not only depends upon its
viability in low pH and bile salts, but also depends upon its inter-
actionwith the digestive enzymes. Pinto et al., (2006) evaluated the
interactions of L. plantarum and L. johnsaniiwith different variables
of gastro intestinal conditions according to PB design. The Plack-
etteBurman (PB) design allows the identification of variables
responsible for main effects in a model study with relatively few
experiments. The design also evaluates the role of food matrix in
the viability of the strains in simulated gastric conditions. The
ability of probiotic bacteria to survive the passage through the
stomach was reported to be variable and strain-dependent.

In the present study, the tolerance to gastric transit was also
observed to be variable among the strains tested. Overall viability of
the isolates in electrolyte was higher compared to that of the strains
in MRS combinations. Moreover, the presence of lysozyme, acidic
conditions and pepsin significantly influenced the viability of the
strains. Maximum inhibition of the viable count was observed in
the treatment with electrolyte containing pepsin and pH 3. Pres-
ence of skimmed milk to the combinations improved the strain
viability. Similar results were observed for electrolyte-skimmed
milk-lysozyme treatment group and in the groups containing
MRS devoid of pepsin, indicating the interference of the skimmed
milk with lysozyme and pepsin in influencing the strain viability
(Fig 2). Our results further fulfil the hypothesis on the protective
role of food matrix in lactic acid bacterial viability in the gastro
intestinal tract.
Based on the results obtained from PB design a two stress sys-

tem that simulates oral cavity, stomach and intestinal transit was
designed, thereby we could analyse the viability of the strains in a
synergistic fashion taking in account of multiple components such
as that of enzymes, pH, bile salts and intestinal fluids in a single
system. The enzyme lysozyme present in the oral cavity has the
specific cleavage site for the b-(1,4) bond between N-acetylmur-
amic acid and N-acetyl-D-glucosamine residues in the bacterial cell
wall (Suskovic and Mato�si�c, 1997). The isolates displayed resistance
towards the deleterious effect of lysozyme, but displayed a
decreased in growth of about 10% at a concentration of 100 ppm
lysozyme in the electrolyte medium at 37 �C incubated for 30min.
Further subjected to gastric condition displayed a decrease in the
viability of the isolates to about 12.5%. Of all the isolates used in our
experiment, CFR5 showed an improved oral cavity and gastric
condition viability (85%), followed by CFR4, CFR6, CFR2 and CFR1.
Moreover a decline in viability of CFR5 was still observed towards
the interactionwith duodenum and intestinal conditions due to the
presence of proteolytic enzymes (Fig 3).

Of all the isolates CFR5 showed amaximumviability of 75% after
4 h of treatment, infers the isolate ability of being tolerant to acidic
pH and gastric enzymes in a synergetic condition In-vitro. This fact,
together with a moderate gastric transit tolerance, could partially
guarantee the survival in the gastrointestinal tract of CFR5; how-
ever it is essential to fully characterize the activity In-vivo, since the
condition In-vivo is considered dynamic and robust (Hofmann,
1991).

3.6. Resistance to 0.4% phenol

Release of phenol is a common byproduct of aromatic amino
acid catabolism in the intestine. Ability of the strains to tolerate
0.4% phenol indicates its capability to resist the possible bacterio-
static effect (Xanthopoulos et al., 2000). All the isolates showed an
effective tolerance with 0.4% phenol even after 24 h of incubation.
However the CFU count clearly indicates the absence of growth
since the initial and the final CFU remains almost same for all the
isolates with a variation ranging from 0.00 to 0.039 Log10 CFU/ml.

3.7. Cell surface hydrophobicity and aggregation activity

Analysis of surface hydrophobicity, aggregation and coag-
gregation correlates with the adhesion properties of the isolates
which is a prerequisite for colonization and protection of gastro-
intestinal tract (Pinto et al., 2006). Microbial adhesion to intestinal
cell wall containing mucous is a complex trait which requires a
multiple specific and non specific mechanisms. The hydrophobic
nature of the outermost surface of microorganisms has been
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implicated in the attachment of bacteria to host tissue. This prop-
erty could confer a competitive advantage, important for bacterial
maintenance in the human gastrointestinal tract (Naidu, Bidlack, &
Clemens, 1999). The determination of microbial adhesion to hex-
adecane as a way to estimate the ability of a strain to adhere to
epithelial cells is a valid qualitative phenomenological approach
(Kiely & Olson, 2000). A minimum of 40% hydrophobicity is
required for a probiotic strain (Del Re, Sgorbati, Miglioli, &
Palenzola, 2000). The Lactobacillus fermentum strains CFR5, CFR1,
CFR2 and CFR4 showed a higher hydrophobicity than the Lactoba-
cillus delbrueckii CFR6, with a maximum value of 53.6 ± 8.3%
observed for CFR2 (Table 2). However, the need of In-vivo animal
model studies and In-vitro studies using Caco-2 cells to completely
understand the adhesion properties is essential (Table 2) (Ramos
et al., 2013).

Autoaggregation involves process of reversible accumulation of
same type of cells to form precipitate and is directly correlated to
the adhesion to intestinal epithelial cells thereby helps in the
prevention of immediate elimination through intestinal peristaltic
movement; whereas co-aggregation involves the interaction be-
tween a Lactobacillus and a pathogen strain, thereby used to
investigate the Lactobacillus ability to compete for the space in in-
testinal cell wall. In our results CFR5 showed a maximum aggre-
gation percentage of about 39.19% (Table 2). However co-
aggregation with pathogenic E. coli showed a similar pattern
among all isolates. The property of co-aggregation may vary with
the type of pathogenic strain used and henceforth further experi-
ments are required to evaluate the co aggregation property of the
isolates with other pathogenic bacterial strains.
3.8. Antagonistic activity

In order to eliminate the chance of organic acid such as lactic
acid and diacetyl interferences, the antagonistic activity of the cell
free supernatant of the screened isolates was performed after
neutralizing it to pH 7. CFR1, 2 and 5 showed antagonistic activity
against enteropathogenic S. aureus. CFR2 and 6 showed a halo zone
of around 1 cm against Y. enterotica and CFR4 showed affirmative
activity against Pseudomonus aurogenous. A wide range of antago-
nistic activity of CFR5 to common food borne pathogen was note-
worthy. The treatment of CFR5 cell free supernatant with
proteolytic enzyme such as pepsin, trypsin or proteinase K at 37 �C
for 1 h resulted in no activity against the pathogens; however the
activity was not affected with treatment with a-amylase and
lysozyme indicating the proteinaceous nature of the antimicrobial
compounds. The supernatant further showed similar antagonistic
activity even after subjecting it to heat treatment for CFR5, indi-
cating the presence of heat stable bacteriocin like inhibitory sub-
stances. Moreover all isolates being negative for H2O2 production
rules out the bacteriostatic effect of H2O2 conferring the presence of
bacteriocins (Table 2).
3.9. b-galactosidase activity

The presence of b-galactosidase is commonly observed in
Lactobacillus species isolated from milk based fermented products.
Two of the screened isolates CFR5 and 4 shared the highest b-
galactosidase activity with specific activity of 9.29 ± 0.32 and
8.32 ± 0.38 mmol/ml/min. However CFR6 which was unable to grow
in M17 medium showed the minimal activity (Table 2). The values
were in accordance with the previous reports on Lactobacillus
species (Ibrahim & O'Sullivan, 2000).



Fig. 2. Effect of individual gastro-intestinal condition on the strain viability. Isolates were subjected to different gastro-intestinal variables (Skimmed milk, MRS, Lysozyme, Pepsin
and pH) under 8 programme based on PB design to study their viability. The graph indicates the Inhibition (Log10 CFU/mlT0-Log10 CFU/mlT60) of CFR4, CFR2, CFR1. CFR5 and CFR6
respectively. Values are means of three determinations ± standard deviations. In each Histogram, pairs carrying different supercripts are significantly (p < �0.05) different from one
another.
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3.10. Antioxidant DPPH and glutamate decarboxylase activity

Recent investigations on Lactobacillus had shown their ability to
act as antioxidant through the release of certain peptides capable to
quench oxygen radicals; however the mechanisms remain unex-
plored. Glutamate decarboxylase is considered an essential enzyme
in the conversion of glutamate into GABA is also have been char-
acterized from lactic acid bacteria (Siragusa et al., 2007). Even
though DPPH and Glutamate decarboxylase activity is not
Fig. 3. Effect of gastro-intestinal transit on viability of the screened isolates. The chart descri
gastric and 3 h intestinal condition). The decrease in the viability was observed similar. CF
considered an essential criterion for probiotic evaluation, these
tests are performed to evaluate additional functional properties of
the isolates. The results showed a similar pattern on their DPPH
activity in all the screened isolates, with an average EC50 value of
19.12 ml. Out of the five isolates screened for glutamate decarbox-
ylase activity, only CFR5 showed a maximum activity of about 30%
within 8 h incubation and showed a decline in activity after 48 h of
incubation (Fig 4).
bes the viability of the isolates subjected to gastro intestinal transit. (5min-salivary; 1 h
R5 showed a 75% retention of viability subjected to 4 h of treatment.



Fig. 4. Glutamate decarboxylase activity of CFR5. The HPLC chromatogram denotes the glutamate decarboxylyase activity of the isolate CFR5. The chart a) and b) represents
glutamate and GABA standards respectively. Chart c)- h) represents the HPLC chromatogram of culture free supernatant obtained after 0, 8, 16, 24, 32 and 48 h incubation at 37 �C of
CFR5. Subsequent decrease in the glutamate peak with its reciprocal increase of GABA peak denotes glutamate decarboxylase activity of CFR5.
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4. Conclusion

In our study, out of five isolates screened for feruloyl esterase
activity from the kambu koozh, Lactobacillus fermentum CFR5 was
able to resist bile salts at a concentration of about 5% in synergic
with low pH and invitro simulated gastro-intestinal transit. More-
over absence of resistance to clinically relevant antibiotics and
hemolytic activity, supported with the ability to inhibit undesirable
enteropathogenic bacteria, to catabolise lactose and having mod-
erate hydrophobicity makes the strain a suitable candidate to be
considered a good probiotic. Additionally it was also able to pro-
duce glutamate decarboxylase, cholesterol reducing and DPPH
antioxidant property. However further in vivo studies are required
over a long period to fully investigate its probiotic properties in
depth.
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a b s t r a c t

This study was an attempt to explore the antibacterial properties of plasmin and plasmin generated
peptides from bovine b-casein, and then to identify active peptides using RP-HPLC. The target bacteria
were Escherichia coli, Staphylococcus aureus (both pathogenic), Lactobacillus casei, and Lactobacillus aci-
dophilus (both probiotic). Eight of the peptides (bC1, bC3, bC5, bC6, bC8, bC11, bC12, and bC14) exhibited
antibacterial activity, with bC8, bC12, and bC14 being the most active. The plasmin digest of bovine b-
casein was found to be one of the best compounds in terms of antibacterial potential. Measurement of
the minimum inhibitory concentration (MIC) revealed the Gram-positive bacteria to be generally more
sensitive to antibacterial activity than the Gram-negative bacteria. The eight antibacterial peptides were
identified using LC-Mass. The molecular masses of bC1, bC3, bC5, bC6, bC8, bC11, bC12, and bC14 were
corresponded to the f(100e105), f(108e113), f(177e183), f(170e176), f(98e105), f(106e113), f(100e107),
and f(170e183) regions of bovine b-casein, respectively. It was also found that the hydrophobicity of a
peptide greatly contributes to its antibacterial activity, but positive charge does not. This study showed
that the plasmin digest of b-casein can be regarded as a natural antibacterial agent in the food chain.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Biological properties of milk proteins have been considered
from scientific and industrial perspectives over the past two de-
cades. These compounds possess additional physiological proper-
ties due to the numerous bioactive peptides encrypted within
them. Since some of these peptides have antibacterial activity, they
can be used in the food industry as a tool to control undesirable
bacteria in a food grade and natural manner so that food becomes
more acceptable to consumers (Dathe et al., 2006; Fitzgerald &
Murray, 2006).

Antibacterial peptides are a product of microbial fermentation,
enzyme digestion, or proteolysis by enzymes in vitro and can
perform physiological activities in major body systems (Korhonen
& Pihlanto, 2006).

Recently, a great deal of research has been focused on the
: þ98 2144012402.
. Sedaghati).
relationship between antibacterial properties of peptides and their
activities. Virtually every antibacterial peptide has fewer than 100
amino acid residues, largely in the range of 3e50 (Rutherford-
Markwick & Moughan, 2005). Another feature of antibacterial
peptides is their positive charge (Yeaman & Yount, 2003). More-
over, generally at least 50% of the residues of an antibacterial
peptide are hydrophobic (Barzyk, Campagna,Wieclaw, Korchowiec,
& Rogalska, 2009). Finally, antibacterial peptide chains are typically
amphipathic and can form linear, random coil molecules (Ouellette,
2006).

More recently, a number of peptides with antibacterial activity
have been identified through the enzymatic digestion of milk
proteins. These proteins include lactoferrin (Mishra et al., 2013),
as1-casein (McCann et al., 2006), as2-casein (McCann et al., 2005),
k-casein (L�opez-Exp�osito, Minervini, Amigo, & Recio, 2006;
Sedaghati, Ezzatpanah, Mashhadi Akbar Boojar, Tajabadi
Ebrahimi, & Aminafshar, 2014a), a-lactalbumin (Pellegrini,
Thomas, Bramaz, Hunziker, & von Fellenberg, 1999; Sedaghati,
Ezzatpanah, Mashhadi Akbar Boojar, Tajabadi Ebrahimi, &
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Aminafshar, 2014b), and b-lactoglobulin (Pellegrini, Dettling,
Thomas, & Hunziker, 2001; Sedaghati et al., 2014b & 2015).

Antibacterial peptides can be obtained from rabbit b-casein,
human b-casein, and ovine b-casein using enzymes such as pepsin,
trypsin, and chymotrypsin (Baranyi, Thomas, & Pellegrini, 2003;
Gomez-Ruiz, Recio, & Pihlanto, 2005; Minervini et al., 2003).
However, to our knowledge, no attempt has been made to identify
antibacterial peptides in bovine b-casein using plasmin. The pre-
sent study focused on this enzyme because it is a principal
endogenous milk proteinase (Ismail & Nielsen, 2010).

Plasmin is a heat-stable alkaline serine proteinase optimally
active at a pH of about 7.5 and a temperature of 37 �C. Plasmin has
an affinity for both lysine and arginine residues, but it prefers to
cleave Lys-X bonds. The preferred casein substrates are b- and as2-
caseins. The resulting C-terminal peptides of b-casein are the g-
caseins, whereas the N-terminal peptides are proteose peptones 5,
8 slow, and 8 fast (Bastian & Brown, 1996; Ismail & Nielsen, 2010;
Thompson, Boland, & Sign, 2009).

It should also be noted that much of the past research into
antibacterial effects of peptides has been restricted to pathogenic
bacteria (McCann et al., 2006; Pellegrini et al., 1999), and little
attention has been paid to the impact of peptides on probiotic
bacteria (Lahov& Regelson, 1996; Sedaghati et al., 2014a,b; 2015). If
peptides are shown to have an inhibitory effect on probiotic bac-
teria, it can be argued that they are capable of decreasing the
beneficial effects of probiotic bacteria in probiotic foods. With this
in mind, we decided to study the effect of antibacterial peptides on
probiotic bacteria.

This research investigated the antibacterial properties of bovine
plasmin, the plasmin digest of bovine b-casein, and the fractions
obtained from the plasmin digest of bovine b-casein and the effect
of these compounds on a number of pathogenic and probiotic
bacteria. Then, the antibacterial peptides were identified and
compared with nisin to determine their antibacterial potential.
2. Materials and methods

2.1. Materials

Bovine b-casein, bovine plasmin (EC Number: 3.4.21.7), and
nisin were procured from SigmaeAldrich Chemie GmbH (Stein-
heim, Germany). Sodium dihydrogen phosphate and sodium
monohydrogen phosphate, which were used to prepare the buffer
solution, were purchased from Merck (Darmstadt, Germany). The
RP-HPLC solvents were Trifluoroacetic acid (TFA) and Acetonitrile
(grade A), both obtained from Merck. Brain-Heart Infusion (BHI)
agar, BHI broth, Man, Rogosa, and Sharpe (MRS) agar, and MRS
broth were supplied by Merck for microbiological tests. Cultures of
Escherichia coli (PTCC 1399) and Staphylococcus aureus (PTCC 1431),
which were the pathogenic bacteria, were procured from the Ira-
nian Research Organization for Science and Technology (IROST) in
Tehran. Cultures of Lactobacillus acidophilus (PTCC 1643) and Lb.
casei (PTCC 1608), which were the probiotic bacteria, were supplied
by the Deutsche Sammlung vonMikroorganismen und Zellkulturen
[German Collection of Microorganisms and Cell Cultures].
2.2. Enzymatic proteolysis

In order to produce the plasmin digest of b-casein, 3 mg of
bovine b-caseinwas dissolved in 1mL�110mMphosphate buffer at
a pH of 6.8. Bovine plasminwas added to the solution at an enzyme/
substrate ratio of 1:150 (v/v). The resultant peptide was put in a
shaking incubator at 30 �C for 44 h (Dalasgaard, Heegaard, &
Larsen, 2008).
2.3. Fractionation of the plasmin digest of b-casein

Following the procedure described in Dalasgaard et al. (2008),
the plasmin digest of b-casein was fractionated using Unicam
crystal 200 series RP-HPLC (Cambridge, United Kingdom), which
had a G1315B diode-array absorption detector and a G1312A binary
pump equipped with an automatic injector. Samples of the peptide
were injected on a C18 reversed phase column (15 � 2.1 mm, 5-mm
particle size). The solvents were used as follows: (A) 0.1% TFA in
water and (B) 80% acetonitrile and 0.1% TFA. The liquid samples had
a flow rate of 0.250 mL per min. The samples were eluted in the
20 �C thermostated column. A linear gradient of solvent B was
applied, with the following time schedule: 2e10 min: 40%, 15 min:
50%, and 45e50 min: 100%. Finally, the column was equilibrated
with solvent A for 10 min. The UV detector recorded the results at
241 nm. The RP-HPLC separation was performed three times, and
the peptide fractions were collected automatically.

2.4. Measurement of concentration of peptide fractions

The concentration (mg. mL�1) of peptide fractions at 241 nm
was determined through a comparison of the percentage of the
area under their peaks with that of the standard peptide (following
Josan et al., 2008). More specifically, the percentage of the area
under each peptide peakwasmultiplied by the concentration of the
standard peptide and was then divided by the percentage of the
area under the peak of the standard peptide.

2.5. Determination of antibacterial activity

Plasmin, the plasmin digest of b-casein, and peptide fractions
were tested to see whether they had antibacterial effects on E. coli,
S. aureus, Lb. casei, and Lb. acidophilus.

To determine the impact of peptide fractions, initially the
overnight culture of each bacterium was prepared. Subsequently,
the colony forming unit (CFU) of each culture was determined in
the limits range of 101e1010 CFU. mL�1 and the proportion of the
CFU to the optical density was measured. Then, each culture was
washed to a concentration of around 106 cells. mL�1. In the end, for
each sterile eppendorf vial, about 50 mL of the peptide fraction
solution (0.45 mg mL�1) and 10 mL of the bacterial culture were
added to 450 mL of the BHI broth or the MRS broth. The samples of
plasmin and plasmin digest of b-casein contained 50 mL of the
respective solution.

The control sample contained 50 mL of the 10 mM phosphate
buffer in lieu of the experimental solutions. To ensure the phos-
phate buffer does not influence bacterial growth, a blank sample
was prepared. In this sample, the phosphate buffer was used
instead of both experimental solutions and bacterial cultures.

The vials containing pathogenic bacteria (E. coli and S. aureus)
were put in a normal incubator at 37 �C for 18 h, whereas the vials
with probiotic bacteria (Lb. casei, and Lb. acidophilus) were placed in
a CO2 incubator under the same conditions for a period of 36 h. The
optical density of each sample was calculated at 620 nm using Cecil
7400 UVeVisible Spectrophotometer (Cambridge, United
Kingdom). The numbers of bacterial cells surviving following
exposure to peptide fraction were determined previously prepared
standard curve using relationship between optical density and CFU
for each bacterium. The difference between mean values of sur-
viving bacteria was statistically determined using Duncan's New
Multiple Range Test (MRT), p value < 0.05, on SPSS 19 (2010).

2.6. Determination of minimum inhibitory concentration

Minimum inhibitory concentration (MIC) was only determined
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for the antibacterial peptides and the plasmin digest of b-casein.
MIC is defined as the lowest concentration of an antimicrobial
which will inhibit the growth of a microorganism following over-
night incubation at an absorbance of 620 nm (McCann et al., 2006).

Different concentrations of the peptide solution (ranging from
0 to 100 mg mL�1), and approximately 10 mL of the bacterial culture
(almost 106 cells. mL�1) were added to 450 mL of the BHI or theMRS
broth.

The control sample contained different concentrations of the
phosphate buffer instead of the peptide solution, and the blank
sample contained the phosphate buffer in lieu of both peptide so-
lutions and bacterial cultures.

The vials having pathogenic bacteria were placed in a normal
incubator at 37 �C for 18 h, but the vials containing probiotic bac-
teria were put in a CO2 incubator under the same conditions for
36 h. The optical density of all samples was determined at 620 nm
using Cecil Spectrophotometer. The experiments pertinent to each
sample were performed three times.

Finally, the results were compared with the MIC of nisin. To
perform the antibacterial test of nisin, nisin powder was added to
0.02 M hydrochloric acid and was then centrifuged at 7000 g for
10 min at 4 �C. The resulting solution was passed through a 0.2 mm
filter for the purpose of sterilization.

2.7. Identification of antibacterial peptides

Antibacterial peptides were identified according to molecular
mass. Purified antibacterial peptides were mixed with a solution
containing 80% (v/v) acetonitrile and 20% (v/v) water. Then, they
were analyzed for their molecular mass using an Agilent LC-MS
6410 QQQHPLC Series 1200 (Santa Clara, USA), equipped with a
model G1312 D binary pump, a model G1329A auto sampler, and a
model G1315 D diode-array detector. The detector had an electro-
spray ionization source (capillary voltage at 3000 V). The MS
spectra of the samples were recorded in Full SCAN (from mass/
charge 50 to 2000), in positive mode (ESIþ), a fragmentation
voltage of 120 V, and a collision voltage of zero. Nitrogen was
employed as the drying gas at a flow rate of 12 L. min�1, a nebu-
lizing gas pressure of 60 psig (413.7 kPa), and a temperature of
300 �C. To calculate the mass of the antibacterial peptides, the Mass
Hunter software (Agilent, Santa Clara, USA) was used.

A comparison, following Danicik, Addona, Clauser, Vath, and
Pevzner (1999), was drawn between the molecular masses of the
antibacterial peptides and those of the peptides produced by the
theoretical enzymatic digests of the original milk proteins using the
ExPASy database (http://us.expasy.org). Since no data were found
on this database for plasmin, we decided to use the trypsin results
instead knowing that the two enzymes function in a similar
manner.

3. Results

3.1. Antibacterial activity of plasmin digest of b-casein and fractions

Digestion of b-casein by plasmin after 44 h of incubation pro-
duced a number of fractions. The RP-HPLC chromatogram had
shown fifteen peaks labeled from 1 to 15 (Fig. 1). The fractions
pertinent to these peaks were named bC1 through bC15. These 15
fractions had retention times of 9.63, 10.02, 11.81,12.77,13.40, 15.37,
18.17, 18.70, 19.20, 19.48, 19.73, 20.41, 20.66, 21.08, and 21.23 min,
and concentrations of 0.16, 0.12, 0.22, 0.16, 0.13, 0.34, 0.10, 0.12,
0.22, 0.11, 0.31, 0.16, 0.12, 0.39, and 0.21 mg in every 200 mL. Peptide
fractions, the plasmin digest of b-casein, and plasmin were
compared in terms of their impact on bacterial strains. Table 1 and
Table 2 give the data for the pathogenic and probiotic bacteria
surviving exposure to the fractions. While the bC2, bC4, bC7, bC9,
bC10, bC13, and bC15 fractions had negligible antibacterial effects,
bC1, bC3, bC5, bC6, bC8, bC11, bC12, and bC14 fractions showed
antibacterial activity against the tested bacteria. These latter frac-
tions are referred to as antibacterial peptides in the rest of this
paper. It is worth noting at this point that these peptides did not
totally inhibit bacterial growth but partially decreased it (at a
concentration of 0$45 mg mL�1). A statistically significant differ-
ence in mean number was observed between the bacteria surviving
in the presence of antibacterial peptides and those existing in the
control samples (P < 0.05). Moreover, the tested bacteria were
significantly different (P < 0.05) in terms of their responses to
antibacterial peptides.

The plasmin digest of b-casein reduced E. coli growth and
completely stopped the growth of the other three bacteria. The
plasmin and b-casein samples exhibited no antibacterial activity.
This was observed at a maximum concentration of 200 unit per mL
for the plasmin sample.

3.2. Determination of minimum inhibitory concentration

TheMICs of antibacterial peptides (bC1, bC3, bC5, bC6, bC8, bC11,
bC12, and bC14) and the plasmin digest of b-casein were measured
against the target bacteria, and the results were compared with the
MIC of nisin. As can be seen in Table 3, the MIC of bC8, bC12, and
bC14 ranged from 10 to 15 mg mL�1 against the Gram-positive
bacteria (S. aureus, Lb. casei, and Lb. acidophilus) and was
30 mg mL�1 against the Gram-negative bacterium (E. coli), sug-
gesting the activity of these peptides against all the bacteria tested.

The MICs of bC5, bC6, and bC11 ranged from 15 to 25 mg mL�1

against the Gram-positive bacteria, and from 40 to 50 mg mL�1

against the Gram-negative bacterium. This indicates that these
antibacterial peptides are generally more effective against the
Gram-positive bacteria. The MIC of the peptides bC1 and bC3
ranged from 20 to 30 mg mL�1 against the Gram-positive bacteria
and was 60 mg mL�1 against the Gram-negative bacterium, sug-
gesting that these peptides were active against the Gram-positive
bacteria as active rather than so against Gram-negative bacterium.

The MIC of the plasmin digest of b-casein ranged from 10 to
18 mg mL�1 against the Gram-positive bacteria and was 35 mg mL�1

against the Gram-negative bacterium, leading to growth inhibition.
Nisin was found to have a relatively low MIC (ranging from 2 to

3 mg mL�1) against Gram-positive bacteria, but it exhibited a very
high MIC (550 mg mL�1) against the Gram-negative bacterium.
From this it can be argued that nisinwas more active against Gram-
positive bacteria than the Gram-negative bacterium.

3.3. Identification of antibacterial peptides

According to the Fig.2a and b, bC1 and bC3 had molecular
masses of 644.77 Da and 746.91 Da, which are near the theoretical
peptide masses (645.78 Da and 747.91 Da, respectively). The mo-
lecular masses of these peptides are exactly corresponding to the
f(100e105) and f(108e113) of bovine b-casein, with amino acid
sequences of EAMAPK and EMPFPK and a theoretical pI of 6.94. The
cleavage of b-casein at Lys105-Gln106 and Lys113-Tyr114 was
necessary for the formation of the neutral and hydrophilic peptides
bC1 and bC3.

The bC5, bC6, and bC8 peptides had molecular masses of 828.95,
778.98, and 872.08 Da, respectively (Fig.2cee), corresponding to
the theoretical peptide masses (i.e., 829.95, 779.98, and 873.08 Da,
respectively). The molecular masses of these compounds fully
match the f(177e183), f(170e176), and f(98e105) of bovine b-
casein, with their amino acid sequences being AVPYPQR, VLPVPQK,
and VKEAMAPK. Furthermore, their theoretical pI's were 9.84, 9.48,

http://us.expasy.org


Fig. 1. Peptides chromatograms obtained by RP-HPLC with UV detection at 214 nm after plasmin digestion of b-Casein for 44 h.

Table 1
Numbers (log 10 cfu mL�1) of surviving pathogenic bacteria after 18 h of incubation
in BHI broth with peptides released from plasmin digestion of b-casein.

Bacterial strains

Pathogenic bacteria

Peptides E.coli S.aureus

bC2 8.885 ± 0.41h 8.949 ± 0.21i

bC4 8.885 ± 0.23h 8.949 ± 0.33i

bC7 8.885 ± 0.31h 8.949 ± 0.29i

bC9 8.885 ± 0.22h 8.949 ± 0.41i

bC10 8.885 ± 0.29h 8.949 ± 0.33i

bC13 8.885 ± 0.17h 8.949 ± 0.44i

bC15 8.885 ± 0.34h 8.949 ± 0.22i

Control 8.885 ± 0.41h 8.949 ± 0.41i

bC1 8.253 ± 0.39g NDa

bC3 8.240 ± 0.17g NDa

bC5 8.077 ± 0.43d NDa

bC6 8.118 ± 0.09e NDa

bC8 7.912 ± 0.58c NDa

bC11 8.188 ± 0.22f NDa

bC12 7.894 ± 0.19b NDa

bC14 7.912 ± 0.31c NDa

Means with different superscripts are significantly different (P < 0.05).
ND: not determined as no growth was observed following incubation.

Table 2
Numbers (log 10 cfu mL�1) of surviving probiotic bacteria after 36 h of incubation in
MRS broth with peptides released from plasmin digestion of b-casein.

Bacterial strains

Probiotic bacteria

Peptides L.casei L.acidophilus

bC2 9.615 ± 0.21c 10.00 ± 0.11d

bC4 9.615 ± 0.47c 10.00 ± 0.24d

bC7 9.615 ± 0.32c 10.00 ± 0.43d

bC9 9.615 ± 0.27c 10.00 ± 0.14d

bC10 9.615 ± 0.14c 10.00 ± 0.33d

bC13 9.615 ± 0.39c 10.00 ± 0.27d

bC15 9.615 ± 0.26c 10.00 ± 0.22d

Control 9.615 ± 0.21c 10.00 ± 0.45d

bC1 NDa NDa

bC3 8.367 ± 0.12b NDa

bC5 NDa NDa

bC6 NDa NDa

bC8 NDa NDa

bC11 NDa NDa

bC12 NDa NDa

bC14 NDa NDa

Means with different superscripts are significantly different (P < 0.05).
ND: not determined as no growth was observed following incubation.

Table 3
Minimum inhibitory concentration (MIC) of antibacterial compounds against tested
bacteria (mg.mL�1 unite).

MIC (mg mL�1)

Peptides E.coli S.aureus L.casei L.acidophilus

bC1 60 25 20 20
bC3 60 20 30 25
bC5 40 20 15 15
bC6 45 25 15 15
bC8 30 10 15 15
bC11 50 25 15 15
bC12 30 15 10 10
bC14 30 10 15 10
PDb 35 18 10 10
Nisin 550 3 2 2
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and 9.88, respectively. The formation of the cationic and hydro-
phobic peptides bC5, bC6, and bC8 required the cleavage of b-casein
at Arg183-Asp 184, Lys176-Ala177, and Lys105-Gln106.

The molecular masses of bC11, bC12, and bC14 were found to be
1012.22, 910.09, and 1590.92 Da, respectively (Fig.2feh), corre-
sponding to the theoretical peptide mass (i.e., 1013.23, 911.09, and
1591.92 Da, respectively). The molecular masses of these com-
pounds covered the f(106e113), f(100e107), and f(170e183) re-
gions of bovine b-casein, with HKEMPFPK, EAMAPKHK, and
VLPVPQKAVPYPQR amino acid sequences and 9.88, 9.88, and 10.4
theoretical pI's. The formation of the cationic and hydrophobic
bC11, bC12, and bC14 peptides necessitates the cleavage of b-casein
at Lys113-Tyr114, Lys107-Glu108, and Arg183-Asp184. Table 4
presents the properties of the antibacterial peptides according to
their molecular masses.



Fig. 2. Molecular mass diagrams of antibacterial peptides produced from plasmin digestion of b-Casein by HPLC-ESI-MS. After database searching of molecular mass the bC1, bC3,
bC5, bC6, bC8, bC11, bC12 and bC14 peptides were identified as b-Casein f (100e105), f(108,113), f(177e183), f(170e176), f(98e105), f(106e113), f(100e107) and f(170e183). (a)
Molecular mass diagram of bC1 Peptide. (b) Molecular mass diagram of bC3 Peptide. (c)Molecular mass diagram of bC5 Peptide. (d)Molecular mass diagram of bC6 Peptide. (e)
Molecular mass diagram of bC8 Peptide. (f)Molecular mass diagram of bC11 Peptide. (g)Molecular mass diagram of bC12 Peptide. (h)Molecular mass diagram of bC14 Peptide.



Fig. 2. (continued).
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Fig. 2. (continued).

Table 4
Characterization of antibacterial peptides.

Peptides Measured mass (theoretical mass) (g/mol) Number of amino acids Fragment position Sequence Net charge % hydrophilic residues

bC1 644.77 (645$78) 6 100e105 EAMAPK 0 33.33%
bC3 746.91 (747.91) 6 108e113 EMPFPK 0 33.33%
bC5 828$95 (829.96) 7 177e183 AVPYPQR 1 37.5%
bC6 778.98 (779.98) 7 170e176 VLPVPQK 1 37.5%
bC8 872.08 (873.08) 8 98e105 VKEAMAPK 1 37.5%
bC11 1012.22 (1013.23) 8 106e113 HKEMPFPK 1.1 37.5%
bC12 910.09 (911.09) 8 100e107 EAMAPKHK 1.1 37.5%
bC14 1590.92 (1591.92) 14 170e183 VLPVPQKAVPYPQR 2 28.57%
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4. Discussion

In this study b-caseinwas fractionated into bC1 through bC15 by
means of plasmin hydrolysis. This is in agreement with Visser,
Noorman, Slangen, and Rollema (1989), who identified 16 peptide
fragments, which together accounted for almost every potential
cleavage site in b-casein. Similarly, Dalasgaard et al. (2008) frac-
tionated plasmin-hydrolyzed b-casein into 17 peptides (named B1
through B17) using a relatively long incubation period (44 h). They,
nonetheless, did not explore the antibacterial properties of the
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peptides they obtained.
Eight peptides (bC1, bC3, bC5, bC6, bC8, bC11, bC12, and bC14) of

the plasmin digest of bovine b-casein were found to be antibacte-
rial. The bC1, bC12, and bC14 peptides corresponded need to the
f(100e105), f(100e107), and f(170e183) sequences of bovine b-
casein. These latter peptides are novel antibacterial domains as
their amino acid sequences (EAMAPK, EAMAPKHK, and
VLPVPQKAVPYPQR, respectively) have not been previously re-
ported. The bC3 and bC5 peptides with corresponding amino acid
sequences of EMPFPK and AVPYPQR reported with bradykinin-
potentiating activity and ACE-inhibitory activity, respectively
(Perpetuo, Juliano,& Lebrun, 2003; Fitzgerald&Murray, 2006). The
bC3 and bC5 peptides have not been reported in the past research
as antibacterial peptides, to the best of our knowledge. The amino
acid sequences of bC6, bC8, and bC11 peptides (i.e., VLPVPQK,
VKEAMAPK, and HKEMPFPK, respectively) have recently been re-
ported by Shanmugam, Kapila, Kemgang Sonfack, and Kapila
(2014), Rival, Boeriu, and Wichers (2001), and Petrat-Melin et al.
(2015) to exhibit antioxidant activity. However, as far we know,
bC6, bC8, and bC11 have not been reported as antibacterial peptides
in the previous research.

Another finding was that plasmin had an affinity for lysine
residue. An explanation is that plasmin attacks Lys-X and Arg-X
bonds in all the antibacterial peptides. The affinity of plasmin for
lysine and arginine residue has also been reported by Bastian and
Brown (1996), who found that this enzyme hydrolyzes Lys-X and
Arg-X bonds and preferentially attacks the Lys-X bonds.

Another observation was the relationship between peptide
charge and antibacterial activity. Most of the antibacterial peptides
(bC5, bC6, bC8, bC11, bC12, and bC14), with a positive charge or two,
exhibited antibacterial activity against the bacteria tested. How-
ever, we observed that neutral bC1 and bC3 did have some degree
of antibacterial activity. The correlation between peptide cati-
onicity and antimicrobial activity is not surprising as this has been
demonstrated in a number of studies (Matsuzaki et al., 1997; Dathe
et al., 2006). However, it should be noted that this relationship is
not entirely linear.

Another area of investigation was the relationship between
hydrophobicity and antibacterial activity. All identified antibacte-
rial peptides in this study (bC1, bC3, bC5, bC6, bC8, bC11, bC12, and
bC14) were hydrophobic peptides. This observation aligned with
the finding of Barzyk et al. (2009) that 50% or more hydrophobicity
is an essential feature for antimicrobial peptide membrane in-
teractions as it governs the degree to which a peptide can partition
into the lipid bilayer.

Additionally, a study of the amino acid sequences of the anti-
bacterial peptides in this research showed that their C-terminal
residue is a basic amino acid, lysine or arginine. This residue can be
a key factor in antibacterial activity. This finding concurs with those
of Brown and Hancock (2006) and Sedaghati et al. (2014a, 2015),
who stated that cationic side chains of arginine, lysine, and histi-
dine can mediate in the interaction between peptides and
negatively-charged bacterial membranes or cell walls, including
lipopolysaccharide.

For antibacterial peptides, the MIC values ranged from 10 to
30 mg mL�1 against the Gram-positive bacteria, and from 30 to
60 mgmL�1 against the Gram-negative bacterium. TheseMIC values
are consistent with McCann et al. (2005, 2006), who found the MIC
of as2-casein to be in the range of 21e168 mg mL�1 for f(181e207),
10.7e171.2 mg mL�1 for f(175e207), and 125e500 mg mL�1 for as1-
casein, f(99e109) against a wide variety of Gram-positive and
Gram-negative bacteria.

The MIC results for the plasmin digest of b-casein revealed that
this compound has one of the highest antibacterial potentials of
antibacterial peptides, an observation which can be explained by
synergism between the peptides in the plasmin digest of b-casein.
This finding is similar to that of Sedaghati et al. (2014a, 2015) that
the plasmin digest of k-casein and b-lactoglobulin have a high
antibacterial potential. This result differs fromMcCann et al. (2005),
who showed the MIC of the chymosin digest of sodium caseinate
(CrMIX) to be very high against their target bacteria.

Antibacterial peptides (bC1, bC3, bC5, bC6, bC8, bC11, bC12, and
bC14) were effective against the Gram-positive bacteria and the
Gram-negative bacterium in this research. Cationic antibacterial
peptides have been reported to attach to the lipopolysaccharide in
Gram-negative bacteria (Piers, Brown, & Hancock, 1994) and tei-
choic or lipoteichoic acid in Gram-positive bacteria (Vorland,
Ulvatne, Rekdal, & Svendsen, 1999), primarily via electrostatic in-
teractions (Carlsson, Nystrom, de Cock, & Bennich, 1998; Brogden,
2005). Gram-positive bacteria were more sensitive than the
Gram-negative bacterium to the action of the bC1, bC3, bC5, bC6,
bC8, bC11, bC12, and bC14 peptides and the plasmin digest of b-
casein. The higher resistance of Gram-negative bacteria can be a
function of the structural complexity of their cell membrane as
their cell wall contains, besides a cytoplasmic membrane, an outer
membrane composed of lipopolysaccharide, phospholipid, lipo-
protein, and protein, all supporting the bacterial cell (Hancock &
Lehrer, 1998). This is consistent with L�opez-Exp�osito et al. (2006)
who found that Gram-positive bacteria are more sensitive than
Gram-negative bacteria.

The present research studied the effects of antibacterial pep-
tides and the plasmin digest of b-casein on a number of target
bacteria. The MIC results showed these compounds to have high
antibacterial potential. Over the last couple of decades, there has
been an increasing interest in peptides with antimicrobial activity,
both scientifically and commercially, owing to the realization that
these peptides have functions in host defense (Ginsburg, 2002;
Kagnoff, 2006; Linde, Mosier, Blecha, & Melgarejo, 2007). More-
over, these peptides can be valuable alternatives to antibiotics and
food preservatives in some applications (Boman, 1995). Concerns
over chemical preservatives and antibiotic resistance have fueled
additional interest in the discovery and potential use of peptides for
pathogen control (Akins & Haase, 2005). Indeed, crude prepara-
tions of the plasmin digest of b-casein from natural products, such
as milk, do not raise food safety concerns and may thus be easily
approved by health regulatory authorities for use in foods (Al-
Zoreki, Ayres, & Sandine, 1991; Tomita, Wakabayashi, Yamauchi,
Teraguchi, & Hayasawa, 2002).

This study also indicated that antibacterial compounds are
active against probiotic bacteria in addition to pathogenic bacteria.
If wewant to replace these compoundswith chemical preservatives
in industry or with antibiotics in medicine, we should study their
antimicrobial effect on a wide range of probiotic bacteria so as to
identify resistant strains of probiotic bacteria (Sedaghati et al.,
2014a, 2015).

5. Conclusion

The present study revealed the high potential of the plasmin
digest of b-casein as a natural antibacterial agent in the food chain.
There is a need for more applied research into the production of the
plasmin digest of b-casein in industrial systems in order to provide
opportunities against dairy industry for expanding its field of
operation. We identified eight antibacterial peptides in the plasmin
digest of b-casein with potential for inhibiting both Gram-positive
and Gram negative bacteria. Hence, these antibacterial peptides
might be considered potential food additives. The two probiotic
bacteria in this study were sensitive against antibacterial peptides,
denoting the need for a consideration of the effect of antibacterial
peptides on a wide range of probiotic bacteria. The peptides
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responsible for the antibacterial activity were almost hydrophobic,
with a basic amino acid, in their C-terminal residue and some had a
net positive charge. Their characteristics should be considered
more with the aim to produce them using other strategies, such as
chemical synthesis or genetically modified microorganisms.
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a b s t r a c t

Starch/halloysite/nisin nanocomposite films were developed as active antimicrobial packaging. Nano-
composites without nisin and control films (containing starch and glycerol only) were also prepared.
Scanning electron microscopy revealed that all samples were homogeneous, halloysite nanotubes (HNT)
were dispersed in starch matrix, and film surfaces denoted aggregates as higher amount of nisin was
added. X-ray diffraction spectra displayed alterations in typical starch peaks after HNT and nisin incor-
poration, indicating a decrease in polymer crystallization. Mechanical properties were improved when
HNT was incorporated, but inferior values of Young modulus and tensile strength were obtained with
nisin addition. Thermal stability decreased for bionanocomposites containing nisin, which showed Tmax

values about 20 �C lower than films without nisin. The antimicrobial activity was tested against Listeria
monocytogenes, Clostridium perfringens and Staphylococcus aureus in skimmed milk agar and all micro-
organisms were inhibited by nanocomposites containing nisin. These active films were applied on Minas
Frescal cheese surface previously inoculated with L. monocytogenes. After 4 days, antimicrobial nano-
composite films with 2 g/100 g nisin significantly reduced the initial counts of the bacterium and those
with 6 g/100 g nisin completely inhibited L. monocytogenes. Results showed that nisin supported in
starch/halloysite films can be an active and useful barrier to control food contamination.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental concerns over non-biodegradable petrochem-
ical-based plastics have raised interest in the use of biopolymers as
packaging materials. Among the eco-friendly polymers, starch is
one of the most promising candidates since it is easy available,
relatively low cost, and renewable natural polysaccharide obtained
from a great variety of crops (Gao, Dong, Hou, & Zhang, 2012).

In food industry, when recycling is difficult and/or not
economical, especially in short lifetime application, starch films are
a possible alternative. Unfortunately, starch presents some draw-
backs, such as the strong hydrophilic behavior and poorer me-
chanical properties than the conventional non-biodegradable
plastic films used in food packaging industries (Avella et al., 2005).
Gonçalves 9500, 91501-970,
To circumvent this fact, improvements in the functional properties
of these films have been made with nano-sized fillers, such as
nanoclays (mainly montmorillonite), resulting in composite mate-
rials, namely nanocomposites. Recently, halloysite nanotubes
(HNT) become the subject of research attention as a new type of
nanofiller for enhancing the mechanical, thermal and the degree of
crystallinity of thermoplastic polymers (Schmitt, Prashantha,
Soulestin, Lacrampe, & Krawczak, 2012). Moreover, the function-
ality of packaging can be enhanced by incorporating active
substances.

Active packaging mainly comprises the development of films
capable of exercising an extra function, in addition to that of
providing a protective barrier against external influence. Active
packaging is intended to influence the packed food. The active
substance that performs a technological function on the food
should be authorized as a food additive in the European Union and
the use should comply with the applicable restrictions and condi-
tions (EU, 2009). Unlike Europe, no specific legal provisions or
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regulations deal with active and intelligent packaging materials in
the USA. However, several sections of the Food, Drug & Cosmetics
(FD&C) Act direct apply to them. The primary applicable regula-
tions on food additives are key legal provisions upon which the
Food and Drug Administration relies in determining the safety of
active and intelligent packaging (Baughan, 2015). In Brazil, the
Resolution RDC 51/2010 sets out general criteria for the determi-
nation of total and specific migration of materials, packaging and
plastics intended to contact with food (Brasil, 2010).

Preservation of the food from microbial spoilage and contami-
nation/proliferation of pathogenic microorganisms can be achieved
by a food packaging material during storage (Dainelli, Gontard,
Spyropoulos, Zondervan-van den Beuken, & Tobback, 2008; Meira
et al., 2014). Listeria monocytogenes is one of the most important
food-borne pathogens and many studies have been directed to the
use of antimicrobial substances in order to inhibit its growth in food
products. Bacteriocins produced by lactic acid bacteria have been
often used to inhibit the development of L. monocytogenes
(Loessner, Guenther, Steffan, & Scherer, 2003; Sobrino-L�opez &
Martín-Belloso, 2008). Nisin exhibits antimicrobial activity
against Gram-positive vegetative cells like Listeria and spores of
Bacilli and Clostridia (Arauz, Jozala, Mazzola, & Vessoni-Penna,
2009), and is recognized as safe by the World Health Organiza-
tion and approved for use in processed cheese by the Food & Drug
Administration. This bacteriocin is used as natural preservative
against clostridial spoilage in processed hard and semi-hard cheese,
cheese spreads and dairy desserts (Chollet, Sebti, Martial-Gros, &
Degraeve, 2008).

Cheese is one ready-to-eat type of food that has been associated
with food-borne listeriosis, especially cheeses with high and me-
dium moisture content. Contamination by L. monocytogenes is of
special concern because of its psychrotrophic nature and its ability
to grow at refrigeration temperatures (Gandhi & Chikindas, 2007).
This bacteriumwas previously isolated fromMinas Frescal cheese, a
fresh, soft, white cheese, which presents high pH (4.9e6.7), high
moisture content (>55 g/100 g), and low amount of salt (1.4e1.6 g/
100 g) (Brito et al., 2008). Minas Frescal is a typical Brazilian fresh
cheese and one of the most highly consumed lactic products in
Brazil, with wide acceptance in the national market (Souza & Saad,
2009).

Direct addition of nisin into cheeses results in an immediate
reduction of bacterial populations. Meanwhile, if residues of the
antimicrobial are rapidly depleted, the antimicrobial will not pre-
vent the recovery of injured cells or the growth of cells that were
not destroyed (Chi-Zhang, Yam, & Chikindas, 2004). In this sense,
nisin incorporated in antimicrobial nanocomposite films revealed a
great potential to reduce post-process contamination by food
pathogens (Meira et al. 2014; Salmieri et al. 2014).

Direct melt-extrusion is a more productive and efficient in in-
dustrial plants than traditional solvent casting method used for
biopolymers preparation. Therefore, the objective of this study was
to prepare and characterize for the first time starch/halloysite/nisin
nanocomposites by melt-extrusion and further analyze their
effectiveness against L. monocytogenes in Minas Frescal cheese.

2. Materials and methods

2.1. Materials

A commercial corn starch, Amisol 3408 (Corn Products Brasil,
S~ao Paulo, Brazil), was used. The nanoclay halloysite (HNT) was
purchased from SigmaeAldrich (St. Louis, MO, USA). The non-
volatile plasticizer was glycerol (99% purity) (Nuclear, Diadema,
Brazil). Commercial nisin (Nisaplin®) was provided by Danisco
Brasil Ltda (Cotia, Brazil). According to manufacturer, the
formulation contains NaCl, denatured milk solids as fillers and
2.5 g/100 g pure nisin.
2.2. Preparation of bionanocomposites

Starch/halloysite nanocomposites were produced in two steps
based on Schmitt et al. (2012). The control samples consisted of
75 g/100 g corn starch and 25 g/100 g glycerol and bio-
nanocomposite materials were compounded with 3 and 6 g/100 g
nanotubes (named as H3 and H6). Formulations containing nisin
were added with two concentrations of the antimicrobial (2 and
6 g/100 g), resulting in four samples designated as HxNy, x taking
the value 3 or 6 accordingly to HNT concentration and y corre-
sponding to nisin quantity in bionanocomposites.

Components were dried at 40 �C for 48 h prior to physical blend
at room temperature. Then, these mixtures were processed bymelt
mixing using a twin-screw extruder Haake H-25, model Rheomix
PTW 16/25, L/D ¼ 25, matrix with L/D ¼ 3 (Thermo Scientific,
Karlsruhe, Germany). The temperature setting from the feed to the
die was 115e120 �C. After that, the samples were granulated in a
Sagec SG-35 (Sagec M�aquinas LTDA, Diadema, Brazil) and another
extrusion was performed with a profile temperature of 135e140 �C
in a extruder Chill Roll AX 16:26 (AX Pl�asticos, Diadema, Brazil).
2.3. Scanning electron microscopy (SEM)

The film surfaces were analyzed by using a JEOL microscope,
model JSM-6060 (Tokyo, Japan) operated at a voltage of 5 kV. To
obtain fracture faces, bionanocomposites and the control were
cooled in liquid nitrogen, and then broken. Samples were coated
with gold layer prior to analysis in order to increase their electrical
conductivity.
2.4. X-ray diffraction (XRD)

XRD measurements were performed using a Siemens D-500
diffractometer (Siemens, Karlsruhe, Germany). HNT powder and
films were scanned in the reflection mode using an incident Cu Ka

radiation (l¼ 1.54 Å), at a step width of 0.05�min�1 from 2q¼ 5� to
40 �C.
2.5. Fourier transform infrared (FTIR)

FTIR spectra were measured using a Varian 640 IR (Thermo
Scientific) spectrometer in attenuated total reflectance (ATR) mode
with a diamond crystal. The scans were collected between 600 and
4000 cm�1 at a 4 cm�1 resolution.
2.6. Mechanical properties

Tensile tests were carried out using films with 20 mm � 70 mm
of size using a TA.XT Plus Texture Analyzer (Texture Technologies
Corp and Stable Micro Systems, Hamilton, MA, USA) according to
standard ASTM D-638. The samples were acclimatized for 24 h at
23 �C ± 2 with humidity 50% ± 5 before analysis.
2.7. Thermogravimetric analysis (TGA)

A thermogravimetric analyzer model QA 50 (TA Instruments,
New Castle, DE, USA) was used for the thermal stability evaluation.
The samples were heated from 25 to 800 C at the rate 10 �C/min
under nitrogen atmosphere (50 ml/min).
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2.8. Surface color measurement

Color values of films were measured with a colorimeter (Min-
olta, CR-400, Osaka, Japan). The measurements were done in the
CIELAB scale, in which each measurement is expressed as L*
(indicating the lightness), a* (positive in the red direction and
negative in the green direction), and b* (positive in the yellow di-
rection and negative in the blue direction). Standard values refer to
the white calibration plate (L ¼ 94.23, a ¼ �0.55, and b ¼ 9.68).
Results were expressed as the means of five measurements on
different areas of each film.
2.9. Film solubility in water

Film solubility in water was determined as the percentage of
sample dry matter solubilized after 24 h immersion in distilled
water (Pereda, Ponce, Marcovich, Ruseckaite, & Martucci, 2011).
Film samples were dried at 105 �C for 24 h and weighed for initial
dry mass (100e150 mg/piece). Films were immersed in 30 mL of
distilled water with 0.2 g/L sodium azide to prevent microbial
growth. After 24 h in a shaker at 150 rpm and 25 �C, the specimens
were recovered, gently rinsing with distilled water and then oven
dried at 105 �C for 24 h, to determine the weight of dry matter not
dissolved in water. Three measurements were taken for each
treatment. Film solubility was calculated from the initial dry mass
and the final dry mass using the following equation:

Film solubilityð%Þ ¼ ½ðW1�W2Þ=W1� � 100

where W1 and W2 represent the film mass before and after solu-
bility test, respectively.
2.10. Antimicrobial properties

The antimicrobial activity was tested using the inhibition zone
assay in agar medium. Pieces with 1 cm diameter were cut from
films and placed on skimmed milk agar (SMA) plates (Meira et al.,
2014). Then, 10 ml SMA soft agar (7.5 g/L) inoculated with 107 CFU/
mL indicator strain (L. monocytogenes ATCC 7644, Staphylococcus
aureus ATCC 1901 or Clostridium perfringens ATCC 3624) was poured
onto plates. Petri dishes were stored at 4 �C during 12 h to initiate
nisin desorption and after incubated at 37 �C for 24 h. The anti-
microbial activity is evidenced by clear zones (no microorganism
growth or survival) surrounding film pieces. The diameter of the
inhibition zones was measured and expressed as mm.
2.11. Application of bionanocomposites in Minas Frescal cheese

The antimicrobial effect of bionanocomposites was evaluated
using commercial Minas Frescal cheese. Slices of the cheese of
approximately 10 g were inoculated with a culture of L. mono-
cytogenes ATCC 7644 to obtain an initial bacterial count on cheese
of about 5 log UFC/g. The nanocomposite films were then brought
in contact with upper surface of the inoculated cheese samples and
stored at 4 ± 2 �C. Non-inoculated samples were also used as
control.

After 0, 1, 4, 7 and 14 days, selective viable counts of
L. monocytogenes were performed. For the analysis, the samples
were placed in sterilized plastic bags in which 90 ml of sterile 1 g/L
peptone solution were added, homogenized in a blender for 60 s
and dilutions were plated on Oxford Listeria selective agar
(Himedia, Mumbai, India) plates. All experimental treatments were
tested in duplicates for three independent preparations, and aver-
ages were calculated for treatments at each time point.
2.12. Statistical analysis

The results were subjected to variance analysis (ANOVA) and
means were compared through the Tukey test at a level of 5% of
significance, using the SAS software (version 9.3).

3. Results and discussion

3.1. Structural properties

The scanning electron micrographs of control films and bio-
nanocomposites are shown in Fig. 1. The morphology of the control
film, which contains only starch and glycerol in its composition, is
homogenous since granular characteristic of native starch was
destructed after plasticization by melt-extrusion process. After
addition of HNT in treatments H3 and H6, nanotubes are visible and
uniformly dispersed in starch matrix. In nanocomposites with
nisin, agglomerates are evidenced, suggesting that during the
preparation of the films some additive migrated to the film surface.
A similar behavior was reported by Meira et al. (2014) during the
preparation of polypropylene/montmorillonite nanocomposites
containing nisin. Fortunately, in the present study, voids or holes
were not observed in nanocomposites with the antimicrobial agent,
suggesting that the interface between halloysite and plasticized
starch is of good quality without any sign of debonding.

X-ray diffraction (XRD) spectra of the control film, nano-
composites and HNT powder and depicted in Fig. 2. The control
film, containing only starch and glycerol, shows peaks at
2q ¼ 11.82�, 13.32�, 18.14� and 20.89�. As a crystalline material, HNT
powder has a peak at 2q¼ 11.7�, corresponding to a basal spacing of
0.75 nm. It confirms the tubular structure of halloysite at the
nanoscale (Joussein et al., 2005). Also, two peaks appeared at 18.2
and 20.0�. Starch/halloysite nanocomposites without nisin (H3 and
H6) demonstrated lower degree of crystallinity in characteristic
peaks of starch as compared to control films. Moreover, in these
samples, the peak at 11.7� appeared larger and the peak at 19.8� is
more intense, which can be attributed to halloysite content.

Films with 2 g/100 g nisin presented the peak at 18.14� less
intense and it appeared almost invisible in films with 6 g/100 g
nisin. Films H3N6 and H6N6 evidence a peak at 31.7�e31.8� that
belongs to the characteristic diffraction pattern of sodium chloride,
which is a component of commercial nisin. Meanwhile, addition of
halloysite and nisin had obviously effect on the XRD spectra of
starch and influenced its crystallization during the film
preparation.

3.2. Chemical interactions

FTIR spectra of control films and starch/halloysite nano-
composites are represented in Fig. 3. The films exhibited peaks with
the same wavelength related to the characteristic groups of starch:
3322 cm�1 related to hydroxyl groups; 2928 cm�1 attributed to -C-
H and -C-H2 bond stretching of the anhydroglucose ring; 1651 cm-1
relating to water bonding vibration; 1150 cm�1 and a shoulder in
1080 cm�1 attributed to -C-O bond stretching of the -C-O-H bonds;
1020, 928 and 855 cm�1 related to -C-O bond stretching of the
CeOeC anhydroglucose ring (He et al., 2012; Schmitt et al., 2012;
Xie, Chang, Wang, Yu, & Ma, 2011).

FTIR spectra of HNT powder (data not shown) has characteristic
bands around 3694 cm�1 indicating the presence of silanol groups
forming hydrogen bonds; 3622 cm�1 attributed to the eOH
stretching vibration of structural hydroxyl groups; 1640 cm�1

related to the eOH deformation of water; 1028 cm�1 assigned to
SieO stretching vibration; band around 910 cm�1 assigned to iso-
lated SieO groups and a shoulder around 1100 cm�1 attributed to
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SieO deformation (Du, Guo, Lei, Liu, & Jia, 2008). The commercial
nisin preparation presented the major bands at 3420 and
1634 cm�1 (data not shown). Absorption in this first area indicates
stretching of the OeH and NeH bonds and the spectra in the region
of 1720e1580 cm�1 are attributed to the amide bands (Kong & Yu,
2007).

Salmieri et al. (2014) observed additional peaks related to
peptides in the whole infrared region after addition of nisin in
poly(lactic acid)-cellulose nanocrystals (PLA-CNC) film matrix.
However, no peaks related to nisin and halloysite were observed in
our samples. Moreover, starch and HNT presented peaks in the
characteristic regions of peptides, which could mask possible nisin
interactions with the polymer matrix. A weak shift of the peaks at
3322 cm�1 to higher wavenumbers occurred in samples with 6 g/
100 g HNT suggesting interactions between clay and starch and/or
glycerol. Nevertheless, the FTIR spectra of the films are very similar,
suggesting that the incorporation of HNT and nisin in the polymer
matrix did not alter its functional groups.

3.3. Mechanical properties

Youngmodulus and tensile strength increased significantly with
increase of HNT content in samples H3 and H6, when compared to
control (Table 1). Such performance is in agreement with Schmitt
et al. (2012) that also prepared starch-halloysite nanocomposites
by melt-extrusion. The high mechanical properties of halloysites
combined with good starch compatibility explain the enhancement
of mechanical properties upon HNT addition. Nevertheless, when
nisinwas added, lower values of thesemechanical parameters were
obtained (Table 1). Previous works demonstrated that a decrease in
film strength and resistancewas observedwith the increase of nisin
concentration incorporated in the polymer (Basch, Jagus, & Flores,
2013; Bastarrachea et al., 2010; Pranoto, Rakshit, & Salokhe,
2005). Sebti, Chollet, Degraeve, Noel, and Peyrol (2007) studied
the effect of nisin addition on tensile strength of hydroxypropyl
methylcellulose-based films and observed a strong decrease of this
property, which was attributed to the disruption of the film-
forming matrix by the antimicrobial agent.

At the same time, deformation at break presented no significant
differences between samples ranging between 81.75% and 86.27%,
except for treatments with the higher concentration of nisin. In this
case, values increased with the major HNT content, reaching 119.0%
and 166.98% for samples H3N6 and H6N6, respectively (Table 1).

3.4. Thermogravimetric analysis

The thermogravimetric curves are shown in Fig. 4. It can be
observed that the addition of HNT in H3 and H6 samples increased
the thermal stability of the films comparing to control. These re-
sults are in accordance with Xie et al. (2011) and Schmitt et al.
(2012) that related this effect to the better thermal stability of
HNTand the interaction between starch and HNT. Since HNT has no
weight loss at low temperature, the residue mass of the films
increased as HNTcontent raised. In contrast, when nisin is added to
starch/HNT films the weight loss pattern was different from other
samples (Fig. 4). There was little weight loss below 200 �C, but
samples with 6 g/100 g of nisin showed the higher degradation at
this step. This first mass loss may be caused by volatilization of the
adsorbed water and, for samples with nisin, the degradation of the
antimicrobial. When the temperature reached about 290 �C, a
Fig. 1. Scanning electron microscopy micrographs of surface (left column) and cross-
section (right column) of starch films: (a,b) control; (c,d) H3; (e,f) H3N2; (g,h)
H3N6; (i,j) H6; (k,l) H6N2; (m,n) H6N6.



Fig. 2. X-ray diffraction (XRD) patterns of the control film, HNT and starch/halloysite nanocomposites.

Fig. 3. FTIR spectra of control films and starch/halloysite nanocomposites.
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massive decline appeared, whichwasmainly caused by the thermal
decomposition of starch and the volatilization of glycerol.

Considering the temperature at maximum rate of mass loss
(Tmax), samples with nisin demonstrated significant difference
(P < 0.05) as compared to other samples, with Tmax ranging from
293.6 �C to 299.8 �C (Table 1). Contrary to this, Meira et al. (2014)
observed no significant differences in thermal properties of poly-
propylene/montmorillonite nanocomposites after nisin addition.
Meanwhile, control, H3 and H6 films presented Tmax of 316.2, 319.6
and 323.5 �C, respectively (Table 1), similar to Xie et al. (2011) that
found 311, 315 and 321 �C, respectively, for control (without HNT), 3
and 9 g/100 g HNT starch films.
3.5. Color

Table 2 corresponds to the color parameters of control films and
bionanocomposites. In general, the parameter L* decreased in films
with 6 g/100 g HNT containing or not nisin. The color parameter a*
took negative values in all cases, except for H6N6 film that showed
a positive value. Significantly higher values of the parameter b*
were obtained in films containing 6 g/100 g HNT and in treatment
H3N6. These results are in agreement with Flores, Gerschenson,
Jagus, and Sanjurjo (2010), who reported that the addition of
nisin to filmsmade from tapioca starch, decreased the L* value from
86 to 79 and increased the b* value from 4 to 12 units, compared



Table 1
Mechanical properties and the thermogravimetric parameter Tmax of starch films.

Films YM (MPa) TS (MPa) EB (%) Tmax (�C)

Control 26.29 ± 2.88c 2.15 ± 0.17c 81.75 ± 6.34c 316.2 ± 0a

H3 41.27 ± 1.37b 3.85 ± 0.23a 74.49 ± 7.29c 319.6 ± 2a

H6 55.33 ± 1.89a 2.95 ± 0.46b 81.76 ± 6.52c 323.5 ± 6a

H3N2 26.95 ± 4.08c 1.98 ± 0.11c 85.11 ± 8.26c 293.6 ± 4b

H3N6 24.48 ± 1.82c 1.35 ± 0.09d 119.0 ± 11.69b 298.1 ± 2b

H6N2 8.92 ± 1.82d 1.04 ± 0.21d 86.27 ± 3.56 c 298.1 ± 5b

H6N6 2.21 ± 0.46e 0.53 ± 0.07e 166.98 ± 3.38a 299.8 ± 1b

Values are means ± standard deviation. Treatments followed by the different letters
within the same column are significantly different (P < 0.05).
YM ¼Young Modulus; TS ¼ Tensile Strength; EB ¼ Elongation at Break;
Tmax ¼ Maximum rate of mass loss.

Table 2
Color measurements and solubility of the control film and starch/halloysite
nanocomposites.

L* a* b* Solubility (%)

Control 81.96 ± 0.86a �0.22 ± 0.05b 5.20 ± 0.98b 25.17 ± 2.83a

H3 82.39 ± 0.83a �0.3 ± 0.02c 5.50 ± 0.93b 24.88 ± 1.61a

H3N2 81.18 ± 0.89a �0.25 ± 0.08 bc 6.78 ± 0.99b 28.61 ± 1.21a

H3N6 82.28 ± 0.81a �0.59 ± 0.06d 11.58 ± 1.12a 28.17 ± 2.25a

H6 75.36 ± 1.68c �0.28 ± 0.03bc 12.40 ± 1.52a 22.15 ± 1.01a

H6N2 75.67 ± 1.47c �0.26 ± 0.04bc 12.29 ± 1.23a 21.50 ± 1.25a

H6N6 78.56 ± 1.16b 0.36 ± 0.03a 12.68 ± 1.28a 28.28 ± 4.39a

Values are means ± standard deviation. Treatments followed by the different letters
within the same column are significantly different (P < 0.05).
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with systems without the antimicrobial.
The color development in the films can be also attributed to the

own color of the incorporated HNT and nisin, since films with
higher amounts of these components produced slightly darker
films. Moreover, browning reactions could be occurred during
preparation of the films (Basch et al., 2013).

3.6. Solubility

Even though a trend of decreasing solubility could be denoted
with increasing HNT content in samples H3 and H6 (Table 2), no
significant difference between these samples and control films was
observed (P > 0.05). Zhang, Liu, Hrymak, and Han (2013) described
a similar tendency on extruded thermoplastic starch reinforced by
montmorillonite nanoclay.

Bionanocomposites with nisin presented higher values of solu-
bility, except for treatment H6N2. However, no significant differ-
ences occurred between samples (Table 2). Basch et al. (2013)
verified that the presence of nisin in tapioca starch-HPMC edible
films significantly increased solubility and attributed this result to
the disruption of the polysaccharide matrix caused by the antimi-
crobial. Otherwise, the introduction of nanorod-rich zinc oxide
(ZnO) to sago starch matrix significantly decreased the solubility of
the biocomposites, possibly by the formation of more hydrogen
bonds between ZnO and the matrix components. Thus, free water
molecules did not interact as strongly with antimicrobial films
Fig. 4. Thermogravimetic analysis of the control
compared with control without ZnO (Nafchi, Alias, Mahmud, &
Robal, 2012).
3.7. Antimicrobial activity

Starch-HNT films added with nisin showed inhibition zones
against growth of L. monocytogenes, C. perfringens and S. aureus as
shown in Table 3. Inhibition zones varied from 8.0 to 10.0 mm of
diameter for L. monocytogenes; from 15.0 to 17.5 mm for C. per-
fringens; and from 1.0 to 3.0 mm for S. aureus. Control, H3 and H6
samples did not exhibited antimicrobial activity, as expected. The
most sensitive strainwas C. perfringens, and the inhibition depicted
large zones of inhibition, illustrated in Fig. 5.

Films made with tapioca starch containing nisin were effective
against Listeria innocua, showing inhibition zones with 2.0 mm of
diameter (Basch et al., 2013.). Sanjurjo, Flores, Gerschenson, and
Jagus (2006) studied the effect of 3000 IU/ml nisin in starch film
and observed a low density of growth in the contact area and a
narrow clear zone of inhibition around the film. Also, coatings
based on hydroxypropyl methylcellulose, glycerol and nisin were
effective against different strains of foodborne bacteria, including
L. monocytogenes and S. aureus (Imran, El-Fahmy, Revol-Junelles, &
Desobry, 2010).

The average clear zones of films with the same quantity of nisin
did not differ significantly. However, the samples with higher
amount of nanotubes, H6N2 and H6N6, presented smaller
film and starch/halloysite nanocomposites.



Table 3
Inhibition zones of starch/halloysite nanocomposites containing nisin against food borne pathogens.

Samples Inhibition zone diameter (mm)

Listeria monocytogenes ATCC 7644 Clostridium perfringens ATCC 3624 Staphylococcus aureus ATCC 1901

H3N2 8.5 ± 0.7ab 16.0 ± 0ab 1.2 ± 0.3b

H6N2 8.0 ± 0b 15.0 ± 1.4b 1.0 ± 0b

H3N6 10.0 ± 1.4a 17.5 ± 0.7a 3.0 ± 0a

H6N6 10.0 ± 1.4a 16.5 ± 0.7a 2.7 ± 0.3a

Values are means ± standard deviation. Treatments followed by the different letters within the same column are significantly different (P < 0.05).

Fig. 5. Antimicrobial activity of the nanocomposites incorporated with nisin against Clostridium perfringens in skimmed milk agar plates. (A) Composite films containing 3 g/100 g
halloysite and 2 or 6 g/100 g nisin, namely as H3, H3N2 and H3N6, respectively. (B) Composite films containing 6 g/100 g halloysite and 2 or 6 g/100 g nisin, namely as H6, H6N2 and
H6N6, respectively. A sample without nisin addition was used as control.
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inhibition zones against all strains when comparing to H3N2 and
H3N6, respectively (Table 3). This observation is in accordance with
some studies that reported the effect of nanoclays in controlling
diffusion or enhancing retention of antimicrobial agents by poly-
mer matrices (Sanchez-Garcia, Gimenez, & Lagar�on, 2008).
Mascheroni, Chalier, Gontard, and Gastaldi (2010) showed that
montmorillonite amounts higher than 5 g/100 g in a gluten matrix
produced aggregated structures, which entrapped carvacrol mole-
cules, resulting in higher carvacrol retention by both gluten film
forming solutions and cast films.

3.8. Application of active bionanocomposites on Minas Frescal
cheese

L. monocytogenes is a widely distributed psychrotrophic path-
ogen that may survive and proliferate in cheeses and it is able to
survive for long periods in the environment, on foods, and in pro-
cessing plants (Salmieri et al., 2014). Thereafter, starch-halloysite
nanocomposites containing nisin were applied in contact with
one side surface of Minas Frescal cheese slices previously inocu-
lated with this bacterium. L. monocytogenes counts were deter-
mined after 0, 1, 4, 7 and 14 days of storage at 4 �C as showed in
Fig. 6.

As expected, control films did not show any inhibition against
L. monocytogenes demonstrating an almost constant level of viable
cells (nearly 5 log CFU/ml, Fig. 6). Films H3 and H6 presented the
same behavior of the control films (data not shown). No significant
difference occurred between treatments H3N2 and H6N2, as well
as between samples H3N6 and H6N6 (Fig. 6). Despite this fact, the
viable cell counts of L. monocytogeneswere higher for samples with
6 g/100 g HNT, reinforcing the behavior observed in antimicrobial
activity assay in which the higher content of nanoclay could delay
the diffusion of nisin.
Bionanocomposites containing 2 g/100 g nisin (H3N2 and
H6N2) significantly inhibit L. monocytogenes cells after 4 days
comparing to control (P < 0.05), decreasing 1e2 log cycles until the
last day of the storage period (Fig. 6). In a comparable way, sodium
caseinate films containing nisin (1000 IU/cm2) reduced Listeria
inocua in 1.1 log CFU/g after one week of storage at 4 �C when
applied on semi-soft cheese (Cao-Hoang, Chaine, Gr�egoire, &
Wach�e, 2010).

On the other hand, cheeses packed in antimicrobial nano-
composites with 6 g/100 g nisin presented a significant decrease in
the population of L. monocytogenes immediately after 1 day
comparing to cheeses packed in control films (P < 0.05). After 4
days, samples H3N6 and H6N6 completely inhibited the bacterium
below the detection limit of the method (Fig. 6). These results are in
accordancewith Salmieri et al. (2014) who inoculated sliced cooked
ham with L. monocytogenes (3 log CFU/g) using nanocomposite
films made of poly(lactic acid)-cellulose nanocrystals and nisin
(1 g/100 g aqueous solution) as packaging materials. These films
showed a significant reduction of L. monocytogenes in ham from day
1 and a total inhibition from day 3. Otherwise, Resa, Gerschenson,
and Jagus (2014) evaluated the growth of L. innocua (initial
counts of 4 log) at 25 �C on the surface of Port Salut cheese packed
with tapioca starch films containing nisin. After 24 h storage, the
bacterial counts were lower than the detection limit. However,
L. innocua reassumed its growth and, at the end of the storage
(196 h), cheese packed with active films presented lower counts
than the control cheese packed with film without nisin.

4. Conclusions

Nisin incorporation in bionanocomposites prepared with starch
and halloysite modified their structural, mechanical and thermal
properties, as well as their appearance (darker color). At the same



Fig. 6. Effects of antimicrobial packaging films against L. monocytogenes inoculated on slices of Minas Frescal cheese. (-) Control, (C) H3N2, (:) H6N2, (B) H3N2, (D) H6N6.
Values are the means of three independent determinations ± S.E.M.
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time, HNT addition demonstrated great importance to improve the
functional properties of starch films, supporting the concept of
bionanocomposite technology as a valuable tool for to expand the
use of biopolymers for food packaging purposes.

Important food borne pathogens like C. perfringens, S. aureus and
L. monocytogenes were effectively inhibited by starch/halloysite
nanocomposites containing nisin. In respect to real food systems,
cheeses are prone to spoiling on the surface and this study resulted
in active films that can protect food, like Minas Frescal cheese,
against post-process contamination with L. monocytogenes by
contact packaging impregnated with nisin.
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a b s t r a c t

The purpose of the present study was to investigate the effect of solar and freeze drying approaches on
the physico-chemical, thermal and pasting properties of raw and blanched elephant foot yam (Amor-
phophallus paeoniifolius). Morphologically, starch granules in blanched and solar dried flours were
observed as heterogeneous and collapsed while raw freeze dried flour was the least affected. The
amylose content was highest in IDSB (29.50%) followed by DSB, FDB, FDR, and IDSR while lowest in DSR
(15.83%). Freeze dried flours had higher whiteness (L*) than solar dried flours. Freeze dried raw flour
(19.38%) had the highest solubility while freeze dried blanched flour (8.39%) exhibited the lowest. Freeze
dried flour samples had the least swelling power. Direct solar dried (raw and blanched) flours showed
relatively lower syneresis than freeze dried flours. The differences in pasting profile, textural analysis and
relative crystallinity could be explained as a function of variation in amylose content and the drying
method employed. The solar dried flours had higher T0, TP, and TC than the freeze dried flours (raw and
blanched). The DH gel value of flours was highest for freeze dried raw flour and lowest for direct solar
dried blanched flour.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Amorphophallus paeoniifolius (elephant foot yam) is a tuber
plant belonging to the family of aroids, Araceae. It is grown widely
in the tropical areas of the world for its edible tubers. Yam tubers
are rich repositories of starch which makes up 85% of the total dry
weight of the yam. It is normally found in the form of granules
comprising of 10e30% amylose and 70e90% amylopectin (Ahmed
& Urooj, 2008). It also provides substantial reserve of protein,
fibre and minerals like iron and calcium. Elephant foot yam is a
functional food due to the presence of resistant starch which con-
fers numerous physiological health benefits on humans. Storage of
fresh yam is a difficult process and deterioration is rapid (Afoakwa
& Sefa-Dedeh, 2001). Discoloration phenomenon is the main defect
observed in fresh tubers which is mainly associated with enzymatic
browning. These browning reactions happen due to the action of
polyphenol-oxidase and peroxidase enzymes (Asemota,
).
Wellington, Odutuga, & Ahmad, 1992). Blanching prevents
browning reaction through enzyme deactivation. Therefore, pres-
ervation of yam would be a vital step in unravelling the nutraceu-
tical potential of elephant foot yam. This preservation could be
achieved by preparation of flour from elephant foot yamwhich can
be a feasible and viable option in food formulations and advanta-
geous for longer shelf life (Hsu, Chen, Weng, & Tseng, 2003).

Processing of fresh yam to dried yam flour can be accomplished
using different drying techniques. Drying is one of the traditional
preservation and storage technique. During this process the dried
products are stabilized by reducing the water activity to such an
extent that microbial spoilage and chemical reactions leading to
deterioration of foods are inhibited. It leads to dried product with
reduced weight, prolonged shelf life and requires less trans-
portation charges. There are various drying techniques that may be
employed for the drying of yam tubers which include solar, hot air
oven, and freeze drying. Among the different drying processes, hot
air oven drying is relatively economical and most commonly
employed technique in food processing industries but it results in
low quality product due to low temperature and long-time
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processing. While freeze drying and solar drying result in minimal
loss of nutrients and other desirable quality characteristics. Freeze
drying process normally consists of two steps: freezing, and drying
of product due to sublimation of ice under reduced pressure. It is
especially useful for drying foods which are sensitive to heat. Freeze
dried foods are light, porous, mostly retain their texture and orig-
inal shapes but it incurs high cost than any other conventional
drying method (Barbosa-C�anovas & Vega-Mercado, 1996). The
colour of freeze dried product resembles that of the fresh in com-
parison to the colour of conventionally dried products. Solar drier
utilizes the energy of sun either by converting it to electricity or
thermal energy which in turn heats the product to dryness. This
technique is entirely different from traditional sun drying in which
food material is directly exposed to sunlight. Solar drying is ad-
vantageous over sun drying as sun dried food products have high
water activity which make them susceptible to microbial contam-
ination. Solar dried food products are safe and void of any textural
defects like case hardening. Thus, in this study the impact of
different drying methods and blanching on molecular structure,
physico-chemical and functional properties of elephant foot yam
(A. paeoniifolius) flour were studied.

2. Methodology

2.1. Procurement of materials

The tuber of elephant foot yam (A. paeoniifolius) was procured
from local market in Pondicherry.

2.2. Preparation of elephant foot yam flour

2.2.1. Pre-treatment
The corms of elephant foot yam were thoroughly washed with

tap water, hand peeled and trimmed to remove defective parts. The
corms were sliced with a slicer. Then one batch of yam slices was
blanched with 0.1% sodiummetabisulphite solution at 70 ± 2 �C for
5 min while the other batch was kept as raw (unblanched).
Blanched samples were cooled in tap water, drained and blotted
dry with a paper towel.

2.2.2. Drying process

2.2.2.1. Freeze drying
Yam slices were dried in a freeze dryer (Delvac Lyodel Shelf

Freeze Dryer) for 24 h. The temperature range in which freeze
drying was carried out was �30 �C to 30 �C.

2.2.2.2. Solar drying

a. Direct solar drying

Yam slices were loaded on a direct solar dryer (LP471 Pyran-
ometer) and dried for 8 h.

b. Indirect solar drying

Yam slices were loaded on indirect solar dryer for 8 h (LP471
Pyranometer).

2.2.3. Grinding of flour and storage
Dried yam slices were ground in laboratory grinder and sieved

through a 60 mesh screen to obtain yam flour. Samples were then
stored in air tight plastic containers in a cool, dark and dry place at
room temperature.
2.3. Physico-chemical and functional properties

2.3.1. Chemical composition
The moisture, ash, protein and fat content was analysed for

elephant foot yam flours using AOAC standard methods (AOAC.,
1990). Carbohydrate was calculated by difference. The amylose
content was estimated using the method of Williams, Kuzina, and
Hlynka (1970). Flour sample of (20 mg) was taken, 10 ml of 0.5 M
KOH was added and the suspension was mixed thoroughly. The
dispersed sample was transferred to a 100 ml volumetric flask and
the volume was made up to the mark with distilled water. An
aliquot of the test solution (10 ml) was pippetted into a 50 ml
volumetric flask and 5 ml of 0.1 M HCl was added followed by
0.5 ml of iodine reagent. The volume was diluted to 50 ml and the
absorbance was measured at 625 nm (UV- Spectrophotometer,
Model U-2900 2JI-0003, Hitachi, Japan). The content of amylose
was determined from a standard curve developed using standard
amylose and amylopectin blends.

2.3.2. Morphological characteristics
Scanning electron micrographs of elephant foot yam flour was

obtained using a scanning electron microscope (Hitachi, Se3400H,
and TOKYO Japan) with a magnification of 1000� at an acceleration
potential of 15 KV.The powdered sample was sprinkled on double
sided sticky tape placed on aluminium stubs and covered with
carbon coating layer.

2.3.3. Colour
The colour of elephant foot yam flour samples was read as L*, a*

and b* using Hunter Lab Colorimeter (D-25, Hunter Associates
Laboratory, Ruston, USA). The Hunter lab colorimeter was cali-
brated by Hunter colour standards prior to the reading of flour
samples as described by Reddy, Suriya, Vidya, Vijina, & Haripriya
(2015).

2.3.4. Water absorption capacity, water solubility index and
swelling power

The water absorption capacity (WAC), water solubility index
(WSI) and swelling power (SP) of the elephant foot yam flour
samples were performed using the method described by Reddy,
Suriya,and Haripriya (2013).

WAC ð%Þ ¼ Weight of wet sediment
Weight of dry sample�Weight of dry supernatant

WSI ð%Þ ¼ Weight of dry supernatant
Weight of dry sample

*100

Swelling Power ð%Þ ¼ Weight of wet sediment
Weight of dry sample

2.3.5. Oil absorption capacity
Oil absorption capacity (OAC) of the flour samples was deter-

mined according to the modified method of Maninder, Sandhu, and
Singh (2007).

OAC g=gð Þ ¼ Weight of wet sediment
Weight of dry sample

2.3.6. Foaming capacity and foaming stability
The method described by Narayana and Rao (1982) was used for



M. Suriya et al. / LWT - Food Science and Technology 68 (2016) 235e243 237
the estimation of foaming capacity and foaming stability. 2 g
sample was mixed with 50 ml distilled water at 30 ± 2 �C in a
100 ml measuring cylinder. The suspension was homogenized for
3 min to form foam.

Volume of foam after 30 s was recorded.

% FC ¼ ðVolume after whipping � Volume before whippingÞ*100
Volume before whipping

Foam volume was recorded 1 h after whipping to determine the
foam stability.

% FS ¼ Foam volume after standing time*100
Initial Foam Volume
2.3.7. Light transmittance and syneresis
Light transmittance and Syneresis of elephant foot yam flour

samples was determined using the method of Gani, Bashir, Wani,
and Masoodi (2012).

Syneresis ð%Þ ¼ Weight of water released
Weight of gel

*100
2.4. Pasting properties

The pasting properties of elephant foot yam flour samples were
analysed using the method described by Reddy, Haripriya, and
Vidya (2015). Pasting properties of samples were evaluated using
Rapid Visco Analyser (RVA starch master-2, Newport Scientific Pty.
Ltd., Warriewood, Australia). Pasting parameters such as pasting
temperature, peak viscosity, hold viscosity, breakdown viscosity,
final viscosity and setback viscosity were recorded.
2.5. Gel texture properties

The texture properties of elephant foot yam flour samples gels
were determined using texture profile analyser (HDP/BS blade of
texture analyser (TA) TA-HD plus, Stable Micro Systems, Surrey).
The pastes formed in the canister by RVA testing were transferred
into cylindrical plastic tubes (25 mm diameter, 40 mm depth).
The gels were covered with aluminium foil and stored at 4 �C for
24 h after cooling down to room temperature for 1 h. The canister
was brought to room temperature and the samples were tested
for the texture profile analysis. Each gel sample inside the
canister was penetrated (to a depth of 16 mm) with a cylindrical
probe no.5 (5 mm in diameter). Force-time curves were obtained
at a crosshead speed of 1.5 mm/s during two penetration cycles.
From the texture profile curve hardness, cohesiveness, gummi-
ness, adhesiveness, springiness, chewiness and stringiness were
calculated.
2.6. X-ray diffraction and relative crystallinity

The X-ray diffraction patterns of flour samples were analysed
using X-ray diffractometer (Shimadzu XRD 7000) with Cu Ka value
of 1.54060 radiations at a speed of 2�/min, diffraction angle of 2q
from 5� to 50� at 40 kV and 30 mA. The total area under the curve
and the area under each prominent peak was determined using
Origin Pro software package and the percentage crystallinity was
estimated by using the following formula.
Crystallinity ð%Þ ¼ Area under peaks
Total area

*100
2.7. Thermal properties

The thermal properties of flours were performed using Differ-
ential Scanning Colorimetry (DSC TA-Q20). Water (14 mL) was
added with a micro syringe to flour sample (6 mg dwb) in the DSC
pans, which were then sealed, reweighed and kept at room tem-
perature for 24 h to ensure equilibration of the flour sample with
water. The samples were scanned from 35 �C to 150 �C at a heating
rate of 10 �C/min and an empty pan was used as reference. The
values of onset (To), peak (Tp) and final (Tf) gelatinization temper-
atures and enthalpy (DHgel) were obtained from the thermographs
of the samples using Universal Analysis 2000 3.9A software.
2.8. Statistical analysis

All analysis was done in triplicate. The datawas subjected to one
way ANOVA to analyse the significance of difference in all data and
Duncan's Multiple Range Test (DMRT) (P < 0.05) to analyse the
significance of difference betweenmean values of samples by using
SPSS 18 software (SPSS Institute Inc., Cary, NC, USA).
3. Results and discussion

3.1. Chemical composition of elephant foot yam flours

Table 1 depicts the chemical composition of elephant foot yam
flours processed through freeze dried blanched (FDB), freeze dried
raw (FDR), direct solar dried blanched (DSB), direct solar dried raw
(DSR), indirect solar dried blanched (IDSB) and indirect solar dried
raw (IDSR) respectively. The proximate composition of elephant
foot yam flours was found to be varied significantly (P < 0.05) with
the effect of blanching and methods of drying employed. Moisture
content of FDB, DSB and IDSB were 8.40, 11.15 and 7.79% respec-
tively, whereas FDR, DSR and IDSR of raw elephant foot yam were
7.72, 8.26 and 7.12% respectively. The higher moisture content in
blanched flours could be attributed to the water absorbed during
blanching and also activation of pectin esterase enzyme which
reduces porosity and thereby minimizes moisture as described by
Sobukola, Dairo, and Odunewu (2008). The highest carbohydrate,
protein and fat content was observed in FDB, IDSR, and IDSB
respectively and differed significantly between raw and blanched
elephant foot yam flours. However, ash content was found lower in
blanched than in raw flours (p < 0.05), similar to the observation by
Adegunwa, Alamu, and Omitogun (2011).
3.2. Morphological characteristics

The morphological changes with the effect of blanching and
methods of drying were observed as shown in Fig. 1. The blanched
flours experienced more structural modification with a profound
agglomeration than in raw flours. Starch granules in blanched yam
flour were heterogeneous and collapsed due to the gelatinization
process but starch granules in raw yam flours were relatively bigger
in size (Harijono, Saputri, & Kusnadi, 2013). Only IDSB flours had
structure utterly deformed due to a relatively high temperature of
drying air. Morphologically, freeze dried flours were the least
affected due to its low drying temperature when compared to solar
dried flours.



Table 1
Chemical composition and colour of elephant foot yam flours.

Parameter (%) Processing conditions

Raw Blanched

FDR DSR IDSR FDB DSB IDSB

Moisture 7.72 ± 0.20c 8.26 ± 0.47b 7.12 ± 0.13d 8.40 ± 0.33b 11.15 ± 0.25a 7.79 ± 0.09c

Ash 2.30 ± 0.005b 3.22 ± 0.02a 3.13 ± 0.11a 1.84 ± 0.04d 1.96 ± 0.38c 2.20 ± 0.11bc

Carbohydrate 78.36 ± 0.32b 76.32 ± 0.28d 76.83 ± 0.15d 79.00 ± 0.28a 77.00 ± 0.28c 77.10 ± 0.51c

Protein 10.14 ± 0.26b 10.16 ± 0.28b 11.37 ± 0.05a 9.48 ± 0.12c 8.57 ± 0.05d 11.32 ± 0.43a

Fat 0.55 ± 0.005c 0.49 ± 0.04c 0.50 ± 0.05d 0.61 ± 0.01b 0.55 ± 0.02c 0.64 ± 0.02a

Colour
L* 80.43 ± 0.09d 76.46 ± 0.31e 73.06 ± 0.09f 89.17 ± 0.14a 84.15 ± 0.08c 87.05 ± 0.22b

a* 1.20 ± 0.03d 3.34 ± 0.02a 2.90 ± 0.005b �1.45 ± 0.02f 2.35 ± 0.11c �0.41 ± 0.02e

b* 20.40 ± 0.04b 13.77 ± 0.03e 16.68 ± 0.13d 21.44 ± 0.05a 11.28 ± 0.30f 20.10 ± 0.05c

All data were means of triplicates. Values with the same superscripts in a row did not differ significantly (p < 0.05) by DMRT. FDR-freeze dried raw, DSR-direct solar dried raw,
IDSR-indirect solar dried raw, FDB-freeze dried blanched, DSB- direct solar dried blanched, IDSB-indirect solar dried blanched.

Fig. 1. Scanning electron micrographs of elephant foot yam flours. FDR-freeze dried raw, FDB-freeze dried blanched, DSR-direct solar dried raw, DSB- direct solar dried blanched,
IDSR-indirect solar dried raw, IDSB-indirect solar dried blanched.
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3.3. Physico-chemical and functional properties

3.3.1. Colour
Table 1 explains the significant effect of blanching and drying

methods on colour attributes of elephant foot yam flours. Blanched
flours had relatively higher whiteness due to inactivation of poly-
phenolase, which is responsible for browning reaction in flour
(Akisso�e, Hounhouigan, Mestres, & Nago, 2003). Blanched flours
had the highest L*and b* values with the lowest a* values indicating
the significant effect of blanching on colour attributes of elephant
foot yam flours (p < 0.05). The methods of drying were also found
to make a significant difference, whereas in freeze dried flours
obtained from both the blanched and raw yam had higher white-
ness (L*) than in solar dried flours (p < 0.05). This variability might
be ascribed to the difference in temperature between both the
methods of drying, wherein, the disintegration of pigments is more
(due to high temperature) in solar drying than in freeze drying.
Hence, freeze drying with blanching was found to increase white-
ness in flours, which is a typical characteristic for consumer
acceptability.
3.3.2. Amylose content
Significant differences were noted in the amylose content of

differently processed flour samples at p < 0.05 (Table 2). The levels
of amylose content in processed elephant foot yam flours is of the
order IDSB>DSB > FDB> FDR> IDSR>DSR. Moreover, the amylose
content was increased in blanched samples when compared to raw
samples. The difference may be ascribed to the different hydro-
thermal treatment and drying methods. It could be due to the
intrusion of intermediate molecules in the process of drying
(Gibson, Solah, McCleary, 1997).
3.3.3. Water absorption capacity and water solubility index
WAC phenomenon is linked to the wet heat treatment of the

flour samples. WAC of blanched elephant foot yam flour was the
highest (2.92e3.80%) and for raw (2.64e3.55%) yam flour it was
recorded the lowest (Table 2). Solar dried flours showed greater
WAC than freeze dried flours. Increase in amylose leaching, solu-
bility and damage of crystalline starch structure have been
attributed to increase in WAC. Moreover, the blanched flours
should have increased amount of chemical constituents having
hydrophilic moieties. The carbohydrate and protein enhance the
WAC of flours as long as they contribute to the hydrophilic
components.

Water solubility index (WSI) manifests the magnitude of starch
destruction (Diosady, Paton, Rosen, Rubin, & Athanassoulias, 1985).
FDR (19.38%) revealed the maximum starch damage, while FDB
Table 2
Physico-chemical properties of elephant foot yam flours.

Parameter Processing conditions

Raw

FDR DSR IDSR

Amylose (%) 23.83 ± 0.28d 15.83 ± 0.28f 21.50 ± 0.2
WSI (%) 19.38 ± 0.38a 16.81 ± 0.16c 17.82 ± 0.5
WAC (%) 2.64 ± 0.02e 3.26 ± 0.61c 3.55 ± 0.0
SP (%) 7.95 ± 0.13b 8.55 ± 0.83ab 9.20 ± 0.2
OAC (g/g) 2.48 ± 0.72b 2.64 ± 0.24ab 2.65 ± 0.1
FC (%) 17.95 ± 0.93d 25.99 ± 0.96a 20.21 ± 0.6
FS (%) 72.98 ± 0.31a 62.64 ± 0.45d 66.49 ± 0.1
RC (%) 6.96 ± 0.05b 5.31 ± 0.05d 4.76 ± 0.0

All data weremeans of triplicates. Values with the same superscripts in a row did not diffe
IDSR-indirect solar dried raw; FDB-freeze dried blanched; DSB- direct solar dried blan
absorption capacity; FC-foam capacity, FS-foam stability; OAC-oil absorption capacity, SP
(8.39%) had the lowest WSI (Table 2). The blanched flour samples
had significantly (p < 0.05) lower solubilities than those of raw yam
flour. Moreover, freeze dried yam flour had higher WSI than the
solar dried samples (DSR and IDSR). Increase in swelling and sol-
ubility values of the samples therefore, can be attributed to the
degree of structural disorganization and degradation due to hy-
drothermal treatment and drying process (Tan & Chinnaswamy,
1993).

3.3.4. Swelling power
Swelling Power (SP) of elephant foot yam flour was recorded at a

temperature of 90 �C. Yam flours obtained from blanched yam by
freeze drying and solar drying were significantly different from raw
flours. However, SP of raw flours (7.95e9.20%) was higher than
blanched flours (5.79e6.21%) as shown in Table 2. Furthermore,
while comparing different drying methods, indirectly solar dried
flour samples showedhigher SPas compared to freezedried samples.
Lower SP of blanched flour implied strong molecular associations in
the granule. This resistance to swelling may also be due to the pres-
ence of more number of large crystalline areas in the starch granule
(Reddy, Haripriya, Mohamed, & Suriya, 2014). Low swelling index is
mainly due to high amylose content. Presence of lipid-starch com-
plex,non-starchcarbohydratesandother similar constituents inflour
decrease its water swelling index (Eliasson & Gudmundsson, 1996).

3.3.5. Oil absorption capacity
The oil absorption capacity (OAC) is of paramount importance

from an industrial point of view as it reflects emulsifying properties
(Maninder et al., 2007). The ability of flours to absorb oil may help
to improve mouthfeel, enhance flavour retention and facilitate
binding of the structure. The OAC of raw and blanched elephant foot
yam flours varied significantly between 2.43 and 2.82 g/g (Table 2).
Among raw-dried flours IDSR showed the maximum OAC whilst in
case of blanched-dried flour samples FDB exhibited the lowest
value of OAC. The values were found to be lower than those re-
ported by Aguilera, Estrella, Benitez, Esteban, and Martín-Cabrejas
(2011). This discrepancy in OAC could be explained due to the dif-
ference in protein content, protein-lipid, lipidelipid interactions
and porosity in the flours.

3.3.6. Foam capacity (FC) and foam stability (FS)
The FC and FS differed significantly (p < 0.05) among the flours

(Table 2). Foam capacities are used to improve appearance, texture
and consistency of foods. FC of flours was linked to protein content.
Blanched flours had lower foam capacities than raw samples. Direct
solar dried flours had higher foam capacity than freeze dried flours.
This may be accredited to protein degradation taking place due to
Blanched

FDB DSB IDSB

0e 25.43 ± 0.51c 26.90 ± 0.36b 29.50 ± 0.50a

0b 8.39 ± 0.21e 8.46 ± 0.57e 10.82 ± 0.28d

1b 2.92 ± 0.04d 3.43 ± 0.004b 3.80 ± 0.14a

3a 5.79 ± 0.21c 6.14 ± 0.01c 6.21 ± 0.19c

0ab 2.44 ± 0.35b 2.43 ± 0.13b 2.82 ± 0.14a

4b 9.24 ± 0.25f 19.70 ± 0.26c 13.82 ± 0.63e

6c 61.61 ± 0.78e 46.84 ± 0.61f 69.15 ± 1.32b

5e 10.86 ± 0.08a 6.74 ± 0.09c 3.83 ± 0.07f

r significantly (p < 0.05) by DMRT. FDR-freeze dried raw; DSR-direct solar dried raw;
ched; IDSB-indirect solar dried blanched; WSI-water solubility index; WAC-water
-swelling power; RC-relative crystallinity.
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blanching and drying treatments. FS is a measure of drainage of
liquid from the foam, and utility of whipping agents depends on
their ability to maintain the whip as long as possible (Lin, Humbert,
& Sosulski, 1974). The maximum value of FS was recorded for FDR
and higher foam stabilities indicate that water soluble proteins in
elephant foot yam flours are more surface active.

3.3.7. Light transmittance
The light transmittance of elephant foot yam flours is shown in

Table 3. There was a significant increase in transmittance of the
gelatinized flour gels during 120 h of storage period. However,
freeze dried and solar dried flour revealed that the percentage of
light transmittance increased gradually upon cooling storage. The
increase in light transmittance of elephant foot yam flours can be
accredited to settling down of flour particles leading to greater
clarity. The light transmittance of starches may perhaps be influ-
enced by granular swelling, molecular structure and the ratio of
amylose and amylopectin upon cold storage (Jacobson, Obanni, &
Bemiller, 1997).

3.3.8. Syneresis
Syneresis in an index for gel strength. As shown in Table 3,

syneresis increasedwith increasing storage time from 24 to 120 h at
4 �C. The rate of syneresis in blanched flour gels was slower than
raw flour gels upto 48 h of storage which increased drastically
during the later part of storage period. The extent of syneresis is
mainly controlled by the retrogradation of starch component
polymers. The differences in syneresis of flour gels could possibly
be the reflection of disparities in crystallites caused by drying and
blanching of flour samples. Direct solar dried (raw and blanched)
flours showed relatively lower syneresis than freeze dried flours.
The increased syneresis could have resulted from the high amylose
content, where the leaching of amylose and amylopectin led to the
shrinkage of the gel (Hermansson& Svegmark, 1996) which in turn
may have altered the degree of polymerization of amylose to
amylopectin chain length.

3.4. Pasting properties

The pasting properties of elephant foot yam flours were deter-
mined by rapid visco analyser (RVA) as given in Table 4 and Fig. 2.
The processing conditions were found to have a significant influ-
ence on pasting properties of flours (p < 0.05). Pasting temperature
(PT) specifies the onset of gelatinization of yam flour. There was no
significant difference in PT among elephant foot yam flours except
Table 3
Light transmittance and syneresis of elephant foot yam flours.

Parameter Processing conditions

Raw

FDR DSR IDSR

Light transmittance (%)
24 h 53.04 ± 0.18a 44.29 ± 0.21b 34.27 ± 0.0
48 h 51.60 ± 0.13a 44.66 ± 0.10b 34.59 ± 0.1
72 h 54.86 ± 0.14a 46.70 ± 0.22c 37.52 ± 0.3
96 h 58.34 ± 0.35a 50.93 ± 0.51d 41.21 ± 0.5
120 h 61.32 ± 0.08b 54.24 ± 0.06d 44.46 ± 0.0
Syneresis (%)
24 h 70.21 ± 0.20a 58.30 ± 0.51c 45.35 ± 0.4
48 h 76.24 ± 0.24a 62.43 ± 0.40c 62.00 ± 0.0
72 h 78.30 ± 0.05a 73.66 ± 0.11b 66.22 ± 0.2
96 h 79.49 ± 0.31c 84.18 ± 0.11a 70.83 ± 0.7
120 h 82.16 ± 0.28c 89.26 ± 0.55b 79.83 ± 0.2

All data were means of triplicates. Values with the same superscripts in a row did not diffe
IDSR-indirect solar dried raw, FDB-freeze dried blanched, DSB- direct solar dried blanch
FDB flour. High pasting temperature of flour reflects the resistance
of starch towards swelling and degradation. Peak viscosity (PV) of
blanched flours ranged from2353 cP to 2706 cP and raw flours from
1895 cP to 2477 cP corresponding to the effect of drying methods.
Yam and taro flour had already been reported for the high peak
viscosity which resulted from higher swelling due to low protein
content and high carbohydrate content (Aprianita, Purwandari,
Watson, & Vasiljevic, 2009). The holding viscosity was the high-
est for IDSB (2335.66 cP) and the least for FDR flour (1523.33 cP).
High holding viscosity represents less cooking loss (Yadav, Yadav,
Kumari, & Khatkar, 2014). Therefore, IDSB was found to have low
cooking loss. Breakdown viscosity (BV) is the measure of disinte-
gration of the swollen granules and BV of raw solar dried and
blanched solar dried flours was lower than those of freeze dried
flours. Similar results have been reported by Kaur, Oberoi, Sogi, and
Gill (2011). Solar dried blanched flour had the highest peak and set
back viscosity. Kaur, Singh, Sodhi, and Rana (2009) reported that
the pasting properties are attributed to the presence of protein,
fibre, mineral content and interaction between amylose and pro-
tein of rice flours.

3.5. Gel texture properties

The textural values of gels obtained from blanched and raw
flours are presented in Table 4. Significant differences (p < 0.05)
were observed in textural parameters between blanched and raw
yam flours dried by different drying methods. Hardness value was
the lowest in raw flour (FDR) while the highest in freeze dried
blanched (FDB) flours. Freeze dried flours exhibited high hardness
values as compared to solar dried flours. This hardness may be
attributed to high peak viscosity and high amylose content of the
flour (Bao, Ao, & Jane, 2005). Among all the dried flours IDSB
exhibited the lowest value of adhesiveness followed by FDR, DSR,
DSB, FDB and IDSR. Springiness, cohesiveness, gumminess, chewi-
ness and resilience also differed between blanched and raw flour
samples. The chemical characteristics of the amylose matrix
determine the variation in the textural properties of starch gel
(Yamin, Lee, Pollak, & White, 1999).

3.6. X-ray diffraction (XRD) analysis

The values of relative crystallinity (RC) of different dried flours
samples are shown in Table 2. FDB exhibited highest RC (10.86%)
and IDSB showed the lowest RC (3.83%). Yadav, Guha, Tharanathan,
and Ramteke (2006) observed lesser values of RC in case of sweet
Blanched

FDB DSB IDSB

8d 44.18 ± 0.06b 42.10 ± 0.24c 24.96 ± 0.11e

3e 42.78 ± 0.14c 41.75 ± 0.10d 21.82 ± 0.50f

0d 49.42 ± 0.11b 49.65 ± 0.19b 26.83 ± 0.03e

0e 55.59 ± 0.78b 54.15 ± 0.38c 32.50 ± 0.39f

0e 58.20 ± 0.13c 60.01 ± 0.08a 37.38 ± 0.05f

7e 60.50 ± 0.60b 37.61 ± 0.52f 49.77 ± 0.17d

8c 66.48 ± 0.40b 48.21 ± 0.27e 58.30 ± 0.51d

5d 73.38 ± 0.05b 55.50 ± 0.30e 68.85 ± 0.31c

6d 86.66 ± 0.40b 65.87 ± 0.11e 71.11 ± 1.00d

8d 93.35 ± 0.30a 74.54 ± 0.55e 82.83 ± 0.76c

r significantly (p < 0.05) by DMRT. FDR-freeze dried raw, DSR-direct solar dried raw,
ed, IDSB-indirect solar dried blanched.



Table 4
Pasting and gel texture properties of elephant foot yam flours.

Parameter Processing conditions

Raw Blanched

FDR DSR IDSR FDB DSB IDSB

Pasting properties
Pasting temperature (�C) 89.16 ± 0.28b 89.16 ± 0.57b 89.58 ± 0.30b 94.06 ± 0.60a 89.60 ± 0.01b 89.60 ± 0.17b

Peak Viscosity (cP) 1895.66 ± 0.57f 1961.33 ± 3.21e 2477.33 ± 1.15c 2706 ± 1.15a 2353.66 ± 1.15d 2682.00 ± 1.00b

Hold Viscosity (cP) 1523.33 ± 4.04f 1737 ± 2.08e 2032.00 ± 6.08c 2087.00 ± 1.73b 1956.86 ± 1.50d 2335.66 ± 2.08a

Final Viscosity (cP) 2430.00 ± 0.12f 2597.33 ± 0.57d 2482.00 ± 1.00e 2915.66 ± 0.57b 2617.66 ± 0.57c 3177.00 ± 1.00a

Breakdown viscosity (cP) 271.00 ± 0.02e 328.00 ± 1.00d 382.33 ± 2.51b 625.00 ± 0.21a 261.33 ± 0.57f 365.00 ± 1.73c

Setback viscosity (cP) 817.66 ± 0.57e 859.33 ± 1.15c 871.33 ± 1.15b 826.66 ± 3.21d 780.50 ± 0.50f 890.00 ± 0.21a

Gel texture properties
Hardness 16.33 ± 0.00e 21.33 ± 0.02d 29.92 ± 0.53b 33.89 ± 0.00a 24.25 ± 0.10c 21.61 ± 0.49d

Adhesiveness �23.14 ± 0.00a �28.33 ± 0.55b �37.74 ± 0.57d �35.03 ± 0.00c �28.45 ± 0.12b �22.66 ± 0.02a

Springiness 0.96 ± 0.00a 0.87 ± 0.015b 0.88 ± 0.01b 0.86 ± 0.15c 0.78 ± 0.01d 0.95 ± 0.01a

Cohesiveness 0.52 ± 0.02b 0.55 ± 0.005a 0.53 ± 0.003ab 0.54 ± 0.02ab 0.52 ± 0.003b 0.54 ± 0.02ab

Gumminess 11.03 ± 0.21e 11.08 ± 0.21e 16.27 ± 0.22a 15.10 ± 0.21b 12.39 ± 0.21c 11.60 ± 0.07d

Chewiness 9.72 ± 0.02f 9.95 ± 0.06e 14.32 ± 0.43a 13.18 ± 0.23b 10.90 ± 0.23d 11.10 ± 0.001c

Resilience 0.14 ± 0.005c 0.12 ± 0.005e 0.16 ± 0.005b 0.16 ± 0.005a 0.14 ± 0.005c 0.1 3 ± 0.005d

All data were means of triplicates. Values with the same superscripts in a row did not differ significantly (p < 0.05) by DMRT. FDR-freeze dried raw, DSR-direct solar dried raw,
IDSR-indirect solar dried raw, FDB-freeze dried blanched, DSB- direct solar dried blanched, IDSB-indirect solar dried blanched.

Fig. 2. Pasting properties of elephant foot yam flours. FDR-freeze dried raw, FDB-freeze dried blanched, DSR-direct solar dried raw, DSB- direct solar dried blanched, IDSR-indirect
solar dried raw, IDSB-indirect solar dried blanched.
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potato flour. The value of RC for each sample was found to be
different when compared to RC values of other samples. From the
observation of amylose content in relation to crystallinity index,
those were disproportionately related to each other. Differences
observed in RC could be attributed due to different factors like
amylose content, moisture content, protein-starch interactions,
lipid-starch interactions and size of crystallites.
3.7. Thermal properties

The thermal properties of freeze dried and solar dried elephant
foot yam flours are presented in Table 5. Thermal properties
including T0, TP, TC, DHgel and PHI values showed significant dif-
ference between raw and blanched flours. The solar dried flours
had higher T0, TP, and TC than freeze dried flours. Among freeze
dried flours, FDB exhibited highest T0 (66.45 �C)whereas the lowest
T0 (62.34 �C) was found in FDR. In case of solar drying, the IDSB had
the highest T0 (73.32 �C) while DSR (63.71 �C) had the lowest T0.
The TC value was highest in DSB (111.33 �C) and lowest in FDR
(95.83 �C). The DHgel value of flours was recorded as the highest for
FDR and the lowest for FDB. The DHgel is an indication of loss in
molecular order of a granule during gelatinization and also the
complete measure of crystallinity (Hoover & Vasanthan, 1994). A
decreased enthalpy advocates a lesser degree of organization in the
granule which in turn lowers the crystal stability (Chiotelli & Le
Meste, 2002). The peak high index (PHI) of gel ranged from 1.23
to 3.93%. PHI is an indicator which represents the shape of the
endotherm. An endotherm which is narrow and tall indicates an
increased peak whereas the short structure of the endotherm
represents a low PHI irrespective of the energy involved in the
transition (Krueger, Knutson, Inglett, & Walker, 1987). Hence, the
variation in thermal properties of raw and blanched flours with



Table 5
Thermal properties of elephant foot yam flours.

Parameter Processing conditions

Raw Blanched

FDR DSR IDSR FDB DSB IDSB

To (�C) 62.34 ± 0.29f 63.71 ± 0.24e 70.71 ± 0.25b 66.45 ± 0.02d 70.26 ± 0.01c 73.32 ± 0.08a

Tp (�C) 83.30 ± 0.27f 86.16 ± 0.14d 90.71 ± 0.005b 84.90 ± 0.70e 90.25 ± 0.005c 93.38 ± 0.01a

Tc (�C) 95.83 ± 0.28f 103.33 ± 0.57d 105.33 ± 0.57c 100.16 ± 0.28e 111.33 ± 0.57a 108.00 ± 1.00b

DHgel (J/g) 83.47 ± 0.05a 63.55 ± 0.04b 32.55 ± 0.01d 22.61 ± 0.10f 26.56 ± 0.38e 57.66 ± 0.15c

PHI (J/g.C) 3.93 ± 0.69a 2.70 ± 0.10d 1.61 ± 0.10e 1.23 ± 0.10f 3.17 ± 0.10b 2.86 ± 0.00c

R (�C) 33.45 ± 0.03e 53.69 ± 0.83a 35.42 ± 0.10c 34.14 ± 0.54d 40.48 ± 0.41b 35.81 ± 0.17c

All data were means of triplicates. Values with the same superscripts in a row did not differ significantly (p < 0.05) by DMRT. FDR-freeze dried raw, DSR-direct solar dried raw,
IDSR-indirect solar dried raw, FDB-freeze dried blanched, DSB-direct solar dried blanched, IDSB-indirect solar dried blanched; T0-onset temperature; TP-peak temperature; TC-
conclusion temperature; DHgel-enthalpy of gelatinization; PHI- peak height index ((D gel/(TP-T0)); R-gelatinization range (TC-T0).
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respect to the methods of drying could be attributed to the differ-
ence in the size of starch granule and its shape, length of amylo-
pectin polymer chain, size and stability of crystalline areas.

4. Conclusion

In the current study, the effect of different drying methods on
the physicochemical, thermal and pasting properties as well as
colour changes of raw and blanched elephant foot yam was inves-
tigated. Prominent changes were observed in the morphology of
differently dried flour samples. Processing methods (drying and
blanching) employed affected the amylose content of elephant foot
yam flours. Freeze dried flours showed the highest whiteness index
which is a desirable attribute for consumer acceptability. Water
absorption, and foam capacities were higher in solar dried samples
than the freeze dried. The oil absorption of dried elephant foot yam
flours ranged from 2.44 to 2.82 g/g. Direct solar dried (raw and
blanched) flours showed relatively lower syneresis than freeze
dried flours that appreciates their use in frozen food products. The
difference in their pasting profile could be exploited for the
formulation of various food products with different desired con-
sistencies. The highest DHgel value for freeze dried flour reflects its
higher stability (orderliness). The variable relative crystallinity
observed among differently dried flours portrays diversity in their
semi-crystalline nature.

The use of solar dried and freeze dried yam flours may be highly
appreciated in the formulation of majority of bakery products to
reduce the incidence of celiac disorder and other life style diseases
as yam being a functional ingredient.
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a b s t r a c t

To reduce the ammonia content in the meat of the shark Lamna ditropis, the ammonia-reducing capacity
of soaking solutions containing 10% sucrose and 5% NaCl, with or without selected strains of yeast
Saccharomyces cerevisiae Misaki-1 and lactic acid bacteria (LAB) Lactobacillus plantarum Sanriku-SU8 was
evaluated. After the 48 h soaking with the yeast and LAB, ammonia content in the meat was reduced to
about from 150 to 50 mg/kg. S. cerevisiae Misaki-1 and L. plantarum Sanriku-SU8 grew well in 10% water
extract suspension (AES) of rice bran (nuka). The fermented nuka-AES had a good flavour and demon-
strated the ability to reduce the ammonia content of meat from about 290 to 100 mg/kg. These results
suggest that soaking treatment with S. cerevisiae Misaki-1 and L. plantarum Sanriku-SU8 can reduce
improve salmon shark meat flavour.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

According to fisheries data reported to the Food and Agriculture
Organization of the United Nations (FAO), shark landings increased
between 1950 and 1997 from 121,000 metric tons to 414,000 tons;
the reported landings have decreased since 1997 (Worm et al.,
2013; Pleizier, Gutowsky, Peddemors, Cooke, & Butcher, 2015).
However, the trade volume of shark fins has continued to grow
steadily, suggesting that there is a discrepancy between the catch
and trade data. While it is well known that shark body meat is
generally of low value, the fins (especially those containing cera-
totrichia) are a valuable commodity considering the increase in the
demand for shark-fin soup among the Chinese middle class (Cook,
1990). The removal of fins from sharks and subsequent discarding
of the finless bodies is regarded as a very significant ecological
problem (Worm et al., 2013; Carr et al., 2013; Friedrich, Jefferson, &
Glegg, 2014; Eriksson & Clarke, 2015; Pleizier et al., 2015).

The blue shark Prionace glauca and the salmon shark Lamna
ditropis frequently land in the North-east (Tohoku) coastal region of
Japan, particularly in Kesennuma, a city in the Miyagi prefecture.
Although the number of landings have decreased after the Tohoku
earthquake and tsunami on 11 March 2011 (Fritz et al., 2012), the
number of landings has increased moderately thereafter. In Japan,
themeat from the body of the blue shark is an important ingredient
used in surimi products such as hampen (Kananiawa, Kuboi, Chon,
Taguchi, & Yokawa, 2011; Limpisophon et al., 2015). The heart of
the salmon shark is consumed as part of the sashimi cuisine in
Kesennuma, and its body muscle is traditionally consumed as part
of both sashimi and cooked cuisines in other areas, particularly in
inland regions.

In Japan, some of the population thinks that shark meat smells
of ammonia. Generally, ammonia in meats is generated by amino
acids via deamination. However, as recently as a decade ago, the
scientific community maintained that shark meat is rich in urea,
which is converted to ammonia during the storage process (Rose,
1996; Clarke, Francis, & Griggs, 2013). Generally, the smell of
ammonia is absent in fresh and properly stored meat; however, in
some instances, these ammonia compounds accumulate in the
meat at the time of landing (Shimizu, Hibiki,& Fujita, 1953; Suyama
& Tokuhiro, 1954). Several methods are available for the reduction
of ammonia content in shark meat. For example, in Japan, it is well
known that the water-leaching method elutes ammonia from the
fish muscle meat that is prepared for surimi and other processed
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seafood (Ohta, 1980). However, the water-leaching process may
also reduce the nutrient content and flavour. Volatile basic nitrogen
compounds including ammonia, trimethylamine, and other amines
are responsible for most of the pungent fishy odours emitted from
seafood (Pacquit et al., 2007). These alkaline products are readily
solvated in an acidified solution rather than in alkaline and neutral
solutions. Therefore, if the meat is of pH 7 or higher, the pungent
fishy odour is strong.

In this study, to reduce the ammonia content in shark meat,
yeasts and lactic acid bacteria (LAB) were screened for ammonia-
lowering capacity. The ammonia-lowering effects of the selected
yeasts and LABs on soaking meat with sucrose and NaCl solution
were examined. Furthermore, the potential of the water extract
suspension of rice bran (nuka) for use as a growth medium, for the
selected ammonia-lowering yeast and LAB was examined.

2. Materials and methods

2.1. Microbial cultures

Both the selected strains isolated in this study and strains pre-
viously reported and stored in our laboratory were used. Our stock
cultures included Saccharomyces cerevisiae Misaki-1 (Accession No.
LC093859), which was isolated from beach-cast algae in the Noto
Satoumi area (Ishikawa, Japan; Kuda, Matsuda, Yasunaka, & Yano,
2011), and Lactobacillus plantarum Sanriku-SU1 (Accession No.
AB968217), which was isolated from fermented squid prepared in
the Sanriku Satoumi area (on the northeastern coast of the main
island, Japan; Kuda, Kawahara, Nemoto, Takahashi, & Kimura,
2014).

In total, 71 samples of leaves, flowers, seeds, algae, stones, sands,
and fermented foods (Table 1) were obtained from Sanriku Satoumi
areas between 2014 and 2015, kept in cold storage, and delivered
within 2 days of collection. To isolate and screen the yeasts,
approximately 2e5 g of sample was soaked in 25 mL of glucose-
yeast extract-peptone (GYP) broth (glucose 20 g/L, yeast extract
10 g/L, and polypeptone 10 g/L) containing 5 mL/L lactic acid and
100mg/L chloramphenicol. After incubation at 30 �C for 3e7 days, a
loopful of the culture was streaked onto potato dextrose agar (PDA,
Oxoid, Basingstoke, UK) and incubated at 30 �C for 3 days. Gas
formation and cell morphology of the culture in 20% (w/v) glucose-
containing GYP broth incubated at 30 �C for 3 days were observed.
Finally, the ammonia-lowering capacity of the gas-producing iso-
lates having Saccharomyces-like morphology was evaluated.
Table 1
Screening of yeasts and lactic acid bacteria from Sanriku satoumi region.

Screening for yeasts

Kinds of
samples

Number of
samples

Growth in
GYP*1

Number of
isolates

Round
Gas*2

Ammoni
lowering

Leaves 4 2 20 10 e

Flowers 36 19 270 90 e

Seeds 2 e

Algae 17 6 50 10 e

Stones 3 e

Sands 2 2 30 e

Fermented
foods

7 5 60 10 10*6

*1 Number of samples that showed turbidity in GYP contained 0.5% (w/v) lactic acid and
*2 Number of selected isolates that round shape and well CO2 production in broth conta
*3 Number of samples that showed turbidity in MRS broth containing 0.3%(w/v) bille.
*4 Number of isolates that grew in MRS adjusted pH 4.5 and containing 0.5% (w/v) bile.
*5 Isolates did not produce ammonia and well growth ammonia containing broth.
*6 Isolates from a Chinese cabbage kimuchi.
*7 Isolates from a algal cast on Hikado fishery port.
*8 Isolate from a fermented sandfish.
To isolate LAB strains, 2e5 g of samplewas soaked in 30mL of de
Man, Rogosa, and Sharpe (MRS) broth (Oxoid) containing 3 g/L bile
(Wako Pure Chemical, Osaka, Japan). After incubation at 30 �C for
3e7 days, a loopful of the culture was streaked onto MRS agar and
incubated anaerobically at 30 �C for 3 days by using an AnaeroPack
System (Mitsubishi Gas Chemical, Tokyo, Japan). In total, 540 col-
onies were isolated and inoculated intoMRS broth with 5 g/L bile at
pH 4.

2.2. Ammonia-lowering capacity of the test culture broths

The selected yeast and LAB strains were inoculated into 3 mL of
the ammonia test GYP and the ammonia MRS broths, respectively;
these broths contained 1 g/L ammonium sulphate, 60 g/L sucrose,
and 60 g/L NaCl. After incubation at 30 �C for 2 days, the ammonia
concentration was determined using a commercial water analysis
kit with the indophenol-bluemethod (No. 7, Kyoritsu, Tokyo, Japan;
An, Kuda, Yazaki, Takahashi, & Kimura, 2014). The effects of a co-
culture of selected yeast and LAB strains were also determined af-
ter 4 days of incubation using the ammonia test in Tryptone Soy
Broth (TSB, Oxoid) containing 1 g/L ammonium sulphate, 60 g/L
sucrose, and 60 g/L NaCl. One strain of yeast and one strain of LAB
were selected and identified by sequencing the 26S(D1/D2) rRNA
and 16S rRNA genes, respectively, followed by a BLAST analysis, as
previously reported (Kuda et al., 2011; Kuda, Kawahara, et al., 2014;
Kuda, Noguchi, et al., 2014).

2.3. Lowering of ammonia content of salmon shark meat by soaking
with or without the selected yeast and LAB strains

Two experiments testing the ammonia-lowering capacity of the
strains in soaking solution were carried out under different con-
ditions. In the first experiment, two yeast strains (S. cerevisiae
Misaki-1 and the selected isolate) and two LAB strains (L. plantarum
Sanriku-SU1 and the selected isolate) were incubated in 40 mL of
GYP and MRS broths, respectively, at 30 �C for 2 days. Then, the
yeast and LAB culture cells were suspended and adjusted to
OD600 ¼ 4.5 (1.5 of yeast and 3.0 of LAB) in 6% sucrose and 6% NaCl
solution. Five grams of fresh salmon shark meat (an approximately
1.5e2.0 cm cube) was soaked in 10 mL of the cell suspension in a
50 mL tube (Polypropylene; TPP, Trasadingen, Switzerland) and
incubated at 10 �C for 2 days. From the results of these experiments,
one strain each of yeast and LAB was selected. In the second
experiment, 50 g of salmon meat was soaked in 100 mL of 100 g/L
Screening for lactic acid bacteria

a Growth in
MRS*3

Number of
isolates

pH 4.5 0.5%
bile*4

Ammonia (�) fast
growth*5

1 10 e

19 290 35 e

1 20 e e

13 140 25 3*7

3 30 e

e

5 50 3 1*8

0.01% (w/v) chloramphenicol.
ining 20%(w/v) glucose.
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sucrose and 50 g/L NaCl solution with or without yeast and/or LAB.
The soaked meat was incubated at 10 �C for 2 days.

After incubation, the colour parameters of the shark meat were
measured with a spectrophotometer NF333 (Nippon Denshoku
Industries, Tokyo, Japan) and the colours were expressed as L*, a*,
and b* values (Kuda, Enomoto,& Yano, 2009). To determine pH, the
meat was homogenized with four volumes of distilled water (DW),
following which pH was determined using a pH meter (Twin pH,
Horiba, Kyoto, Japan). After pH determination and centrifugation
(2200 � g for 10 min), ammonia content in the supernatant was
measured using the same methods as those described above. As-
sessments of colour and flavour were obtained from five volun-
teers, though the data were not analysed statistically.

2.4. Water extract suspension of rice bran (nuka) as a potential
starter medium

Lightly roasted rice bran (iri-nuka, Fuji Foods Corporation,
Yokohama, Japan) was purchased from a retail shop in Tokyo. This
nuka (100 g) was suspended in 900 mL of DW and autoclaved
(121 �C for 15 min). After removing the sediment, the micelle-like
suspension was used as the nuka-aqueous extract suspension
(AES) for cultivation of the selected strain. To examine the potential
of nuka-AES for use as a medium, GYP or MRS broth cultures
(0.01 mL) of the selected yeast and LAB, respectively, were inocu-
lated into 10 mL of nuka-AES and incubated at 30 �C for 7 days. On
0, 1, 2, 4 and 7 days, viable plate counts and pH were measured
using PDA and MRS agar plates and the pH meter, respectively
(Kanno, Kuda, An, Takahashi, & Kimura, 2012). In the case of the
yeast and LAB co-culture in nuka-AES, the production of lactic acid
and ethanol was determined with high-performance liquid chro-
matography (HPLC). The HPLC conditions were the same as those
previously reported (Kuda, Kaneko, Yano, & Mori, 2010). The sus-
pensions were also observed under a phase-contrast microscope
(ODEO-2003 Triple, Iponacology, Chigasaki, Japan) before and after
fermentation (Kuda et al., 2015).

To examine the ammonia-lowering capacity of the fermented
nuka-AES, 10 mL of pre-mix (yeast þ LAB)-cultured nuka-AES was
inoculated into 1 L of nuka-AES and incubated at 30 �C for 2 days.
Fresh salmon sharkmeat slices (50 g) were stored at 10 �C for 2 days
either without soaking (control), with 50mL of the 10% sucrose and
5% NaCl (SS), with 50 mL of SS containing 5 mL of nuka-AES (nuka),
or with 50 mL of SS containing 5 mL of the fermented nuka-AES (F-
nuka). Ammonia content, pH, and colour parameters were deter-
mined as described above. Then, after saute, assessments of flavour
and taste were obtained from five volunteers, though the datawere
not analysed statistically.

2.5. Statistical analysis

Ammonia-lowering capacity was expressed in terms of the
mean and standard error of the mean (SEM) (n ¼ 3). In the case of
the ammonia-lowering experiment with nuka-AES, one-way
ANOVA was used to assess differences among groups, and indi-
vidual means were compared by Tukey's range test with a statis-
tical analysis software (EXCEL Statistic 5.0, Esumi, Tokyo, Japan). A
significance level of 0.05 was used.

3. Results and discussion

3.1. Screening of ammonia-lowering yeast and LAB strains

Table 1 shows results from the 71 selected samples. In the case
of the yeast strains, growth in GYP broth containing 0.5% lactic acid
was detected in 34 samples. From the GYP broth, 430 yeasts were
isolated. Among them, 120 isolates showed oval cell morphology
and robust gas production in 20% glucose-containing GYP broth.
Finally, 10 isolates from a lone sample of fermented cabbage
(kimchi) showed clear ammonia-lowering capacity in the ammonia
test GYP broth (Fig. 1A). Isolate 14-7 displayed the highest
ammonia-lowering capacity; it was identified as Candida lactis-
condensi based on 26S rDNA gene sequencing and a BLAST analysis
(identity ¼ 485/485 bp, 100%).

Although 540 LAB isolates from 42 samples did not reduce the
ammonia contents in MRS broth, four strains were selected that
grew well in the ammonia-containing broth and did not increase
the ammonia concentration. The ammonia-lowering capacity of the
co-culture of C. lactis-condensi and the selected strains was also
determined. Among the four isolates, only strain Sanriku-SU8,
isolated from an algal beach cast, demonstrated a synergistic
ammonia-lowering capacity (Fig. 1B). Sanriku-SU8 was identified
as L. plantarum (Accession No. LC093858) by 16S rDNA sequencing
and a BLAST analysis (identity ¼ 780/782 bp, 99%).

To screen the yeasts, strains with an oval morphology were
selected, as various baker's and brewer's yeasts including not only
Saccharomyces cerevisiae, but also Debaryomyces hansenii, and
Zygosaccharomyces rouxii have an oval morphology (Pribylova, de
Montigny, & Sychrova, 2007; Kuda, Enomoto, et al., 2009; Kuda,
Tanibe, et al., 2009). The ammonia utilization of some S. cerevisiae
strains including wine yeast has been reported (Jitranek, Langridge,
& Henschke, 1995; Magasanik, 2003). Though C. lactis-condensi is
isolated from spoiled condensed milk and is unpopular, it is
detected in some traditional fermented or brewed foods such bal-
samic vinegar (Solierii & Giudici, 2008). Moreover, there are many
reports on the starter and probiotic functions of L. plantarum (de
Vries, Vaughan, Kleerebezem, & de Vos, 2006).

In next experiment, he selected yeast C. lactis-condensi 14-7 and
LAB L. plantarum Sanriku-SU8 were used. Furthermore, two stock
cultures of our laboratory S. cerevisiae Misaki-1 and L. plantarum
Sanriku-SU1 isolated from Satoumi areas were used. The yeast and
LAB strains had demonstrated favourable properties in sake-
brewing and strong acid-salt tolerance tests, respectively (Kuda
et al., 2011; Kuda, Kawahara, et al., 2014; Kawahara et al., 2015).

3.2. Lowering of the ammonia content of salmon shark meat by
soaking with or without the selected yeast and LAB strains

As shown in Fig. 2, the ammonia content of commercial salmon
shark meat varied from approximately 120 mg/kg to 360 mg/kg. In
experiment 1, ammonia content did not change after 7 days of
storage. By soaking in solution alone, the ammonia content of the
meat (closed columns) decreased to about 50 mg/kg. However, the
solution eluted roughly 200 mg/kg of ammonia from the meat.
Although the effect of the microorganisms on the ammonia content
of the meat was not clear, S. cerevisiaeMisaki-1 with L. plantarum S-
SU1 or S-SU8 reduced total ammonia content. Without soaking,
meat pH averaged 6.2 (Table 2). In terms of the colour indices, a*
(reddish) and b* (yellowish) were decreased after soaking. These
values in meat soaked with yeast and LAB tended to be low. While
not analysed statistically, pungent fishy odours may be suppressed
by S. cerevisiae Misaki-1 and L. plantarum co-cultures. From these
results, the yeast Misaki-1 and L. plantarum S-SU8were selected for
the next experiment.

In the case of meat with high ammonia content, a clear decrease
in ammonia content was observed without soaking (Fig. 2B) for 2
days. It should be considered that some ammonia compounds and
other volatile basic nitrogenous compounds present in meat
maintained at neutral pH without soaking had evaporated with
exposure to air. Soaking without the microorganisms also
decreased ammonia in themeat. Soakingwith S. cerevisiaeMisaki-1
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Table 2
Properties of pH, colour and flavor of salmon shark meat pickeled in sucrose/NaCl solution with/without lactiac acid bacteria and yeasts.

pH Gas in pikeled liquid Color

L* a* b* Flavor

Exp. 2-1. 5 g meat pickeld in 10 ml 6% Suc þ6% NaCl solution at 10 �C for 7 days
Before 6.0 50.02 6.78 12.82 (Fish)
Without the solution 6.2 50.92 3.13 15.96 Fish
Solution without microorganisms 5.6 e 49.30 1.45 7.51 Fish
S-SU1 þ Misaki-1 4.6 þ 51.23 �0.21 6.62 Lactate, Alchohol
S-SU1 þ 14-7 4.6 þ 60.42 0.64 4.14 Fish, Lactate
S-SU8 þ Misaki-1 4.3 þ 59.02 �0.31 5.89 Alcohol, Lactate
S-SU8 þ 14-7 4.3 þ 54.98 �0.22 6.23 Fish, Lactate
Exp. 2-2. 50 g meat pickeld in 100 ml 10% Suc þ5% NaCl solution at 10 �C for 2 days
Before 6.2 23.68 4.39 7.72 (Fish)
Without the solution 6.3 20.24 1.66 6.01 Fish
Solution without microorganisms 6.0 e 20.12 �2.37 1.29 Fish
S-SU8 4.7 þ 23.60 �2.26 0.70 Lactate, Fish
Misaki-1 5.6 þ 20.31 �4.98 2.87 Alcohol, Fish
S-SU8 þ Misaki-1 5.0 þ 23.42 �1.75 1.55 Lactate, Alcohol

Values are mean of duplicate measurement.

T. Kuda et al. / LWT - Food Science and Technology 68 (2016) 244e250 247



T. Kuda et al. / LWT - Food Science and Technology 68 (2016) 244e250248
resulted in the lowest ammonia content in meat. In this experi-
ment, a* and b* values were also decreased. Only the co-culture
suppressed the pungent fishy odour. These results suggest that a
co-culture of S. cerevisiae Misaki-1 and L. plantarum Sanrik-SU8 is
suitable not only for lowering the ammonia content of meat but
also for reducing unpleasant odours.

In both experiments, the pH was reduced by L. plantarum
Sanriku-SU8 and S. cerevisiae Misaki-1, which conferred an alcohol
flavour. Some organic acids, mainly lactic acid, and ethanol
metabolised by the selected cultures may have suppressed the
growth and metabolism of some putrefactive bacteria.

3.3. Use of water extract suspension of rice bran (nuka) as a starter
medium

To prepare the cell suspension using edible and low-cost ma-
terials, the potential of rice bran (nuka)-aqueous extract suspension
(AES) as a medium was examined. As shown in Fig. 3A and B, both
yeast and LAB grew well in nuka-AES, with cell densities of 7.6 and
8.6 log colony forming unit (CFU)/mL, respectively. Furthermore,
under co-culture conditions, these strains did not suppress each
other's growth (Fig. 3C). L. plantarum S-SU8 decreased pH to 4.3 and
Fig. 3. Growth of S. cerevisiae Misaki-1 (A) and L. plantarum Sanriku-SU8 (B), and their co-
HPLC chromatogram for saccharides, lactic acid and ethanol of the co-cultured suspension (D
contrast microscopy.
lower after 2 days of incubation. In the 2-day co-cultured nuka-AES,
2.4 g/L lactic acid and 0.37%v/v ethanol were produced from sac-
charides (Fig. 3D). A portion of insoluble particles in the nuka-AES
(Fig. 3E) was dissolved by fermentation (Fig. 3F). In the fermented
nuka-AES, the rice bran odour was absent and it instead possessed a
honey-like flavour. Nuka that contains some oligosaccharides pos-
sesses the demonstrated probiotic properties (Kurdi& Hansawasdi,
2015).

Fig. 4A shows images of salmon shark meat stored at 10 �C for 2
days with and without soaking. The shark meat was the most
tenderized after soaking in nuka-AES and fermented nuka-AES.
Reduction of the reddish colour by soaking was demonstrated as
reflected by the a* and b* values of the samples (Table 3). Although
the ammonia content of the meat was decreased even after soaking
without nuka-AES and microorganisms, the total ammonia content
(bothmeat and solution) was loweredmost by the fermented nuka-
AES (Fig. 4B). The fish flavour remained after soaking in both nuka-
AES and fermented nuka-AES. After light broiling, fermented nuka-
AES suppressed acrid flavours and the taste of nuka. It has been
reported that nuka has various properties such as elimination of
putrefactive compounds like histamine (Kuda & Miyawaki, 2009),
antioxidant activity (Sukhonthara, Kaewka, & Theerakulkait, 2016),
culture (C) in 10% rice bran suspension. Values are means of duplicated measurement.
). Before (E) and after (F) fermentation, the suspensions were observed under a phase-



Fig. 4. Image of soaked salmon shark meat (A) and its ammonia content (B). The shark meat was soaked at 10 �C for 48 h. Closed and open columns show ammonia in meat and the
eluted ammonia from meat. Values are mean and SE (n ¼ 3). Values with different superscript letters are significantly different with p < 0.05.

Table 3
Properties of pH, colour and flavor of salmon shark meat pickeled in sucrose/NaCl solution with/without fermented rice bran solution.

pH Color* Raw meat Flavor Cooked meat

L* a* b* Flavor Texture

Before 6.01 25.53 ± 1.82 3.81 ± 1.58 4.24 ± 1.52 (Fish) e e

Without the solution 5.90 21.60 ± 0.23 4.54 ± 0.32 7.39 ± 0.40 Fish Fish Hard
A, 10% Sucrose þ 5% NaCl 5.70 20.49 ± 0.30 1.25 ± 0.13 3.28 ± 0.43 Fish Fish Acrifity
10% rice bran: A ¼ 10: 1 5.80 26.22 ± 0.15 0.59 ± 0.07 4.07 ± 0.73 Fish, Rice bran Fish, Rice bran Soft
Fermented 10% rice bran: A ¼ 10: 1 5.70 24.77 ± 0.30 0.33 ± 0.05 4.19 ± 0.20 Fish, Lactate Fish, Rice bran Soft

*Values are mean and SE (n ¼ 3).
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anti-speck effect (Suzuki, Wada, Tanaka, Muro, & Hatanaka, 2011),
and binding with various chemical compounds (Sera et al., 2005;
Hu, Hhuang, Chen, & Wang, 2010). These properties might affect
the character of the salmon shark meat observed in this
experiment.

The results of this study suggest that soaking treatment can
reduce the ammonia content of salmon shark meat. Furthermore,
soaking with S. cerevisiae Misaki-1 and L. plantarum S-SU8 may
improve the flavour, taste, and texture of the meat. Further studies
are being conducted on the effect of fermented nuka-AES on the
quality of flavour- and odour-related compounds in shark meats,
such as other volatile basic nitrogenous molecules including tri-
methylamine (Kuda, Matsumoto, & Yano, 2002), histamine (Kuda,
Mihara, & Yano, 2007), and umami taste (glutamate and ATP
related) compounds (Kuda, Fujita, Goto, & Yano, 2007; Kuda, Fujita,
Goto, & Yano, 2008). Moreover, these parameters are being evalu-
ated with sensory tests and food functional properties tests.
4. Conclusion

In this study, to improve quality, the effects of soaking salmon
shark meat, with or without selected yeast and LAB, on the
ammonia content were examined. Although the soaking solution
that lacked the microorganisms could elute ammonia from the
meat, the total ammonia quantity (including themeat and solution)
was significantly reduced by a co-culture of S. cerevisiae Misaki-1
and L. plantarum Sanriku-SU8 isolated from beach-cast algae.
Both S. cerevisiaeMisaki-1 and L. plantarum Sanriku-SU8, grewwell
in nuka-AES, both individually and in co-culture conditions. This
fermented nuka-AES had a good flavour and demonstrated an
ammonia-lowering capacity. These results suggest that nuka-AES
fermented with S. cerevisiaeMisaki-1 and L. plantarum Sanriku-SU8
can be used as a starter suspension for the pre-treatment of meat
from salmon sharks and other fishes. Further studies on other po-
tential effects of the fermented nuka-AES, including detailed sen-
sory tests, are required before its application at the industrial and
commercial levels.
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a b s t r a c t

The conversion of metmyoglobin (MbFeIII) to red myoglobin derivatives by bacteria and their effect on
the inhibition of spoilage organisms in raw meat batters as protective cultures were investigated.
Culture-dependent and culture-independent (PCR-denaturing gradient gel electrophoresis) methods
were employed to reveal the microbial populations. The results from visible absorption and electron spin
resonance spectroscopy analysis showed that Staphylococcus xylosus and Lactobacillus fermentum could
convert MbFeIII into nitrosylmyoglobin (MbFeIINO), while oxymyoglobin (MbFeIIO2) was formed by
Lactobacillus curvatus and Lactobacillus plantarum in model systems. And the red colour was also
observed in the meat batters inoculated with L. fermentum and S. xylosus. Staphylococcus spp., Carno-
bacterium sp., Lactobacillus sp., Brochothrix thermosphacta and Enterococcus faecalis were prevalent in
control and nitrite-cured meat batters in tray packaging during refrigeration, whereas lactic acid bacteria
and Staphylococcus were observed to be the predominant microbial flora in the samples inoculated with
Lactobacillus sakei and S. xylosus, respectively. Most of the spoilage bacteria were inhibited by the two
bacterial species. This study provides a potential method for nitrite substitution by improving meat
colour and inhibiting spoilage bacteria in meat curing.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrite is a key ingredient in meat curing. It can react with
myoglobin (Mb) to form nitrosylmyoglobin (MbFeIINO) which is
responsible for the characteristic pink colour of cured meat, the
inhibition of unwanted bacteria, the retardation of lipid oxidation
and the development of desired meat flavours (Sebranek & Bacus,
2007). Unfortunately, nitrite addition can also result in the forma-
tion of carcinogenic, teratogenic and mutagenic N-nitrosamines
due to its reaction with secondary or tertiary amines in meat pro-
teins, unless antioxidant such as ascorbate is used to restrain the
reaction (Li, Shao, Zhu, Zhou, & Xu, 2013). Since there is an
increasing consumer's demand for natural products with less
chemical additives (Messina, Bono, Renda, La Barbera, & Santulli,
ortheast Agricultural Univer-

.

2015), many attempts have been made to replace nitrite in the
meat industry (Armenteros, Aristoy, & Toldr�a, 2012; Djeri &
Williams, 2014). However, only few substitutes have been used
widely in meat products until now (Feng, Shao, & Chen, 2012).

Recently, microbial conversion of metmyoglobin (MbFeIII) to red
myoglobin derivatives was observed and has the potential to be
used for improving the red colour of meat. Many bacteria, such as
Lactobacillus fermentum and Staphylococcus xylosus, were proved to
have the ability to convert metmyoglobin to red myoglobin de-
rivatives (Morita, Sakata, & Nagata, 1998; Møller, Jensen, Skibsted,
& Kn€ochel, 2003). Our previous study also revealed that
L. fermentum could cause the formation of MbFeIINO, and therefore
the cured meat colour in Harbin red sausage without nitrite addi-
tion (Zhang, Kong, & Xiong, 2007). These findings reveal that mi-
crobes can play a “reddening” role in meat products with reduced
nitrite.

Many types of bacteria can inhibit pathogens and/or spoilage
microorganisms in food matrices and are referred to “protective
cultures”. “Cultures” are the live microorganisms that, once added
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to food products, can inhibit pathogens and/or prolong the shelf-
life of food products (Ghanbari, Jami, Domig, & Kneifel, 2013).
Because meat and meat products are excellent substrates for mi-
croorganisms, it is important to explore the potential of protective
cultures in meat products to inhibit the growth of spoilage and
pathogenic bacteria. Indeed, some lactic acid bacteria (LAB) species
have been added to meat and successfully inhibit pathogens and/or
spoilage microorganisms (Gaggìa, Mattarelli, & Biavati, 2010).
However, to our knowledge, there is no report on the dual functions
of the microbes, conversion of MbFeIII and inhibition of unwanted
bacteria, which are two main roles played by nitrite during meat
curing. It has been assumed that if bacteria species could be found
to perform both functions, or if species that perform a single
function individually were mixed together as a mixed starter cul-
ture, the implications would be interesting and beneficial for meat
manufacturing.

The objective of this study was to assess the ability of LAB and
S. xylosus to convert MbFeIII in a model system and to inhibit
spoilage bacteria in raw meat batters without nitrite addition by
culture-dependent and culture-independent methods.
2. Materials and methods

2.1. Bacteria species and culture media

Lactobacillus curvatus, Lactobacillus plantarum, Pediococcus pen-
tosaceus and S. xylosus were isolated from Harbin dry sausage and
stored at the Northeast Agricultural University. Lactobacillus sakei
and L. fermentum were obtained from the China General Microbi-
ological Culture Collection Center (Beijing, China). De Mann-
Rogosa-Sharp (MRS) broth was used to cultivate the six species.
The glucose content was adjusted to 2.0 g/L in model systems to
preventMb fromdenaturing and precipitating (Arihara et al., 1993).
MRS broth without MnSO4 was prepared when subjected to elec-
tron spin resonance (ESR) spectroscopy. All reagents were pur-
chased from Hopebio Co., Ltd (Qingdao, China).
2.2. MbFeIII conversion in model system

A 20-mg/mL MbFeIII solution was prepared as described by
Arihara et al. (1993). The solution was sterilised by filtration (0.22-
mm pore size; Pall, USA) and then added to the MRS broth to yield a
final MbFeIII concentration of approximately 2.0 mg/mL to formu-
late a model system. Bacteria cultures (40 mL) in the exponential
growth phase were inoculated into 2 mL of MRS broth containing
MbFeIII. After 18 h of anaerobic cultivation at 37 �C, the media
culture was centrifuged to remove the bacterial cells and then the
colour, visible absorption and ESR spectroscopy of the supernatant
were determined.
2.3. Visible absorption spectroscopy

Visible absorption spectra were measured according to the
method of Møller et al. (2003) with modified absorption scans
obtained at wavelengths ranging from 450 to 700 nm in 1-nm in-
tervals using a UVeVis spectrophotometer (UV-6000PC, Shanghai
Metash Instruments Co., Ltd., China).
2.4. Electron spin resonance (ESR) spectroscopy

Each MRS broth (300 mL) with bacterial cells removed was
submitted directly to ESR spectroscopy using the method described
by Gøtterup et al. (2007).
2.5. Preparation of raw meat batters

Pigs were slaughtered at the slaughtering plant of the Hei-
longjiang Beidahuang Meat Processing Co., in compliance with
ethical guidelines for animal care published by the Ministry of
Science and Technology of the People's Republic of China in 1988.
Rawmeat obtained within 12 h of slaughter was trimmed of fat and
connective tissue and then passed through ameat chopper in a cold
room (4 �C). Eight groups of different meat batters were prepared,
including the control (C), the nitrite treatment (N) and six treat-
ments each inoculated with one of the bacteria species (Table 1).
According to our preliminary experiments, LAB species and
S. xylosus were inoculated at levels of 107 and 106 CFU/g meat,
respectively. Glucose was added to provide a carbon source to
samples. Colour formation assay was done as described by Li, Kong,
Chen, Zheng, & Liu (2013). The meat samples for microbiological
analysis and DNA extraction were placed in polypropylene trays,
wrapped with an oxygen-permeable polyvinyl chloride film (Wei-
guang Plastic Co., Ltd., Jiangsu, China) and stored at 4 �C for 12 d.

2.6. Colour measurement

Colour differencewas determined using a ZE-6000 colourimeter
(Nippon Denshoku, Kogyo Co., Tokyo, Japan), using D65 as the
standard illuminant. It was calibrated using a white standard plate
(L* ¼ 95.26, a* ¼ �0.89, b* ¼ 1.18). For the samples in the broth
model systems, after the bacteria cells were removed from the
culture media by centrifugation at 10,000 � g for 5 min at 4 �C, the
colour of the supernatant was measured in the transmittance mode
using a quartz cuvette with a 2-mm path length. For meat batters,
the colour difference was analysed using the reflectance modewith
a 3-cm port sample-plate.

2.7. Microbiological analysis

Microbiological analysis of meat batters was conducted at day 0,
3, 6, 9 and 12. Total aerobic count, LAB count and Staphylococcus
count were determined. Each sample (25 g) was homogenised in
225 mL of sterile peptone saline and shaken at 200 rpm for 10 min
with a stomacher. Further decimal dilutions were made, and the
following analyses were carried out: total aerobic bacterial counts
on Plate Count Agar (PCA, Hopebio Co., Ltd) incubated at 37 �C for
48 h; LAB on MRS agar incubated anaerobically at 30 �C for 48 h;
Staphylococcus spp. on Mannitol Salt Agar (MSA, Hopebio Co., Ltd)
incubated at 30 �C for 48 h. Colonies developing on plates were
counted.

2.8. DNA extraction

Total bacterial pellets were obtained directly from eight meat
batter samples at day 12 as described by Han et al. (2011). DNAwas
extracted using the TIANamp Bacteria DNA Kit (Tiangen Biotech Co.,
Ltd., Beijing, China). The DNA was then eluted with Tris-EDTA (TE)
buffer and stored at �20 �C for subsequent polymerase chain re-
action (PCR).

2.9. PCR

Primers U968f-GC (CGCCCGGGGCGCGCCCCGGGCGGGGCGG
GGGCACGGGGGGAACGCGAAGAACCTTAC) containing a GC clamp
and L1401r (GCGTGTGTACAAGACCC) were used to amplify the
V6eV8 regions of the bacterial 16S rRNA gene (Lu, Ji, Wang, Li, Li, &
Xu, 2015). The PCR reaction system (50 mL) included 0.5 mL of Taq
polymerase (1.25 U), 0.5 mL of primers U968f-GC and L1401r
(10 mM), 2.5 mL of DNA extraction solution (approximately 1 mg),



Table 1
Formulations of meat batters.

Samples Bacteria Meat (100 g) NaCl (3.0 g) Nitrite (100 mg/kg) Glucose (2 g/kg)

C (Control) e þ þ e e

N (Nitrite) e þ þ þ e

SX S. xylosus þ þ e þ
LS L. sake þ þ e þ
LC L. curvatus þ þ e þ
LP L. plantarum þ þ e þ
PP P. pentosaceus þ þ e þ
LF L. fermentum þ þ e þ

Fig. 1. Transmittance colourimetry of MbFeIII-MRS broth uninoculated (CON) or
inoculated with S. xylosus (SX), L. sakei (LS), L. curvatus (LC), L. plantarum (LP),
P. pentosaceus (PP) and L. fermentum (LF). Means of a* values with different lowercase
letters (a to b) differ significantly (P < 0.05). Means of L* values with the same letter (A)
are not significantly different at the 5% probability level.
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25 mL of two-fold PCR buffer and 21 mL of UV-sterile water. The
cycling conditions were as follows: 94 �C for 3 min and 35 cycles of
94 �C for 30 s, 56 �C for 30 s and 72 �C for 1 min. The reaction was
terminated with an extension step of 5 min at 72 �C. The PCR
products were examined and verified by electrophoresis on a 1.2%
(w/v) agarose gel and then stored at �20 �C.

2.10. Denaturing gradient gel electrophoresis (DGGE)

PCR amplicons were separated by DGGE, using the Dcode™
Universal Mutation Detection system (Bio-Rad Lab Inc., Hercules,
Calif., U.S.A.). A 160 � 160 � 0.75 mm polyacrylamide gel [8% (w/v),
37.5:1 acrylamide-bisacrylamide] with a denaturing range of
35e65% was used. A 100% denaturant acrylamide was defined as
7 M urea and 40% deionised formamide. Electrophoresis was per-
formed at 200 V for 10 min before sample testing and then at 75 V
for 14 h in 1 � Tris-Acetate-EDTA (TAE; 40 mM Tris-acetate and
1mMEDTA, pH 8.3) buffer at 60 �C. After electrophoresis, the DGGE
gels were stained with UltraPower for DNA (Bioteke, Co., Beijing,
China) for 30 min and then photographed using a UV trans-
illuminator (Tanon Co. Ltd., Shanghai, China).

2.11. Sequencing of DGGE bands

The DGGE bands used for sequencing were excised, flushed
twice using sterile distilled water and then eluted with 20 mL TE
buffer. The eluted DNA (2.5 mL) from each DGGE band was used for
PCR amplification using the conditions described above and veri-
fied by DGGE to confirm that only products showing a single band
and co-migrating with that of the original sample were chosen for
subsequent analysis. The samples were excised and then amplified
with the primers U968f (AACGCGAAGAACCTTAC) without a GC
clamp and L1401r, purified and sent to the Beijing Gene Institute
(BGI, Beijing, China) for sequencing. Similarity searches of the
GenBank DNA database (http://blast.ncbi.nlm.nih.gov) were per-
formed with the BLAST search tool to find the closest known
relatives.

2.12. Nucleotide sequence accession numbers

Sequences of pork bacterial 16S rRNA gene clones have been
deposited in the GenBank database under accession numbers
KP715378 through KP715385.

2.13. Statistical analysis

Data were analysed using the General Linear Models procedure
of the Statistix 8.1 software package (Analytical Software, St. Paul,
Minn., U.S.A.). Three batches of meat batters were prepared, and all
of the specific assays were carried out in triplicate. Analysis of
variance (ANOVA) was performed to determine significance. Sig-
nificant differences (P < 0.05) among means were identified using
Tukey procedures.
3. Results and discussion

3.1. Formation of red myoglobin derivatives

3.1.1. MbFeIII conversion in model systems
The six bacteria species, commonly used in meat, were evalu-

ated for their capacity to convert MbFeIII into red Mb derivatives.
The colour analysis results showed that the samples inoculated
with L. curvatus, L. plantarum, S. xylosus and L. fermentum had
significantly higher a* values than those of the other samples
(Fig. 1; P < 0.05), which means that the samples inoculated with
these four species became much redder in colour. However, the L*
value (lightness) showed no significant difference (P > 0.05) among
the different treatments. The difference was also noticeable visu-
ally. The colour of the MRS model systems inoculated with
L. curvatus, L. plantarum, S. xylosus and L. fermentum turned from
brown to bright red within 18 h of incubation, whereas the control
sample (no bacterial culture) or the samples with added
P. pentosaceus and L. sakei still maintained its brown colour.

UVeVis absorption spectroscopy was employed to determine
what type of Mb derivatives existed in the model systems. It was
evident that samples treated with L. curvatus, L. plantarum,
S. xylosus and L. fermentum had two absorbance peaks at approxi-
mately 545 nm (b-band) and 580 nm (a-band) in the wavelength
range of 500e600 nm (Fig. 2), which are the typical absorbance
peaks of red myoglobin derivatives, Oxymyoglobin (MbFeIIO2) and
MbFeIINO (Millar, Moss, & Stevenson, 1996). The control and sam-
ples treated with P. pentosaceus and L. sakei showed absorption

http://blast.ncbi.nlm.nih.gov
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Fig. 2. Absorption spectra of MbFeIII-MRS broth inoculated with S. xylosus, L. sakei,
L. curvatus, L. plantarum, P. pentosaceus and L. fermentum for 18 h at 37 �C, with cells
removed by centrifugation.
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Fig. 3. Electron spin resonance spectra of MRS broth with different bacterial cells
removed.

Table 2
Reflectance colourimetry of meat batters inoculated with lactic acid bacteria and
S. xylosus.

Samples L*-Value a*-Value b*-Value

Control 44.94 ± 1.00ab 9.66 ± 0.44c 14.75 ± 1.06a

Nitrite 46.44 ± 0.77a 13.03 ± 0.48a 15.35 ± 0.78a

S. xylosus 42.80 ± 0.99ab 12.76 ± 0.53ab 15.10 ± 0.56a

L. sakei 42.25 ± 1.22b 9.60 ± 0.52c 15.16 ± 0.82a

L. curvatus 42.48 ± 0.96b 9.70 ± 0.46c 15.25 ± 0.86a

L. plantarum 42.20 ± 1.02b 9.62 ± 0.43c 14.55 ± 0.89a

P. pentosaceus 42.35 ± 1.20b 9.59 ± 0.55c 15.05 ± 0.78a

L. fermentum 43.16 ± 0.88ab 10.95 ± 0.28bc 14.88 ± 0.98a

Values are given as means ± SD from triplicate determinations. aec Different letters
in the same column indicate significant differences (P < 0.05).
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peaks at approximately 505 nm and 635 nm, which are charac-
teristic of MbFeIII.

Millar et al. (1996) reported that 544 and 582 nm are the
maximal absorbance peaks for MbFeIIO2, whereas 548 and 579 nm
are the maximal absorbance peaks for MbFeIINO. Therefore, it is
difficult to differentiate the UVeVis absorption spectra between
MbFeIIO2 and MbFeIINO because the two red derivatives exhibit
absorbance bands at similar wavelengths (approximately 545 and
580 nm). The absorbance between the b- and a-bands is one way to
differentiate between the two derivatives because MbFeIINO has
higher extinction coefficients at approximately 560 nm than
MbFeIIO2. However, such subtle differences become less useful
when studying mixtures of the two absorbing species (Gøtterup
et al., 2007). Therefore, the red pigment could be either MbFeIIO2
or MbFeIINO or a mixture of the two.

ESR spectroscopy was used to further identify the red pigment,
for the signals could only be stimulated by the paramagnetic NO
molecule in MbFeIINO (Møller et al., 2003). ESR signals were silent
in the samples inoculated with L. curvatus and L. plantarum (Fig. 3),
thus indicating that the red colour solely originated fromMbFeIIO2.
A peak can be observed at g ¼ 1.9870 in the samples treated with
S. xylosus and L. fermentum, which showed hexacoordinate
MbFeIINO was formed (Li, Kong et al., 2013). However, it is not
difficult to find that the ESR signal for the L. fermentum sample was
much weaker than that inoculated with S. xylosus, which means
that a mixture of MbFeIIO2 and MbFeIINO was formed.

3.1.2. Colour formation in meat batters
The colour of meat batter samples was determined to analysis

whether “reddening” bacteria in the broth model systems are also
effective in the meat matrix (Table 2). The results showed that a*-
value of meat batters inoculated with S. xylosus had no significant
difference compared with the nitrite sample (P > 0.05), and it was
significantly higher than that of the control and samples added
with LAB except for L. fermentum (P < 0.05). The a*-value of meat
batters inoculated with L. fermentum was lower than that of
S. xylosus-treated sample and higher than the control and samples
inoculated with other LAB species. The later did not show signifi-
cant differences between them (P > 0.05). Visual inspection also
showed that the meat samples inoculated with S. xylosus and
L. fermentum had a much redder colour than samples inoculated
with other bacteria. The results means that the meat samples
inoculated with S. xylosus and L. fermentum became redder in
colour, and the effect of S. xylosus was better than that of
L. fermentum. The L*-values (lightness) of S. xylosus and
L. fermentum samples were higher than those of other bacteria
treatments, but with no significant difference (P > 0.05). The b*-
value (yellowness) showed no significance among different treat-
ments (P > 0.05). The redder colour in the meat samples inoculated
with S. xylosus and L. fermentumwas probably due to the formation
of MbFeIINO, as proved in Figs. 2 and 3. MbFeIINOwas considered to
be produced by “reddening” bacteria that can synthesise NO from L-
arginine through the role of nitric oxide synthase (Arihara et al.,
1993; Li, Shao et al., 2013; Li, Kong et al., 2013).

The a*-values of meat samples inoculated with L. curvatus and
L. plantarum had no significant difference compared to the control
(P > 0.05, Table 2), and the results were different from that in broth
model systems. The lower a*-value in the meat batters may be
attributed to the oxidation of MbFeIIO2 by oxidative substances
existed in meat matrix (Park et al., 2008).

3.2. Bacterial enumeration of raw meat batters

The total aerobic count, LAB count and Staphylococcus count of
the meat samples were determined at day 0, 3, 6, 9 and 12 during
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refrigeration. The storage time had a significant effect on the
growth of total bacteria in both the treatment and control samples.
The total aerobic count of the control sample increased from an
initial value of 3.6e7.0 l g CFU/g at day 12, whereas the LAB and
Staphylococcus count increased from 3.1 to 5.8 and from 1.8 to 5.1 l g
CFU/g, respectively (Fig. 4a). It was observed that the total aerobic
count increased more rapidly than the LAB count during storage,
which indicates that some other bacteria also grew well during the
later stages of storage. The nitrite-cured sample showed similar
behaviour as that of the control except for a lower bacterial con-
centration (Fig. 4b), which resulted from the antimicrobial role of
nitrite.

For the meat batters inoculated with L. curvatus, L. plantarum,
P. pentosaceus and L. fermentum, LAB grew slowly and did not
become the predominant population during storage at 4 �C (data
not shown). In the sample inoculated with L. sakei, however, the
LAB count increased from 7.0 to 8.1 l g CFU/g (Fig. 4c). Moreover, the
LAB curve was very close to the total aerobic count curve (P > 0.05),
nearly overlapping with it, which indicates that the LAB were the
dominant bacteria during refrigeration. A similar tendency was
observed in the batters treatedwith S. xylosus, inwhich the count of
Staphylococcus spp. increased from 6.1 to 7.3 l g CFU/g (Fig. 4d). The
curves of Staphylococcus and total bacteria nearly overlapped with
each other throughout the entire period (P > 0.05). In addition, LAB
count in the sample reached to only 4.8 l g CFU/g at day 12, far away
from the Staphylococcus count.

Microbiological analysis indicated that LAB and Staphylococcus
were the dominant bacteria in the meat batters inoculated with
L. sakei and S. xylosus, respectively. However, it could not be
definitively determined whether the two species inhibited the
growth of other bacteria solely by the traditional culture-
dependent method because it was difficult to calculate the
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Fig. 4. Microbial evolution in raw meat batters during refrigeration. T, L and S represent
bacterial counts for L. sakei and S. xylosus directly, unlike the LAB
and Staphylococcus sp. counts. Furthermore, the main disadvantage
of the culture-dependent technique is the lack of knowledge of the
real conditions under which most of the microbes prefer to grow in
their original habitat and the difficulty of developing culture media
under precisely these conditions (Ercolini, 2004).

As a result, culture-independent techniques that employ mo-
lecular methods based on the direct detection of DNA or RNA in
microbial ecosystems are considered for studying microbial di-
versity both directly and rapidly. Among these methods, DGGE
analysis is one of the most widely applied molecular techniques
(Greppi, Rantsiou, Padonou, Hounhouigan, Jespersen, & Jakobsen,
2013). This technique has been developed for the study of micro-
bial populations as well as the identification of bacteria species in
many food matrices (Jiang, Gao, Xu, Ye, & Zhou, 2011; Lattanzi,
Minervini, & Gobbetti, 2014).
3.3. DGGE analysis of bacteria diversity of raw meat batters

After DNA extraction and amplification with primers U968f-GC
and L1401r, all of the bacterial DNA from the eight samples at day
12 yielded the PCR products of the expected size by agarose gel
electrophoresis (approximately 430 bp, Fig. 5a). The results ob-
tained from the direct DGGE analysis of the bacterial community
developed in meat batters with a denaturing gradient from 35% to
65% showed eight different profiles (Fig. 5b), which indicates that
different microbial communities compositions were formed in the
meat batters inoculated with different bacteria. The bands marked
with different numbers in Fig. 5bwere purified and then sequenced
after re-amplification, and the relative identification obtained by
alignment in GenBank is shown in Table 3. Other weak bands were
not labelled.
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total aerobic count, lactic acid bacteria count and Staphylococcus count, respectively.



Fig. 5. 1.2% agarose electrophoresis profile (a) of PCR products of bacterial DNA (V6~V8
region) extracted from control (C), nitrite sample (N) and meat batters treated with
S. xylosus (SX), L. sakei (LS), L. curvatus (LC), L. plantarum (LP), P. pentosaceus (PP) and
L. fermentum (LF) and DGGE profiles (b) at day 12 of refrigeration. Bands indicated by
numbers 1e8 were excised and, after re-amplification, subjected to sequencing.
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The DGGE profiles of the control and nitrite-cured meat
exhibited similar patterns (Fig. 5b). Bands of Staphylococcus spp.,
Carnobacterium sp., Lactobacillus sp., Brochothrix thermosphacta and
Enterococcus faecalis were detected in the two treatments at the
end of storage (day 12). Jiang et al. (2011) also showed that Lacto-
bacillus, Pseudomonas and B. thermosphacta were the predominant
bacteria in tray-packaged pork meat during refrigeration. NaCl and
nitrite are both important antimicrobial agents (Krause, Sebranek,
Rust, & Mendonca, 2011; Sebranek, Jackson-Davis, Myers, & Lav-
ieri, 2012), and they were proved to be effective in inhibiting many
spoilage microflora, mainly Gram-negative bacteria, such as
Escherichia coli and Shewanella putrefaciens (Gill & Holley, 2003). In
addition, the outgrowth of many pathogenic bacteria, including
Clostridium botulinum, could be suppressed by nitrite. However,
many Gram-positive bacteria could not bewell inhibited by the two
agents, and as a result, the spoilage bacteria, including Carno-
bacterium sp., Lactobacillus sp., Brochothrix thermosphacta and E.
faecalis, continued to grow during the storage of the meat batters as
Table 3
Sequencing results from the bands cut from the bacterial DGGE gels shown in Fig. 5b.

Bands Closest relative % Identity Accession no.

1 Staphylococcus vitulinus 100 KP715378
2 Staphylococcus xylosus 99 KP715379
3 Carnobacterium sp. 100 KP715380
4 Lactobacillus sp. 99 KP715381
5 Pseudomonas sp. 98 KP715382
6 Brochothrix thermosphacta 99 KP715383
7 Pediococcus pentosaceus 99 KP715384
8 Enterococcus faecalis 98 KP715385
reflected by DGGE profile bands. These results are in agreement
with those reported in a previous study carried out in vitro (Gill &
Holley, 2003).

However, in this study, the DGGE profiles of meat batters inoc-
ulated with different LAB and S. xylosus bacteria were different
between the control and nitrite samples. Only two bands (S. xylosus
and Pseudomonas sp.) were detected in the sample inoculated with
S. xylosus, which indicates that many spoilage bacteria were
inhibited. Biological protection was also observed in the sample
treated with L. sakei, in which only bands of S. xylosus, L. sakei and
Pseudomonas sp. were observed. In contrast, many other bands of
spoilage microbes were observed in the meat batters inoculated
with L. curvatus, L. plantarum, L. fermentum and P. pentosaceus.
These results support those obtained from bacterial enumeration
(Fig. 4).

S. xylosus has been reported to inhibit many unwanted bacteria
as a protective culture, including B. thermosphacta (Kotzekidou &
Bloukas, 1996), Bacillus licheniformis (Mah & Hwang, 2009), Enter-
obacteriaceae and Pseudomonas (Laukov�a, Simonov�a,& Strompfov�a,
2010), and the present study also demonstrates that many spoilage
bacteria were inhibited by S. xylosus in meat batters stored at low
temperature. The antimicrobial role may be attributed to a bacte-
riocin or antagonistic substance produced by S. xylosus.

L. sakei is often used as a protective culture in meat and meat
products because it can inhibit the outgrowth of many spoilage
organisms. The role played by LAB in meat preservation is due to its
strong ability to compete for growth nutrients, thrive at low pH and
synthesize antimicrobial metabolites (Katikou, Ambrosiadis,
Georgantelis, Koidis, & Georgakis, 2005). Many studies have
focussed on the effectiveness of L. sakei as a protective culture
against the growth of spoilage bacteria during refrigeration.
Enterobacteriaceae, Pseudomonas spp., B. thermosphacta and Leu-
conostoc mesenteroides were observed to have been repressed in
sliced beef at 4 �C (Katikou et al., 2005) and in cooked ham at 4 or
7 �C (Vermeiren, Devlieghere, & Debevere, 2006), respectively, in
the presence of L. sakei. Similar results were obtained in this study,
in which most of spoilage bacteria were inhibited in the sample
inoculated with L. sakei, which exhibited only weak band of Pseu-
domonas in its DGGE profile.
4. Conclusions

The results of this study demonstrate that L. fermentum and
S. xylosus could convert MbFeIII into MbFeIINO in model systems. A
higher redness value was also observed in the meat batters inoc-
ulated with L. fermentum and S. xylosus. LAB and Staphylococcus
were observed to be the predominant microbial flora in the meat
batters inoculated with L. sakei and S. xylosus, respectively, and
most of the spoilage bacteria were inhibited by these two bacterial
species. The results indicate that S. xylosus and some of the LAB can
perform a colouring and antimicrobial role in meat manufacturing;
thus, it may be developed as a potential method for nitrite substi-
tution in meat products. Additional research is required to realise
the inhibition to pathogens such as C. botulinum by these or more
bacteria.
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a b s t r a c t

The combined effect of binary and tertiary antimicrobial mixtures of chitosan, nisin and sodium lactate at
pH 5.50, modified atmosphere packaging (MAP) and refrigerated storage on the global quality of
Argentine hake burgers was studied. Global quality was evaluated through microbiological (mesophilic,
lactic acid and proteolytic bacteria), physicochemical (pH, total volatile basic nitrogen and trimethyl-
amine) and sensory (odor) parameters during 30 days at 4 �C. Burgers free of antimicrobials and packed
in air or in MAP were used as controls. A challenge test with Listeria innocua was also performed. Fish
burgers stored in air showed a global quality lower than 5 days. MAP was able to extend fish burgers
quality, but it was not able to control L. innocua's development. The addition of antimicrobials improved
microbiological, chemical and sensory characteristics. Among the different tested combinations, the one
containing chitosan, nisin and sodium lactate must be highlighted. This mixture extended microbio-
logical, physicochemical and sensory quality of burgers to 30 days. Furthermore, it controlled the
development of L. innocua throughout storage. This study showed that the use of the proposed tertiary
mixture of antimicrobials combined with MAP represents a promising technique to extend the shelf-life
and safety of refrigerated hake burgers.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fish spoilage begins immediately after its capture. The process
involves chemical and enzymatic reactions, but it is dominated by
the development of microorganisms (Gram, 2010). Microbial flora
of fish is represented by Gram negative and psychrophilic bacteria,
belonging to the genera Pseudomonas, Moraxella, Acinetobacter,
Flavobacterium and Shewanella. Autolytic changes produced in fish
muscle render it as a favorable environment for the microorgan-
isms to grow. Mentioned growth leads to the end of shelf-life when
levels between 107 and 109 CFU/g are reached (Gram, 2010).
Autolytic reactions and microorganism's growth conduce to the
production of basic nitrogen compounds. With the general desig-
nation of total volatile basic nitrogen (TVB-N) it is known the set of
ias, Facultad de Ciencias Ex-
dente Güiraldes 2160, Ciudad

os).
ammonia, trimethylamine (TMA), dimethylamine, monomethyl-
amine and other volatile basic nitrogen compounds associatedwith
fish spoilage (Huss, 1995). Since TVB-N includes more than one
substance, it is valid as freshness indicator (Gram & Dalgaard,
2002). Fish spoilage reactions occur faster than in other meats. As
a consequence, it is essential to apply some preservation method in
order to extend its shelf-life.

Modified atmosphere packaging (MAP) has been used as a stress
factor in fish preservation. The effect of the combined use of MAP
and refrigerated storage was studied in cod, haddock, herring,
sardine, salmon, sea bass, hake, mullet, seer fish and swordfish
(Kykkidou, Giatrakou, Papavergou, Kontominas, & Savvaidis, 2009;
Masniyom, Benjakul, & Visessanguan, 2002; Milne & Powell, 2014;
€Ozogul, Polat, & €Ozogul, 2004; Pournis, Papavergou, Badekak,
Kontominas, & Savvaidis, 2005; Yesudhason, Lalitha, Srinivasa
Gopal, & Ravishankar, 2014). Shelf-life of the mentioned products
was increased, obtaining periods between 10 and 22 days
(Masniyom, 2011).

On the other hand, the addition of antimicrobial agents in order

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:carmen@di.fcen.uba.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2015.12.012&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2015.12.012
http://dx.doi.org/10.1016/j.lwt.2015.12.012
http://dx.doi.org/10.1016/j.lwt.2015.12.012


Table 1
Systems composition.

System composition Atmosphere

Chitosan (mg/g) Nisin (IU/g) Sodium lactate (mg/g)

e e e Air

e e e 55% CO2 e 45% N2

2000 5000 e 55% CO2 e 45% N2

2000 e 20000 55% CO2 e 45% N2

e 5000 20000 55% CO2 e 45% N2

2000 5000 20000 55% CO2 e 45% N2
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to preserve fishery products has been investigated. For instances,
Arancibia, Gim�enez, L�opez-Caballero, G�omez-Guill�en, and Montero
(2014) reported that agar or sodium alginate bilayer films added
with cinnamon essential oil reduced microbial growth, including
Listeria monocytogenes during refrigerated storage of peeled
shrimps. Furthermore, chitosan coating solution was able to inhibit
the growth of microorganisms related to shrimp spoilage
(Arancibia, L�opez-Caballero, G�omez-Guill�en, & Montero, 2015) and
the addition of potassium sorbate to vacuum packed pearl mullet
fillets increased its microbiological and chemical qualities
(Genccelep, Andic, & K€ose, 2014).

Regarding the combination of mentioned preservation factors, a
synergistic effect is expected to be found. Such effect could be
higher if there is a prior synergism among used antimicrobials.
Previous studies have shown that some binary mixtures of chitosan
with nisin or sodium lactate and some tertiary mixtures of these
preservatives were more effective than the use of each preservative
alone for the inhibition of L. innocua and bacteria related to fish
spoilage (Schelegueda, Gliemmo, & Campos, 2012; Schelegueda,
Zalazar, Gliemmo, & Campos et al., 2015). Therefore, it is inter-
esting to study the effect of such antimicrobials in combination
with MAP and refrigerated storage on the quality of fish products.

Chitosan, nisin and sodium lactate are commonly available and
generally recognized as safe -GRAS- (Chai, Lee, & Oh, 2015; Fang,
Wolmarans, Kang, Jeong, & Wright, 2015; Sallam, 2007). As an
advantage, they do not promote changes in sensory characteristics,
as essential oils do (Del Nobile et al., 2009; Kykkidou et al., 2009).
Several studies have been focused on investigating the application
of chitosan, nisin or sodium lactate for fish preservation (Datta,
Janes, Xue, Losso, & La Peyre, 2008; Fernandez-Saiz, Soler,
Lagaron, & Ocio, 2010; Nyk€anen, Weckman, & Lapvetel€ainen,
2000). However, no studies have been reported in which the
mixture of the mentioned antimicrobials is used. Moreover, despite
existing investigations, it is necessary to optimize the application of
antimicrobials and MAP for each type of fish (Del Nobile et al.,
2009). Regarding MAP, it is a proven inexpensive and uncompli-
cated technique for extending seafood shelf-life (Corbo et al., 2009).
Different gas mixtures can be used to preserve fish. Among them,
the most effective are those containing a high percentage of CO2
due to its capacity to exert a strong inhibitory effect on bacterial
growth. However, CO2 concentrations near to 100% may affect food
pH, promoting protein denaturation and a decrease in water
retention capacity. These issues can be avoided selecting interme-
diate CO2 levels (Cakli, Kilic, & Dincer, 2006; Del Nobile et al., 2009;
Wang, Sveinsd�ottir, Magnússon, & Martinsd�ottir, 2008). In the
present study, preservation techniques were applied on fish bur-
gers, made of Argentine hake (Merluccius hubbsi) which is found in
the eastern cost of South America. The Argentine hake has great
economic importance, since large quantities are fished per year and
therefore, it represents one of the major seafood exports in
Argentina (Ministerio de Agricultura, Ganadería y Pesca de la
República, Argentina, 2015).

Owing to all facts listed above, the aim of this study was to
determine the effect of the addition of binary and tertiary mixtures
of chitosan, nisin and sodium lactate adjusted to pH 5.50 in com-
bination with MAP and refrigerated storage on microbiological,
physicochemical and sensory quality of fish burgers. Moreover, the
ability of the mixtures to inhibit L. innocua growth was also
assessed.

2. Materials and methods

2.1. Bacterial strain, culture conditions and antimicrobial agents

Listeria innocua ATCC 33090 -used as an alternative to L.
monocytogenes because of its similar response to stress factors
(Friedly et al., 2008)- was stored in Mueller Hinton broth (Biokar
Diagnostics, Beauvais, France) supplemented with 10 g/100 g
glycerol (Sintorgan S.A., Buenos Aires, Argentina) and 10 g/100 g
skim milk, at �30 �C. Before the use, L. innocua was grown twice in
broth at 30 �C during 18 h, and then it was adapted to grow at low
temperature. For that purpose, the bacterium was incubated at
15 �C for 7 days, and then, at 4 �C for the same period of time.

Chitosan (Sigma Chem. Co., St. Louis, MO, USA) -deacetylation
degree 85%-, nisin (added in the form of Nisaplin, Danisco A/S DK,
Denmark) and sodium lactate (Parafarm, Buenos Aires, Argentina)
were used in this study. Chitosan and nisin were dispersed without
modifications. The pH value of sodium lactate solution was
adjusted to 5.50 using 10 g/100 g citric acid (Parafarm, Buenos
Aires, Argentina).

2.2. Burgers' elaboration

Fifteen kilograms of fresh hakes (M. hubbsi) were received from
the harbor of Mar del Plata (Buenos Aires, Argentina) the baseline
day. Hakes were washed, decapitated, eviscerated and filleted. Fil-
lets were washed with sterile chlorinated water (7 mg/g) as indi-
cated by Reilly (2000) and drained for 5 min. Then, they were
grounded with a domestic blender for 2 min in order to obtain a
paste which was separated into six fractions (1200 g each) and
systems were formulated according to Table 1. After antimicrobials'
addition, the required amount of sterilized citric acid (50 g/100 g)
was added in order to reach a pH of 5.50. Then, each system was
separated into two equal parts. One of themwas inoculated with L.
innocua (102 CFU/g) and used for microbiological analyses, while
the unmodified part was used for chemical and sensory analyses.
Previous studies showed that L. innocua does not affect indigenous
biota present in fish or its physicochemical characteristics (data not
shown).

Burgers of 5 cm diameter and 1 cm high (25 g fish paste) were
formed. Then, they were placed on trays which were placed inside
plastic bags (polyvinyl chloride - polyvinylidene chloride, 59 mm
thickness, oxygen permeability at 23 �C: 30.4 cm3/m2. day atm, CO2
permeability at 23 �C: 150 cm3/m2day bar -Cryovac Inc., Sealed Air
Corporation, Buenos Aires, Argentina-). The bags were closed, with
or without atmosphere modification (Table 1), using a packer
(Multivac C200, Wolfertschwenden, Germany). The mixture of gas
used was CO2:N2 (55:45) and the gas product ratio was 3:1 (mL:
mL) as recommended by Devlieghere and Debevere (2000) to exert
a significant effect on microbial growth. Samples were stored at
4 �C for 30 days and withdrawn at 0, 2, 5, 8, 15, 22 and 30 days.

2.3. Atmosphere composition

Before opening the bags, a sample of internal gaseous atmo-
sphere was taken. Atmosphere composition was evaluated by
means of a gas chromatograph (Shimadzu GC-8A, Tokyo, Japan),
using an Alltech CTRI column and a thermal conductivity detector
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(TCD). A volume of 150 ml of sample was injected, Argon was the
carrier gas used and the flow rate was 70 ml/min.

2.4. Microbiological analyses

Samples of 5 g of each burger and 45 ml of 0.1 g/100 g peptone
water (Biokar Diagnostics, Beauvais, France) were placed in stom-
acher bags and homogenized for 1 min in a stomacher (Seward
Medical, London, UK). Serial dilutions were prepared and were
used to enumerate microorganisms. The populations of mesophilic
and lactic acid bacteria (LAB) were enumerated in Plate Count Agar
(PCA) and Man, Rogosa & Sharpe (MRS) agar (Biokar Diagnostics,
Beauvais, France), respectively. The population of proteolytic bac-
teria was enumerated in basal medium formulated with meat
extract (Biokar Diagnostics, Beauvais, France), tryptone (Biokar
Diagnostics, Beauvais, France), glucose (Anedra S.A., Buenos Aires,
Argentina), skimmed powder milk and bacteriological agar (Biokar
Diagnostics, Beauvais, France) -Phaff, Starmer, Lachance, & Ganter,
1994- as previously described Ben-Gigirey, Vieites-Baptista de
Sousa, Villa, and Barros-Vel�azquez (2000). Colonies showing a halo
around were counted. Finally, the population of L. innocua was
enumerated in Palcam Agar (Biokar Diagnostics, Beauvais, France)
supplemented with antibiotics. Plates were stored at 30 �C for 2
days.

2.5. Physicochemical analyses

Determination of pH was performed using a pH meter Solution
Analyzer 5800-05 (ColeeParmer Instrument Co., IL USA). Total vol-
atile base nitrogen (TVB-N) and trimethylamine (TMA) contentwere
determined by the Conway's method described by Pearson (1993).
Briefly, fish burgers (10 g) were extracted with 30 ml of 5 g/100 g
trichloroacetic acid. To perform TVB-N determination, 1.0 ml of
extract was placed in the outer ring of the chamber and 1.0 ml of
boric acid and mixed indicator (bromocresol green e methyl red)
were placed in the inner ring. Grease was applied to the edges of the
chamber and finally 1.0 ml of saturated potassium carbonate was
dispensed in the outer ring. The chamber was incubated at 37 �C for
1 h. Sulfuric acid was used for titration. To determine TMA, 1.0 ml of
formaldehydewas also added in the outer ring of the chamber. Blank
systemswere run simultaneously using distilledwater to replace the
extract. Results were expressed as mg of TVB-N/100 g or TMA/100 g
fish burger. All solvents and chemical reagents used were of reagent
grade (Anedra S.A., Buenos Aires, Argentina).

2.6. Sensory analyses

Samples of 5.0 g of each burger were sensory evaluated by 16
trained judges in order to compare the odor perception during the
storage by the Multiple Differences test (Meilgaard, Civille, & Carr,
1991). The odor was evaluated using a hedonic scale of 5 points (1:
unpleasant, 5: nice). A score of 2.5 was defined as the threshold of
acceptability.

2.7. Statistical analyses

Experiments were conducted in triplicate. Data obtained were
analyzed by two factors (system and time) ANOVA, followed by
Tukey's multiple comparison test.

To analyze the data from sensory evaluation, an ANOVA for a
randomized (complete) block design of two factors without inter-
action was used for each time of evaluation (Meilgaard et al., 1991).
The factors were the subjects and treatments. Also, the average
scores were compared by Tukey's test.

Statistical analyses were performed using the statistical
program Statgraphics (Statgraphics Plus for Windows, version 5.1,
2001, Manugistics, Inc., Rockville, Maryland, USA). The significance
level was 0.05%.

3. Results

3.1. Atmosphere composition

The composition of the gaseous atmosphere injected into the
burgers packaging (55% CO2 and 45% N2) remained constant during
the 30 days of storage. No change in the proportion of the
mentioned gases or O2 presence was found into the containers.

3.2. Microbiological analyses

During storage at 4 �C, differences in microbiological de-
terminations were found, which depended on the group of studied
microorganisms. Regarding mesophilic bacteria, none of the
treatments caused an immediate effect (Fig. 1, panel A). Mesophilic
bacteria population increased significantly with time in fish bur-
gers packaged in air and free of antimicrobials (Fig. 1, panel A). After
5 days, the population reached a level close to 107 CFU/g, which is
the maximum microbial growth allowed in this type of food ac-
cording to the European Community legislation (EC, 2073, 2005).
On the other hand, an inhibitory effect caused by the mix of gases
was observed since mesophilic bacteria population of the burgers
packaged in modified atmosphere and free of antimicrobials did
not reach such the maximum count limit. Bacterial population of
burgers added with antimicrobials remained constant during the
study (Fig. 1, panel A).

Lactic acid bacteria population depended on packaging type and
burger composition showing a similar behavior to the reported for
mesophilic bacteria. After 15 days of storage, they reached the same
level in burgers packed in air or in MAP. Then, an increase was
observed in MAP. It must be mentioned that a slight inhibition was
found in burgers containing chitosan and nisin (Fig. 1, panel B).

Proteolytic bacterial population of burgers packaged in air
increased notably during the first days of storage (Fig. 1, panel C).
Regarding burgers packaged in modified atmosphere, mentioned
population was inhibited. Although the inhibition rate was
different depending on the system, in all cases it was undetectable
at the end of the study (Fig. 1, panel C).

L. innocua was inoculated in fish burgers in order to simulate a
contamination during food processing. At the beginning of the
storage, L. innocua population was found in a concentration be-
tween 2.0 and 2.5 log cycles. However, systems containing chitosan
and nisin and the tertiary mixture of antimicrobials immediately
inhibited the growth of L. innocua (Fig. 1, panel D). In contrast, L.
innocua population increased in systems free of preservatives. As
for the burgers containing chitosan and sodium lactate, L. innocua
population remained at the inoculated level during the storage.
Finally, the population decreased to undetectable level after 8 days
in those burgers added with nisin and sodium lactate (Fig. 1, panel
D).

3.3. Physicochemical analyses

Burgers' pH was adjusted to 5.50 by the addition of citric acid
during their formulation. The pH of systems packaged in air grad-
ually increased, reaching a value of 7.19 after 15 days (Fig. 2). Among
the burgers packaged in modified atmosphere, those free of pre-
servatives and those containing chitosan and nisin showed an in-
crease of pH values during the first days of storage, but then they
remained constant (Fig. 2). In burgers containing mixtures of chi-
tosan or nisin with sodium lactate, pH remained unchanged for 22
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Fig. 1. Counts of mesophilic bacteria (panel A), lactic acid bacteria (panel B), proteolytic bacteria (panel C) and L. innocua (panel D) in fish burgers during refrigerated storage.
free of antimicrobials and air packaged; free of antimicrobials and modified atmosphere packaged; 2000 mg/g chitosan and 5000 IU/g nisin; 2000 mg/g chitosan and
20000 mg/g sodium lactate; 5000 IU/g nisin and 20000 mg/g sodium lactate; 2000 mg/g chitosan, 5000 IU/g nisin and 20000 mg/g sodium lactate. Punctuated line denotes
maximum microorganisms count allowed to this type of food.
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Fig. 2. pH of fish burgers during refrigerated storage. free of antimicrobials and air
packaged; free of antimicrobials and modified atmosphere packaged;
2000 mg/g chitosan and 5000 IU/g nisin; 2000 mg/g chitosan and 20000 mg/g
sodium lactate; 5000 IU/g nisin and 20000 mg/g sodium lactate; 2000 mg/g
chitosan, 5000 IU/g nisin and 20000 mg/g sodium lactate. Punctuated line denotes
maximum pH value allowed to this type of food.
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days, and then a slight increasewas observed during the last days of
storage. Finally, in burgers added with the tertiary mixture of an-
timicrobials pH remained constant throughout the study (Fig. 2). It
must be stressed that the maximum value allowed by the C�odigo
Alimentario Argentino (2015) �7.50 pH units-was never exceeded.

Regarding TVB-N and TMA contents, no differences among
systems were found at baseline (Fig. 3). After 5 days of storage of
burgers packaged in air, TVB-N content exceeded the established
maximum of 30 mg/100 g (EC, 2074/2005). Furthermore, TMA
content was superior to the advised values of 15 mg/100 g (Connell,
1995; Huss, 1988). The use of MAP alone or combined with anti-
microbials reduced the production of mentioned compounds. The
magnitude of the effect depended on the mixture of antimicrobials
used (Fig. 3). Systems containing nisin and sodium lactate and the
tertiarymixture of antimicrobials showed TVB-N and TMA contents
lower than the established maximum and recommended values,
respectively, during all the study (Fig. 3).

3.4. Sensory analyses

At baseline, burgers’ odor received scores between 3 and 4
points and no differences among treatments were found (Fig. 4).
Odor score of the system stored in air was lower than the threshold
of acceptability after 8 days of storage (Fig. 4). The MAP increased
the sensory quality of fish burgers (Fig. 4). The addition of chitosan
and nisin did not improve the sensory quality compared to systems
free of additives since the threshold of acceptability was reached
after 5 days of storage (Fig. 4). Burgers containing chitosan and
sodium lactate, or nisin and sodium lactate, or the tertiary mixture
of antimicrobials exhibited scores greater than 3.2 throughout the
entire storage time, being 2.5 the threshold of acceptability.

4. Discussion

The composition of the gaseous atmosphere remained constant
during the 30 days of storage. It must be noted that in other studies,
the proportion of each gas changed during the storage due to the
solubilization of CO2 on fish muscle (Milne & Powell, 2014; Simoes
et al., 2015). Probably, in our systems the use of a 3:1 gas:product
ratio minimized the changes in gas level.

Fish burgers stored in air and free of antimicrobials showed a
microbiological and physicochemical quality lower than 5 days
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Fig. 3. TVB-N (panel A) and TMA (panel B) content of fish burgers during refrigerated
storage. free of antimicrobials and air packaged; free of antimicrobials and
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lactate. Punctuated lines denote maximum TVB-N and TMA content allowed to this
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since after this period mesophilic bacteria counts, TVB-N and TMA
contents were superior to established maximum and recom-
mended values previously mentioned. Results are in concordance
with those reported for aquatic products (Masniyom, 2011). L.
Fig. 4. Sensory evaluation of fish burgers during refrigerated storage. free of antimicrob
2000 mg/g chitosan and 5000 IU/g nisin; 2000 mg/g chitosan and 20000 mg/g sodium lact
nisin and 20000 mg/g sodium lactate.
innocua was able to grow in these burgers, indicating that they
would not be safe if a contamination with L. monocytogenes
occurred and the food was not thermally treated. Packaging in
modified atmosphere (55:45 CO2:N2) in combination with refrig-
erated storage were able to extend microbiological, physicochem-
ical and sensory quality of fish burgers, but they would not be
enough to control L. monocytogenes' development. Spoilage mi-
croorganism's growth and pH were below the established limits
during the storage. As it was expected, LAB population increased
during storage since MAP benefits their development (Leroi, 2010).
Regarding TMA content, it was higher than the recommended
maximum value of 15 mg/100 g and the odor score was outside the
acceptable threshold at 15 days of storage, which denoted the loss
of global quality. Modified atmosphere packaging delayed the for-
mation of TMA in comparison with air packaging. This fact is
associated with the inhibition of Gram negative bacteria such as
Shewanella and Pseudomonas which are responsible for the
reduction of TMA-oxide to TMA. This trend is consistent with that
reported by Cakli et al. (2006) for rainbow trout, and Pantazi,
Papavergou, Pournis, Kontominas, and Savvaidis (2008) for
swordfish. Regarding pH, themajor increasewas observed in free of
antimicrobials burgers packed in air or in modified atmosphere.
This trend could be related to the development of alkalinizing
bacteria conducting to the formation of TVB-N compounds
(Campos, Rodríguez, Losada, Aubourg, & Barros-Vel�azquez, 2005).

The addition of antimicrobials to burgers packed in modified
atmosphere improved microbiological and chemical characteris-
tics. Studied combinations of antimicrobials showed bacteriostatic
or bactericidal effects on mesophilic, LAB and proteolytic bacteria
populations. In addition, burgers' pH was maintained close to 5.50
during 30 days of storage, except for the burgers containing the
mixture of chitosan and nisin. This trend is in concordance with the
loss of sensory quality and the slight inhibition of LAB, related with
the strong antagonist action that nisin exerted on them.

The presence of chitosan and nisin strongly inhibited the
development of L. innocua, which is related to the known anti-
listerial effect of nisin (Abee & Delves Broughton, 2003). Moreover,
Cai et al. (2010) reported that chitosan and nisin can form com-
plexes as a result of the electrostatic interaction between the pro-
tonated amino groups of chitosan and the carboxilate ion of nisin.
This complex enhanced the antimicrobial activity in comparison
ials and air packaged; free of antimicrobials and modified atmosphere packaged;
ate; 5000 IU/g nisin and 20000 mg/g sodium lactate; 2000 mg/g chitosan, 5000 IU/g
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with the use of each antimicrobial alone. Regarding TVB-N and
TMA contents, they were below the legislated and recommended
maximum established limits for 22 days.

On the other hand, the addition of chitosan and sodium lactate
achieved good sensory characteristics throughout the storage. The
loss of quality was determined by TVB-N content, which was above
the established limit after 22 days. The mixture also failed to inhibit
the growth of L. innocua.

Burgers containing nisin and sodium lactate showed good
microbiological, chemical and sensory characteristics for 30 days.
Despite the strong antilisterial activity of nisin, the mixture did not
reduce the population of L. innocua from the baseline. But L.
innocua population was gradually reduced and reached undetect-
able levels after 8 days of storage.

Finally, among the different combinations tested, the one con-
taining chitosan, nisin and sodium lactate must be pointed out.
Mentioned system was able to extend burgers global quality to 30
days, and to control the development of L. innocua throughout the
study.

It is well known that MAP combined with refrigerated storage is
able to preserve fish quality, and that the addition of antimicrobials
agents allows a further improvement (Masniyom, 2011; Sivertsvik,
Jeksrud, & Rosens, 2002). However, it was possible to maintain the
quality of fish burgers during a longer period than those reported
for fish. Furthermore, in numerous studies, the antimicrobial agents
used are essential oils which fail to extend fish shelf-life without
affecting sensory characteristics (Corbo et al., 2008; Del Nobile
et al., 2009; Harpaz, Glatman, Drabkin, & Gelman, 2003;
Kykkidou et al., 2009; Mejlholm, & Dalgaard, 2002).

It must be noted that when packaging in modified atmosphere
with complete exclusion of O2, is used, the development of Clos-
tridium botulinum and its toxin production represents the major
risk (Ravi Sankar, Lalitha, Jose, Manju, & Gopal, 2008). As a conse-
quence, the incorporation of a preservation factor with anti-
botulinum activity is recommended. Nisin is a recognized inhibi-
tory agent of Cl. botulinum and its toxin production (Abee & Delves
Broughton, 2003), therefore the mixtures containing the bacte-
riocinwould be safe despite the lack of O2 in the composition of the
atmosphere used. However, a risk assessment must be performed
for confirmation.
5. Conclusion

Binary or tertiary mixtures of chitosan, nisin and sodium lactate
at pH 5.50 combined with MAP and refrigerated storage allowed to
improve microbiological, physicochemical or sensory characteris-
tics of hake burgers. It must be highlighted that improvements in
quality depend on combination of antimicrobials used. In burgers
free of antimicrobials and packed in modified atmosphere sensory
and physicochemical changes were the ones that denoted the
quality loss. The use of the tertiary mixture of chitosan, nisin and
sodium lactate maintained good microbiological, physicochemical
and sensory characteristics of burgers during 30 days of storage at
4 �C. It must be remarked that only the mixtures containing chi-
tosan and nisinwith or without sodium lactate, were able to control
the growth of L. innocua.
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a b s t r a c t

To produce high quality purple sweet potato anthocaynins (PSPAs) extract, a deodorization process was
developed and its effects on the physicochemical index including total anthocyanins, total sugar and
protein, soluble solids, color values, degradation index (DI), brown index (BI) and clarity were investi-
gated. The product sensory quality was also evaluated. The volatile compounds were analysed by
headspace solid-phase microextraction coupled with gas chromatographyemass spectrometry (HS-
SPME-GC/MS). The results indicated that using AB-8 macroporous resin purification coupled with chi-
tosan adsorption could be an effective method in deodorization of the anthocyanin crude extract from
purple sweet potato. Some byproducts in the anthocyanin crude extracts, such as sugars and proteins,
had been removed by about 85% and 76% respectively. Compared with the raw anthocyanin extract, the
volatile substances in the final product of PSPAs were changed and the unpleasant characteristic odors,
such as some alcohols, aldehydes, organic acids and alkanes, were decreased. However, the product yield
was also decreased by about 26% after the deodorization process.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, owing to both legislative regulations and consumer
concerns of synthetic dyes/pigments that may cause various dis-
eases including cancer or heart disease, interests in natural colorant
foods, cosmetics and pharmaceutical products have been increased
dramatically (Giusti & Wrolstad, 2003; Mazza & Kay, 2008). The
significantly increased demand for natural colorants may also due
to their apparent attractive color attributes and positive physio-
logical functionalities (Fossen, Slimestad, & Andersen, 2001;
Gülçin, Berashvili, & Gepdiremen. 2005; Lila, 2004). Anthocya-
nins, a group of phenolic compounds, present a spectrum from
orange to blue, satisfying consumers’ desire for a range of food
colors. Anthocyanins are water soluble and widely distributed in
fruits, vegetables and red wines but most of anthocyanins from
conventional sources have limited stability against hydration and
pH changes (Cevallos-Casals & Cisneros-Zevallos, 2004; Francis,
g), zhongxiang.fang@curtin.
1989; Mazza & Miniati, 1993). Exceptionally, athocyanins from
purple sweet potatoes (PSPAs) are mono-acylated or di-acylated
forms of cyanidin and peonidin, which show good stability
(Francis, 1989). Moreover, PSPAs possess potential beneficial
physiological and pharmacological properties, such as potent
antioxidant capacity, enhancement of sight acuteness, treatment of
various blood circulation disorders, as well as vaso-protective and
anti-inflammatory properties (Giusti & Wrolstad, 2003; Karlsen
et al., 2007; Lila, 2004; Shih, Yeh, & Yen, 2005; Shih, Yeh, & Yen,
2007). Hence, the application of cost effective technology to pro-
duce high quality PSPAs may add value to food and pharmaceutical
industries by providing natural stable colorants with potential
health benefits.

However, current PSPAs products have some drawbacks such as
relatively high impurities, unpleasant flavor and undesirable odor,
which have restricted their application (Chandrasekhar,
Madhusudhan, & Raghavarao, 2012; Liu, Xiao, Chen, Xu, & Wu,
2004). The formation of off-flavor in natural colorants may come
from the microbial contamination, oxygen degradation, and loss of
key odorants or changes in the concentrations of individual aroma
substances during the preparation processes (Barbara & Barbara,
2006; Giusti & Wrolstad, 2003; Kensuke, Susumu, Yasutaka,
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Yoshiyuki, & Akira, 2011; Xu, Zhang, Fang, Sun, & Wang, 2014). It
has been proposed that the off-flavors in the anthocyanin extracts
is mainly derived from hydrochloric acid hydrolysis during acidic
aqueous extraction with overheating treatment and during the
purification operations such as adsorption and desorption by
macroporous resin (Giusti & Wrolstad, 2003). Conventional
methods of extraction anthocyanins from plant materials are non-
selective and generally yield pigment solutions with large amounts
of byproducts such as sugars, sugar alcohols, organic acids, amino
acids and proteins (Liu, Mu, Sun, Zhang, & Chen, 2013; Liu et al.,
2004). Some of these compounds are detrimental to the stability
of pigments, e.g. sugars accelerate anthocyanin degradation during
storage (Liu et al., 2004). The free sugars and their degradation
products in the anthocyanins may lead to the Maillard reaction and
form brown compounds (Xu et al., 2014). Therefore, exploring
suitable anthocyanin extraction and purification processes to
minimize the byproducts and reduce the unpleasant flavor com-
pounds is desirable for the stability of these pigments and will
facilitate their applications in a wide range of industries.

Currently, there are several methods of purifying anthocyanins,
such as liquideliquid extraction, high-speed countercurrent chro-
matography, ion exchange, macroporous resin adsorption and
membrane filtration (Cao, Pan, Yao, & Fu, 2010; Chang et al., 2012;
Ciss�e, Vaillant, Pallet, & Dornier, 2011; Cristina, Destandau,
Zubrzycki, & Elfakir, 2012; Gilewicz-Łukasik, Koter, & Kurzawa,
2007; Timothy, Amandeep, Cheryl, Yang, & Gu, 2014). However, it
is very expensive to use chromatographic separation for industrial
scale production of anthocyanins (Cao et al., 2010). The tendency of
the oligomeric anthocyanins to aggregate may cause them to be
retained on the membrane, which restricts the continuous flow of
the membrane filtration process (Ciss�e et al., 2011). Macroporous
resin (e.g. Amberlite XAD-4) adsorption seems to be the most
suitable method due to its low cost, high efficiency and simple
procedure, particularly in extracting anthocyanins from grape
wastes (Sandhu & Gu, 2013; Tamura & Yamagami, 1994; Timothy
et al., 2014). Different types of resins were reported in purifica-
tion of anthocyanins from crude extracts of mulberry and red
cabbage (Chandrasekhar et al., 2012). Chitosan is a linear
biopolymer of N-acetyl-D-glucosamine and D-glucosamine residues
with a positive charge in acidic environments due to the presence
of amine groups (Jing et al., 2011; Peter, 2005). Utilization of chi-
tosan to remove byproducts from radish anthocyanin extracts has
been conducted by Gao et al. (2014). Odorant compounds from
radish extracts were decreased by 70% after the chitosan treatment,
suggesting it is effective in removing glucosinolates as well as other
volatile compounds. The mechanisms of removal of impurities
using chitosan include charge neutralisation, adsorption, precipi-
tative coagulation, bridge formation or electrostatic patch forma-
tion (Gao et al., 2014).

To our knowledge, research on macroporous resin separation
coupled with chitosan adsorption in purification of anthocyanins
and odor removal has not been reported. The objective of this work
was to develop a deodorization process by employing macroporous
resin separation coupled with chitosan adsorption for preparing
PSPAs with high purity and color value, and minimum unpleasant
odor.

2. Materials and methods

2.1. Materials

Fresh purple sweet potatoes (PSP) were purchased in a local
market of Wuxi City, China. The PSP were washed with tap water,
cut into slices, vacuum freeze dried, milled into powders (PSPP) and
sieved (60e80 mesh). The PSPP was packaged in plastic bags and
then stored in a dark place at 4 �C until use. Deionized water was
used throughout the experiments. Analytical grade solvents and
chemicals of hydrochloric acid, chitosan, AB-8 macroporous resin,
ethanol, etc. were purchased from Sinopharm Ltd., Shanghai, China.

Prior to use, the AB-8 resin was pretreated by soaking in 95%
ethanol for 24 h, then rinsedwith deionizedwater until the effluent
was not turbid, and finally, repeatedly washed with deionized
water until no alcohol odor was olfactorily detected. The resin was
further soaked in 60 mM HCl for 3 h and 2% NaOH for another 3 h
respectively, andwashedwith deionizedwater to neutral after each
treatment.

2.2. Extraction and deodorization of anthocyanins from purple
sweet potato

The PSPP was extracted in a 250 mL glass vessel put in a
2450 MHz microwave oven (MF-2270EG, Haier Company, Qingdao
City, China). The liquid/solid (extraction medium/PSPP) ratio was
47:1 mL/g using the extraction medium of 60 mmol/L HCl, micro-
wave power of 470W, and treated for 3.5 min. The liquid extraction
was further treated under ultrasonic power 440 W (JY98-3D ul-
trasonic cell grinder, Biotechnology Co., Ltd. Ningbo, China) for
12 min (work 5s þ intermittent 5s), using the crude extract to the
ethanol volume ratio of 2:1. After ultrasonic treatment, the extract
was kept stand for 3.5 h for precipitation. Then, the suspensionwas
centrifuged (RJ-LDL-50G, Wuxi City, China) at 4800 g for 10 min to
remove the coarse particles before the supernatant was further
filtrated through a qualitative filter paper. The filtrates were
concentrated at 45 �C under vacuum by rotary evaporation (IKA,
Guangzhou Branch Laboratory Instrument Technology Co., Ltd.,
China) until the soluble solid around 5.0 brix.

The concentrated PSP extraction was purified by static adsorp-
tion (50 mL of anthocyanin concentrates using 1 g AB-8 macro-
porous resin, adsorption temperature 45e50 �C, pH 3.0 with
magnetic stirring for 3 h until equilibrium), and then dynamic
desorption in a 20mm� 500mmglass column. The desorptionwas
performed as follows: the column was loaded with 35 mL
adsorption saturated resins; after ensuring the adsorption equi-
libriumwas reached, the resins were washed with deionized water
(250 mL) to remove sugars and other substances that were not
absorbed on. Then the resin was desorbed by eluting with 95%
ethanol at a flow rate of 1.0 mL/min at room temperature. The
dynamic desorption was terminated until absorbance of the
effluent at 520 nm was close to zero. The eluent was collected and
concentrated to soluble solid around 11.5 brix by rotary evaporation
as above.

Finally, chitosan adsorption was performed according to Jing
et al. (2011). The resin purified anthocyanin concentrates were
added by different amounts of chitosan, stirred and then adjusted
to pH 3.5 using 6 mol/L HCl. The mixtures were sealed and kept for
several hours in the dark at room temperature. Then the superna-
tant was collected through high-speed refrigerated centrifuge
(SIGMA2-16 PK, Beijing Bo Action Instruments Co., Ltd., China) for
chemical analyses. For sensory evaluation, the chitosan treated
anthocyanin solutions were added by 1 mg/mL of cyclodextrin
(cyclodextrin/anthocyanin concentrates) as matrix and vacuum
freeze-dried (YHW2S-OS, Nanjing Institute of Technology of Yatai
Microwave Energy, China) to obtain the anthocyanin powder.

2.3. Determination of total anthocyanins content (TAC)

The TAC was determined according to the spectrophotometric
pH-differential method (Hosseinian, Li, & Beta, 2008). Briefly, an
aliquot (1.5 mL) of anthocyanin sample was mixed with pH 1.0
(potassium chloride buffer, 20 mL) and pH 4.5 (sodium acetate
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buffer, 20 mL) solutions, respectively. The mixture was equilibrated
for 30 min at room temperature in the dark and then measured at
520 nm and 700 nm on an UV2600 spectrophotometer (Techcomp,
Shanghai, China), using de-ionised water as reference. Absorbance
was calculated as A¼ [(A520-A700) at pH 1.0]-[(A520-A700) at pH 4.5].
The total anthocyanin content was calculated as cyanidin-3-
glucoside equivalent as follow:

TAC ðmg=LÞ ¼ ðAf=εLÞ �Mw (1)

Where A is the absorbance, Mw is the molecular weight of cyani-
din-3-glucoside (449.2), f is the dilution factor, 3is the cyanindin-3-
glucoside molar absorbance (26,900), and L is the cell path length
(1 cm).

2.4. Other chemical analysis

The total sugar content (TSC) was determined by the phenol
sulphuric acid method (Dubois, Gilles, Hamilton, Rebers, & Smith,
1956). The measurement of soluble solids (SS) was carried out us-
ing a refractometer (ERMA, Japan). Proteins were analysed ac-
cording to Coomassie Brilliant Blue method (Xie & Qu, 2006).
Relative indexes were calculated as below (Chandrasekhar et al.,
2012; Fuleki & Francis, 1968): Browning Index (BI) ¼ ASO2

420;
Degradation Index (DI) ¼ Almax/A420. ASO2

420 is the absorbance of
sulfite-treated sample at 420 nm. A420 and Almax are the absor-
bance of samples at 420 nm and the maximum absorption wave-
length, respectively. The clarity of PSPAs was determined by the
transmittance, which was read at 660 nm on the UV2600 spec-
trophotometer immediately after samples were homogenized for
30 s on a vortex and placed in cuvettes with a 1 cm path length (Jing
et al., 2011).

2.5. Color coordinates

The color value of the samples was measured with aMinolta CR-
400 Colorimeter (Konica-Minolta, Osaka, Japan). A standard white
plate was used as reference. Sample was placed on the light port
using a 5 cm diameter plastic dish with cover. The color parameters
were recorded as L* (lightness), a* (redness), b* (yellowness). The
hue angle (h ¼ arctan b*/a*) and chroma (C* ¼ [(a*)2] þ [(b*)2])0.5

were also calculated.

2.6. Sensory evaluation

Sensory evaluation of PSPAs was performed by 5 qualified
panelists and 10 postgraduate students in the School of Food Sci-
ence and Technology of Jiangnan University who have experience
in food sensory evaluation. Before analysis, the panelists and
postgraduate students were trained to the product quality criteria
(Table 1) and score grading. Sensory analyses were carried out in a
professional sensory evaluation room at 25 ± 1 �C and each
member was seating at separate booths to evaluate integrated
properties (color, flavor and appearance) of ten given samples with
the method of Quantitative Descriptive Analysis (Stone, Sidel,
Oliver, Woosley, & Singleton, 1974) using an 0e10 scale varying
Table 1
Criteria of sensory evaluation of PSPAs samples.

Score level Color (30%) Odor (30%)

0e3 not shiny; dark red severely unpleasant odor
3e5 gray; fuchsia obviously unpleasant odor
5e8 slightly bright; fuchsia slightly unpleasant odor
8e10 bright; fuchsia almost no unpleasant odor
from weak to strong, respectively. Finally, the sensory scores were
obtained as a weighted mean from the color, odor and appearance
scores, using the criteria in Table 1.

2.7. Determination of volatile compounds

A 75 mm Car/PDMS extraction head (Supelco, USA) was treated
with aging process in the gas chromatograph injector at 250 �C for 2
h. Around 3 g (5 mL) of anthocyanin samples were transferred into
15 mL vials, and then, the aged extraction head was inserted
immediately into a headspace vial and adsorbed at 50 �C for 30min.
After adsorption, the extraction head was inserted into an injection
port of a gas chromatograph and desorbed for 3min at 250 �Cwhile
starting the instrument to collect data (Xu et al., 2014).

The qualitative analyses of volatile compounds were carried out
on a gas chromatography-mass spectrophotometer (Scion SQ 456-
GC, Bruker, USA). A DB-Wax column (30 m � 0.25 mm � 0.25 mm
film thickness, Supelco, USA) was used. The injector was main-
tained at 250 �C for 3 min. Helium was used as carrier gas with an
inlet flow rate of 0.90 mL/min. Oven temperature program was:
fromhold at 40 �C for 3min, to 90 �C at 5 �C/min, then from 90 �C to
230 �C at 10 �C/min, and finally maintained at 230 �C for 7 min, at
injector mode (Xu et al., 2014). The electron impact ionization mass
spectrometer (EIþ) was operated as follows: emission current,
80 mA; electron energy, 70 EV; ion source temperature, 200 �C;
injection port temperature, 250 �C; detector voltage, 1000 V.

The identification of volatile compounds was based on com-
parison of the Kovats index (KI) of a series of n-alkane (C7eC21)
(Kovats, 1958) with the MS spectra fragment patterns from the
National Institute of Standards and Technology (NIST), Wiley, NY,
USA and HewlettePackard, MD, USA. The integration reports were
accepted if bothmatching and reversematching degree were above
800. The relative contents of the volatile compounds were calcu-
lated by comparing the percentage of the peak areas.

2.8. Statistical analyses

Every determination was repeated three times and two repli-
cations of each treatment were performed. Values are expressed as
means ± standard deviation (SD). Differences among average
values of physicochemical indices were estimated using analysis of
variance (ANOVA) with the application of Duncan's tests using SPSS
17.0 (SPSS Inc., Chicago, IL, USA). Average values were considered
significantly different when P � 0.05.

3. Results and discussion

3.1. Changes of TAC, TSC, protein and pH

Compared with the crude anthocyanin extracts (treatment 1),
the content of total anthocyanins (TAC), total sugar (TSC) and
protein in the deodorized PSPAs samples decreased significantly
after AB-8 resin purification (treatment 2) and AB-8 resin purifi-
cation coupled with chitosan adsorption (treatment 3e10)
(Table 2). However, the chitosan adsorption treatment did not
further decrease the TSC after the AB-8 resin purification,
Appearance (40%)

very sticky cake; tend to absorb moisture to agglomerate
sticky cake; tend to absorb moisture to agglomerate
dispersed freeze-dried powder; tend to absorb moisture to agglomerate.
uniformly dispersed freeze-dried powder; unlikely to absorb moisture.



Table 2
Changes of contents of total anthocyanins (TAC), total sugar (TSC), protein and pH in PSPAs after different treatments.

Treatments Index

TAC (mg/L) TSC (mg/mL) Protein (mg/mL) pH

1 35.51 ± 0.36a 654.11 ± 4.26a 889.87 ± 6.45a 1.34 ± 0.03a
2 31.16 ± 0.25b 100.26 ± 0.51b 351.14 ± 2.00b 1.93 ± 0.01b
3 29.66 ± 0.21c 98.18 ± 0.36bc 263.50 ± 1.97c 1.95 ± 0.02bc
4 28.55 ± 0.93d 97.59 ± 1.00c 237.07 ± 4.60f 1.95 ± 0.01bcd
5 27.44 ± 0.23e 96.56 ± 0.45c 222.53 ± 2.62g 1.96 ± 0.01bcd
6 28.54 ± 0.28d 97.38 ± 0.52c 252.57 ± 3.35d 1.95 ± 0.02bc
7 27.13 ± 0.13e 96.10 ± 0.23c 231.90 ± 1.55f 1.96 ± 0.01bcd
8 26.37 ± 0.06f 95.89 ± 0.11c 213.95 ± 2.81h 1.97 ± 0.01cd
9 26.56 ± 0.20f 96.93 ± 0.13c 246.62 ± 3.01e 1.95 ± 0.02bcd
10 25.52 ± 0.11g 95.91 ± 0.18c 222.29 ± 1.39g 1.98 ± 0.01d

Same letters in the same column have no significant differences (p > 0.05).
1 PSPAs crude extract; 2 PSPAs after AB-8 resin purification; 3e10 PSPAs after AB-8 resin purification coupled with chitosan adsorption (amountsþ treat time: 3, 0.9%þ 1.5 h;
4, 0.9% þ 2.0 h; 5, 0.9% þ 2.5 h; 6, 1.5% þ 1.5 h; 7, 1.5% þ 2.0 h; 8, 1.5% þ 2.5 h; 9, 2.0% þ 1.5 h; 10, 2.0% þ 2.0 h).
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suggesting it was the AB-8 resin purification but not chitosan
adsorption in removal of total sugar. Interestingly, both the TAC and
protein contents decreased after the chitosan adsorption. The
higher amount of the added chitosan and the longer the treatment
time, the lower the TAC and protein were in the PSPAs samples
(Table 2). Comparatively, treatment 8 (sample after AB-8 resin
purification and added with 1.5% chitosan treated for 2.5 h) was the
most effective method for removal of TSC (about 85% reduction)
and protein (about 76% reduction) (Table 2). However, the yield of
anthocyanins was also decreased by 26% under this condition
(treatment 8), suggesting the deodorization method also reduced
the anthocyanin content. It was reported that chitosan is able to
absorb protein molecules, and the chitosan/protein complexes have
strong binding capacity with anthocyanins, which may have
contributed to the overall loss of both of them (Hoven,
Tangpasuthadol, & Angkitpaiboon, 2007; Jing et al., 2011; Renault,
Sancey, Badot, & Crini, 2009). The pH value was 1.34 in the crude
extract and changed to 1.93 after AB-8 resin purification and varied
from 1.93 to 1.98 after the chitosan adsorption (Table 2), suggesting
chitosan adsorption has no apparent influence on the pH value of
the products.
3.2. Changes of SS, BI, DI and clarity

To investigate the effect of different deodorization treatments
on the quality of final PSPAs products, chemical analysis was carried
out with respect to soluble solids (SS), browning index (BI),
Table 3
Changes of soluble solids (SS), browning index (BI) and degradation index (DI) and
clarity in PSPAs after different treatments.

Treatments Index

SS (�B) BI DI Clarity

1 5.28 ± 0.03a 0.078 ± 0.003a 2.44 ± 0.02a 56.89 ± 1.05a
2 11.88 ± 0.02i 0.023 ± 0.002b 1.68 ± 0.02b 76.29 ± 0.86b
3 10.86 ± 0.04h 0.017 ± 0.001c 1.59 ± 0.01c 79.34 ± 0.56c
4 10.55 ± 0.02f 0.015 ± 0.001cde 1.53 ± 0.02e 82.31 ± 0.78e
5 10.23 ± 0.03d 0.014 ± 0.001def 1.47 ± 0.03 fg 83.73 ± 0.76g
6 10.63 ± 0.02g 0.016 ± 0.001cd 1.56 ± 0.02d 80.56 ± 1.26d
7 10.22 ± 0.03d 0.015 ± 0.001de 1.46 ± 0.03g 83.01 ± 0.39f
8 9.93 ± 0.04c 0.014 ± 0.002efg 1.42 ± 0.01h 84.48 ± 2.34h
9 10.46 ± 0.03e 0.013 ± 0.001 fg 1.54 ± 0.03de 83.75 ± 0.69g
10 9.85 ± 0.02b 0.012 ± 0.001g 1.48 ± 0.02f 85.95 ± 0.39i

Same letters in the same column have no significant differences (p > 0.05).
1 PSPAs crude extract; 2 PSPAs after AB-8 resin purification; 3e10 PSPAs after AB-8
resin purification coupled with chitosan adsorption (amounts þ treating time: 3,
0.9% þ 1.5 h; 4, 0.9% þ 2.0 h; 5, 0.9% þ 2.5 h; 6, 1.5% þ 1.5 h; 7, 1.5% þ 2.0 h; 8,
1.5% þ 2.5 h; 9, 2.0% þ 1.5 h; 10, 2.0% þ 2.0 h).
degradation index (DI) and clarity (Table 3). The SS value increased
from 5.28 �B (sample 1) to 11.88 �B (sample 2) after AB-8 resin
purification but decreased from 11.88 �B to 9.85e10.86 �B after
further chitosan adsorption (sample 3e10), which indicated that
the AB-8 resin purification had a concentration effect on the sam-
ples but chitosan adsorption reduced a certain amount of soluble
solids. The BI was observed to be decreased from 0.078 to 0.012
after purification by treatment 2e10, accounting for about 71e82%
reduction. The significant reduction of BI was an indicator of higher
stability of the anthocyanin extracts (Francis, 1989; Chandrasekhar
et al., 2012). The DI of PSPAs was also observed to decrease by 42%,
also suggesting the anthocyanin stability was increased after the
deodorization treatments. The clarity of crude anthocyanin extract
was 56.89% and ranged from 76.29 to 85.95% after various treat-
ments 2e10 (Table 3). The greatest clarity of 84.48% and 85.95%was
achieved when the crude extract was treated with AB-8 resin pu-
rification and coupled with 1.5% chitosan 2.5 h and 2.0% chitosan
2.0 h adsorption, which showed that both the chitosan amount and
adsorption time affected the PSPAs clarity. The effect of chitosan on
increasing the sample clarity might be the removal of the extraction
byproducts by the formation of particle-chitosan-particle bridges
through hydrophobic interaction, hydrogen bonding, or electro-
static interaction (Jing et al., 2011; Renault et al., 2009).
3.3. Changes of color coordinates and sensory scores

The color properties of PSPAs are presented in Table 4. The
lightness (L*) was increased from 18.77 to 27.62 by AB-8 resin pu-
rification, and changed among treatment 2e10, following a trend
that the L* value was increased (by about 47e74%) with the
increasing chitosan amount at the same adsorption time, or with
the extending adsorption time at the same amount of chitosan,
which suggested that both the chitosan amount and adsorption
time were associated with the increased lightness of the PSPAs
(Table 4). Chandrasekhar et al., (2012) also observed that the
removal of insoluble particles and browning compounds increased
the lightness of anthocyanin extract. In addition, the results
showed that sample under treatment 2e10, especially treatment 2,
3, 4, 5, 6, had higher redness (a*) value than that of treatment 1. This
was probably the chitosan adsorption caused the decrease of
anthocyanin content, as was in consistent with the TAC change in
Table 2. The main color differences among the ten types of samples
can be measured by chroma (C*) value, which also indicated that
both the chitosan amount and adsorption time had caused the in-
crease of C* values (Table 4). In addition, a qualitative indicator of
Hue angle (h), was also calculated in the present work (Table 4). The
change of h values showed a same change trend to that of C* value.



Table 4
Changes of L*,a*, C*,h and sensory scores of PSPAs after different treatments.

Treatments Index

L* a* C* h Sensory scores

1 18.77 ± 0.65a 33.18 ± 0.98a 34.28 ± 1.03a 15.25 ± 0.75a 4.81 ± 0.23a
2 27.62 ± 0.87b 47.33 ± 1.04h 48.56 ± 0.82b 16.93 ± 0.52b 8.43 ± 0.31b
3 28.57 ± 0.52c 44.30 ± 0.88g 49.29 ± 0.15c 17.45 ± 0.21c 9.20 ± 0.29c
4 29.40 ± 0.68d 41.17 ± 0.65f 49.78 ± 0.16d 17.99 ± 0.24d 9.32 ± 0.41cd
5 30.28 ± 0.31e 39.01 ± 0.53e 49.81 ± 0.84d 18.25 ± 0.68d 9.44 ± 0.33def
6 28.95 ± 0.47c 41.56 ± 1.03f 49.36 ± 0.18c 17.66 ± 0.07c 9.25 ± 0.12c
7 30.69 ± 0.83ef 38.41 ± 0.86d 49.85 ± 0.27d 18.16 ± 0.13d 9.36 ± 0.10cde
8 31.36 ± 1.02g 35.19 ± 0.78b 50.46 ± 0.82e 19.11 ± 0.42e 9.59 ± 0.06f
9 30.90 ± 0.89f 36.98 ± 0.74c 50.18 ± 0.43e 18.90 ± 0.07e 9.35 ± 0.26ef
10 32.57 ± 0.41h 34.75 ± 0.48b 51.28 ± 1.34f 19.61 ± 0.24f 9.51 ± 0.22f

1 PSPAs crude extract; 2 PSPAs after AB-8 resin purification; 3e10 PSPAs after AB-8 resin purification coupled with chitosan adsorption (amountsþ treat time: 3, 0.9%þ 1.5 h;
4, 0.9%þ 2.0 h; 5, 0.9%þ 2.5 h; 6, 1.5%þ 1.5 h; 7, 1.5%þ 2.0 h; 8, 1.5%þ 2.5 h; 9, 2.0%þ 1.5 h; 10, 2.0%þ 2.0 h). Same letters in the same column have no significant differences
(p > 0.05).

W. Sun et al. / LWT - Food Science and Technology 68 (2016) 265e272 269
The values of C* and h indicated an increase in the stability of an-
thocyanins after AB-8 resin purification and AB-8 resin purification
coupled with chitosan adsorption, compared with the anthocyanin
crude extracts (treatment 1). Similar results were also observed in
the purified red radish anthocyanin after Amberlite XAD-7HP resin
purification (Chandrasekhar et al., 2012).

The results of the sensory evaluation showed that the sensory
scores of the PSPAs were significantly increased after the AB-8 resin
purification and further increased after chitosan adsorption
(Table 4). From visual observation, the prepared PSPAs presented
the characteristics of bright red color, no unpleasant smell, uni-
formly dispersed powders and good stability under moisture
environment. In summary, the above results suggested that the
treatment by AB-8 resin purification coupled with chitosan
adsorption, using 1.5% of chitosan for 2.5 h (Table 4), was the most
Fig. 1. Chromatogram of volatile components in PSPAs analysed by GC-MS: (a) PSPP mater
and concentration; (c) after (b) treatment and AB-8 resin purification; (d) after (c) treatme
suitable preparation conditions for high quality PSPAs crude
extracts.

3.4. Change of volatile flavor compounds

The volatile compounds in four types of samples (“a” was PSPP
material; “b” was sample “a” after microwave - assisted extraction
and ultrasonic assisted extraction; “c” was sample “b” after AB-8
resin purification; and “d” was sample “c” after chitosan adsorp-
tion and freeze dried with b-cyclodextrin) were subjected to HS-
SPME-GC/MS analysis and their gas chromatograms are illus-
trated in Fig. 1, which showed significant changes in volatile com-
pounds. Approximately a total of 108 volatile compounds including
alcohols, hydrocarbons, aldehydes, esters, ketones, acids and other
compounds (Table 5) were tentatively identified in PSPP and PSPAs
ial; (b) after microwave-assisted extraction, ultrasonic assisted extraction, centrifuging
nt, chitosan adsorption, and freeze dried with b-cyclodextrin. Peaks refer to Table 5.



Table 5
Volatile components in different purple sweet potato anthocyanin crude extracts tentatively identified by GC-MS.

KIa Compounds Match Reverse match Normalized content/%

ab b c d

Alcohols
914 Ethanol 954 954 7.64 32.87 68.02 54.73
1112 1-Octanol, 2-butyl- 872 872 1.343 n.d.c n.d. n.d.
1142 1-Penten-3-ol 872 892 0.346 n.d. n.d. n.d.
1418 2-Undecanol 829 847 n.d. 1.114 0.264 n.d.
1480 Cis-Linalool oxide 901 919 n.d. 0.31 0.104 0.196
1529 1-Octen-3- ol 950 950 0.58 0.164 n.d. n.d.
1539 2-Ethyl hexanol 964 964 n.d. n.d. 10.98 0.239
1564 1-Hexanol, 2-ethyl- 967 967 n.d. 0.892 19.14 n.d.
1666 1-Nonanol 879 883 0.397 n.d. n.d. n.d.
1689 Cyclohexanol, 1-methyl-4-(1-methylethyl) 887 895 2.352 1.5 1.436 0.856
1718 Cyclohexanol, 5-methyl-2-(1-methylethyl) 983 983 14.14 3.012 1.437 n.d.
1727 5,7-Octadien-2-ol, 2,6-dimethyl- 808 847 n.d. 0.262 n.d. n.d.
1758 3-Cyclohexene-1-methanol, alpha- 976 976 n.d. 1.04 n.d. n.d.
1916 Benzyl alcohol 979 979 0.425 n.d. n.d. n.d.
Hydrocarbons
1100 Undecane 909 909 1.391 1.231 0.072 n.d.
1043 Decane, 2,6,7-trimethyl- 919 919 2.894 n.d. n.d. n.d.
1051 Benzene, methyl- 987 987 n.d. n.d. 0.364 n.d.
1200 Dodecane 912 912 6.681 n.d. 0.601 n.d.
1062 Decane, 5-methyl- 918 928 0.467 n.d. n.d. n.d.
1300 Tridecane 900 900 2.009 n.d. n.d. n.d.
1106 Ethylbenzene 956 956 n.d. 0.24 n.d. n.d.
1115 p-Xylene 927 964 n.d. 0.194 n.d. n.d.
1149 Undecane, 2-methyl- 928 928 1.878 n.d. n.d n.d
1147 L-Limonene(�) 880 899 n.d. n.d. 0.124 n.d.
1182 Undecane, 2,6-dimethyl- 936 936 2.327 n.d. n.d. n.d.
1400 Tetradecane 849 902 0.776 n.d. n.d. n.d.
2000 Eicosane 903 917 0.629 0.236 0.121 n.d.
1500 Pentadecane 925 925 2.373 n.d. n.d. n.d.
1600 Hexadecane 893 904 2.006 n.d. n.d. n.d.
1700 Heptadecane 925 933 4.325 n.d. n.d. n.d.
1293 Undecane, 4,8-dimethyl- 846 880 0.508 n.d. n.d. n.d.
1310 Benzene, 2-ethyl-1,4-dimethyl- 814 939 n.d. 0.228 n.d. n.d.
1330 Benzene, 4-ethyl-1,2-dimethyl- 916 926 n.d. 0.437 n.d. n.d.
1420 Benzene, 1,2,3,4-tetramethyl- 872 925 0.643 0.7 0.139 n.d.
1443 Benzene,1-methyl-4-(1-methylethenyl)- 925 932 n.d. 0.327 n.d. n.d.
1455 Benzene, 1,2,4,5-tetramethyl- 966 972 0.9 0.751 0.216 n.d.
2200 Docosane 907 907 0.454 n.d. n.d. n.d.
1606 Benzene, 2-ethenyl-1,3-dimethyl- 806 890 0.624 n.d. n.d. n.d.
3000 Triacontane 872 896 0.351 n.d. n.d. n.d.
1749 Hexadecane, 2,6,10,14-tetramethyl 888 922 n.d. n.d. 0.094 n.d.
1868 b-Damascenone1- 836 915 n.d. n.d. 0.195 n.d.
2111 1,10-Biphenyl, 2,20 ,5,5'-tetramethyl- 831 834 n.d. n.d. 0.111 n.d.
Aldehydes
1086 Hexanal 922 922 7.992 3.72 0.107 n.d.
1158 Heptanal 954 958 0.669 0.598 0.596 0.532
1254 Octanal 922 932 0.801 1.469 1.037 0.969
1382 Nonanal 967 967 6.2 6.039 4.216 2.096
1433 2-Octenal 851 865 0.314 n.d. n.d. n.d.
1628 Decanal 956 956 0.889 2.45 2.123 1.569
1595 Benzaldehyde 886 983 n.d. 4.108 1.09 n.d.
1688 Undecanal 917 930 n.d. 0.125 n.d. 0.38
1771 Dodecanal 930 957 n.d. 0.145 n.d. 0.194
1860 Benzaldehyde, 2,4-dimethyl- 929 952 n.d. 4.968 0.47 0.595
1942 Tetradecanal 952 958 n.d. n.d. n.d. 0.127
2202 5-Hydroxymethylfurfural 913 913 n.d. n.d. 0.06 n.d.
Ketones
1299 6-Methyl-5-hepten-2-one 931 931 n.d. 0.32 n.d. n.d.
1498 p-Menthone 949 952 n.d. n.d. 2.74 3.049
1879 2-buten-1-one, 1-(2,6,6-trimethyl-1,3-cy 844 941 n.d. 0.674 n.d. 0.38
1909 Ethanone,1-(4-ethylphenyl)- 958 958 n.d. n.d. n.d. 0.258
Esters
1178 Hexanoic acid, ethyl ester 912 942 n.d. n.d. 0.169 n.d.
1246 Hexanoic acid, 2-ethyl-, ethyl ester 884 918 n.d. n.d. 0.12 n.d.
1652 Butyric acid, 3-pentadecyl ester 800 800 0.332 n.d. n.d. n.d.
1671 l-Menthyl acetate 945 948 2.01 n.d. n.d. n.d.
1730 Benzoic acid, ethyl ester 948 982 n.d. n.d. 0.277 0.185
1824 Benzeneacetic acid, ethyl ester 923 973 n.d. n.d. 0.276 0.272
1901 Dodecanoic acid, ethyl ester 902 947 n.d. n.d. 0.131 n.d.
1903 4-Ethylbenzoic acid, ethyl ester 744 852 n.d. n.d. 0.168 n.d.
1949 Ethyl 3,5-dimethylphenylacetate 937 869 n.d. n.d. 0.402 0.346
2129 Hexadecanoic acid, ethyl ester 958 958 n.d. n.d. 0.275 0.143
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Table 5 (continued )

KIa Compounds Match Reverse match Normalized content/%

ab b c d

2133 Hexadecanoic acid, ethyl ester 960 960 0.467 0.331 0.186 0.113
2159 2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro 935 953 1.827 0.34 n.d. n.d.
2231 1,2-Benzenedicarboxylic acid, bis(2-meth) 945 950 n.d. 1.472 0.38 0.465
Acids
1488 Acetic acid 975 975 n.d. 2.113 0.146 n.d.
1872 Hexanoic acid 985 985 1.468 0.445 0.401 0.213
1948 Hexanoic acid, 2-ethyl- 967 967 n.d. n.d. 0.409 0.424
2132 Decanoic acid 925 925 n.d. 0.371 n.d. n.d.
2181 Benzoic acid 953 953 n.d. n.d. 0.061 n.d.
Others
1058 Cyclotetrasiloxane 962 962 n.d. 1.463 n.d. n.d.
1074 Disulfide, dimethyl 979 979 n.d. n.d. 0.17 n.d.
1097 2H-Pyran, 2-ethenyltetrahydro-2,6,6-trim 924 924 n.d. 2.852 n.d. 0.234
1119 Cyclohexene, 1,5,5-trimethyl-3-methylene 928 931 n.d. 0.241 n.d. n.d.
1176 Furan, 2-pentyl- 956 956 n.d. 9.505 0.369 0.121
1207 Cyclohexene, 1-methyl-4-(1-methylethylid 829 834 n.d. 0.432 n.d. n.d.
1528 Neroloxide 854 870 n.d. 0.189 n.d. n.d.
1625 1H-Indene, 2,3-dihydro-4-methy 856 872 0.441 n.d. n.d. n.d.
1649 1H-Cycloprop[e]azulene 889 894 0.431 n.d. n.d. n.d.
1787 Naphthalene 976 976 0.449 0.858 0.236 0.18
1934 Butylated hydroxytoluene 950 950 n.d. n.d. 0.066 n.d.
1972 Phenol, 2-ethyl-4-methyl 839 842 n.d. n.d. 0.199 0.122
2198 Phenol, 3-ethyl- 942 951 n.d. n.d. n.d. 0.152
2148 Phenol, 2,4-bis(1,1-dimethylethyl)- 973 973 n.d. 2.895 n.d. n.d.

a Kovats retention index.
b (a) PSPP material; (b) PSPP after microwave-assisted extraction, ultrasonic assisted extraction, centrifuging and concentration; (c) after (b) treatment and AB-8 resin

purification; (d) after (c) treatment, chitosan adsorption, and freeze dried with b-cyclodextrin.
c n.d.: not detected.
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samples by using their mass spectral data and comparisonwith two
commercial mass spectral libraries (NIST and Wiley). About 40, 54,
45 and 28 volatile compounds were detected in the samples of a, b,
c and d, respectively. It was noted that ethanol was the main
compound of the samples, possibly because ethanol solution was
used as the solvent of the extraction and purification. The results
indicated that AB-8 resin purification coupled with chitosan
adsorption was effective in absorbing the volatile compounds from
the anthocyanin crude extract, as the contents of cyclohexanols,
aldehydes, alkanes and esters decreased significantly (Table 5).

The variations of volatile compounds from sample “a” to sample
“b” could be caused by themicrowave radiation that has altered the
chemical structure of some volatile compounds and even led to the
decomposition and/or synthesis reactions (Yang et al., 2014; Yang&
Zhai, 2010). In addition, compared with the PSPAs crude extraction
sample (b), the types and contents of volatile compounds were
significantly decreased after purified by AB-8 macroporous resin
(sample “c”) and AB-8 resin coupled with chitosan adsorption
(sample “d”), especially the content of undesirable smell (odor)
volatile substances, such as aldehydes (e.g. hexanal, nonanal, dec-
anal, heptanal, benzaldehyde et al.), organic acids (nonanoic acid,
decanoic acid, hexanoic acid et al.), alkanes (e.g. dodecane, penta-
decane, hexadecane, eicosane et al.) and alcohols (e.g. 1-Penten-3-
ol, 1-Octen-3-ol, 2-ethyl hexanol, etc.) (Table 5). In comparison of
treatment “c” with “d”, the latter had the advantages by further
reducing the types and contents of undesirable volatile compounds
(Fig. 1 and Table 5), suggesting chitosan is effective in removing
odor substances. The primary mechanism of chitosan on odor
adsorption may be electrostatic interactions including hydrogen
bonds and charge neutralization (Renault et al., 2009). Presumably,
the off-flavors in anthocyanins is mainly derived from hydrochloric
acid hydrolysis during the acidic aqueous extraction with over-
heating treatment and others in industrial practice like macro-
porous resin adsorption and desorption (Giusti & Wrolstad, 2003).
This unpleasant flavor is probably attributed to the generation of
octanoic acid, aldehyde and so on which possess a repulsive oily-
rancid or sweat-like odour (Xu et al., 2014). The results indicated
that the extracted PSPAs could be deodorized by purification using
AB-8 macroporous resin coupled with chitosan adsorption.

4. Conclusion

The results showed that the deodorization treatment by using
AB-8 macroporous resin purification coupled with chitosan
adsorption was effective to remove the undesirable byproducts
such as sugars and proteins from the crude extract of purple sweet
potato anthocyanin (PSPAs). The volatile substances in the deo-
dorized sample were changed and the characteristic and some
unpleasant odor compounds caused by process were decreased.
Meanwhile, the content of PSPAs was slightly reduced. The final
product had the advantages of high purity, almost no unpleasant
odor, and good anthocyanin stability.
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a b s t r a c t

Our aim is the characterization of Anatolian monofloral and honeydew honeys according to their min-
eral, vitamin B2, total phenolic contents and antioxidant activities. Five main elements (Ca, K, Fe, Cu, and
Mn) were determined in 20 honey samples by inductively coupled plasma e optical emission spec-
trometry (ICP-OES). The vitamin B2 contents of honey samples were determined by the capillary elec-
trophoresis method coupled with a sensitive laser induced fluorescence (LIF) detector. The total phenolic
contents were analyzed with FolineCiocalteu's method. Two comparative antioxidant assays, namely
cupric reducing antioxidant capacity assay (CUPRAC) and ABTS radical scavenging assay, were applied to
detect the antioxidant power of honeys. Heather honeys were distinguished from others with signifi-
cantly high vitamin B2 and iron contents. Considerably higher antioxidant capacities and Mn contents
were observed for oak and chestnut honeys. Principal components analysis was applied to the analysis
result in order to classify the honeys from different botanical origins.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Honey is a natural product which is well known for its valuable
nutritional and medicinal qualities. The composition of the healthy
ingredients of honey, except for its sugars, is strongly associated
with its floral origin. In recent years, there has been an increasing
demand to monofloral honeys in markets. Monofloral honeys are
more expensive than multi-floral ones. Such foods with high
commercial value are targets for adulteration. With food adulter-
ation, not only consumers are being defrauded, but also economies
of regions and countries are adversely affected due to unfair
competition. Therefore, it is important to display the important
ingredients of monofloral honeys consumed worldwide. Many
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reports displaying the ingredients of honeys from several countries
have been published. They are mainly on mineral contents
(Akbulut, Ozcan, & Coklar, 2009; Ba�gci, Arslan, Ozcan, & Dursun,
2007; Kolaylı et al., 2008; Küçük et al., 2007; Madejczyk &
Baralkiewicz, 2008; €Ozcan, €Olmez, Arslan, & Dursun, 2012;
Vanhanen, Emmertz, & Savage, 2011) and antioxidant activities
togetherwith total phenolics of honeys (Alvarez-Suarez et al., 2012;
Küçük et al., 2007). There are also reports on specific phenolics (Can
et al., 2015; Marshall, Schneider, Cisneros, & Gu, 2014; Perna,
Intaglietta, Simonetti, & Gambacorta, 2013), organic acids
(Daniele, Maitre,& Casabianca, 2012; Tezcan, Kolaylı, Sahin, Ulusoy,
& Erim, 2011), amino acids (Kivrak, 2014; Silici & Karaman, 2014)
and vitamin contents (Ciulu et al., 2011; Le�on-Ruiz, Vera, Gonz�alez-
Porto, & San Andr�es, 2012; Tuberoso et al., 2012; Vi~nas, Balsalobre,
L�opez-Erroz, & Hern�andez-C�ordoba, 2004) of honeys from all over
the world. Recently, characterization of different honey varieties
with chemometric techniques based on their constituents has been
reported. Several authors have applied chemometrical procedures
on mineral composition (de Alda-Garcilope, Gallego-Pic�o, Bravo-
Yagüe, Garcinu~no-Martínez, & Fern�andez-Hernando, 2012;

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:erim@itu.edu.tr
mailto:skolayli61@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2015.12.005&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2015.12.005
http://dx.doi.org/10.1016/j.lwt.2015.12.005
http://dx.doi.org/10.1016/j.lwt.2015.12.005


H. Kaygusuz et al. / LWT - Food Science and Technology 68 (2016) 273e279274
Fern�andez-Torres et al., 2005; Gonz�alez-Miret, Terrab, Hernanz,
Fern�andez-Recamales,& Heredia, 2005; Grembecka& Szefer, 2013;
Madejczyk & Baralkiewicz, 2008) and mineral composition
together with antioxidant activities (Alvarez-Suarez et al., 2012), in
order to classify honeys in view of their botanical and geographical
origin.

There are many varieties of honeys in Turkey due to the
extensive varieties of plants in Anatolia. The main purpose of this
work is to evaluate the main mineral composition, antioxidant
activity, total phenolic and vitamin B2 contents of 14 monofloral
honeys and 6 honeydew honey samples from different botanical
origins and different regions of Anatolia. Moreover, principal
components analysis were applied to the all data belonging to
mineral contents, antioxidant capacities, total phenolics together
with vitamin B2 contents for the first time for the possible differ-
entiation of monofloral honeys from different botanical origins.
2. Materials and methods

2.1. Chemicals

Riboflavin (Vitamin B2), neocuproine, CuCl2, and ammonium
acetate were purchased from Sigma Chemical Co (Steinheim, Ger-
many). Trolox (6- hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) and Folin-Ciocalteau's reagent are from Fluka
Chemie GmbH (Buchs, Switzerland). Methanol, acetic acid, hydro-
chloric acid were obtained from Merck (Merck KGaA, Darmstadt,
Germany). All other reagents were of analytical grades.
2.2. Honey samples

Seven varieties of unifloral honey, heather, oak, chestnut, pine,
astragalus, acacia, and lavender honeys were collected from local
experienced beekeepers with the aid of the Turkish Beekeepers
Union in 2013 harvest season. Honey types commonly produced in
Turkey were planned as samples. Monofloral honeys with highest
palynological scores were selected in the study. The abbreviations
used for honey samples and their regions are given in Table 1.
2.3. Identification of the honey floral

The honey samples were classified as melissopalynological
characterization according to their specific botanical variety in the
honey samples. The percentage of pollen from the samples was
found between 45% and 90%. When a specific type of pollen is over
45%, the honey is referred as monofloral honey (Yao, Jiang,
Singanusong, Datta, & Raymont, 2004). Honeydew samples were
characterized by optical rotation which were found dextrorotatory
in pine and oak honeys. Except pine and oak honeys, all of the
samples were exhibited levorotatory properties, and they were
called as blossom honeys (Can et al. 2015).
Table 1
Classification of the studied honey samples.

Honey samples Abbreviation Local name

Heather H Püren
Oak O Meşe
Chestnut C Kestane
Pine P Çam
Astragalus As Geven
Acacia Ac Akasya
Lavender L Lavanta
2.4. Preparation of honey extracts for analysis

For vitamin B2 analysis, around 1 g of honey was mixed with
2 mL of water under magnetic stirring for 15 min. After this, the
extract was filtered with 0.45 mmmicro filters and injected directly
to the capillary column.

For antioxidant and total phenolic analysis, 10 g sample of honey
was placed in a falcon tube and 50 mL methanol was added. The
mixture was continuously shaken with a shaker (Heidolph Promax
2020, Schwabach, Germany) at room temperature for 24 h and the
formed extract was filtered using a Whatman filter paper in order
to remove particles. Then the extract was concentrated in a rotary
evaporator (IKA-Werke, Staufen-Germany) under reduced pressure
at 40 �C. The residue was dissolved in methanol and used for
antioxidant tests.

For mineral analysis, 0.5 g of honey was weighed in vessel tubes
with 5 mL of concentrated HNO3 and 2 mL H2O2 (30%). The tubes
were incubated 12 h and placed in a microwave oven. Honeys were
digested by a Milestone model Ethos D closed vessel microwave
system (Milestone, Sorisole (BG)-Italy). During all of the tests, the
pressure was kept at 45 bars, and the ventilation was 3 min. Sam-
ples were allowed to cool, dissolved in 1 mL concentrated HNO3,
then made up to 25 mL with distilled water and measured by
inductively coupled plasma e optical emission spectrometry (ICP-
OES).

All analyses were performed at least three times.
2.5. Determination of vitamin B2 contents of honey samples

Vitamin B2 (riboflavin) analysis was performed with an Agilent
1600 capillary electrophoresis system (Waldbronn, Germany)
equipped with a ZETALIF 2000 LIF detector (Picometrics, Montlaur,
France). Riboflavin was detected with LIF detector at excitation at
488 nm and emission at 520 nm by an Ar-ion laser. The data pro-
cessing was carried out with the Agilent ChemStation software. The
temperature was set at 25 �C. Injections were made at 50 mbar for
6 s. The fused-silica capillary used for separation experiments was
50 mm in diameter and was obtained from Polymicro Technologies
(Phoenix, AZ, USA). The total length of the capillary was 67 cm and
the length to the detector was 50 cm. The new fused-silica capillary
was conditioned prior to use by rinsing with 1 M NaOH for 30 min
and with water for 10 min. The capillary was flushed successively
by 0.1 M NaOH for 2 min, water for 2 min, and buffer for 5 min at
the beginning of every working day and between runs.

10 mM Borat at pH 9.6 was selected as the optimal separation
medium. The applied voltage was 30 kV and lext/em was 488/
520 nm. At these conditions, riboflavin peak migrates in 3.5 min.

The linear calibration range was 0.01e5 mmol/L with a R2 of
0.999. Limit of detection (LOD), limit of quantification (LOQ), rela-
tive standart deviation (RSD %) for intraday (n ¼ 5) and interday
(n ¼ 5 � 3) reproducibility values were found as 1.08 ng/mL,
3.58 ng/L, 2.48% and 4.58%, respectively. The recovery values were
between 99.8 and 106.0%.
Predominant pollen Collected area of Turkey

Calluna vulgaris Mu�gla
Quercus robur L. Kırklareli
Castanea sativa Mill. Trabzon
Pinus L. Mu�gla
Astragalus microcephalus Willd. Bayburt
Robinia L. Ordu
Lavandula stoechas L. Isparta
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2.6. Determination of total phenolic compounds

Total phenolic contents were analyzed with FolineCiocalteu's
phenol reagent method, using gallic acid as the standard (Singleton
& Rossi, 1965). 20 mL of various concentrations of gallic acid and
20 mL methanolic samples (1 mg/mL), 400 mL of 0.5 FolineCiocalteu
reagents and 680 mL of distilled water were mixed on vortex.
Following 3 min incubation, 400 mL of Na2CO3 (10%) solution was
added and after mixing themixturewas incubated for 2 h. After the
incubation period at room temperature, absorbances of the mix-
tures were measured at 760 nm with ATI-Unicam UV-2 UVeVIS
spectrophotometer (Cambridge, UK). The concentration of total
phenolic compounds was expressed as mg of gallic acid equivalents
per 100 g honey.

2.7. Cupric reducing antioxidant capacity assay

The cupric reducing antioxidant capacity (CUPRAC) of the
methanolic extracts was determined according to the method of
Apak et al. (Apak, Güçlü, Ozyürek, & Karademir, 2004). 1 mL of
CuCl2 solution (1.0 � 10�2 M), 1 mL of neocuproine ethanolic so-
lution (7.5 � 10�3 M), and 1 mL NH4-acetate buffer solution were
added to a test tube, andmixed; (x) mL of phenolic extract followed
by (1.1 e x) mL of water were added (total volume ¼ 4.1 mL) and
mixed well. Absorbance against a reagent blank was measured at
450 nm after 30 min. Trolox® equivalent antioxidant capacity
(TEAC) values were given as millimoles of Trolox® equivalent per
gram of sample.

2.8. ABTS radical scavenging assay

The radical scavenging activity of methanolic extracts against
2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS) was monitored spectrophotometrically (Re
et al., 1999). The stock solutions included 7 mM ABTS solution
and 2.4mMpotassium persulfate solution. The solutionwas diluted
by mixing 1 mL (7 mM) ABTS solution with methanol to obtain an
absorbance of 0.706 ± 0.001 units at 734 nm using the spectro-
photometer. 20 mL honey extract and 2 mL diluting ABTS solution
volume were mixed. These stock solutions were mixed with an
equal amount and incubated to react for 12 h at room temperature
under dark conditions. The resulting values were expressed as fifty
percent scavenging concentration (SC50).

2.9. Determination of the mineral contents

ICP-OES (VISTA-RL Varian, Inc., Melbourne, Victoria, Australia)
was used for the determination of the mineral contents in each
honey sample. The minerals were measured against standard so-
lutions of known mineral concentrations that were analyzed.
Operating conditions for the determination of K, Ca, Fe, Mn, and Cu
in honeys by ICP-OES were as follows: RF frequency, 27.1 MHz;
operating power, 1150 W; pump rate, 50 rpm; plasma argon flow
rate, 0.5 L/min; argon carrier flow rate, 0.5 L/min; sample flow rate,
0.02 mL/min. The emission wavelength (nm) for the determination
of each metal were as follows: K (766.490), Ca (422.673), Fe
(262.167), Mn (259.373), and Cu (213.598).

LOD, LOQ, precision as RSD% and regression of linear calibration
ranges of metal ions are follows:

For K analysis, LOD and LOQ were 2.29 and 7.63 mg/kg and RSD
was 2.12%. The R2 of linearity was 0.998. For Ca analysis, LOD and
LOQ were 1.68 and 5.58 mg/kg and RSD was 1.63%. The R2 of linear
region was 0.996. For Fe analysis, LOD and LOQ were 1.59 and
5.32 mg/kg and RSDwas 2.33%. The R2 of linearity was 0.997. For Mn
analysis, LOD and LOQ were found as 3.19 and 10.62 mg/kg and RSD
was 3.45%. The R2 of linearity was 0.996. For Cu analysis, LOD and
LOQ were 1.70 and 5.67 mg/kg and RSD was 2.06%. The R2 of linear
region was 0.997.

2.10. Statistical analysis

The results were analyzed using the SPSS 15.0 statistical soft-
ware program (SPSS Inc., Chicago, IL, USA) for windows. To compare
the significant differences of the mean values at P < 0.05, Duncan's
multiple-range tests were used. In order to determine and visualize
the differences among the honey types and the relationship be-
tween observations and variables, a multivariate statistical analysis
called principal component analysis (PCA) was applied to all of the
experimental data. The analysis was conducted using the correla-
tion matrix based PCA method, since the parameters have widely
varying scales. Four variables (vitamin B2, CUPRAC, ABTS and Cu)
are included in PСA since these four variables were found to be
significant in preliminary calculations. Amatrix of 4x20 (4 variables
& 20 samples) was used in PCA. R statistical software v. 3.02 (R Core
Team, 2013) with FactoMineR (Factor Analysis and Data Mining
with R) package (Husson, Josse, Le, & Mazet, 2013) was used for
statistical analyses and PCA calculations.

3. Results and discussion

3.1. Vitamin B2 concentrations of honey samples

Table 2 shows vitamin B2 contents of 20 honey samples
analyzed by capillary electrophoresis. As seen from Table 2, the
vitamin B2 concentrations of heather honey samples are consid-
erably higher than vitamin B2 contents of other honeys. While
vitamin B2 concentrations of heather honeys change between 6.01
and 18.04 mg/kg, the vitamin B2 concentrations of other honey
samples range between nd-0.94 mg/kg. Therefore, heather honey
was completely distinguished from others with respect to vitamin
B2 content. Heather honey has dark brown color and strong flavor.

Actually the reported studies on the vitamin contents for honeys
in the literature are very rare. Vi~nas et al. reported vitamin B2 in
chestnut, eucalyptus, cane, and multifloral honeys at levels up to
0.74 mg/kg (Vi~nas et al., 2004). Ciulu et al. (2011) reported water
soluble vitamins (B2, B3, B5, B9 and C) of honey samples with 12
different botanical origins. While the overall amount of the vita-
mins in the samples is quite low, meaningful concentrations of
vitamin B2 are detected only in asphodel and citrus honeys as 3.7
and 2 mg/kg, respectively. Le�on-Ruiz et al. reported vitamin B1, B2,
B5, B6, and C in honeys from six different botanical origins (Le�on-
Ruiz et al., 2012). A meaningful value of vitamin B2 was detected
in only in a honeydew sample as 0.17 mg/kg. Tuberoso analyzed B2
contents of 11 unifloral honey types and the highest vitamin B2
contents were detected in honey dew honey and sage honey
samples, as 6.1 and 5.7 mg/kg, respectively (Tuberoso et al., 2012).

3.2. Antioxidant capacities of honey samples

Determination of antioxidant capacities of honeys were per-
formed with twomethods, namely the CUPRAC and ABTS methods,
respectively. The higher CUPRAC values indicate high antioxidant
capacity, whereas smaller ABTS values are indicative of higher
antioxidant capacity. As seen from Table 2, the oak and chestnut
honeys have the highest antioxidant capacities. They are followed
very closely by pine and heather honeys. Antioxidant capacities of
seven different species of flower honeys are considerably low
compared to oak, chestnut, heather, and pine honeys. Though no
single antioxidant assay accurately reflects all of the radical sources
or all antioxidants, the two antioxidant assays employed gave good



Table 2
Some biological properties of the studied honey samples.

Samples Vitamin B2 (mg/100 g) Total phenolic content (mg GAE/kg) CUPRAC (mmol Trolox/g) ABTS (g/mL)

H1 1176 ± 71e 1340 ± 45j 4.68 ± 0.30c 0.35 ± 0.03ab

H2 921.5 ± 37d 1120 ± 20i 5.6 ± 0.20c 0.94 ± 0.07de

H3 600.8 ± 48c 1098 ± 18i 5.36 ± 0.72c 0.43 ± 0.05bc

H4 1804 ± 14f 1326 ± 25j 4.8 ± 0.15c 0.7 ± 0.05cd

O1 27.45 ± 1.9ab 1100 ± 30i 18.23 ± 0.61h 0.065 ± 0.01a

O2 23.75 ± 0.3ab 945 ± 33g 14.7 ± 0.98g 0.06 ± 0.01a

O3 12±1a 1298 ± 40j 6.92 ± 0.51d 0.07 ± 0.01a

C1 38.11 ± 1.9ab 1050 ± 50h 23.8 ± 1.50i 0.3 ± 0.04ab

C2 0a 524 ± 30c 13.26 ± 1.10f 0.42 ± 0.03bc

C3 0a 590 ± 25d 17.18 ± 1.52h 0.32 ± 0.04ab

P1 0a 680 ± 30e 4.72 ± 0.30c 0.49 ± 0.05bc

P2 0a 746 ± 24f 9.1 ± 0.84e 0.32 ± 0.04ab

P3 20.65 ± 0.4a 586 ± 26d 5.46 ± 0.53c 0.88 ± 0.09de

As1 12.1 ± 0.1a 420 ± 21b 1.1 ± 0.21a 3.24 ± 0.29i

As2 31.45 ± 1.3ab 532 ± 19c 2.4 ± 0.20b 1.15 ± 0.21ef

As3 7.9 ± 0.4a 751 ± 23f 2.28 ± 0.32ab 1.28 ± 0.21f

Ac1 0a 122 ± 11a 2.38 ± 0.32b 3.68 ± 0.31j

Ac2 93.8±6b 98 ± 10a 2.68 ± 0.24b 2.26 ± 0.34h

L1 0a 658 ± 18e 2.13 ± 0.21ab 1.59 ± 0.16g

L2 20.4±0a 567 ± 19cd 2.04 ± 0.15ab 3.45 ± 0.45ij

*Means ± standard deviations. Different letters in the same lines are significantly different at the 5% level (P < 0.05).
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correlation (R2 ¼ 0.72). Oak, chestnut, heather, and pine honeys are
darker honeys compared to others. Much literature on the antiox-
idant capacities of honeys indicate the dominant antioxidant ca-
pacities of darker honeys compared to the antioxidant capacities of
light-colored honeys like flower honeys (Can et al., 2015). The
chestnut honeys from the Black Sea area are high-priced honeys
and their strong antioxidant capacities were reported before
(Küçük et al., 2007).

3.3. Total phenolic contents of honey samples

Total phenolic contents of honey samples are given in Table 2.
The highest total phenolic contents belong to oak and heather
honeys. The other honeys havemore or less the same total phenolic
contents except for acacia honeys. Acacia honey samples seem to
have less total phenolics compared to total phenolics of all honeys
in this study. Some studies on the antioxidant capacities of natural
products indicate the good correlation between total phenolic
content and antioxidant capacities. However, other reports do not
fulfill this general idea. It is recently reported that many non-
phenolic compounds show considerable reactivity towards
FolineCiocalteu (FeC) reagent based on the over 80 tested com-
pounds (Everette et al., 2010). Many vitamins, aminoacids, and even
some inorganic ions like Fe (II) and Mn (II) show considerable
reactiveness towards the FeC reagent.

TP contents of heather honeys are found to be higher than TPs of
oak and chestnut honeys; however the antioxidant capacities of
oak and chestnut honeys are higher than heather honeys. Chestnut,
heather, and oak honeys were also reported dark honeys containing
high phenolic substances (Can et al. 2015; Kolayli, Sahin, Yildiz, Can,
& Sahin, 2015). Heather honey samples distinguish with high
vitamin B2 and Fe contents from other honeys. According to list
reported by Everette et al. as vitamin B2 is not active towards FeC
reagents, Fe shows considerable reactivity towards the FeC reagent
(Everette et al., 2010). This probably is the explanation of high TP
contents of heather honeys. Similarly, high Mn content of oak
honeys are probably responsible for their TP contents besides
phenolic substances. On the other hand, TP contents of flower
honeys are comparable with TPs of chestnut and pine honeys,
whereas antioxidant capacities of flower honeys are low. Middle
values of TPs of flower honeys indicate that these honeys contain
other nonphenolic substances besides phenolics.
3.4. Mineral concentrations of honey samples

The amounts of five minerals have been studied in the honey
samples; namely K, Ca, Fe, Cu, and Mn. The mineral concentrations
of honey samples are shown in Table 3. The K concentrations of
honeys are dominant compared to other minerals and were found
between 8.53 and 194.79 mg/100 g honey. Chestnut, pine, and oak
honeys have higher K concentrations. Heather honeys and then
other honeys followed them with their K concentrations. Ca was
found as the second abundant mineral in honeys. Ca concentrations
of honeys changed between 3.19 and 15.03 mg/100 g honey. All oak
and lavender honeys have higher Ca concentrations. Other honeys
showed no differentiation among themselves in terms of calcium
concentration. Some honeys in the same species having higher Ca
values, while others have lower values.

All heather honeys have significantly higher Fe concentrations
compared to other honeys. Fe concentrations of heather honeys
change between 0.46 and 19.2 mg/100 g honey. Fe concentrations
of other honeys showed no differences between honey species,
changing between 0.09 and 0.28 mg/100 g honey.

As Mn content, oak and chestnut honeys are significantly
distinguished from other honey samples. Mn concentrations of
honeys change between 0.36 and 1.41 mg/100 g honey, for oak and
chestnut honeys. Mn concentrations of other honeys are consid-
erably less than these values, changing between 0.005 and 0.099
mg/100 g honey.

Relative amounts of Cu contents seem less than other minerals
in honeys, changing between 0.021 and 0.077mg/100 g honey. Oak,
chestnut, heather, and pine honeys are the highest range for their
copper contents.

3.5. Principal component analysis

The correlation matrix with p-tests of all variables is shown on
Table 4. It can be seen that ABTS is not related to other variables
significantly, followed by B2, CUPRAC and Cu by the means of
correlation. Therefore ABTS, B2, CUPRAC, and Cu are selected for
PCA. Principal components (PCs) are estimated from the eigen-
vectors of the correlation matrix of the observations. The eigen-
values are found as 2.12, 1.11, 0.48 and 0.29 for PC1 to PC4,
respectively. First three PCs represent 52.89, 27.71 and 12.07% of the
total variance, respectively. So that the first three PC's explain



Table 3
Mineral composition of honey samples (mg/100 g).

Samples Ca K Fe Cu Mn

H1 12.24 ± 0.03n 44.87 ± 4.2b 1.92 ± 0.21h 0.050 ± 0.008de 0.090 ± 0.006cd

H2 4.4 ± 0.07c 53.29 ± 6.1b 0.46 ± 0.05f 0.057 ± 0.009e 0.099 ± 0.005d

H3 8.9 ± 0.05j 52.18 ± 5.3b 0.67 ± 0.05g 0.032 ± 0.004b 0.036 ± 0.004ab

H4 0a 54.78 ± 4.6b 0.74 ± 0.06g 0.041 ± 0.006c 0.058 ± 0.003bc

O1 11.93 ± 0.01m 106.24 ± 9.8c 0.21 ± 0.01bcde 0.068 ± 0.004g 1.410 ± 0.110i

O2 10.65 ± 0.01k 102.63 ± 11.2c 0.17 ± 0.01abc 0.060 ± 0.007f 0.960 ± 0.007g

O3 10.99 ± 0.01l 94.24 ± 8.9c 0.18 ± 0.01abcd 0.077 ± 0.004h 1.250 ± 0.004h

C1 15.03 ± 0.04p 194.79 ± 15.2f 0.17 ± 0.01abc 0.042 ± 0.003cd 0.950 ± 0.003g

C2 7.99 ± 0.03h 130.74 ± 11.2d 0.13 ± 0.01ab 0.027 ± 0.004ab 0.360 ± 0.004e

C3 8.29 ± 0.04i 158.27 ± 13.6e 0.28 ± 0.02e 0.048 ± 0.005cd 0.470 ± 0.005f

P1 7.1 ± 0.05g 95.56 ± 8.8c 0.28 ± 0.03de 0.046 ± 0.004cd 0.023 ± 0.004ab

P2 3.19 ± 0.04b 135.44 ± 14.8d 0.19 ± 0.01bcde 0.046 ± 0.002cd 0.038 ± 0.002ab

P3 4.56 ± 0.09c 14.78 ± 1.96a 0.20 ± 0.03bcde 0.049 ± 0.008cde 0.042 ± 0.008ab

As1 6.69 ± 0.29f 22.51 ± 2.4a 0.26 ± 0.03cde 0.030 ± 0.003ab 0.039 ± 0.003ab

As2 5.4 ± 0.20d 8.63 ± 1.1a 0.09 ± 0.01a 0.021 ± 0.004a 0.017 ± 0.004ab

As3 6.95 ± 0.21fg 11.04 ± 1.2a 0.21 ± 0.01bcde 0.027 ± 0.001ab 0.016 ± 0.001ab

Ac1 6.16 ± 0.31e 45.06 ± 3.1b 0.12 ± 0.01ab 0.028 ± 0.004 ab 0.029 ± 0.004ab

Ac2 4.55 ± 0.34c 8.53 ± 0.7a 0.14 ± 0.01ab 0.024 ± 0.001ab 0.005 ± 0.001a

L1 11.78 ± 0.16m 12.05 ± 1.6a 0.12 ± 0.01ab 0.026 ± 0.002 ab 0.007 ± 0.002a

L2 13.56 ± 0.45� 16.89 ± 2.5a 0.14 ± 0.01ab 0.030 ± 0.002b 0.007 ± 0.002a

*Means ± standard deviations. Different letters in the same lines are significantly different at the 5% level (P < 0.05).

Table 4
Correlation matrix of the variables.

B2 TP CUPRAC ABTS Ca K Fe Cu Mn

B2 1
TP 0.606a 1
CUPRAC �0.158 0.317 1
ABTS �0.122 �0.212 �0.236 1
Ca �0.293 0.250 0.434a �0.286 1
K �0.159 0.267 0.846a 0.060 0.227 1
Fe 0.738a 0.557a �0.111 �0.122 0.088 �0.110 1
Cu 0.136 0.661a 0.480b �0.316 0.263 0.396 0.189 1
Mn �0.210 0.448b 0.752a �0.187 0.534b 0.578a �0.159 0.729a 1

a Correlation is significant at the 0.01 level.
b Correlation is significant at 0.05 level.
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92.67% of the total variance. Fig. 1-A and Fig. 1-B shows the loading
plots of PC1 versus PC2 and PC1 versus PC3, respectively. Vitamin
B2 strongly correlates with PC2, where Cu and ABTS values corre-
late with PC1 in positive and negative directions, respectively. The
effect of vitamin B2 concentration decreases in PC1 versus PC3
loadings plot, and the clustering is mainly based on ABTS, Cu and
CUPRAC. The score plots are shown in Fig. 2-A and -B. Confidence
Fig. 1. Distribution of variable vectors inside a unit circle on loading plot
ellipses with 99% confidence interval are included for each set of
honey samples in PCA score plot and no outlier is detected. Heather
honeys are well separated from the other two groups of samples by
being on the positive region of the PC2 due to their significantly
higher amounts of vitamin B2. Flower group is alsowell clustered at
the negative parts of both PCs. Oak and chestnut samples are
grouped along the positive part of PC1. Pine honeys are distributed
of A) PC1-PC2, B) PC1-PC3 generated from a correlation-matrix PCA.



Fig. 2. Score plot of honey samples on A) PC1-PC2, B) PC1-PC3 generated from a correlation-matrix PCA. Confidence ellipses were shown for each honey sample data set.

H. Kaygusuz et al. / LWT - Food Science and Technology 68 (2016) 273e279278
among the origin of the score plot with a very narrow confidence
ellipse. Score over PC1 and PC3 plot separates oak, chestnut and
pine group from each other. It can be seen that oak samples are
clustered among the positive parts of both PC1 and PC3, where
chestnut samples are grouped at negative parts of the PC3. Pine
honey samples are around the origin together with heather honeys.
Therefore it can be concluded that ABTS and B2 values are useful in
clustering flower and heather honeys separately. On the other
hand; Cu and CUPRAC values play the key role in clustering of oak,
chestnut and pine honeys from each other.

4. Conclusion

In this work, vitamin B2, total phenolic, five main mineral
contents and antioxidant activities of 20 monofloral and honeydew
honeys from Anatolia were clarified. Heather honeys were distin-
guished from other honeys with their considerably higher vitamin
B2 and Fe contents. Oak honeys have significantly higher Mn con-
tents. Highest antioxidant capacities belong to chestnut and oak
honeys. The samples are well-clustered using principal component
analysis with vitamin B2, ABTS, Cu and CUPRAC values as param-
eters. First two principal components clearly separate floral honeys
and heather honeys from pine, oak and chestnut ones. The rest is
clustered using first and third principal components. Therefore the
method is an efficient technique to identify and characterize the
honey groups.
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a b s t r a c t

The present study aims to evaluate the direct use of crude enzymes extract produced by solid state
fermentation (SSF) of Fusarium solani pisi to improve lycopene extraction from tomato processing by
products (TPB) and thus avoiding the downstream steps. Optimized production of the crude enzymes
extract (23.90 mg/ml) was obtained after 7 days of incubation of TPB moistened with distilled water (1/3,
w/v) at 30 �C. Afterwards, TPB was pretreated by the crude enzymes extract with pectinolytic, cellulolytic
and cutinolytic activities and then subjected to ethanol extraction. The factors investigated included pH,
temperature, particle size and solid-to-crude enzymes solution ratio and results provided the following
optimal extraction conditions: pH ¼ 8, T ¼ 50 �C, solid-to-enzyme ratio ¼ 1/30 (w/v) and TPB particle
size between 0.8 and 1.25 mm. Lycopene recovery was moderately higher when extracted using F. solani
crude enzymes extract compared to either pectinases and cellulases preparations. TPB enzymatic extract
exhibited powerful antioxidant activity even better than the ethanol TPB extract. The obtained results
strongly support the idea of using enzymes from SSF of F. solani as an effective means for recovering
powerful antioxidant from tomato by products.

© 2015 Published by Elsevier Ltd.
1. Introduction

Vegetables and fruits are of great importance in the human diet,
providing a major source of bioactive substances. Among these,
tomato (Lycopersicon solanum) stands out for its commercial and
nutritional properties. In fact, it is the second most important
vegetable crop in the world and an integral part of the human diet.
Although tomatoes are commonly consumed fresh, over 80% of the
tomato consumption comes from processed products such as to-
mato juice, paste, puree, ketchup and sauce (Gould, 1992), gener-
ating consequently large amounts of related by products up to
50000 tons per year (Viuda-Martos et al., 2014). These solid by
products present a disposal problem aggravating the environ-
mental pollution. Tomato by products should however be consid-
ered as a promising source of valuable bioactive compounds for
improving human nutrient supply and reducing the risks of dis-
eases caused by oxidative damage such as cancer (Stajcic et al.,
).
2015). The key antioxidants involved are carotenoids, phenolic
compounds and vitamins (G�omez-Romero, Arr�aez-Rom�an, Segura-
Carretero, & Fern�andez-Guti�errez, 2007).

It was estimated as much as 60e64% of the total carotenoid
content consists of lycopene (Ranveer, Patil, & Sahoo, 2013). As a
result, the use of tomato by products as source of natural lycopene
could not only provide economic benefits but also contribute to
environmental protection (Zuorro, Fidaleo, & Lavecchia, 2011).
However, lycopene recovery from this material is not straightfor-
ward, as revealed by the low yields achievable with conventional
solvent extraction procedures (Rozzi, Singh, Vierling, & Watkins,
2002; Strati & Oreopoulou, 2011). The main reasons are the
compactness of the plant tissue, which hinders solvent penetration,
its transport to chromoplasts containing lycopene, and the possible
degradation of the carotenoid during recovery. Other processes
have been described to improve lycopene extraction such as en-
zymes which are an attractive technique due to their high speci-
ficity and catalytic efficiency. Besides, enzymes are not toxic, water-
soluble, biodegradable and can be used under mild operational
conditions of pH, temperature and pressure (Navarro-Gonz�alez,
García-Valverde, García-Alonso, & Jesús Periago, 2011). While
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primary wall of tomato peels consists of a rigid structure of cellu-
lose embedded in a gel-like matrix composed of pectic compounds,
glycoprotein and hemicellulose, pectinase, cellulase or a combina-
tion of either are the most hydrolytic enzymes tested for lycopene
extraction after tomato peel cell wall lysis. The enzymatic treat-
ment improves solvent penetration and lycopene dissolution as a
result of cell separation and loss of cell integrity resulting in a
notable increase in lycopene extraction yield (Lenucci et al., 2015).
Moreover, tomato peel is composed of a continuous layer of
epidermal cells covered with a thick waxy cuticle which is cutin
rich material (between 40% and 80%, w/w) that cutinase could
therefore be used in facilitating the release of bioactive compounds
from these materials (Nyyssola et al., 2013).

Fusarium solani pisi has been extensively investigated for cuti-
nase production, gene identification, characterization, structure
elucidation and application using generally the solid state
fermentation (SSF) process (Chen et al., 2010). The SSF has several
practical and economic advantages especially in those processes,
where the crude fermented products may be used directly as
enzyme sources without a prior downstream processing (Tengerdy,
1996). Several important factors must be considered for the
development of a successful bioprocess under SSF conditions
including pretreatment and particle-size of substrates, medium
ingredients, supplementation of growth medium, sterilization of
SSF medium, moisture content, water activity (aw), inoculum
density, temperature, pH, agitation and aeration (Nigam & Pandey,
2009).

In the context of the above discussion, probing into the use of
F. solani pisi's crude enzymes extract for lycopene extraction seems
to be an interesting proposition. Herein, we wish to optimize the
production of extracellular enzymes using SSF on TPB. Subse-
quently, the crude fermented product was tested for lycopene
extraction under various operational conditions. Finally, the anti-
oxidant activity of lycopene extract, extracted by the enzymatic
process, was evaluated in comparison with that obtained by the
conventional solvent extraction.

2. Materials and methods

2.1. TPB preparation

The TPB was collected on July from the Tunisian industry SICAM
(B�eja, Tunisia) which was essentially composed of peels (z42%)
and seeds (z58%). The whole TPB sample (containing both peels
and seeds) was cleaned, dried in the air for 48 h, then ground and
kept under freezing.

2.2. Microbial strains

F. solani pisi, used for the production of the crude enzymes
extract through SSF was kindly provided by Pr. Tahar MECHICHI
(National School of Engineers of Sfax, Tunisia), maintained in malt-
extract agar and stored at 4 �C according to Jallouli et al. (2012).

2.3. Cellulases and pectinases enzymes

Two enzymatic preparations, rich each one of cellulases or
pectinases were used to compare their effects on lycopene
extractionwith that of the crude enzymes extract recovered from F.
solani pisi using SSF. Hydrolytic activities were produced in a liquid
medium through using citrus pectin as carbon source for the pro-
duction of pectinase enzymes by the CT1 mutant of Penicillium
occitanis (Hadj-Taieb et al., 2006) and through using wheat bran to
produce cellulases by RutC30 mutant of Trichoderma reesei
(Montenecourt & Eveleigh, 1979). The basal medium used for
enzymes production was a modified Mandels medium (Hadj-Taieb
et al., 2006) buffered at pH 5.5. It was composed of (g l�1): MgSO4,
0.3; (NH4)2SO4, 1.4; KH2PO4, 2; NaNO3, 5; CaCl2, 0.3; Tween 80, 1 ml
and 1 ml of trace elements solution (g l�1) CoCl2: 2; ZnSO4

. H2O: 1.4;
MnSO4

. H2O: 1.6; FeSO4
. 7H2O: 0.5). 100 ml of basal medium was

inoculated with spore suspensions (106 spores ml�1) in 500 ml
Erlenmeyer flasks. The carbon sources concentrations were settled
to 1% (w/v) for citrus pectin and to 2% for wheat bran, respectively.
The cultures were incubated for 5 days at 30 �C and 150 rpm. The
culture broths were filtered on a 0.45 mm Millipore membrane and
then tested for pectinolytic and cellulolytic activities before being
applied in lycopene extraction.
2.4. Physicochemical analysis

pH, dry weight (DW), crude protein and crude lipids were
measured according to the methods of AOAC (2000). Water activity
was measured using an aw-meter (aw sprint- Novasina). Carbo-
hydrate content of TPB was determined according to Habibi,
Mahrouz, and Vignon (2005). The ash samples were dissolved in
1% hydrochloric acid and the solutions were used for the deter-
mination of the following minerals: Iron, zinc, copper, sodium,
calcium, manganese, potassium and magnesium by using atomic
absorption spectrometry according to Luten et al. (1996).
2.5. Optimization of the crude enzymes extract production by SSF of
F. solani pisi

The crude enzymes extract, used for the enzymatic pretreate-
ment of the TPB to extract lycopene, was produced by the fungus
F. solani pisi using SSF technique. Optimization of the enzyme
production was studied under solid state growth conditions by
varying operational parameters such as (i) the initial moisture
levels (1/1, 1/2, 1/3, 1/4 and 1/5 (w/v)), (ii) the type of the diluent
(distilled water, mineral solution 1 containing in g l�1 (NH4)2SO4,
0.5; KH2PO4, 0.5 and MgSO4, 0.5) and mineral solution 2 containing
the same composition as themineral solution 1 addedwith 0.3 g l�1

urea, 0.75 g l�1 peptone and 0.25 g l�1 yeast extract and (iii) the
incubation time (3, 5, 7 and 10 days).

Solid state growth experiments were conducted in 250 ml
Erlenmeyer flasks containing 2 g of substrate moistened with the
appropriate volume of diluent. Flasks were sterilized by autoclaving
for 15 min at 121 �C, inoculated with F. solani pisi spores and
incubated at 30 �C. Afterward, the appropriate buffer (according to
the enzymatic activity tested) was added to the mycelium devel-
oped in the TPB. The mixture was incubated under continuous
stirring at 150 rpm and 30 �C for 45 min then centrifuged
10000 rpm for 10 min at 4 �C (Chaari, Kamoun, Bhiri, Blibech, &
Ellouze-Ghorbel, 2012). The clear supernatant was used as the
crude enzymes source. Protein concentration was determined ac-
cording to Bradford (1976) using bovine serum albumin as stan-
dard. Three enzyme activities were assessed in the recovered crude
enzymes extract which are cellulolytic, pectinolytic and cutinolytic
activities, respectively. The cellulolytic and pectinolytic activities
were determined using as substrates, 1% carboxymethyl cellulose
(CMC) and 1% pectin, respectively, prepared in citrate buffer (pH 5).
These activities were then measured spectrophotometrically at
550 nm according to the DNS method (Miller, 1959). Cutinolytic
activity was assessed as lipase and phospholipase using pH-stat
technique by titrating the free fatty acids released from mechani-
cally stirred triacylglycerol emulsions using 0.1N NaOH (Jallouli
et al., 2012).
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2.6. Enzymatic extraction of lycopene from TPB

Optimization of the TPB enzymatic treatment for lycopene
extraction using the F. solani's crude enzymes extract, was carried
out by varying the temperature (37 �C; 45 �C and 50 �C), the pH
(4.5; 5; 8 and 9), the TPB particle size (0.25e0.4 mm; 0.8e1.25 mm;
2.5e3.15 mm and 3.15e4 mm) and the solid-to-enzyme solution
ratio (1/15; 1/30; 1/50 and 1/100, (w/v)). For both cellulases
(298.20 U ml�1) and pectinases (1285.06 U ml�1), they are used
under their optimal temperature and pH as recommended by Hadj-
Taieb et al. (2006). 1 g of TPB was firstly pretreated with the
appropriate volume of the enzyme in 250 ml flasks during 4 h of
continuous stirring at 200 rpm. Afterward, the mixture was
centrifuged for 15 min at 4500 rpm and finally the residue was
dried at 45 �C and subjected to ethanol extraction at 200 rpm, 37 �C
for 2 h (Lavecchia & Zuorro, 2008).

2.7. Quantification of bioactive compounds in TPB extracts

2.7.1. Lycopene
The lycopene content was measured spectrophotometrically at

472 nm according to Strati and Oreopoulou (2011). The lycopene
concentration C (mg l�1), in TPB extract was calculated as follows:

C ¼ A� 104
.
E

where A is the absorbance at 472 nm and E (3950) is the absorption
coefficient of lycopene (absorbance at the maximumwavelength of
a 1% solution in a spectrophotometer cuvette with 1 cm light path)
in the solvent used. The extraction yield was calculated by the
following equation:

Lycopene ðmg=100 gÞ ¼ C � VL=mS

where, C is the lycopene concentration in the solvent, VL is the
liquid volume and mS is the amount of solids.

2.7.2. Phenolic compounds
The total phenolic content (TPC) of TPB extract was determined

according to Cicco, Lanorte, Paraggio, and Viggiano (2009) using
Folin-Ciocalteu's reagent. 20 ml of TPB extract was mixed with
100 ml of FolineCiocalteu's reagent. After that the mixture was
shaken and then incubated 2 min at 25 �C. 800 ml of sodium car-
bonate solution (5%) was added and the mixture was shaken once
again for 1 min, incubated in the dark for 20 min at 40 �C and then
immediately cooled in ice bath. The absorbance of the resulting
color was measured at 760 nm against a distilled water/sodium
carbonate/FolineCiocalteu's reagent blank. Gallic acid was used as
standard for the calibration curve. TPC was expressed as mg gallic
acid equivalents (GAE) per gram extract.

2.7.3. Flavonoids
The total flavonoid content of TPB extract was determined by

the method described by Chang, Yang, Wen, and Chern (2002).
Briefly, 1.5 ml of ethanol, 100 ml of potassium acetate (1 M),100 ml of
AlCl3 (10%, w/v) and 2.8 ml of distilled water were added to 500 ml
of TPB extract. The mixture was well mixed and then incubated for
30 min at 25 �C. The absorbance of the mixture was then measured
at 415 nm. Total flavonoid content was expressed as mg quercetin
equivalent (QE)/g extract.

2.8. Antioxidant activity

Differentmethods have been adopted to assess the antioxidative
potential of the TPB extracts as follows:
2.8.1. DPPH radical-scavenging activity
The antiradical ability of sample extracts was evaluated ac-

cording to Bersuder, Hole, and Smith (1998). TPB extracts (500 ml)
were mixed with 375 ml of ethanol (99.5%) and 125 ml of an etha-
nolic DPPH solution (0.02%). The mixture was stirred vigorously
and then placed for 1 h at 25 �C in the obscurity. The absorbance
readings were performed at 517 nm. The radical scavenging activity
(RSA) was calculated as a percentage of DPPH� inhibition using the
following equation:

RSA ¼
��

Acontrol þ ADPPH ðblankÞ
,

� ADPPH ðsampleÞ
,

��
Acontrol

�

� 100

Where AControl: absorbance at 517 nm of 875 ml of ethanol (99.5%)
mixedwith 125 ml of ethanolic DPPH solution (0.02%).ADPPH ðsampleÞ

,
:

absorbance at 517 nm of 500 ml of TPB extract mixed with 375 ml of
ethanol (99.5%) and 125 ml of ethanolic DPPH� solution (0.02%).

ADPPH ðblankÞ
,

: absorbance at 517 nm of 500 ml of TPB extract
mixed with 500 ml of ethanol (99.5%).

2.8.2. Reducing power assay
The Fe reducing power was determined according to Yildirim,

Mavi, and Kara (2001). 1 ml of different samples were mixed with
1.25 ml of phosphate buffer (0.2 M; pH 6.6) and 1.25 ml of potas-
sium ferricyanure [K3Fe(CN)6] (10 g l�1). The mixture was incu-
bated for 30 min at 50 �C. After incubation, 1.25 ml of TCA (10%)
were added. 1.25 ml of the mixture obtained were added to 1.25 ml
of distilled water and 0.25 ml of FeCl3 (1 g l�1). After 10 min, the
absorbance at 700 nm was measured. A higher absorbance in-
dicates a better Fe reducing power and thus a better reducing po-
wer of the TPB extract.

2.8.3. b-carotene bleaching assay
The antioxidant activity of TPB extract was also evaluated by the

b-carotene linoleate model system according to Koleva, Van Beek,
Linssen, Groot, and Evstatieva (2002). b-carotene solution and
linoleic acid were prepared with Tween 80 and chloroform. The
solvent was then evaporated and the residue thus obtained was
dissolved in 100 ml of bi-distilled water. 500 ml of different di-
lutions of TPB extract were added to 2.5ml of the solution prepared.
The mixtures were then incubated for 2 h at 50 �C and the absor-
bance was measured at 470 nm before and after incubation. Con-
trols and blanks were prepared for each dilution of TPB extract by
the same procedure but the control contained 500 ml of bi-distilled
water instead of the TPB extract and the blanks were b-carotene
free. The zero samplewas prepared with 500 ml of bi-distilled water
and 2.5 ml of the solution without b-carotene. The antioxidant
activity was measured using the following equation:

Antioxidant activity ð%Þ ¼
�
1�

�
A0sample � Aob

�
�
�
A120sample

� A120b

��.
ðA0c � A120cÞ � 100

with: A0sample, A0b and A0c are absorbances of the sample, blank and
control, respectively, at 470 nm before incubation and A120 sample,
A120b and A120c are those of the sample, blank and control,
respectively after incubation for 120 min at 50 �C.

2.9. Statistical analysis

All analytical determinations and measurements were per-
formed at least in triplicate. Values were expressed as the
mean ± standard deviation (n ¼ 3). Analysis of variance was
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conducted, and differences between variables were tested for sig-
nificance by one-way analysis of variance using SPSS software, 17.0
(Statistical Package for the Social Sciences, The Predictive Analytics
Company, Chicago, IL, USA). A difference was considered statisti-
cally significant when P � 0.05.

3. Results and discussion

3.1. Proximate chemical composition of TPB

Main physicochemical characteristics of TPB are presented in
Table 1. This material is slightly acid with low aw and high DW
values (0.64 and 90.35%, respectively). Thus, suitable moistening of
TPB is of great importance for the fungal development during SSF.
Moreover, the proximate composition revealed that TPB is mainly
composed of carbohydrates (57%), proteins (18.11%) and lipids
(10.16%). Carbohydrates are essentially composed by lignin, hemi-
cellulose, pectin and cellulose which are the main constituents of
the tomato peels where lycopene is present up to five times more
than the pulp (Papaioannou & Karabelas, 2012). This polymeric
structure will require either physic pretreatment (sonication) or
biological enzymatic pretreatment in order to enhance lycopene
recovery from cell compartments. Taking into account that carbon
and nitrogen sources and mineral elements are easily found with
significant levels and at low cost in the TPB, the current support
material is very appealing to be tested for the microorganism
development via SSF in order to produce extracellular enzymes
with high substrates specificities.

3.2. Optimization of F. solani crude enzymes production by SSF

Various SSF parameters such as solid-to-liquid ratio, type of the
diluent and incubation time were optimized, to improve the
enzyme production yield by F. solani (Fig. 1).

As shown in Fig. 1A, solid-to-liquid ratio of 1/3 (w/v) proved to
be effective in producing an optimal enzyme concentration
(23.90 mg ml�1) (p < 0.05). Higher or lower ratio was responsible of
the decrease of the enzymes production. Generally, the substrates
have a water content oscillating between 30 and 85%. Lower values
may induce the sporulation of the microorganism, while more
elevated levels may reduce the porosity of the system, which can
produce oxygen transfer limitation, and increase the risk of bacte-
rial contamination (Hamidi-Esfahani, Shojaosadati, & Rinzema,
2004).
Table 1
Physicochemical characterization of tomato processing by products.

Parameter Value

pH 6.32 ± 0.03
Aw 0.64 ± 0.017
DW (%) 90.35 ± 0.07
Ash (%) 4.34 ± 0.07
Potassium (mg/100 g) 559.56 ± 12.50
Sodium (mg/100 g) 128.53 ± 2.36
Calcium (mg/100 g) 240.83 ± 4.34
Manganese (mg/100 g) 3.77 ± 0.11
Iron (mg/100 g) 10.98 ± 0.01
Zinc (mg/100 g) 1.49 ± 0.02
Copper (mg/100 g) 1.64 ± 0.01

Proteins (%) 18.11 ± 0.13
Fat (%) 10.16 ± 0.19
Pectin (%) 2.71 ± 0.32
Hemicellulose (%) 3.78 ± 0.66
Lignin (%) 16.17 ± 3.54
Cellulose (%) 8.91 ± 0.11
Phenolic compounds (mg EAG/g) 55.10 ± 0.42
The variation of the diluent moistening the solid substrate did
not exhibit any significative effect on the enzymes production
during the SSF of F. solani as shown in Fig 1B. This result can be
explained by the richness of TPB of either proteins (18.11%) or
mineral salts (4.34%) so that the addition of an external nitrogen
source will be unneeded. In the present study, water was therefore
selected as the most suitable diluent.

The incubation time is crucial in minimizing energy and cost of
the SSF process. Effect of incubation time is shown in Fig. 1C. In-
cubation time of 7 days at 30 �C was chosen as the optimum in-
cubation time with maximum enzymes production of
21.78 mg ml�1 Maurya, Singh, Pratap, and Maurya (2012) optimized
cellulase production by Trichoderma reesei and found that the
optimal SSF conditions were 70% as initial moisture content and 6
days as incubation time. For higher incubation time, decrease in the
enzymes productionwas observed which is probably due to several
factors such as the production of microbial metabolism by products
and the depletion of nutrients. The accumulation of these by
products may inhibit the growth of fungi and hence enzymes
production (Haq, Abdullah, Ashraf, & Shah, 2002).

3.3. Optimization of the enzymatic extraction of lycopene

Before assessing the enzymatic extraction on TPB, extracellular
enzymes activities in the supernatant culture of F. solani were
checked (data not shown). Results showed the presence of three
different activities that are cellulolytic activity (39.50 U ml�1),
pectinolytic activity (53.57 U ml�1) and cutinolytic activity
(12.00 U ml�1). Optimization of various parameters of the enzy-
matic pretreatment of TPB allied either to the enzyme entity or the
solid substrate, is thus of great importance to reach a maximum
lycopene concentration. The main experimental conditions studied
herein were pH, temperature, TPB particle size and solid-to-crude
enzymes solution ratio.

Since the crude enzymes extract of F. solani consisted of different
enzymes activities, the optimum pH and temperature for the
enzymatic pretreatment of TPB were determined by assessing the
maximum level of lycopene recovery. Maximum recovery of lyco-
pene was obtained at pH around 8 (Fig. 2A). According to Murphy,
Cameron, Samuel, and Vinopal (1996), cutinase is unactive at pH 5
while cellulase is stable over the pH range from 4.0 to 8.0 (Dar et al.,
2013) and pectinase is able to retain its activity between pH 4 and
pH 8 (Rajendran, Karthik, Radhai, Rajapriya, & Balakumar, 2011).
Thus, the three hydrolytic enzymes present in the crude enzymes
extract were active at pH 8, whereas at pH 5, only cellulase and
pectinase were active which could explain the fact that lycopene
extraction is higher at pH 8.

TPB was treated using the crude enzymes extract under tem-
perature ranges from 37 �C to 50 �C. The obtained results presented
in Fig. 2B showed optimum extraction at 50 �C reaching after 2 h-
treatment time around 2.7 mg lycopene per 100 g of TPB.

The effect of TPB particle size on the enzymatic pretreatment
efficiency was studied for three particle size lots prepared after
grounding the industrial by products into powder and passed
through different size mesh sieves. Results shown in Fig. 2C proved
that lycopene extraction was maximal with a particle size between
0.8 and 1.25 mm (p < 0.05). Similar results were reported by
Ranveer et al. (2013) who explained this finding by the fact that
reduction of particle size of plant material increases the lycopene
recovery from tomato by products, because it may cause ruptures of
the cell walls and therefore increase the surface area of contact
enzyme/plant tissue facilitating the accessibility of the solvent to
lycopene. However, it can be seen from Fig. 2C that lycopene
extraction decreases when TPB particles are too small. This result
could be explained by the fact that particles tend to agglomerate
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leading to a decrease of solvent penetration in thematrix (Meireles,
2009).
Concerning the solid-to-crude enzymes solution ratio, results
presented in Fig. 2D showed that a ratio of 1/30 (w/v) is the optimal
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ratio to extract lycopene (2.30 mg/100 g). Nevertheless, excessive
volume of enzymes decreases the lycopene recovery by 20%. Çinar
(2005) reported that high enzyme concentrations may rapidly and
totally hydrolyze polymers into the plant tissue and cause, as a
result, the accumulation of end-products (glucose, galacturonic
acid or fatty acids) that could inhibit the enzyme activity.
3.4. Comparative study of F. solani enzymes, pectinases and
cellulases extraction of lycopene

The efficiency of the crude enzymes extract, produced by SSF of
F. solani pisi to extract lycopene from TPB, was evaluated in com-
parison with cellulases and pectinases preparations. The results
presented in Fig. 3 showed that the concentration of lycopene
extracted from TPB already pretreated enzymatically is higher than
the concentration of lycopene extracted from TPB by simple solvent
extraction (p < 0.05). Qualitatively similar results were obtained for
the lycopene recovery by Ranveer et al. (2013). According to Zuorro
et al. (2011), improved solvent penetration and lycopene dissolu-
tion in the chromoplasts can be expected to occur when cell-wall
polysaccharides are enzymatically degraded.

Moreover, it can be seen that the recovery of lycopene from TPB
can be moderately enhanced by the use of the crude enzymes
extract of F. solani in comparison with those obtained by cellulases
or pectinases as shown in Fig. 3. It can be inferred that for this type
of applications, mixed hydrolytic enzymes preparations are more
appropriate than individual enzymes (Lavecchia and Zuorro, 2008) .
In fact, the use of mixed hydrolytic enzymes preparations including
cellulolytic, pectinolytic and cutinolytic activities increases the
degradation of polymers and then facilitates the solvent penetra-
tion and thus the lycopene extraction yield. Zuorro et al. (2011)
reported that this fact provides some evidence for the existence
of possible synergistic effects between enzymes.
3.5. Characterization of the TPB enzymatic extract

TPB extract obtained by the sequential enzymatic treatment and
solvent extraction was characterized and the bioactive compounds
were quantified (data not shown). Phenolic compounds and fla-
vonoids values were around 152mg EAG and 14.83mg EQ per gram
of TPB extract, respectively. These values are higher than those
measured in fresh tomatoes (75.20mg EAG/100 g and 40.70mg EQ/
100 g). These higher concentrations found in the epidermic tissue
can be explained by the intensity of the bright radiations received
by the cells of the epicarp which stimulate the synthesis of these
polyphenols (Toor & Savage, 2005).
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Fig. 3. Efficiency of lycopene extraction from TPB using different enzyme activities
compared with control sample treated by ethanol.
The lycopene content was about 2.7 mg/100 g which is com-
parable to that found by Toor and Savage (2005) in the tomato
pomace (2.8 mg/100 g) but less than that found in the peels
(8.7 mg/100 g). TPB used throughout the present study composed
of the outer skin of the fruit (peel) and seeds which have lower
lycopene content (Machmudah et al., 2012) as seeds do not contain
lycopene. Several studies have already shown that the skin of some
tomato fruits contains significantly higher levels of phenolics, fla-
vonoids, lycopene, ascorbic acid and antioxidant activity than pulp
and seed fractions (Shi & Le Maguer, 2000; Toor & Savage, 2005).
This particular richness of the extract in bioactive compounds can
confer a high biological value to the TPB because of their eventual
antioxidiant property and could be successfully used as functional
ingredient for the formulation of antioxidant rich functional foods
as Kalogeropoulos, Chiou, Pyriochou, Peristeraki, & Karathanos,
reported (2012).

The antioxidant property of the TPB extract was evaluated by
different methods. DPPH radical scavenging method proved that
the TPB extract is characterized by an important scavenging activity
even higher than that of BHA. As shown in Fig. 4A, the activity is
maximal (100%) at 6 mg l�1 of the extract which can be attributed
to the presence of both lycopene and phenolic compounds in the
TPB acting in synergy according to Shixian et al. (2005). Cetkovic
et al. (2012) reported different values (0.5 mg ml�1) which can be
explained by the genetic and climatic differences between different
varieties of tomato.

Concerning the ferric reducing power, the results presented in
Fig. 4B showed the existence of a correlation between this
parameter and the extract concentration. Elfalleh et al. (2012)
presented similar results when tested on pomgrenades. However,
it can be seen from Fig. 4B that the reducing power of the extract is
still lower than BHA. Results presented by Stajcic et al. (2015)
proved also that BHA had a higher reducing power than any of
the tomato by products tested.

The b-carotene bleaching assay used to quantify lipophilic an-
tioxidants proved a moderate activity in comparison with BHA
(Fig. 4C). In fact, BHA presented a maximal antioxidant activity in
the case of b-carotene/linoleic acid emulsions thanks to its high
liposolubility. Whereas, the presence of a mixture of lipophilic
bioactive molecules (lycopene) and hydrophilic bioactive mole-
cules (phenolic compounds) in the current extract obtained after
enzymatic pretreatment of the TPB, can explain its moderate
antioxidant activity, assessed by the b-carotene bleaching test.

Results presented in Fig. 5 show that enzymatic pretreatment of
TPB at 50 �C did not affect the antioxidant activity of the TPB extract
in comparison with the antioxidant activity of the TPB extract ob-
tained by simple solvent extraction, but moreover led to a slight
improvement of the antioxidant activity. This finding could be due
in the first hand to the fact that bioactive compounds in the TPB
extract especially lycopene were not affected by the enzymatic
pretreatment experimental conditions, and in the other hand by
the enrichment of the enzymatic extract by powerful antioxidant
bioactive compounds after degradation of the TPB cell walls. In fact,
Shi, Dai, Kakuda, Mittal, and Xue (2008) reported that carotenoids,
particularly lycopene are very heat stable even after intense or
prolonged heat treatments such as sterilization processes or
cooking. In addition, recent results reported by Hanh and Yves
(2014) showed a significant increase in the antioxidant activity of
gac fruit lycopene after treatment at 50 �C for 4 h in comparison
with the untreated sample.

4. Conclusion

The present study demonstrates that crude enzymes extract
produced by SSF of F. solani pisi on TPB is a fruitful method for the
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enhancement of lycopene extraction. The best lycopene extraction
yield was obtained under the following enzymatic pretreatment
conditions: extraction pH ¼ 8, extraction temperature ¼ 50 �C,
solid-to-crude enzymes solution ratio ¼ 1/30 (w/v) and particle
size between 0.8 and 1.25 mm. Moreover, along with lycopene,
other bioactive compounds were detected such as phenolic acids
and flavonoids which may contribute to the antioxidant activity of
the sample. Additionally, TPB enzymatic extract exhibited powerful
antiradical activity even superior to the TPB extract using the
conventional solvent technique. This fact, together with the low
cost of the F. solani enzymes preparation on TPB, lends strong
support to the possible implementation of the process at industrial
scale for the recovery of natural antioxidants over the synthetic
antioxidant compounds.
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a b s t r a c t

Fermented oat-based foods offer attractive prospects within the market of non-dairy functional products,
since they are suitable substrates for the delivery of probiotic microorganisms, and are significant sources
of dietary fiber, both insoluble and soluble such as b-glucan, good quality fat and other phytochemicals
important for human health.

In the present work, whole oat flour was fermented with probiotic Lactobacillus plantarum strains to
produce new functional foods with improved nutritional and technological features. Viability of the
probiotic and the main technological, physico-chemical, nutritional and sensorial parameters were
monitored at 7, 14 and 21 days of cold storage. The microbial survival was higher than 5x108 cfu g�1 at
the end of the shelf life. After the fermentation step, viscosity was higher in products inoculated with the
exopolysaccharide-producing L. plantarum strain Lp90. However, a subsequent viscosity reduction was
detected in all the samples throughout the storage period, consistent with the observed concentration
decrease of the oat b-glucan. Vitamin B2 content was about two-fold higher in products fermented by the
riboflavin-overproducing LpB2, and in these samples the riboflavin concentration further increased
during cold storage.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fermented beverages are a significant component within the
functional food market (Marsh, Hill, Ross, & Cotter, 2014). Dairy-
based functional beverages are now consolidated products (€Ozer
& Kirmaci, 2010), and the development of non-dairy fermented
drinks is a growing segment of this sector (reviewed by Prado,
Parada, Pandey, & Soccol, 2008; Rivera-Espinoza & Gallardo-
Navarro, 2010; Gupta & Abu-Ghannam, 2012). Cereals are optimal
substrates for the growth of lactic acid bacteria (LAB) with probiotic
potential, and they are suggested as matrices for a number of new
food formulations with claims of health benefits
(Charalampopoulos, Wang, Pandiella, & Webb, 2002). In particular,
oat is a major source of non-digestible dietary fibers, including b-
bacteria, LAB.

).
aly.
glucan. These molecules have been gaining interest for the prepa-
ration of functional foods due to their multiple functional and
bioactive properties (Brennan & Cleary, 2005). Oat b-glucan has
been reported to have beneficial effects on insulin resistance, dys-
lipidemia, hypertension, obesity, and for their applications in can-
cer treatment and prevention (Anderson et al., 2009; El Khoury,
Cuda, Luhovyy, & Anderson, 2012; Aleem, 2013; Tosh, 2013).
Moreover, cereal non-digestible long chain b-glucans have been
investigated for their potential as novel prebiotics (Arena et al.,
2014a; Lam & Cheung, 2013). In order to exploit these beneficial
properties, fermentable oat-based yogurt-like products with high
final b-glucan content have been developed (Mårtensson,
Andersson, Andersson, €Oste, & Holst, 2001). Over the years, the
functional potential of oat beverages has been further increased by
formulating fermented oat drinks as carriers for probiotic LAB
(Angelov, Gotcheva, Kuncheva,& Hristozova, 2006; Kedia, V�azquez,
& Pandiella, 2008; Gupta, Cox, & Abu-Ghannam, 2010; Luana et al.,
2014). Similarly, oat has been added as a functional ingredient to
enhance the quality of non-dairy probiotic mixtures (Coda, Lanera,
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Table 1
Nutritional information (g 100 g�1) of the whole grain oat flour.

Nutritional information g 100 g�1

Energy 360 ^

Protein 13.4
Carbohydrate total 61.5
Fat 7
Satured fat 1
Moisture 7
Salt 0
Dietary fiber total 7.1
b-glucan 3.5

^ kcal 100 g�1.

P. Russo et al. / LWT - Food Science and Technology 68 (2016) 288e294 289
Trani, Gobbetti, & Di Cagno, 2012; Mridula & Sharma, 2015).
The health benefits of probiotic-enriched foods are expressed

either directly through the interactions of ingested live microor-
ganisms with the host (Bron, Van Baarlen, & Kleerebezem, 2012) or
indirectly as the result of the intake of microbial metabolites syn-
thesized during fermentation (Gobbetti, Cagno, & De Angelis,
2010).

LAB producing B-group vitamins have been described for their
potential for the production of functional cereals (Capozzi, Russo,
Due~nas, L�opez, & Spano, 2012). Recently, riboflavin over-
producing Lactobacillus plantarum and Lactobacillus fermentum
strains were used to considerably increase the vitamin B2 content
of cereal-based fermented foods, thus representing a convenient
and efficient food-grade biotechnological approach for the pro-
duction of riboflavin-enriched foods (Capozzi et al., 2011; Russo
et al., 2014).

Another interesting feature related to the functional feasibility
of microbial food cultures is the ability of some LAB to produce
exopolysaccharides (EPS) (Ruas-Madiedo, Salazar, & de los Reyes-
Gavil�an, 2009). From a technological perspective, EPS show thick-
ening properties and EPS-producing Pediococcus parvulus 2.6 was
employed to improve viscosity, texture, and mouthfeel of fer-
mented oat-based products (Mårtensson et al., 2002a). Human
trials of the oat-based products fermented by P. parvulus 2.6
resulted in a decrease in serum cholesterol levels and increased
counts of faecal Bifidobacterium spp. (Mårtensson et al., 2005).
Moreover, EPS obtained from P. parvulus 2.6 seems to enhance
some probiotic properties of LAB strains in vitro models (Russo
et al., 2012). Thus, EPS produced by LAB are considered promising
molecules in the functional food area as well as prebiotic
fermentable substrates able to modulate the intestinal microbiota
(Salazar, Gueimonde, De Los Reyes-Gavil�an, & Ruas-Madiedo,
2015).

In this work, four strains of L. plantarum previously character-
ized for their probiotic aptitudes were used to ferment a whole-
grain oat substrate in order to obtain a new oat-based product
with improved functional, nutritional and technological features. In
particular, the riboflavin over-producing L. plantarum B2 and its
parental strain L. plantarum UFG9 were investigated to increase the
vitamin B2 content of the probiotic foods. Similarly, the exopoly-
saccharides producing L. plantarum Lp90 and the corresponding
isogenic mutant Lp90Dcps2 were analyzed for their ability to
improve the rheological properties of the oat-fermented foods.
Viability of the probiotic microorganisms and the main techno-
logical, physico-chemical, nutritional and sensorial parameters
were monitored during three weeks of storage under refrigerated
conditions.

2. Materials and methods

2.1. Microbial strains and growth conditions

Four strains of L. plantarum were used as starter for oat whole
flour fermentation, namely, strain L. plantarum UFG9 and its
roseoflavin-resistant derivative Lp B2, deposited at the Spanish
Type Culture Collection (CECT, Paterna, Spain) with the code
number CECT8328 (Arena et al., 2014b); strain Lp90 and its isogenic
Lp90Dcps2 mutant (Caggianiello et al., 2015, unpublished results).

All the L. plantarum strains were routinely grown on MRS broth
(Oxoid, Basingstoke, UK) at 37 �C.

2.2. Fermented oat-based foods

Finely milled whole grain oat flour (Table 1) was provided by
Glucanova (Lund, Sweden). A fermented oat product was obtained
according to the method previously reported by Coda and co-
authors (2012) with some modifications. Briefly, a mixture con-
taining oat flour (18% w/v) and distilled water (82% v/v) was
prepared with a final volume of 100 mL in sterile plastic containers
with screw cap, and heated at 95 �C in awater bath for 10 min, with
manual shaking every 2 min. At this time, mesophilic, yeasts and
moulds contamination was checked by plate count on PCA or PDA
(Oxoid), respectively. To start the fermentation, cells from starter
cultures at late exponential phase were harvested by centrifugation
(5000 g � 10 min), washed twice in sterilized saline solution (8.6%
NaCl), and inoculated into the foodmatrix to obtain a concentration
of approximately 8� 108 cfu g�1. The fermentative step was carried
out at 37 �C for 16 h. At this time, samples for probiotic assays were
stored at 4 �C for 21 days, while control samples were submitted to
a thermal treatment of 30 min at 65 �C before storage. Three rep-
licates of each sample were performed and analyzed after 0, 7, 14
and 21 days of cold storage.

2.3. Total soluble solids, titratable acidity, and pH

One gram of sample was used to measure the pH and the
titratable acidity (TA), with an automatic titrator (T50 M Terminal,
Mettler Toledo, Switzerland). TA was obtained by measuring the
volume of 0.1 N NaOH used to reach a final pH of 8.2.

2.4. Organic acids and sugars

Organic acids and sugars were extracted by homogenizing 5 g of
fresh oat based product with 10 mL of ultrapure water using IKA
T18 Ultraturrax (Wilmington, USA) homogenizer at 14,000 g for
10 s. The homogenate was centrifuged at 9000 g for 10 min at 5 �C.
The supernatant was filtered with a Grace Pure SPE C189 cartridge
(Alltech Italia srl - Grace Division, Milan, Italy) and then with a
0.2 mm filter. Organic acids and sugars were identified using the
method of Mena et al. (2011). Samples were injected (10 mL) into a
HPLC system (Agilent 1200 series) equipped with an UV detector,
set at 210 nm, coupled with a refractive index detector. Separation
was achieved on a Rezex ROA-Organic Acid Hþ(8%) column (300 �
7.80 mm) (Phenomenex, Torrance, USA), using a mobile phase of
acidified water (phosphoric acid (0.1%)) with a flow rate of
0.5 mL min�1 and an oven temperature of 30 �C. The different
organic acids and sugars were characterised and quantified by
chromatographic comparisonwith analytical standards. Sugars and
organic acids content was expressed as mg per 100 g of fresh
weight.

2.5. Determination of b-glucan concentration

The b-glucans content was determined by using an enzymatic
kit according to the manufacturer's instructions (Megazyme Inter-
national Ireland, Wicklow, Ireland).
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2.6. Viscosity

Rheological measurements were performed with a rotational
Brookfield LV, DV-II-Pro viscometer (Harlow, England). Approxi-
mately 50 g of each sample were placed in the concentric cylin-
drical cup. For the analysis the spindle no 3 was used, applying a
speed equal to 40 g for 30 s at a temperature of 5 �C. The viscosity
was expressed in centipoise (cP).

2.7. Extraction and quantification of riboflavin

The riboflavin content of oat-based products was analytically
determined as previously reported (Russo et al., 2014). Briefly, 5 g of
samples were mixed with 25 mL 0.1 M HCl and hydrolysed by
autoclaving at 121 �C for 30 min. Then, the pH was adjusted to 4.5
with 4 M sodium acetate and the samples were submitted to
enzymatic treatment by adding a 5-mL solution containing a-
amylase (420 U), papain (12 U), acid phosphatase (22 U), and 0.1% of
glutathione (all purchased from Sigma Aldrich). After 1 h in an
ultrasonic bath, the samples were diluted to a final volume of 50mL
with 0.01 M HCl, and quantified by HPLC according to Jakobsen
(2008).

2.8. Color analysis

The most common way to express colour results is the Com-
mission Internationale de l'Eclairages (CIE) L*a*b*, which uses the
following colour parameters: L*, indicating lightness (0 ¼ black,
100 ¼ white), a* (�a* ¼ greenness, þa* ¼ redness), and b*
(�b* ¼ blueness,þb* ¼ yellowness). Samples colour was measured
using a Spectrophotometer (CM-2600d Konica Minolta, Japan) to
obtain L*, a* and b* values. In addition the colour appearance
(Chroma, C*) and hue angle (h�) and total colour differences (TCD;
(DE*) were calculated:

Chroma ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða*2 þ b*2

q �
(1)

hue angle ¼ arctan
�
b*=a*

�
(2)

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL*2 þ Da*2 þ Db*2

q
(3)

2.9. Sensorial quality

A panel of five previously trained panelists carried out the
sensory evaluations of fermented oat-based products at all exper-
imental times. Samples were kept at 5 �C until sensorial evaluation,
and each panelist was presented with 3 samples from each treat-
ment in a lidded container to avoid loss of aroma. The samples were
coded with a random 3-digit number in order to mask the treat-
ment identity and to minimize subjectivity. The sensorial attributes
judged during evaluation were: color, odor, off odor, visual quality,
overall appearance. A hedonic scale was used that included 5 pic-
tures corresponding to a score from 1 to 5 where: 1 ¼ really poor
and 5 ¼ full characteristic.

2.10. Statistical analysis

A two-way ANOVA by using StatGraphics Centurion XVI.I
(StatPoint Technologies, Inc., USA), was performed to evaluate
significant differences among treatment triplicates. Mean values
were separated applying the Tukey test with significant difference
when P � 0.05.
3. Results and discussion

3.1. Formulation of new multifunctional fermented oat-based
products

In this work, new multifunctional fermented oat-based prod-
ucts were obtained from a mixture of whole oat flour (18%) and
water (82%) submitted to a gelatinization step of 95 �C for 15 min,
which was previously reported to produce yogurt-like beverages
(Coda et al., 2012). After this step, the environmental microbial
contamination was lower than 100 cfu g�1, as showed by plates
count (data not shown). Fermentation of the oat matrix was per-
formed by inoculating the riboflavin-overproducer LpB2 or the
exopolysaccharides (EPS) producer Lp90 in order to evaluate their
contribution to enhance some nutritional or technological features
of the product, respectively.

In particular, the riboflavin-overproducer LpB2 was selected
after exposure of the parental strain Lp UFG9 to the selective
pressure of the riboflavin-analogue roseoflavin (Arena et al.,
2014b). On the other hand, Lp90, the first L. plantarum of wine
origin, whose genome is available (Lamontanara et al., 2015), was
characterized by a ropy phenotype due to the production of EPS
that was lost after deletion of its Cps2 cluster in its isogenic mutant
Lp90Dcps2 (Caggianiello et al., unpublished results). Oat foods
fermented with L. plantarum UFG9 and Lp90Dcps2 were obtained
as corresponding control samples. It is crucial to emphasize that
LpB2 and Lp90 were previously characterized for their probiotic
properties by using in vitro and in vivo models (Arena et al., 2014b;
Russo et al., 2015; Caggianiello et al., unpublished results).

Starter cultures at middle of exponential phase were inoculated
at an initial concentration of 8 � 108 cfu g�1 in order to ensure a
high cell viability consistent with the probiotic concept. Fermen-
tation was carried out for 16 h, since this time was found to be
optimal for the in situ riboflavin biofortification of other cereal-
based fermented foods (Capozzi et al., 2011; Russo et al., 2014).
Foods were stored during three weeks under refrigerated condi-
tions according to previously reported (Angelov et al., 2006; Gupta
et al., 2010). Control samples were thermal stabilized after
fermentation, and they showed a contamination lower than
102 cfu g�1 that did not increased during the shelf life (data not
shown). After the fermentative step, the microbial population of
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probiotic products was about 2 � 109 cfu g�1 (Fig. 1). This con-
centration slightly decreased during the storage time to 5.4 � 108

and 1.2 � 109 cfu g�1 for Lp UFG9 and Lp90Dcps2, respectively
(Fig. 1). This result indicate that, at the time of consumption, the
fermented oat foods contained more viable probiotics than the
minimum level recommended to obtain the intended health ben-
efits (Champagne, Ross, Saarela, Hansen, & Charalampopoulos,
2011).

3.2. Technological, nutritional, and sensorial attributes

From a technological point of view, all the strains showed
optimal acidifying aptitudes. After the fermentation step, the pH of
the oat products was about 3.9 (Fig. 2A). In contrast, pH higher than
4.0 were observed in oat-based matrices fermented for 8 h with
L. plantarum strains (Angelov et al., 2006; Gupta et al., 2010).
However, Mårtensson et al. (2001) reported a stronger acidification
of an oat-based product after 16 h of fermentation. These findings
point out that both starter cultures and time of fermentation are
key parameters that should be optimized to obtain acidic foods.
Interestingly, the pH values of the oat-based products containing
live bacteria further decrease during the storage. The pH declined
faster in the first two weeks then stabilized in the last seven days of
storagewhereas the pH of pasteurized samples ranged between 3.8
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Figure 2. pH and lactic acid concentration during the storage of oat-based foods.
pH (A) and lactic acid production (B) of probiotic oat-based products fermented with
Lp B2 (black circle), Lp UFG9 (white circle), Lp90 (black triangle), and Lp90Dcps2
(white triangle), after 0, 7, 14, and 21 days of storage at 4 �C. The corresponding single
spots are the pH (A) and lactic acid production (B) in pasteurized samples after 21 days
of storage at 4 �C. Experiments were performed in triplicate, and the standard de-
viations are indicated. Means with different letters at the same time of storage are
significantly different according to Tukey's test (P value � 0.05).
and 3.9 at the end of the shelf-life (Fig. 2A). This suggests that
probiotic bacteria were metabolically active at refrigerated storage
conditions. Agreeing with these findings, previously reported dy-
namics of pH showed a progressive reductionwithin the shelf life of
oat-based fermented beverages (Angelov et al., 2006; Gupta et al.,
2010). Consistently, it was found a significant production of lactic
acid that increased from about 11 mg 100 g�1 after the fermenta-
tion to about 15 mg 100 g�1 after 21 days of storage (Fig. 2B). Ac-
cording to the pH pattern, the higher increment of lactic acid was
observed within the first two weeks of storage, while concentra-
tions of about 10 mg 100 g�1 were found in pasteurized samples
(Fig. 2B). In addition, unpasteurized oat foods showed a slight in-
crease of acetic acid (about 1.3 mg 100 g�1) and malic acid (about
300 mg 100 g�1) during the shelf-life of the product (data not
shown). As expected, the content of glucose and sucrose slightly
decrease at each experimental time in foods containing live bac-
teria, while higher concentrations were observed in thermal-
treated samples (data not shown).

Color parameters weremainly influenced by storage time rather
than treatment. However, pasteurized samples maintained lower
lightness and higher a* values at the end of shelf life, showing a
slightly appearance of browning compared to the probiotic treated
samples (data not shown). This browning, probably due to the
thermal treatment, was also perceived by the panelists who
confirmed a slightly lower visual quality of pasteurized samples
(Fig. 3). Moreover, the sensorial analysis indicated a higher
perception of desirable odors in oat probiotic products that was
attributable to the production of organic acids (Fig. 3). Thus, the
overall acceptance of the oat probiotic products was to some extent
considered better than the corresponding pasteurized samples
(Fig. 3). However, different flavours were developed depending on
the probiotic starter cultures suggesting that the right combination
of microorganisms and substrates could lead to palatable probiotic
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tance after the fermentation step (dashed lines) is also showed.
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products (Salmer�on, Thomas, & Pandiella, 2014).

3.3. Rheological and functional traits: oat b-glucan and microbial
EPS

Viscosity is a crucial property for yielding desired sensory at-
tributes such as mouth-feel and flavor release. It is well known that
cereal b-glucans contribute to increase the viscosity and texture of
some foods and, therefore, these fibers are often deliberately added
into the food chain as functional ingredients (Ahmad, Anjum,
Zahoor, Nawaz, & Dilshad, 2012). Similarly, EPS-producing LAB
strains have been proposed as microbial food cultures due to their
ability to produce in situ these biopolymers (Ryan, Ross, Fitzgerald,
Caplice, & Stanton, 2015). In addition, increasing scientific evi-
dences support the positive role of oat b-glucan and microbial EPS
on human health as well prebioticmolecules (El Khoury et al., 2012;
Aleem, 2013; Salazar et al., 2015). Therefore, in the present study
the b-glucan concentration and viscosity of the oat-based product
were monitored during 21 days of cold storage.

No differences were observed between the content of b-glucan
in oat flour and in products after fermentation (data not shown). As
shown in fig. 4A the oat b-glucan content of unpasteurized samples
wasmarkedly reduced in the first week of storage, and then slightly
decreased until the end of the shelf life. However, no significant
A  

B

0

0.2

0.4

0.6

0.8

0 7 14 21

O
at

  β
-g

lu
ca

ns
 (g

 1
00

 g
-1

) 

Days

150

250

350

450

0 7 14 21

cP

Days

a

ab

b
b

b

a

c
c

a

b
b
b

Fig. 4. b-glucan concentration (A) and viscosity (B) in probiotic oat-based foods. b-
glucan concentration (A) and viscosity (B) in probiotic oat-based products fermented
with Lp B2 (black circle), Lp UFG9 (white circle), Lp90 (black triangle), and Lp90Dcps2
(white triangle), after 0, 7, 14, and 21 days of storage at 4 �C. The corresponding single
spots are the b-glucans concentration (A) and viscosity (B) in pasteurized samples after
21 days of storage at 4 �C. Experiments were performed in triplicate, and the standard
deviations are indicated. Means with different letters at the same time of storage are
significantly different according to Tukey's test (P value � 0.05).
differences in the final level of oat b-glucanwere detected between
samples inoculated with Lp90 and its mutant strain (Fig. 4A). As
expected, the b-glucan concentration of pasteurized samples after
21 days of storage was similar to that detected after the fermen-
tative step (Fig. 4A). In contrast to our results, b-glucan content
remained almost constant throughout the shelf life of oat-based
probiotic products (Angelov et al., 2006; Gupta et al., 2010), while
Mårtensson et al. (2002a) found that some reductions in the oat b-
glucan levels were associated to the strains used in the fermenta-
tion process. Accordingly, a consumption of b-glucans in both
barley and oat fiber concentrates was observed during the
fermentation with different LAB strains (Lambo, €Oste, & Nyman,
2005).

With respect to viscosity, samples fermented with Lp90 showed
the highest initial level corresponding to approximately 400 cP
(Fig. 4B). At the same time, the viscosity of the products fermented
with Lp90Dcps2 was the lowest (ca. 260 cP) while values of
approximately 300 cP were found in samples fermented with the
other L. plantarum strains (Fig. 4B). A progressive reduction of the
viscosity was noted throughout the storage time (Fig. 4B). None-
theless, samples fermented with Lp90 showed the highest viscosity
at all experimental times, with the final value being approximately
60 cP higher than in oat-based products from Lp90Dcps2 (Fig. 4B).
Remarkably, the viscosity of the samples inoculated with Lp90 and
pasteurized after the fermentation step was about 400 cP, while for
the other thermally-treated samples viscosities ranged between
260 and 290 cP (Fig. 4B). It was reported that EPS-producing LAB
improved the texture of different oat-based non-dairy media
(Mårtensson, €Oste, & Holst, 2002b). Recently, rheological studies
showed that EPS from L. plantarum enhanced the viscosity of skim
milk at lower temperature or at acidic pH (Wang, Zhao, Tian, Yang,
& Yang, 2015), probably due to the protective nature of bacterial
EPS (de los Reyes-Gavil�an et al., 2011). Accordingly, comparison
between oat-based foods fermented with Lp90 and the corre-
sponding isogenic no-ropy derivative Lp90Dcps2 suggested that
viscosity was positively related to the EPS-production ability of the
strain.

The reduction of viscosity during the shelf life seems to be
attributable to some amylolytic activity of live microorganisms,
since no changes were observed in the content of b-glucan and
viscosity in pasteurized samples. However, it was reported that EPS
production by some LAB strains decreased after prolonged incu-
bation probably due to the presence of glycohydrolases that cata-
lyzed the degradation of polysaccharides (Pham, Dupont, Roy,
Lapointe, & Cerning, 2000). The observed reduction of oat b-
glucan concentration could play a detrimental effect on the vis-
cosity of oat foods under refrigerated storage. Accordingly, bacteria
from yogurt starter cultures were able to hydrolyze and depoly-
merize b-glucans when lactose became a limiting nutrient, deter-
mining a decrease in the viscosity that negatively affected the
rheological properties of the food (Gee, Vasanthan, & Temelli,
2007). A similar relationship could be deduced by Gupta and co-
authors (2010) who did not observe changes in b-glucan concen-
tration nor viscosity of probiotic oat beverages during storage.

Recently, it was suggested that the addition of cereal b-glucans
into dairy-based food systems could support the survival of pro-
biotic cultures throughout cold storage (Rosburg, Boylston, &
White, 2010; Lazaridou, Serafeimidou, Biliaderis, Moschakis, &
Tzanetakis, 2014), although the protective effect does not neces-
sarily appear to be associated to the break-down of these poly-
saccharides (Mårtensson et al., 2002a). However, oat b-glucan and
microbial EPS concentration should not excessively decrease during
the production or preservation of the food in order to ensure their
technological and functional properties.
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3.4. Riboflavin biofortification

The riboflavin content of samples inoculated with non-
overproducing strains was about 50 mg 100 g�1 regardless of the
pasteurization or not of the product (Fig. 5). In contrast, after
fermentation with LpB2, the riboflavin level increased up to about
120 mg 100 g�1 (Fig. 5). According to this finding, strains of
L. plantarum and L. fermentum were able to produce an increase of
the vitamin B2 content of about two- to three-fold in pasta and
bread, after a fermentative step of approximately 16 h (Capozzi
et al., 2011; Russo et al., 2014). In the present study it was
observed that the amount of vitamin B2 further enhanced
throughout the shelf-life of the product reaching a final concen-
tration of 225 mg 100 g�1 after 21 days of cold storage (Fig. 5). This
additional increase was not observed in the pasteurized sample
fermented with LpB2 that showed a content of riboflavin of
approximately 100 mg L�1 (Fig. 5). This result indicated that live
microorganisms were metabolically able to further produce
vitamin B2 even under cold conditions, thus improving the nutri-
tional value of the product during storage. Therefore, taking into
account an approximate intake of 150 g serving of food, this
product could supply between 180 and 330 mg of vitamin B2, cor-
responding to about 15e30% of the daily-recommended intake. In
addition, the ability of LpB2 to synthesize vitamin B2 in co-culture
systems with Caco-2 cells (Arena et al., 2014b) and to colonize the
gut of gnotobiotic zebrafish larvae, suggest that this strain could
contribute to further increase the riboflavin supply in the gut
environment (Russo et al., 2015).
4. Conclusions

In recent years, attempts have been reported to produce pro-
biotic oat-based products with the aim to simultaneously combine
the beneficial effects of probiotic microorganisms and oat and its
components such as their soluble fibers, b-glucan (Angelov et al.,
2006; Gupta et al., 2010). In the present study, potentially pro-
biotic L. plantarum strains were used to obtain multifunctional
fermented oat foods further improving some nutritional and
technological traits. In particular, the products were in situ bio-
fortified with riboflavin by inoculating LpB2, while fermentation
with the EPS-producer Lp90 seems to have a positive impact on the
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Fig. 5. Riboflavin concentration in probiotic oat-based foods. Riboflavin concen-
tration in probiotic oat-based products fermented with Lp B2 (black circle), Lp UFG9
(white circle), Lp90 (black triangle), and Lp90Dcps2 (white triangle), after 0, 7, 14, and
21 days of storage at 4 �C. The corresponding single spots are the riboflavin concen-
tration in pasteurized samples after 21 days of storage at 4 �C. Experiments were
performed in triplicate, and the standard deviations are indicated. Means with
different letters at the same time of storage are significantly different according to
Tukey's test (P value � 0.05).
rheological features of the product although it was apparently lost
during the storage. It is crucial to consider that in contrast to heat-
stabilized samples, probiotic oat foods showed dynamic modifica-
tions of nutritional, physico-chemical and sensorial attributes,
although stored under cold conditions. These changes could
improve some quality feature, such as the vitamin B2 content that
increase during the shelf life of the product. On the other hand, a
reduction of the viscosity was observed that was attributable to the
degradation of oat b-glucan and/or microbial EPS resulting in a
potentially lower functionality. These findings underline that the
addition of live microorganisms is a potential concern for the de-
mand of standardized products in a globalized market. Nonethe-
less, from an industrial perspective some advantages such as the
elimination of the pasteurization step should provide clear eco-
nomic benefits for the producers. Moreover, in this study it was
observed that the thermal treatment seems to be negatively linked
to the overall acceptance of the products probably due to a higher
degree of browning and a lower aromatic profile. Therefore,
although the addition of live beneficial microorganisms is an
interesting approach to enhance several quality features of oat-
based fermented foods, more investigations are required in this
field to optimize the conditions to obtain a product with high
standard quality level.
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a b s t r a c t

Food-use of faba bean has been commonly limited by the unpleasant “beany flavour” that can be induced
by untreated beans. Pre-treatment of faba beans with microwave heating for different durations and with
conventional oven heating was investigated, in order to resolve the “beany flavour” problem. Heating the
seeds by microwave for 1.5 min at 950 W was found to be an optimum pre-treatment method that
effectively inactivated the endogenous peroxidase and lipoxygenase, which are responsible for the beany
flavour causation. In addition, the treatment improved the technological properties of the beans as it
decreased seed hardness, improved milling quality, and increased flour pasting viscosity. It slightly
decreased protein solubility, while heating with microwave for 2 min or longer decreased the protein
solubility more severely and decreased the flour pasting viscosity. Conventional oven heating at 170 �C
for 30 min also inactivated the peroxidase and lipoxygenase. The microstructure of the particles in flour-
water-suspension was changed by both microwave and conventional oven heating methods, which
induced the formation of water-insoluble starch-protein aggregates. Microwave heating for 1.5 min
provided an excellent balance of improved milling properties, preserved protein solubility and mini-
mized activity of enzymes that are detrimental to product flavour.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The faba bean (Vicia faba L.) is awidely grown food and feed crop
on all of the inhabited continents (Jamalian & Ghorbani, 2005). It
has the highest world average yield of the cool-season grain le-
gumes and can tolerate harsh growing conditions such as in
Northern Europe and Canada. Its seed composition averages about
29% protein and 39% starch (Crepon et al., 2010). It has a long his-
tory of cultivation in Finland (Stoddard, Hovinen, Kontturi,
Lindstr€om, & Nyk€anen, 2009), where its protein content is
isco-analyser; HS-SPME-GC-
matographyemass spectros-
y; PCA, principle component
nal thermal treatment.

Jiang).
consistently above world average figures (Lizarazo et al., 2014). The
functionality of faba bean protein for food uses, especially as a
protein isolate, has been studied at the laboratory scale, and has
shown good solubility, emulsifying, foaming and gelling properties
(Boye, Zare, & Pletch, 2010; Cai, Klamczynska, & Baik, 2001). Faba
bean starch has been utilized for centuries in Asian countries for
glass noodles that mainly consist of starch and have less than 1.3%
protein (Tan, Li, & Tan, 2009).

The food use of faba bean, especially for the protein-rich com-
ponents, is still minor in spite of its high nutritional value and the
globally increasing interest of developing plant-based protein-rich
foods for a sustainable human nutrient supply (Boye et al., 2010).
The utilization of protein-rich faba bean components in foods
presents challenges concerning sensory quality, because the ac-
tivity of endogenous enzymes can cause an undesirable “beany
flavour”. An important enzyme is lipoxygenase that catalyses
oxidation of fatty acids, such as linoleic and linolenic acids, to
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Fig. 1. Moisture content and surface temperature of faba beans after microwave
(MWT) and conventional thermal (CTT) treatments. Error bars for the moisture content
show standard deviation, which are very small and hardly visible in the figure. Error
bars for the surface temperature show the measurement error range of the hand-held
scanning thermometer.
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hydroperoxides (Baysal & Aslıhan, 2007) that may react further to
volatile and non-volatile off-flavour compounds, in oxidation re-
actions either promoted by treatments such as heating, or catalysed
by other endogenous enzymes, such as peroxygenase (Hamberg &
Hamberg,1996). Plant tissues also contain peroxidases that catalyse
various oxidationereduction reactions that affect lipids. Because
peroxidase is normally the most heat-stable enzyme in plants, it is
generally used to indicate adequacy of heat treatments (Akyol,
Alpas, & Bayindirli, 2006).

In most dry and wet fractionation processes for protein
enrichment, the oxidizing enzymes tend to appear together with
the main mass of protein, so the beany flavour is problematic for
any protein-rich food product made from faba bean, and inactiva-
tion of these enzymes is crucial. A possible method to resolve the
beany flavour problem of faba bean is to inactivate those oxidizing
enzymes by thermal treatments such as microwave heating, oven
heating, steaming, kilning and autoclaving. Microwave heating has
some advantages over traditional oven-based heating methods, for
example, it can achieve high heating rates and reduce processing
time (Chandrasekaran, Ramanathan, & Basak, 2013; Vadivambal &
Jayas, 2007). In addition, there are advantages to imposing the
thermal pre-treatment before milling, so the endogenous enzymes
do not come in contact with the lipids.

On the other hand, thermal treatments may change the prop-
erties of other compounds, and hence affect the milling quality,
moisture content, protein extraction efficiency and flour pasting
quality. These technological properties are important for various
food processing purposes including baking, beverage production
and noodle making. The proteins and starches in faba beans are
good in technological functionality but heat-sensitive. There is no
literature reporting the microwave pre-treatment on whole faba
beans, especially for the purposes of inactivating their endogenous
enzymes. The technological properties of the protein and starch of
faba beans after heat pre-treatment have not been previously
studied thoroughly. Moreover, there are very few studies about
microwave pre-treatment of other starch-containing grain legumes
such as peas and mung beans. Nevertheless, microwave pre-
treatment was shown effective in inactivating soybean lip-
oxygenase and decreasing the protein solubility (Wang & Toledo,
1987). Faba beans have different structure, composition, and pro-
cessing methods than soybeans. Most importantly, faba beans
contain a much lower amount of lipids than soybeans do. Due to
these differences, the effects of microwave pre-treatment on faba
bean endogenous enzymes and storage proteins can be different
from those on soybeans. In addition, industrial applications with
microwaves in food processing are still emerging and further in-
formation on the benefits of microwave treatments is needed.

The aim of this work was to study if microwave treatment
provides a means for appropriate thermal pre-treatments of faba
beans, which would inactivate their endogenous lipoxygenase,
eliminate the factors causing off-flavours, and maintain or even
improve the technological properties for food use, such as the
milling quality, protein extraction efficiency and flour pasting
quality. We compared the microwave heat treatments of different
durations to a conventional oven heating method. The volatile
compounds related to the flavour of heated and unheated faba bean
products were also analysed.

2. Materials and methods

Faba bean (cultivar “Kontu”, harvest year 2011) was grown in a
Finnish experimental field, (Lizarazo et al., 2014). After harvest and
cleaning, the beans were kept in a cool and dry storage room at
10 �C. A domestic microwave oven equipped with a three-
dimensional microwave distribution system was used (double
microwave emission technology, microwave frequency 2450 MHz,
Whirlpool JT-379, USA). The initial moisture content of the beans
before treatments was 11.8% (Fig. 1).
2.1. Heat treatments

A glass beaker containing 200 g of faba beans was heated in a
microwave oven at 950 W. In order to achieve an even treatment of
the beans, the heating was divided into 30-s rounds, and the beans
weremixed thoroughly by stirring using a spoon for about 10 s after
each round. With two, three, four, six and eight rounds of heating,
the beans were treated for 1, 1.5, 2, 3 and 4 min, accordingly. The
surface temperature of the beans was measured using a hand-held
scanning thermometer (Raytek® Raynger® ST™, TYP ST 2, Fuchs,
Gütersloh, Germany) immediately after heating. The beans were
poured into a plate and allowed to cool to ambient temperature
(~22 �C). Five replicates were prepared in this way.

In order to prepare conventional thermal treated faba beans, a
sealed glass bottle containing 250 g of faba beans was heated in an
oven at 170 �C for 30 min. After heating, the beans were cooled as
described above. Triplicates were prepared. Unheated beans used
as controls were labelled as “unheated faba beans”.
2.2. Analysis of seed hardness

Seed hardness of unheated and heat-treated seeds was analysed
with a texture analyser (TA; TA-XT2i, Stable Micro Systems Ltd.,
England). Sixty faba beans of each group were tested individually.
Each bean was attached to the plate of the TA using double-sided
adhesive tape. Then the TA probe equipped with a craft knife
blade (A/CKB) did a single compression on the bean. The mea-
surement programwas set as using pre-test speed of 1.5 mm/s, test
speed of 1 mm/s, post-test speed of 10 mm/s, compression target at
strain 40%, and trigger force of 15 g. The cutting force-depth curves
were plotted and the peak force of each measurement was
recorded.
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2.3. Dehulling

Unheated and heated faba beans were processed with a stone
mill equipped with two layers of stones, one of which is stationary
and the other rotates. The gap between the two layers of stone was
set as 0.44 cm. After the seeds were cracked by the stones, the
cotyledons separated from the hulls and were collected, and the
hulls were removed manually.

2.4. Milling

Dehulled faba beans were milled by different methods to ach-
ieve flours for different analyses. Pin-disc milling: seeds were
milled using a laboratory pin-disc mill (KT-30, Koneteollisuus Oy,
Finland) set up to achieve its minimum pin-disc gap. After being
milled once through the machine, the flours were labelled as “one-
pass pin-milled flours”. The one-pass pin-milled flours were used
for particle size analysis in order to test the faba bean milling
quality. Roller milling: The one-pass pin-milled flours were milled
twice more by the pin-disc mill and then further milled using a
roller mill (Brabender® Quadrumat® Junior) to produce “roller-
milled flours”. Most grain flours sold in food markets are produced
by roller-milling methods. Therefore, the roller-milled flours were
used for protein extraction measurement, microstructure obser-
vation and pasting property analysis in order to evaluate their food-
use functionalities. Ultra-centrifugal milling: Part of the seeds
were milled using a high speed rotor ultra-centrifugal mill (Ultra
Centrifugal Mill ZM 200, Retsch, Germany) equipped with a ring
sieve having a pore size of 0.5 mm. The rotation speed was
12000 rpm. The flours were then collected and marked as “ultra-
centrifugal milled flours”. Ultra-centrifugal milling produces fine
flours with an even particle size distribution, which are commonly
used in chemical compound analyses. In this study, the ultra-
centrifugal milled flours were used for the peroxidase activity
assay, lipoxygenase activity assay and volatile compound charac-
terization. Replication of milling and dividing were described in
each section.

2.5. Moisture content measurement

Themoisture contents of the roller-milled flours weremeasured
using AACC method 44-15A (1983).

2.6. Flour particle size analysis

A Mastersizer 3000 laser scattering particle size analyser (Mal-
vern, UK) equipped with a dry sampling system was used to mea-
sure the particle size distribution of the one-pass pin milled flours.
The measurement conditions were set as non-spherical sample
analysis, material refractive index of 1.53, absorption index of 0.001,
background measurement duration of 10 s, sample measurement
duration of 15 s, observation obscuration limit between 0.1% and
6%, air pressure at 4 bar, feed rate at 30%, each batch of sample
about 0.2 g. Ten replicates of each tested flour were analysed.

2.7. Peroxidase activity assay

The peroxidase activity of faba bean was analysed using
methods modified from Sessa and Anderson (1981) and Akyol et al.
(2006). Ultra-centrifugal milled flours (0.2 g) were mixed with 15 g
of MQ water and incubated at room temperature for 30 min. The
mixture was centrifuged at 20200 � g at room temperature for
10min. The supernatant was taken as the flour extract. Guaiacol (1%
in 96% ethanol) and H2O2 (1% in water) were premixed in a 1:1
ratio, and 400 mL of the mixture was added to 800 mL of the flour
extract and vortex-mixed to produce a test solution. The blank was
prepared by using water instead of 1% H2O2. The solutions were
allowed to stand for 20 min, when their absorbance values were
measured at different times between 2 and 20 min using a spec-
trophotometer (UV-1800, Shimadzu Cooperation, Japan) at 470 nm.
The difference between the absorbance of the reaction solution and
that of the blank solutionwas calculated. The absorbance difference
of samples having peroxidase activity increased with reaction time,
linearly between 3 min and 6 min. The rate of increase of the
absorbance difference within the linear phase was calculated and
termed as the “peroxidase activity”. Three replicates of each tested
flour were analysed.

2.8. Lipoxygenase activity assay

The assay of lipoxygenase activity was modified from the
methods of Axelrod, Cheesbrough, and Laakso (1981) and G€okmen,
Bahçeci, and Acar (2002). Ultra-centrifugal milled flours (0.5 g)
were suspended with 20 ml of water and incubated for 15 min. The
suspensions were centrifuged at 10000 � g for 10 min at room
temperature. The supernatants were collected and diluted 1:50.
Linoleic acid (10 mM) in 0.01 M NaOHwith 0.3% Tween20 was used
as substrate solution. In the activity assay, 200 ml of substrate so-
lution and 200 ml of diluted extract were added to 2.6 ml of 0.1 M
sodium phosphate buffer (pH 6). The mixture was incubated for
3 min at 25 �C, and the reactionwas then stopped by adding 3 ml of
0.1 M NaOH. The absorbance was measured at 234 nm with a
spectrophotometer (Lambda 25 UV/Vis, Perkin Elmer Inc., USA).
Results were calculated as conjugated dienes using molar absorp-
tivity value ε ¼ 25000 l/mol cm (Axelrod et al., 1981). The samples
for this analysis were heat-treated and milled in triplicates inde-
pendently. Two activity assays from each flour were made and
averaged. The standard deviation was then calculated from the
results of triplicates.

2.9. Protein extraction rate

Roller-milled flours (1 g) were mixed with 7 g of MQ water,
vortexed, incubated at room temperature (~22 �C) for 2 h, chilled at
5 �C for 1 h and centrifuged at 3220 � g for 30 min. Supernatant
(2 mL) was pipetted into a metal cuvette and dried at 50 �C over-
night. The nitrogen in the cuvette and nitrogen in 1 g of flour were
measured by the Dumas combustion method in a Vario Max CN
analyser (Elementar, Hanau, Germany), and multiplied by 6.25 to
convert it to protein concentration. The protein extraction rate was
calculated by dividing the amount of nitrogen solubilized in water
by that present in the flour. Three replicates of each sample were
analysed.

2.10. Microstructure of flour suspended in water

Roller-milled flours (about 0.01 g) were mixed with 0.10 g MQ-
water, vortexed for 1 min and incubated at 50 �C for 20 min. The
suspension was mixed with 100 mL of Coomassie brilliant blue
staining buffer (0.05% Brilliant Blue R in 10% ethanol) at room
temperature for 10 min. A drop of the stained suspension was
observed in an optical microscope at 10 times and 40 times mag-
nifications, with and without using polarized light. The same sus-
pension without staining was also measured by the Mastersizer
3000 laser scattering particle size analyser (Malvern, UK) equipped
with a wet sampling system (stirrer speed 2500 rpm). The mea-
surement was set as using non-spherical sample analysis, material
refractive index of 1.53, absorption index of 0.001, water as
dispersant, obscuration limit between 4 and 20%. Themeasurement
was repeated four times for each sample. The average values were



Fig. 2. Effect of microwave (MWT) and conventional thermal (CTT) treatments on
peroxidase and lipoxygenase activity of faba bean flour. Error bars show standard
deviation (n ¼ 3), solid line error bar for lipoxygenase activity, and dotted one for
peroxidase activity.
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calculated and presented without showing the deviations.

2.11. Pasting properties of flour

A Rapid Visco- Analyser (RVA; model RVA-4; Newport Scientific,
Warriewood, NSW, Australia) was used to measure the pasting
properties of roller-milled flours in MQ water (11.6% dry matter
content, 28.5 g total weight). The measurement program firstly
maintained the temperature at 50 �C for 1 min and then raised it to
95 �C at 6 �C/min. The temperature was maintained at 95 �C for
5 min, cooled to 50 �C at 6 �C/min, and finally held at 50 �C for
2 min before the measurement ended. The paddle rotating speed
was 160 rpm. Themeasurements of each sample were conducted in
triplicate. The average values were calculated and presented
without showing the deviations.

2.12. Characterization of volatile compounds

Volatile flavour compounds were analysed by headspace solid-
phase microextraction gas chromatographyemass spectroscopy
(HS-SPME-GC-MS) using the previously reported instrument and
GC parameters (Damerau, Kamlang-ek, Moisio, Lampi, & Piironen,
2014). Samples of ultra-centrifugal milled flours (1.0 g) were sus-
pended in 2 ml of water with 0.02% sodium azide and incubated for
1 h at 30 �C. Two analyses were made from each three replicates of
ultra-centrifugal milled flours. Suspensions were further incubated
in the HS-SPME instrument at 50 �C for 20minwith agitation speed
of 250 rpm. Volatiles were extracted and collected for 30min by the
DVB/CAR/PDMS-fibre (50/30 mm film thickness; Supelco, USA). In
the desorption step, volatiles were released from the fibre for
10 min at 250 �C and separated using a capillary column SPB-624
(30 m � 0.25 mm i.d., 1.4 mm film thickness; Supelco, USA). The
ionisation energy of MS was 70 eV and ions were scanned from 40
to 300 amu. The Wiley 7N (Wiley Registry™ of Mass Spectral Data,
7th Edition, USA) database was used for identification of com-
pounds according to their mass spectra. Total ion counts were used
for quantifying the amounts of compounds. The peak areas were
normalised and mean centred. Then principle component analysis
(PCA) was used to identify differences in volatile compounds
extracted from the suspensions, with SPME-GC-MS data and Un-
scrambler® X software (v.10.1; CAMO Software AS, 2011, Norway).

2.13. Statistical analysis

Means and standard deviations of all replicates were calculated
except for the seed hardness test, of which the means and standard
errors were calculated. Analysis of variance (ANOVA) with Tukey's
test at a 95% confidence level using OriginPro 8.6 software was
applied on the results, in order to assess significant differences
between samples.

3. Results and discussion

Microwave treatment heated the faba beans rapidly from room
temperature to 90 �C during the first 1 min (Fig. 1), to 116 �C after
1.5 min, and more slowly thereafter. The moisture content
decreased from 11.8% to 10.1% during the first 1.5 min of microwave
treatment, and dropped to 3.0% after 4 min (Fig. 1). The conven-
tional thermal treatment caused a comparatively small decrease in
moisture content.

3.1. Faba bean peroxidase and lipoxygenase activity

The peroxidase activity was reduced about 50% by the 1-min
microwave treatment while lipoxygenase activity was reduced
about 66% (Fig. 2). Longer microwave and conventional thermal
treatment reduced both lipoxygenase and peroxidase activities to an
undetectable level. Thus the potential of formation of lipoxygenase-
catalysed off-flavours is effectively eliminated by the 1.5-min mi-
crowave treatment. The inactivation of peroxidase, which is
considered the most heat-resistant endogenous enzyme in vegeta-
bles and beans (Akyol et al., 2006; Baysal & Aslıhan, 2007; Günes &
Bayindirli, 1993), confirmed the effectiveness of this treatment.
Inactivation of purified peroxidases from soya bean in solution
required heating at 80 �C for 15 min (Sessa & Anderson, 1981). Only
1.5min ofmicrowave treatmentwas required for treatingwhole faba
beans, in which the moisture content was about 12%, perhaps
because the microwave heating raised the temperature to 116 �C
(Fig. 1) and hence could rapidly inactivate the peroxidase. Moreover,
the low moisture content was sufficient for denaturing the enzyme.
Less severe heat treatment was required to inactivate lipoxygenase
than peroxidase in green beans and peas (Günes & Bayindirli, 1993).
The effectiveness and rapidity of microwave treatment in inactivat-
ing peroxidase were also reported in previous studies, for example,
microwave treatment was shown to be more effective than con-
ventional blanching for inactivating peroxidase and lipoxygenase in
vegetable peas, green beans and carrots (Bahçeci, Serpen, Gokmen,&
Acar, 2005; Gokmen, Savas-Bahceci, Serpen, & Acar, 2005; Günes &
Bayindirli, 1993). Reducing peroxidase activity of green beans by 90%
took 150 s of microwave treatment at 750 W (Günes & Bayindirli,
1993) or 60 s at 700 W (Brewer & Begum, 2003), whereas similar
inactivation of lipoxygenase of green beans occurred in 60 s at 650W
(Günes & Bayindirli, 1993).

3.2. Volatile compounds from faba bean suspensions

Principle component analysis (PCA) showed that heating of faba
beans by microwave or conventional oven treatments had a
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remarkable influence on the profiles of nine volatile compounds
extracted from the suspensions, and that the profiles were clearly
different after each treatment (Fig. 3). The two principle compo-
nents explained 55% and 22% of the total variance of volatile
compounds in the suspensions. The first component clearly divided
the samples according to the severity of heat treatment, i.e., sus-
pensions made from unheated and 1-min microwave-treated seeds
were located at the opposite end of the axis to those of conven-
tionally or 2-min microwave-treated seeds. The second component
separated most of the microwave-treated samples from the other
samples. Of the volatile compounds, 2-methylfuran was strongly
associated with unheated seeds, indicating enzymatic reactions
during incubations. Similarly, one of the typical contributors of
beany flavour, 2-pentylfuran (Ho & Chen, 1994; Lv, Song, Li, Wu, &
Guo, 2011; Oomah, Razafindrainibe, & Grover, 2014), was associ-
ated with unheated seeds whereas its associations with most of the
microwave-treatments were low. Thus, 2-methylfuran and 2-
pentylfuran are probable indicators of enzymatic activity in the
samples. Hexanal and nonanal, typical lipid autoxidation products
(Jele�n & Wąsowicz, 2011), as well as 2-heptanone were clearly
associated with suspensions made with 2-min microwave and
conventional thermal treated seeds.

The PCA showed that there were seven main compounds that
differentiated the suspensions. The major compound found in
samples prepared from unheated or 1-min microwave treated
seeds was 2-methylfuran, whereas it was not found in the other
samples where lipoxygenase activity was not detectable (Fig. 4).
Furthermore, hexanal was the major compound found in suspen-
sions that were microwave treated for 1.5 min or longer and its
amount increased as the heat treatment was extended. It may be
that elevated amounts of hexanal in these samples indicated pro-
motion of non-enzymatic lipid autoxidation, which is a risk during
heat treatments. Taking into account the aims of the study, mi-
crowave heating for 1.5 min could be used as a good compromise
Fig. 3. Results of PCA of nine compounds found in suspensions of flours milled from unheat
faba beans. 1: 2-methylfuran, 2: 3-methyl butanal, 3: 2-methyl butanal, 4: 2-pentanone, 5:
for heat treatment of faba beans to inactivate extensive enzymatic
oxidation without promoting non-enzymatic lipid autoxidation.

3.3. Protein solubility

The protein extraction rate from unheated seeds was about 87%
(Fig. 5). This level was as high as those of Sosulski and McCurdy
(1987) and Cai et al. (2001), who also found that the solubility of
faba bean protein was slightly higher than that of common pea,
mung bean and lentil, and significantly higher than that of
chickpea. The extraction rate was not changed by 1-min microwave
treatment, but decreased rapidly with longer heat treatment time,
falling to 25% by 3 min. The conventional thermal treatment
slightly decreased the protein extraction rate to about 80%. The
surface temperature of the seeds in the 1.5-min microwave treat-
ment, 116 �C, was higher than the denaturation temperature of the
major storage proteins of faba bean including 7S (77 �C) and 11S
globulins (85 �C) (Kimura et al., 2008), which explains the loss of
protein solubility. The 1.5-min microwave treatment caused a
greater loss of protein solubility than the conventional thermal
treatment, although this was 30 min at 170 �C. This confirmed that
microwave energy is more efficient than conventional thermal
energy for heating whole faba bean seeds.

Protein solubility is an important prerequisite property for
many protein functionalities such as emulsifying, foaming and
gelling. Partial denaturation can be beneficial for improving
protein emulsifying and gelling properties (Aguilera, Esteban,
Benítez, Moll�a, & Martín-Cabrejas, 2009; Tang, Chen, &
Foegeding, 2011). Nevertheless, excessive heat denaturation, for
example, microwave treatment for 2 min or longer, reduced the
solubility of faba bean protein too much and limited its usage in
aqueous foods. Similarly, microwave pre-treatment of soybean
reduced the protein solubility (Wang & Toledo, 1987). However,
there is surprisingly little literature about the effects of thermal
ed, microwave-treated (MWT) (1, 1.5 and 2 min) or conventional thermal treated (CTT)
hexanal, 6: 2-heptanone, 7: 2-pentylfuran, 8: hexanoic acid, 9: nonanal.



Fig. 4. Volatile compounds analysed by HS-SPME-GC-MS from flour-water suspensions of unheated, microwave-treated (MWT) (1, 1.5 and 2 min) or conventional thermal treated
(CTT) faba beans. Error bars show standard deviation (n ¼ 3).

Fig. 5. Effects of microwave (MWT) and conventional thermal (CTT) treatments on
extraction rate of faba bean protein. Error bars show standard deviation (n ¼ 3).
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pre-treatment on protein solubility of starch-containing pulses
such as faba bean. On the other hand, faba bean protein is
naturally good in solubility and technological functionalities, so
the knowledge about their change during thermal pre-treatment
is crucial for the food industry.
3.4. Milling quality

The milling quality was evaluated by analysing seed hardness
and the particle size distribution of the flours. The seed hardness, as
measured with compression cutting tests, revealed that the cutting
force-depth profiles contained three main stages, namely, rupture,
peak and residual resistance (Fig. 6 A). The 3-min microwave
treated and conventional thermal treated faba beans had lower
peak forces and residual resistances than the unheated ones did.
The values of the peak forces after different treatments decreased
substantially in the first 1.5-min of microwave treatment, but
subsequent changes from longer microwave treatment were not
statistically significant (p > 0.05, Tukey test) (Fig. 6 B). Conventional
thermal treatment resulted in a peak force at a level between those
of 1- and 1.5-min microwave treatments (Fig. 6 B). Thus both mi-
crowave and conventional thermal treatments decreased the
hardness of faba beans and, hence, made the beans easier to be
broken by milling forces. Similarly, microwave treatment made
wheat grains more friable so their milling required less energy
input (Walde, Balaswamy, Velu,& Rao, 2002), and air drying of faba
beans made them less hard and easier to grind (Tyler & Panchuk,
1982).

The particle size of one-pass pin-milled faba bean flour
decreased significantly with the increase of microwave treatment
time between 0 and 1.5 min (Fig. 7). Microwave heating for 2 min
or longer did not further decrease the particle size. The re-
ductions in Dv 10, Dv 50 and Dv 90 (maximum particle diameters
below which 10%, 50% and 90% of the sample volume exist)
showed similar trends. As compared with unheated samples, the
Dv 90 of 1.5-min treated samples decreased from 1030 mm to
850 mm and the Dv 50 decreased from 530 mm to 430 mm. Thus a
consistent milling process can mill microwave-treated faba beans
into finer flour than unheated ones. The effect of the conven-
tional thermal treatment on particle size was similar to the 1-min
microwave treatment. The particle size results were reasonably
correlated to the results of seed hardness. The microwave-treated
and conventional thermal treated beans became more friable, so
could be ground into finer flours. Tyler and Panchuk (1982) also
found that faba beans with lower moisture content and less
hardness were ground into finer flour. The milling quality
improvement effects of thermal pre-treatment is important for
food ingredient manufacturers because that is beneficial for



Fig. 6. Texture analysis profiles of unheated, 3-min microwave-treated and conven-
tional thermal treated faba beans (A) and effects of microwave (MWT) and conven-
tional thermal (CTT) treatments on peak hardness of faba bean seeds (B). Error bars
show standard error (n ¼ 60). Points associated with the same letter are not signifi-
cantly different (Tukey test, p < 0.05).

Fig. 7. Effects of microwave treatment (MWT, triangle symbols) and conventional
thermal treatment (CTT, round symbols) on particle size of faba bean flours produced
by one-pass milling through a pin-disc mill. Dv 10, Dv 50 and Dv 90 indicate the
maximum particle size at 10%, 50% and 90% of the particle volume population. Error
bars show standard deviation (n ¼ 10). Points associated with the same letter are not
significantly different (Tukey test, p < 0.05).
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saving energy in milling. Pulses such as beans are generally
harder and more difficult to be milled than cereal grains, so they
more obviously need milling quality improvements from micro-
wave pre-treatment. Previously, the milling quality improvement
effects of microwave pre-treatment have been mainly studied on
cereals, and seldom on pulses.
3.5. Microstructure of the particles in flour-water suspension

Heat pre-treatments changed themicrostructure of the particles
in flour-water suspension, as shown by both microscopic obser-
vation (Fig. 8) and particle size distribution analysis (Fig. 9). The
major particles in the flour-water suspension of unheated seeds
were individual intact starch granules with smooth surfaces and
diameters between 12 mm and 33 mm (Fig. 8 A and C; Fig. 9 A). The
flour-water suspensions of heated seeds all had a higher proportion
of large particles, between 33 mm and 550 mm in diameter (Fig. 8 B,
D, G and H; Fig. 9 A and B). Microscopy revealed that the large
particles were aggregates comprised of a protein-containing layer
(stained blue) enclosing starch granules (Fig. 8 D). The proportion
of material in aggregates correlated with the loss of protein solu-
bility (Figs. 7 and 9 A), which indicated that the formation of the
aggregates is mainly attributable to the denaturation of proteins
that crosslink to each other and adhere to the surface of starch
granules. Under polarized light, the starch granules inside the ag-
gregates of unheated and heated samples all had similar Maltese
cross effects, demonstrating that their crystal structure was intact
(Fig. 8 E and F). In addition to the aggregates, free starch granules
were present in the suspensions made from heated samples, and
the proportion of free starch granules decreased as microwave
heating time increased (Fig. 8 B and G; Fig. 9 A and B). The con-
ventional thermal treatment had a similar effect to the 1-min



Fig. 8. Microstructure of particles in aqueous suspensions of flours from (A, C and E) unheated, (B, D and F) 1.5-min microwave treated, (G) 4-min microwave treated, and (H)
conventional thermal treated faba bean seeds. The magnification factors were 10 � in A, B, G and H, and 40 � in C, D, E and F. Images E and F were obtained through crossed
polarizers and show the Maltese cross of starch granules. Proteins were stained by Coomassie brilliant blue. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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microwave treatment in forming the aggregates (Fig. 9 B). The
findings about the changes of microstructure of heat treated faba
bean in this study were different from those in other heat treated
pulses including pea, lentil and chickpea (Marconi, Ruggeri,
Cappelloni, Leonardi, & Carnovale, 2000; Ma et al., 2011). The
previous studies did not found a correlation between the extent of
the protein-starch aggregation and the level of heat treatments,
although they observed some changes happened on the surface of
the starch granules caused by protein denaturation and crosslink. In
addition, there is surprisingly little literature about the change of
microstructure of pre-heated dry pulses.



Fig. 9. Size distribution of particles in faba bean flour-water suspension. (A) Particle
size distribution curves measured by Mastersizer 3000. (B) Effect of heat treatment on
the volume density of the particles with a diameter between 12 and 33 mm, which
were free starch granules and marked with a box in (A).

Fig. 10. Average pasting profiles of unheated, microwave treated (MWT) and con-
ventional thermal treated (CTT) faba bean flour measured by a Rapid Visco- Analyser
(RVA) (n ¼ 3).
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3.6. Pasting properties of flour

The viscosity of the aqueous slurry of roller-milled flour from
unheated seeds increased constantly in the pasting process, as
shown in the Rapid Visco- Analyser (RVA) profile (Fig. 10). There
was no breakdown in viscosity, so there was no shear-thinning
phenomenon. Similar pasting profiles of legume flours have been
attributed to interactions between starch and other components in
flour such as protein and lipid (Chung, Liu, Pauls, Fan,& Yada, 2008;
Liu, Donner, Yin, Huang, & Fan, 2006). One-min microwave treat-
ment made very little difference to the pasting profile. The pasting
profile of the 1.5-min microwave treatment was significantly
different, with a more rapid increase of viscosity before it reached
the peak (800 cp) at 8.8 min, then the viscosity decreased slightly
while the temperature was maintained at 95 �C, and the final vis-
cosity (1420 cp) was slightly lower than that of the unheated
sample (1590 cp). Longer microwave treatments changed the
pasting properties of the flours more radically. The final viscosity of
4-min microwave treated flour was about one-tenth that of the
unheated one. The pasting profile of the conventional thermal
treated sample was similar in shape and timing to the 1.5-min
microwave treated sample, except for being consistently lower.

These changes in pasting profile are consistent with what could
be expected from the changes in protein solubility (Fig. 7) and
microstructure of the flour (Figs. 8 and 9). Although the pasting
profile is influenced by starch properties, the starch granules in
different samples of this study all had similar intact crystal struc-
ture before pasting, as mentioned before (Fig. 8 E and F). As
compared with the unheated samples, the heat-treated samples
had fewer free starch granules in their flour-water suspension
(Figs. 8 and 9). The free starch granules were not covered by protein
and were thus supposed to gelatinize more easily. The heating-
induced protein-starch aggregation restricted the water absorp-
tion and structural swelling of starch granules, accounting for the
low viscosity of 3- and 4-min microwave treated samples. The 1.5-
min microwave treated samples had a higher viscosity at the
beginning and formed a peak in viscosity (Fig. 10), which could be
attributed to the denaturation of water-soluble protein. Protein has
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a significant impact on starch pasting properties, by forming pro-
teineprotein interactions (Xie, Chen, Duan, Zhu, & Liao, 2008),
changing the leaching behaviour of starch components (Zhou,
Robards, Helliwell, Blanchard, & Baxterb, 2003), and retaining
water (Ribotta, Colombo, Le�on,& A~n�on, 2007). There is surprisingly
little literature on the pasting properties of legume flours as
affected by dry heating pre-treatment. The importance of knowl-
edge about pasting properties of legume flours is increasing, as
their use to improve the nutritional quality of baked products and
pasta is becoming widespread. The changes induced by heat pre-
treatment to faba bean protein-starch interaction and flour
pasting property are rarely found in cereal flours, the soluble pro-
tein content of which is lower.

This work studied different relevant aspects of the effects of
microwave pre-treatment on faba bean. The investigated techno-
logical properties included properties related to “beany flavour”,
protein solubility, milling, pasting and microstructure. The study
revealed correlations between the thermal pre-treatment and the
technological properties, many of which are related to the protein
denaturation caused by heating. The endogenous enzymes were
inactivated by heat denaturation. The protein denaturation also
resulted in the loss of protein solubility and possible crosslinking,
which could be a major reason for the change of the microstructure
of the particles in flour-water-suspension. The changes of the
protein solubility and the flour microstructure could be the major
reasons for the change of the pasting properties of faba bean flour.

4. Conclusion

Microwave heating pre-treatment effectively and rapidly inac-
tivated faba bean peroxidase and lipoxygenase, which are associ-
ated with undesirable “beany flavour”. Microwave heating at 950W
for 1.5 min was enough to inactivate those enzymes and improve
the milling quality of the beans. Longer heating time with micro-
wave, for example, for 2 min or longer, caused more severe
reduction of the protein solubility and decrease of flour pasting
viscosity, without significantly improving the milling quality.
Conventional oven heating at 170 �C for 30 min also inactivated the
peroxidase and lipoxygenase. All heating methods formed starch-
protein aggregates that were insoluble in water. Microwave heat-
ing of whole faba bean seeds at 950 W for 1.5 min was found to be
an optimum method to denature the enzymes associated with the
“beany flavour” problem and to improve the food-use technological
properties such as the milling quality and pasting properties.
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a b s t r a c t

Human selenium supplementation is vastly dominated by selenized yeasts based products not only due
to regulation issues but due to the fact that yeasts convert inorganic selenium into organic forms up to
2000 mg g�1 through a well characterized selenium metabolism. Though both yeasts and the higher
mushroom Agaricomycetes belong to the kingdom of fungi, their selenometabolic pathways are different.
Agaricomycetes, the most widely researched higher fungi tend to store the excess of selenium in inor-
ganic forms. A sample of Hericium erinaceus (lion's mane mushroom), also belonging to Agaricomycetes,
was examined in our study after moderate selenium enrichment from inorganic selenium source.
Enzymatic digestion and ion-pairing chromatography coupled to ICP-MS revealed that nearly 50% of the
selenium was in organic forms: selenomethionine and Se-methylselenocysteine. To explore the back-
ground of this, directed orthogonal chromatographic purification was executed in search for Se-adenosyl
compounds, typical for yeast metabolism. After HPLC-ESI-QTOFMS analyses three Se-adenosyl-
compounds were identified: Se-methyl-5-selenoadenosine, Se-methyl-5-selenoadenosine-Se-oxide and
the previously unreported Se-dimethyl-5-selenonium-adenosine. Two of these species have been linked
only to the selenium metabolism of yeasts. The high selenomethionine content and the presence of Se-
adenosyl compounds in Hericium erinaceus open the possibility for a functional food alternative to
selenized yeast based dietary supplements.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Suboptimal selenium intake has been documented for several
countries and has been associated with a massive list of direct and
indirect negative health effects (Rayman, 2012; Stoffaneller &
Morse, 2015). While the options for selenium supplementation or
fortification are numerous (including L-selenomethionine and
inorganic selenium salts/Commission Regulation (EC) No 1170/
2009/, Se-enrichedwheat (Wu, Salisbury, Graham, Lyons,& Fenech,
2009), Brazil nut (Thomson, Chisholm, McLachlan, & Campbell,
2008) among others), the dominating way for increasing
(M. Dernovics).
selenium uptake is definitely through selenized yeast formulations.
Indeed, any novel concept on selenium supplementation is
evidently compared to selenized yeast due to its affordable price,
FDA/EFSA approved status, and its selenium speciation data that are
even harmonised into the EU-regulation level in the form of the
Commission Regulation (EC) No 1170/2009.

Basically, a viable option to compete with yeast based dietary
supplements from the points of view of culinary aspects and rate of
return can be a functional food type product prepared from sele-
nium enrichedmushrooms (Feeney et al., 2014;Werner& Beelman,
2002). Enrichment of mushrooms with selenium has been docu-
mented since the 90's (Spolar, Schaffer, Beelman, & Milner, 1999;
Van Elteren, Woroniecka, & Kroon, 1998), while the observation
of natural selenium accumulation in mushrooms dates back more
than 30 years (Piepponen, Liukkonenlilja, & Kuusi, 1983; Stijve &
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Besson, 1976). As reviewed recently (Falandysz, 2013; Kalac, 2010),
several mushroom species, including Agaricus, Albatrellus, Boletus
and Lentinula ssp. can be considered as natural or artificial source of
selenium, however, bioavailability studies (Chansler, Mutanen,
Morris, & Levander, 1986; Da Silva et al., 2010) contradict in this
context. Anyhow, selenized mushroom has gained scientific inter-
est not only for selenium supplementation purposes but for other
nutritional benefits such as increased phenolics level (Gasecka,
Mleczek, Siwulski, Niedzielski, & Kozak, 2015).

Concerning the single cell fungi species, Saccharomyces cer-
evisiae, more than 100 selenium species have been identified with
high species coverage (>90%) (Arnaudguilhem et al., 2012). This is
exactly the opposite of what is known about selenium speciation
from higher fungi: up to now, only a few selenium species could be
unambiguously identified in mushroom samples. Usually, most of
the selenium remained either unidentified or in inorganic forms,
and only two organic forms (selenomethionine, Se-methyl-
selenocysteine) could be detected (Díaz Huerta, Fern�andez
S�anchez, & Sanz-Medel, 2005; Ogra, Ishiwata, Encinar, Lobinski, &
Suzuki, 2004; Slejkovec et al., 2000; Yoshida et al., 2005).

Recently, a mushroom species of Pleurotus genus (class Agar-
icomycetes) cultivated on selenium-rich wheat straw based
compost has been found to contain 49% of accumulated selenium in
the form of selenomethionine (Bhatia et al., 2013). The reason of
this high organic selenium ratio is uncertain as no speciation data is
available for the straw, therefore, both the metabolism of inorganic
selenium into selenomethionine and the uptake of selenomethio-
nine from the compost could have occurred. Identification of other
metabolites of the selenium biochemical pathways should be
considered to reveal the origin of the abundant organic selenium
compounds.

Hericium erinaceus (known as lion's mane mushroom), also
belonging to the mushroom class Agaricomycetes, is the most
widespread edible species of the genus Hericium. It is becoming
popular worldwide due to the nutritional values attributed to its
special active secondary metabolites (Friedman, 2015; Malinowska,
2009; Niedzielski et al., 2014; Wang, Gao, Xu, Konishi, & Gao, 2014;
Zhang, Deng, Sun, Meng, & Zhang, 2011).

The aim of our study was to examine the selenium metabolism
of H. erinaceus cultivated on regular compost supplemented with
inorganic selenium. Special attentionwas paid to the less abundant
selenium compounds in order to map the influenced metabolic
pathways. To acquire reliable information, both HPLC-ICP-MS and
HPLC-ESI-QTOF MS set-ups were addressed after orthogonal
chromatographic clean-up processes. Selenium speciation achieved
this way should provide the information necessary to support or to
decline the intention to use selenium containing mushroom in
selenium supplementation.

2. Materials and methods

2.1. Production of Se-enriched H. erinaceus

H. erinaceus was cultivated on 3-kg-sized compost bags con-
taining sterilized sawdust e wooden chips e wheat bran in the
weight ratio of 1:2:0.1. After full colonisation the entire mushroom
bag was injected with sodium selenite solution (as 300 mg Se per
bag) one week before fruiting. This concentration did not trigger
any visible signs of stress or fruit deformation. All harvested
mushrooms were lyophilised and ground to fine powder.

2.2. Reagents

Selenized wheat reference material CCQM-P86 identical with
ERM-BC210a was obtained from LGC (Teddington, UK). 1.000 g L�1
standard solutions of Se and Rh, Pronase E enzyme (4000 PUmg�1),
H2O2 (a.r., 30m/m%), and HNO3 (a.r., >65m/m%)were ordered from
Merck (Darmstadt, Germany). Gradient grade methanol and
acetonitrile (ACN) were bought from Fischer Scientific (Lough-
borough, Leicestershire UK). Ammonium acetate (a.r.), tris-
hydroxymethyl-aminomethane (TRIS; a.r.), HCl (37 m/m %) were
purchased from Reanal (Budapest, Hungary). D,L-selenomethionine,
Se-methylselenocysteine, sodium selenite, HCOOH (~98%, puriss),
dithiothreitol (DTT) and heptafluorobutyric acid (HFBA) were pur-
chased from the Sigma-Aldrich group (Schnelldorf, Germany).
Milli-Q water (18.2 MU cm; Merck-Millipore) was used throughout
the experiments. A commercial sample of freeze-dried H. erinaceus
was purchased locally to serve as a control to determine the sele-
nium content of non-enriched mushroom material.
2.3. Instrumentation

For sample preparation purposes a Hielscher UP 100 H ultra-
sonic probe (Teltow, Germany) was used with full cycle time and
the amplitude of 100%. For speciation studies samples were
digested using a CEM Mars-5 microwave unit equipped with HP-
500 vessels (CEM, Matthews, NC, USA). Inductively coupled
plasma mass spectrometry (ICP-MS) Agilent 7500cs (Agilent, Santa
Clara, CA, USA) was used to monitor the isotopes of 77Se and 82Se.
The instrument was coupled to an Agilent 1100 high-performance
liquid chromatography (HPLC) system. The HPLC-ICP-MS analysis
was executedwith the use of 5% O2 as optional gas (45mLmin�1) in
the case of organic solvent based eluents.

For the identification of selenium species an Agilent 6530
Accurate-Mass ESI-QTOF-MS was used with an Agilent 6220
derived dual ionspray source. The instrument was coupled to an
Agilent 1200 HPLC system.
2.4. Enzymatic sample preparation and determination of total
selenium content

250 mg of lyophilized and ground mushroomwas enzimatically
digested according to the method described by Shao et al. (Shao
et al., 2014) with Pronase E in two subsequent steps. The super-
natant arising from the treatments were decanted and made up to
10.0 mL with deionised water in a volumetric flask and filtered
through 0.45-mm PTFE disposable syringe filters. The entire sample
preparation was executed in three replicates. Total selenium con-
tent in the mushroom and in the remaining drags after the enzy-
matic digestion were determined after microwave digestion with
the Agilent 7500ce ICP-MS on the 77Se and 82Se isotopes by the
method of standard addition using Rh as the internal standard.

Both processes were validated using the wheat reference ma-
terial with 320 mg sample intake.
2.5. Quantification of selenomethionine and Se-
methylselenocysteine

The selenomethionine and Se-methylselenocysteine contents
were measured using the method of three point standard addition
described by Shao et al. (Shao et al., 2014) with an ion-pairing
reversed phase HPLC-ICP-MS set-up, using methanol and HFBA as
the ion-pairing agent. The column was obtained from Thermo
(Keystone Hypersil C18; 250 mm � 4.6 mm � 5 mm; Thermo Fisher
Scientific, Pittsburgh, PA, USA). The gradient was as follows:
0e5 min 5% B, 5e15 min 50% B, 15e20 min 50% B, 20e21 min 5% B,
21e28 min 5% B. Flow rate was 0.9 mL min�1. The column tem-
perature was set to 30 �C.
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Fig. 1. IP-RP-ICP-MS chromatogram of the enzymatically digested mushroom sample.
‘1’ denotes to selenomethionine, while ‘2’ denotes to Se-methylselenocysteine.
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Fig. 2. (a) Reconstituted SEC-ICP-MS chromatogram of the ultrasonic aqueous extract
of the mushroom sample. The inset shows the late eluting low molecular weight
fraction. (b) IP-RP-ICP-MS chromatogram of the most abundant peak of the SEC sep-
aration; ‘1’ denotes to selenomethionine. (c) IP-RP-ICP-MS chromatogram of the late
eluting low molecular weight fraction.
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2.6. Ultrasonic extraction for size exclusion chromatography (SEC)

0.5 g of lyophilized and ground mushroom powder was sus-
pended in 10.0 mL of Milli-Q deionised water, extracted with the
ultrasonic probe for two minutes, then centrifuged, decanted, and
the process was repeated once more. The two aqueous extracts
were pooled and lyophilized. The dry extracts were dissolved in
1.5 mL ammonium acetate buffer (pH 9.5, 10 mM) and filtered
through 0.45-mm PTFE disposable syringe filters. The entire sample
preparation was executed in seven replicates.

2.7. Fraction collection from SEC and IP-RP clean-up

From the aqueous extracts fractions were collected on a HiLoad
16/60 Superdex 30 SEC column. Eluent was ammonium-acetate (pH
9.5, 10 mM), with the flow rate of 1.5 mL min�1. 1.2 mL filtered
sample was injected in seven replicates. Fraction collection started
42 min after injection, and 95 fractions were collected at 1 min
intervals.

The selenium content of collected fractions was monitored us-
ing flow injection - ICP-MS. Fractions corresponding to identical
peaks were pooled and lyophilized.

The selected selenium containing fractions were dissolved in
500 ml deionised water, and subjected to ion-pairing RP cleanup on
the Thermo Hypersil column following the method referenced
above. In breef, 50 ml of the dissolved sample was mixed with 25 ml
of 0.1 m/m%DTTand 425 ml Milli-Qwater with 0.1 V/V % HFBA. 50 ml
of this mixture was injected for each fraction collection that was
repeated 18 times. Afterwards, the corresponding fractions were
pooled and vacuum centrifuged until dryness.

2.8. HPLC-ESI-QTOF-MS analysis

The dried samples were dissolved in 200 ml of 0.1 V/V% HCOOH
in Milli-Q, and 10 mL was injected on a Zorbax XDB-C18 column
(Agilent; 2.1 mm � 50 mm � 3 mm). Flow rate was 350 mL min�1.
Eluent A was 0.1 V/V% HCOOH in Milli-Q water, B was 0.1 V/V%
HCOOH in ACN. The gradient was as follows: 0e5 min 5% B,
5e15 min up to 50% B, 15e20 min up to 100% B, 20e25 min 100% B,
25e26 down to 5% B, 26e32 min 5% B.

The ESI-QTOF-MS systemwas operated in positive and negative
modes with the parameters described in the supplementary ma-
terial (SM-Table 1).

3. Results and discussion

3.1. Quantification of total selenium and selenoamino acid content

The average total selenium content was found to be
42.3 mg g�1 (d.w., RSD: 3.0%), while the total selenium content of
the non-enriched H. erinaceus sample was 0.11 mg g�1 (d.w.). This
indicate an about 400-fold enrichment in selenium content.
Compared to usual mushroom enrichment processes this concen-
tration falls into the moderate enrichment range between natural
Se abundance of 0.39e5.17 mg g�1 (d.w.) (Vetter, Hajdú, Gy}orfi, &
Maszlav�er, 2005), general enrichment processes resulting at
141 mg g�1 (d.w.) (Bhatia et al., 2013) and the extreme value of
1340 mg g�1 (d.w.) (R�acz, Bumb�alov�a, Harangoz�o, T€olgyessy, &
Tomecek, 2000).

The IP-RP-ICP-MS chromatogram acquired after enzymatic
digestion can be seen on Fig.1. The amount of inorganic and anionic
selenium species (selenite and selenate) eluting close to the void
was considered too low for quantification. The two most abundant
peaks could be identified and quantified with standard addition as
selenomethionine (20.7 mg g�1 d.w.) and Se-methylselenocysteine
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(0.3 mg g�1 d.w.). However the presence of these two selenium
species has already been described in mushroom samples (Gergely,
Kubachka, Mounicou, Fodor, & Caruso, 2006; Yoshida, 2005; Zhao
et al., 2004), their cumulated amount almost reaches 50% of total
selenium content, which is unprecedented in any classic button
type mushrooms grown on inorganic selenium source. This sug-
gests that the metabolism of H. erinaceus is more similar to the
pathways of selenium enriched yeast, S. cerevisiae, and atypical of
what is known of Agaricomycetes: indeed, higher fungi enriched
with selenium contain relatively less selenomethionine (Dernovics,
Stef�anka, & Fodor, 2002; Huerta, S�anchez, & Sanz-Medel, 2006). To
support this theory, further investigations were carried out in
search for typical yeast seleniummetabolites, especially for seleno-
adenosyl compounds that are the indicators of the partly sulphur
analogous selenium metabolism in yeast (García-Reyes, Dernovics,
Ortega-Barrales, Fernandez-Alba, & Molina-Diaz, 2007; McSheehy,
Szpunar, Haldys, & Tortajada, 2002).

3.2. SEC and IP-RP HPLC based clean-up of selenium species

According to the protocol of low ionic strength SEC of Encinar
et al. (Encinar, Sliwka-Kaszynska, Polatajko, Vacchina, & Szpunar,
2003) developed for selenized yeast samples, the most abundant
and the late eluting fractions of the water extractable part of sele-
nium were collected and further purified with IP-RP HPLC separa-
tion with ICP-MS monitoring on 82Se (Fig. 2aec). According to the
IP-RP based separation the most abundant fraction contained only
one significant compound which could be identified as selenome-
thionine with standard addition (Fig. 2b). In the late eluting low
molecular weight fraction (Fig. 2c) two peaks could be detected
with retention times not matching that of any standards available,
therefore they were collected, pooled and subjected to HPLC-ESI-
QTOF-MS analyses.

3.3. HPLC-ESI-QTOF-MS analysis of the late eluting SEC fraction

The sample injected to the HPLC-ESI-QTOF-MS system yielded
the total ion chromatogram that can be seen on Fig. 3. Three
selenium-containing components were found by visual seeking for
the characteristic selenium isotope patterns with the mass-to-
charge ratios (m/z) of 346.04163, 360.05707 and 362.03623,
respectively.

The most abundant one of these, m/z 346.04163 eluted at
7.5 min. Fig. 4a shows the recorded full scan with the inset of the
selenium-containing isotopic pattern. The targeted MS/MS frag-
mentation of this compound (Fig. 4b) indicated it to be Se-methyl-
5-selenoadenosine, a compound detected first in yeast selenium
metabolism by McSheehy et al. (McSheehy et al., 2002). Not only
the accurate mass data (C11H16N5O3Seþ, theoretical m/z 346.0413;
d þ 0.95 ppm, [MþH]þ) and the fragmentation pattern support this
observation, but the detection of its oxidized product at tR¼ 1.2min
with m/z 362.03623 (C11H16N5O4Seþ, theoretical m/z 362.0362,
d þ 0.08 ppm, [MþH]þ; Fig. 5) also proves this theory. It is to note
that the sulphur analogue of Se-methyl-5-selenoadenosine is a key
compound in the general methionine salvage process e in mush-
room species, the salvage of all amino acids is a preferred
biochemical process in order to facilitate fast protein turnover
during fruit development (Heneghan et al., 2009; Ramírez et al.,
2011).

The identification of the compound eluting at tR ¼ 1.3 min with
m/z 360.05707 (Fig. 6aeb) is not as straightforward as that of Se-
methyl-5-selenoadenosine. According to the elemental composi-
tion, there is only one possible composition, an additional CH2
group compared to Se-methyl-5-selenoadenosine, that is,
C12H18N5O3Seþ (theoretical m/z 360.0569; d þ 0.47 ppm). The MS/
MS data indicated the losses of adenosyl, adenine and ribose
groups. This information may relate basically to two possible
structures, Se-ethyl-5-selenoadenosine and Se-dimethyl-5-
selenonium-adenosine, a cationic compound that has not been
described before. The mass-to-charge ratios of the fragments of the
molecule (m/z 136.06014/100/; 97.02761/96/; 250.09454/87/) are
identical to those of Se-ethyl-5-selenoadenosine but the relative
intensities cannot be matched due to the lack of relevant infor-
mation (Arnaudguilhem et al., 2012).
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As stable cations are known among selenium species (such as
trimethylselenonium ion, Se-adenosyl-selenomethionine and Se-
methylselenomethionine), none of the possible structures can be
excluded based on accurate mass and MS/MS results. Therefore,
additional information must be taken into account: (1) the reten-
tion time of the m/z 360.05707 compound was close to the void,
while an ethyl group on the Se moiety would not result in a
retention so much shorter than that of Se-methyl-5-
selenoadenosine (tR ¼ 7.5 min vs. tR ¼ 1.3 min); (2) while Se-
methyl-5-selenoadenosine was found in oxidized form in the
sample, no compound was found at the theoretical mass of m/z
376.0519, which could have been expected from Se-ethyl-5-
selenoadenosine, indicating a different proneness to oxidation of
the m/z 360.05707 compound; (3) while Se-methyl-5-
selenoadenosine was not found in doubly charged form neither in
the actual ESI full scan spectra at any level of abundance, nor in the
first related study (McSheehy et al., 2002), the compound at m/z
360.05707 was continuously present in single and doubly charged
states, which suggests an ease of second ionisation probably due to
the stable cationic structure; (4) in negative ion mode ESI (SM-
Fig. 1), only Se-methyl-5-selenoadenosine could be detected as
the [M�H]� pseudomolecular ion and as a formic acid adduct,
while no such analogous ions could be detected for the new com-
pound. All these observations indirectly prove the compound with
m/z 360.05707 is Se-dimethyl-5-selenonium-adenosine e howev-
er, the ultimate identification would require the synthesis of the
molecule in question. All the accurate mass information of the
detected seleno-adenosyl compounds are presented in the sup-
plementary material (SM e Table 2).

The presence or absence of the sulphur analogues of the
assigned seleno-adenosyl compounds helps to determine whether
the compounds are synthesised in the frame of a selenium-specific
metabolism (like in the metabolism of selenium accumulator
higher plants, i.e., some Astragalus species) or they are formed
simultaneously depending on the actually available sulphur/sele-
nium levels, similarly to selenized yeast. As presented in SM-
Figs. 2e4, all the three Se-containing compounds were also found
in the form of sulphur analogues (that is, S-methyl-50-methyl-
thioadenosine, 50-S-methyl-5'-thioadenosine, and 50-S-methyl-50-
thioadenosine S-oxide) in the sample, which indicates that lion's
mane mushroom shows analogy with the selenium metabolism of
yeast.

Interestingly, the most abundant seleno-adenosyl species of
S. cerevisiae, Se-adenosyl-selenohomocysteine (Casiot et al., 1999;
McSheehy et al., 2002), has not been detected in the sample, and
no information has been available on its presence from any



Fig. 6. (a) ESI-QTOFMS full scan spectrum of molecule m/z ¼ 360.05705, with the
isotopic patterns of the single and doubly charged pseudomolecular ions in the insets.
The double charged ion is interfered with the ion m/z 179.07043. (b) ESI-QTOF MS/MS
fragmentation spectrum (c) the assigned structure of the molecule, Se-dimethyl-
selenonium-adenosine.
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Agaricomycetes mushroom. Whether this lack is due to the actual
lower total concentration of selenium compared to usual selenized
yeast samples (i.e., 43 mg g�1 vs. 2000 mg g�1), a different experi-
mental approach is required to support this theory.

4. Conclusion

During the experiments five selenium species could be identi-
fied from the selenized mushroom H. erinaceus. Four of the com-
pounds (selenomethionine, Se-methylselenocysteine, Se-methyl-5-
selenoadenosine and Se-methyl-5-selenoadenosine Se-oxide) are
common with the selenized yeast S. cerevisiae to such qualitative
and quantitative extents that a new analogy can be established
between the selenium metabolism of budding yeast and this
mushroom species of Agaricales. This information e together with
the high selenomethionine and Se-methylselenocysteine contents
e definitely supports the intention to count on H. erinaceus as an
alternative to selenized yeast based products.

Preparation of selenium enriched food products to serve as raw
materials for functional food purposes might require either so-
phisticated methods (such as for the production of high selenium
freeze-dried broccoli through optimized blanching procedure and
atmospheric pressure freeze-drying assisted with infrared radia-
tion (Mahn, Zamorano, Barrientos,& Reyes, 2012)) or careful dosing
due to high selenium enrichment (like in the case of selenized
yeast/exceeding 2000 mg Se kg�1/or selenized sprouts/around
500 mg Se kg�1/(Diowksz, Kordialik-Bogacka, & Ambroziak, 2014).
Growing of selenium enriched H. erinaceus is a more robust process
and offers the advantage of known selenium speciation background
that can provide important scientific data for food authorisation
issues, especially in the light of the analogy with the approved
selenized yeast based products.
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a b s t r a c t

GCeMS datasets, coupled with multivariate statistical methods, were used to investigate metabolic
changes in Kimchi during fermentation. In order to evaluate the effect of the starter culture (Lactobacillus
plantarum) on Kimchi fermentation, the Kimchi was sterilized in an autoclave before inoculation.
Increased levels of lactic acid, glycerol, pyrotartaric acid, pentanedioic acid, 2-keto-1-gluconic acid,
ribonic acid, isocitric acid, and palmitic acid were observed in Kimchi during fermentation, along with
decreased levels of valine, leucine, propanoic acid, threonine, proline, glutamine, citric acid, adenine,
fructose, glucose, galactose, myo-inositol, and sucrose in Kimchi were observed during fermentation.
Principal component analysis (PCA) score plot also showed clear differences in metabolites among
Kimchi according to the starter culture. This study highlights the applicability of GCeMS based metab-
olomics for monitoring Kimchi fermentation and evaluating the fermentative characteristics of starter
culture.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Kimchi is the best-known Korean traditional fermented food
and is made through the fermentation of vegetables such as Chi-
nese cabbage and radish seasonedwith various spices including red
pepper powder, garlic, ginger, green onion, fermented seafood and
salts (Jung et al., 2012). As kimchi is usually produced without the
use of starter cultures by spontaneous fermentation, the environ-
ment encourages the growth of various microorganisms. The main
microbial groups in spontaneously fermented Kimchi are lactic acid
bacterias (LABs), which contribute considerably to the safety and
shelf-life as well as the organoleptic and nutritional properties of
Kimchi (Jung et al., 2013). Many previous studies have reported that
LABs, such as Leuconostoc, Lactobacillus, Weissella, Lactococcus, and
Pediococcus are closely associated with the microbial communities
in Kimchi (Cho et al., 2006; Jung et al., 2012; Kim & Chun, 2005).

Kimchi metabolites, such as free sugars (glucose and fructose),
organic acids (lactic and acetic acids), and other flavoring com-
pounds (mannitol and amino acids) are important determinants of
Kimchi taste and flavor (Jeong, Lee, Jung, Choi, & Jeon, 2013). The
LAB that arises from the fermentation of Kimchi contributes
significantly to the metabolites of kimchi products. However, it is
difficult to identify a clear relationship between the microbial
community and the metabolites of Kimchi since spontaneous
fermentation without sterilization of the raw materials allows for
the growth of various LABs during fermentation (Jeong et al., 2013).
Jung et al. reported that the microbial community formed during
Kimchi fermentation was similar regardless of the starter inocula-
tion (Jung et al., 2012).

Little is known about the dynamics of the microbial commu-
nities and metabolites present during Kimchi fermentation. The
LABs that participate in the fermentation of Kimchi are dominant at
different stages of fermentation (Jang, Lee, Jung, Choi, & Suh, 2014).
To demonstrate the role of LABs in Kimchi fermentation, it is
essential to investigate the dynamics of the whole bacterial com-
munity (Lee et al., 2005) and the relationships between the mi-
crobial populations and metabolites.

Metabolomics are applied in various technologies, including
liquid chromatographyemass spectrometry (Albrecht et al., 2012;
Xu, Hu, Wang, Wan, & Bao, 2015), gas chromatographemass
spectrometry (Namgung et al., 2010; Yang et al., 2011), capillary
electrophoresis-mass spectrometry (Hasunuma et al., 2011;
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Muroya, Oe, Nakajima, Ojima, & Chikuni, 2014), nuclear magnetic
resonance (Lee et al., 2011; Son, Hwang, Park, Hong, & Lee, 2009),
etc. One of the most widely used analytical methods in metab-
olomics is the gas chromatographyemass spectrometry (Gullberg,
Jonsson, Nordstr€om, Sj€ostr€om, & Moritz, 2004). GCeMS is low
cost compared to other analytical methods (CE-MS, LC-MS, and
NMR) and has high reproducibility, high resolution, and fewmatrix
effects (Park et al., 2010). Many previous studies employed
metabolomics techniques combined with GCeMS and multivariate
statistical analysis to obtain the metabolite profiles of various foods
(Namgung et al., 2010; Yang et al., 2011). Metabolomics has been
applied in food science to monitor the quality, processing, safety,
and microbiology of raw materials and final products (Mozzi, Ortiz,
Bleckwedel, De Vuyst, & Pescuma, 2013).

There are a few existing reports regarding the fingerprinting or
metabolic profiling of Kimchi using analytical methods such as
NMR (Jeong et al., 2013; Jung et al., 2012) and GCeMS (Shim et al.,
2012). Also, studies of microbial succession and metabolic changes
were analyzed using NMR and GC (Jeong, Lee, Jung, Choi, et al.,
2013). However, little is known about the relationships between
the microorganisms and metabolites during the entire Kimchi
fermentation process since a rational approach to the control of the
microbial community is currently almost impossible (Jeong, Lee,
Jung, Choi, et al., 2013). Therefore, an investigation of the changes
in metabolites during fermentation with selected microorganisms
is needed. In this paper, metabolite changes in Kimchi fermented
using Lactobacillus plantarum were identified and quantified. In
order to investigate the effect of the starter (L. plantarum) on
Kimchi fermentation, the Kimchi was sterilized in an autoclave
before inoculation and the metabolite profile in Kimchi during
fermentationwas investigated by applying a multivariate statistical
method to GCeMS datasets.

2. Materials and methods

2.1. Bacterial cultures

Two L. plantarum strains were used to evaluate how the incor-
poration of different strains affects the metabolic change in Kimchi.
L. plantarum MLK 14-2 isolated from Kimchi (Yoo, Seo, Park, & Son,
2014) and L. plantarum KCCM 11322 purchased from the Korean
Culture Center of Microorganisms (KCCM, Seoul, Korea) were used
for the fermentation of Kimchi. The strains were inoculated into
Man Rogasa Sharpe (MRS, Difco, Sparks, MD, USA) broth and grown
at 37 �C for 48 h to obtain a final cell count of log 9e10 CFU/mL.

2.2. Preparation of kimchi

The Kimchi model system was prepared according to stan-
dardized methods from the Pusan National University Kimchi
Research Institute (Cho, Lee, Rhee, & Park, 1998). Vegetables and
seasonings were added at the following ratio: Chinese cabbage:
water: radish: red pepper powder: welsh onion: garlic: ginger: salt:
sugar ¼ 100: 100: 13: 3.5: 2.0: 1.4: 0.6: 2.7: 1.0. The materials were
mixed, followed by homogenization using a blender. The mixtures
were distributed into 13 2-L glass bottles, producing five batches for
each strain and three batches for control. Autoclaving was con-
ducted a temperature of 121 �C for 15 min and the mixture was air-
cooled to room temperature for inoculation of the starters. The
control Kimchi was not sterilized for the spontaneous fermentation
by various microorganisms.

2.3. Fermentation

The Kimchi was inoculated with 1% (v/w) of LAB starter cultures
except for the control and fermentation was performed at 25 �C for
24 h, then at 4 �C until 50 days. Samples were taken on the 1st, 3rd,
5th, 10th, 20th, 30th and 50th days of fermentation for chemical and
microbiological analyses.

2.4. Microbiological analysis

The LAB count was determined after growing LAB in MRS agar
(Difco, Sparks, MD, USA) and incubating at 37 �C for 48 h. Tests for
every sample were carried out in duplicate and the results were
expressed as log CFU/g.

2.5. Physico-chemical analysis

After centrifuging for 15 min at 8000 rpm, the supernatant
liquid was used for all the tests. pH was determined using a pH
meter (pH-250L, ISTEK, Seoul, Korea) and the means of three
measurements were recorded. Titratable acidity as lactic acid was
determined by titrating to pH 8.3 with 0.1 N NaOH. Results are
shown as mean values of 5 measurements from each treatment.

2.6. Derivatization

Samples containing 150 mL of the above supernatant and 30 mL
internal standard (ribitol in water, 20 mg/mL) were dried in a
vacuum centrifuge dryer. 80 mL of methoxyamine hydrochloride
(MEOX) dissolved at 20 mg/mL in pyridine was added to the dried
extract and agitated for 12 h at 37 �C. For derivatization,100 mL of N-
methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) containing
trimethylchlorosilane (20%, v/v) was added to the samples, and the
mixtures were incubated at 37 �C for 1 h. 800 mL of n-hexane was
added for dissolving derivatized compounds. After vortexing,
samples were centrifuged at 13,000 rpm for 10 min, and 600 mL of
supernatant was transferred into 2 mL clear glass autosampler
vials.

2.7. GCeMS analysis

Chromatography was performed on a 6890N gas chromatog-
raphy (Agilent, Santa Clara, USA) equipped with a 5973N mass se-
lective detector. Separation was achieved using a DB-5MS capillary
column (30 m � 0.25 mm i.d., 0.25 mm film thickness). Sample
volumes of 1 mL were injected with a split ratio of 20:1 by the
autoinjector. Helium was used as the carrier gas at a constant flow
rate of 1 mL/min. The injection temperature was 250 �C, and the
temperature of the interface and the ion source was set to 280 �C.
The GC oven temperature was heated to 80 �C for 2 min, raised to
300 �C at a rate of 10 �C/min and maintained at 300 �C for 14 min.
Electron impact ionization (70 eV) at full scan mode (m/z 50e550)
and a rate of 20 scans/s was used. Ribitol served as an internal
standard to monitor batch reproducibility and to correct for minor
variations that occurred during sample preparation and analysis.
MSD ChemStation software (Agilent, USA) was used to acquire
mass spectrometric data. The mass spectra of all detected com-
pounds were compared with spectra in the NIST and Wiley library.
Metabolites were initially identified by comparison of mass spectra
to the spectra library using a cut-off value of 90%. All metabolite
identifications were manually validated to reduce deconvolution
errors during automated data-processing and to eliminate false
identifications. For quantitation methods, the MS was operated in
the selected ion monitoring (SIM) mode with the quantification
ions presented in Table 1. The most specific fragment ion in the
spectra of each identified metabolite was determined to the
quantification ion, and their summed abundance was integrated;
fragment ions due to trimethylsilylation (i.e. m/z 73.1 and 147.1)



Table 1
Identification of metabolites by GCeMS and their changes during fermentation.

Peak Rt (min) Chemical formula Parent mass Quantification ion Identification Class Change during fermentation

1 8.649 C3H6O3 90.07 117.1 Lactic acid Organic acid [a

2 9.757 C3H7NO2 89.09 116.1 Alanine Amino acid [Y

3 12.966 C5H11NO2 117.15 144.2 Valine Amino acid Y

4 13.580 CH4N2O 60.06 189.1 Urea e [Y

5 14.331 C2H5NO2 75.07 174.1 Glycine Amino acid [Y

6 14.549 C6H13NO2 131.18 158.2 Leucine Amino acid Y

7 14.754 C3H8O3 92.09 205.1 Glycerol Polyol [

8 15.594 C4H6O4 118.09 247.1 Succinic acid Organic acid [Y

9 15.931 C5H8O4 132.12 247.1 Pyrotartaric acid Organic acid [

10 16.270 C3H6O2 74.08 292.1 Propanoic acid Organic acid Y

11 16.461 C4H4O4 116.07 245.1 Fumaric acid Organic acid [Y

12 17.749 C4H9NO3 119.12 218.2 Threonine Amino acid Y

13 20.336 C4H6O5 134.09 233.1 Malic acid Organic acid [Y

14 20.878 C5H9NO2 115.13 156.1 Proline Amino acid Y

15 21.053 C4H7NO4 133.10 232.1 Aspartic acid Amino acid [Y

16 21.103 C4H9NO2 103.12 174.1 Gamma-Aminobutyric acid Amino acid [Y

17 22.259 C4H8O5 136.10 292.2 2,3,4-Trihydroxybutyric acid Organic acid [Y

18 22.338 C5H8O4 132.12 247.1 Pentanedioic acid Organic acid [

19 23.112 C5H12N2O2 132.16 142.1 Ornithine Amino acid [Y

20 23.236 C5H9NO4 147.13 246.2 Glutamic acid Amino acid [Y

21 24.159 C4H8N2O3 132.12 116.1 Asparagine Amino acid [Y

22 24.545 C5H10O5 150.13 307.2 Xylose Sugar [Y

23 25.377 C6H8O6 176.12 229.1 1-Propene-1,2,3-tricarboxylic acid Organic acid [Y

24 25.708 C5H10N2O3 146.15 245.2 Glutamine Amino acid Y

25 25.849 C6H10O7 194.14 292.2 2-Keto-L-gluconic acid Organic acid [

26 26.064 C5H10O6 166.12 292.2 Ribonic acid Organic acid [

27 26.461 C6H8O7 192.12 273.1 Citric acid Organic acid Y

28 26.490 C6H8O7 192.12 273.1 Isocitric acid Organic acid [

29 26.829 C5H5N5 135.13 264.1 Adenine e Y

30 27.280 C6H12O6 180.16 307.2 D-Fructose Sugar Y

31 27.504 C6H12O6 180.16 319.2 Glucose Sugar Y

32 27.554 C6H12O6 180.15 319.2 Galactose Sugar Y

33 27.935 C6H14O6 182.17 319.2 Mannitol Polyol Y[

34 28.715 C6H12O7 196.16 333.1 Gluconic acid Organic acid [Y

35 28.738 C16H32O2 256.43 313.3 Palmitic acid Organic acid [

36 29.545 C6H12O6 180.16 305.2 Myo-Inositol Polyol Y

37 34.340 C12H22O11 342.30 361.2 Sucrose Sugar Y

38 34.982 C18H36O2 284.48 399.4 Octadecanoic acid Organic acid Y

a [: increases; Y: decreases; Y[: not significant.
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were excluded from the determination of metabolite abundance.

2.8. Data analysis

Metabolite content was calculated according to the metabo-
lites's peak area and the peak area of the internal standard ribitol on
the same chromatograph. The generated normalized metabolite
contents (variables) were imported into SIMCA-P version 14.0
(Umetrics, Umea, Sweden) for multivariate statistical analysis. The
mean center was applied for all multivariate analysis by SIMCA-P
software. At first, principal component analysis (PCA), an unsu-
pervised pattern recognition method, was performed to examine
the intrinsic variation and identify outliers in the data set. Hotel-
ling's T2 region, shown as an ellipse in the score plots of themodels,
defines the 95% confidence interval of the modeled variation
(Hotelling, 1931). The quality of the models was described by R2

(R2X and R2Y) and Q2 (Q2Y) values. R2 is defined as the proportion of
variance in the data explained by the models, indicating the
goodness of fit, whereas Q2 is defined as the proportion of variance
in the data predictable by the model, indicating predictability
(Holmes et al., 2008).

3. Results and discussion

3.1. Microbiological analysis

Fig. 1 shows the growth kinetics of LAB during the fermentation
of Kimchi with and without starter culture. Typically, the microbial
population increases sharply in the early stages of spontaneous
fermentation, but the count of LAB decreased gradually in this
study. These differences were likely due to the inoculation of LAB,
with a final cell count of log 9e10 CFU/mL. The counts of LAB were
lower in the Kimchi with KCCM 11322 at the 1st day of fermenta-
tion. However, rapid decrease of the LAB population was observed
in the Kimchi with MLK 14-2 as well as in the control. The LAB
population growth was maintained or gradually decreased
throughout the remaining fermentation period, and reached log
2.5e3.9 CFU/g in all tested samples after 50 days of fermentation.
3.2. Physicochemical analysis

Changes in pH and titratable acidity (TA) in Kimchi fermented
with KCCM 11322 and MLK 14-2 compared to spontaneous
fermentation are presented in Fig. 2. The pH of Kimchi on the first
day of fermentation was around 5 and decreased afterwards
(Fig. 2A). Starter Kimchi inoculated with MLK 14-2 showed a larger
decrease in pH earlier and a rapid increase in TA, which can be
explained by the production of lactic acid during the early
fermentation phase. Although a large and rapid decrease in pH at
the early stage of fermentation was observed in the Kimchi inoc-
ulated with starter culture, the final pH of the tested samples
showed similar values of 3.24e3.57. The rapid pH reduction in this
study was slightly different from that observed in ordinary Kimchi
fermentation (Jeong et al., 2013; Jung et al., 2012). This difference



Fig. 1. Viability (log CFU/g) of lactic acid bacteria during Kimchi fermentation.

A

B

Fig. 2. Change in pH (A) and titratable acidity (B) during Kimchi fermentation.

S.-E. Park et al. / LWT - Food Science and Technology 68 (2016) 313e321316
was inferred to be caused by the sterilization of the raw materials
and the inoculation of active starter culture in the Kimchi model
system preparations. The levels of TA in the Kimchi during
fermentation are shown in Fig. 2B. In general, the TA was inversely
proportional to the pH value. As expected, the Kimchi inoculated
with L. plantarum starter showed a rapid increase of TA, with a final
TA value of 0.71%, while the Kimchi without starter culture showed
a significantly slower increase of TA, with a final value of 0.51%.
These results are in accordance those of Jung et al. (Jung et al.,
2012), who reported that the reduction in the pH of the starter
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Kimchi was initiated earlier than that in non-starter Kimchi. This
clearly shows that the addition of starter culture to Kimchi accel-
erates the Kimchi fermentation process. It may be that the pH
reduction was due to LABs rapidly becoming the predominant
microorganisms, producing lactic acid and reducing the pH. In
general, the taste of Kimchi is considered optimal when the pH is
about 4.2 and TA is about 0.6e0.8% (Mheen & Kwon, 1984). The
achievement of this condition is affected by the temperature and
the use of starter culture, indicating that the degree of fermentation
required for optimal maturation can be controlled.
3.3. Metabolite changes during fermentation

It is well known that Kimchi flavors and tastes are principally
related to the Kimchi metabolites contents and production of the
metabolites is influenced by the microbial community during
Kimchi fermentation (Choi et al., 2003). In order to investigate the
effect of the starter culture (KCCM 11322) on Kimchi fermentation,
the Kimchi metabolites were analyzed with the metabolomics
approach using GCeMS. Among the 197 metabolites detected by
GCeMS, 38 metabolites were identified. The main classes of com-
pounds detected included sugars, organic acids, and amino acids.
Table 1 summarizes the identified metabolites and the quantitative
differences in themetabolites during fermentation. Increased levels
of lactic acid, glycerol, pyrotartaric acid, pentanedioic acid, 2-keto-
1-gluconic acid, ribonic acid, isocitric acid, and palmitic acid with
decreased levels of valine, leucine, propanoic acid, threonine, pro-
line, glutamine, citric acid, adenine, fructose, glucose, galactose,
myo-inositol, and sucrose were observed during fermentation. It
was unclear whether the other identified compounds not
mentioned above increased or decreased during fermentation.

To reduce the complexity of the datasets, whilst still retaining
important information, PCAwas applied. Fig. 3 shows the PCA score
plot derived from the GCeMS base peak intensity (BPI) chromato-
gram profiles of Kimchi fermented with KCCM 11322 during
fermentation. The quality parameters of the generated PCA model
indicated that themodel showed high-fitting (R2 > 0.813) and high-
predicting (Q2 > 0.59) quality. The GCeMS chromatogram proper-
ties of day 0 samples were very different from others, hence were
excluded from the PCA score plot to improve the separation among
samples. Outlier samples (day 0) in the PCA score plot indicated
that the Kimchi fermentation progressed very rapidly during the
Fig. 3. PCA score plot derived from the GCeMS profile on each day of fermentation with
early fermentation period, especially between days 0 and 1.
Movements of the plots from the right to the left indicate contin-
uous metabolic changes during fermentation. After the 1st day of
fermentation, the data plot progressed more slowly until the 10th
day of fermentation, indicating that Kimchi metabolites changed
slowly during this fermentation period. The data plots shifted a
little more quickly between days 10 and 30, and the Kimchi samples
obtained after 50 days of fermentationwere clearly distinguishable
from each other.

We analyzed the metabolic changes during fermentation in
Kimchi fermented with different starter cultures. Fig. 4 shows the
quantitative changes in metabolites during fermentation. It is
interesting to note that different fermentation behaviors were
observed for each starter. In particular, the levels of pyrotartaric
acid dramatically increased in Kimchi without starter culture, but
decreased in kimchi with starter culture. Decreases in aspartic acid,
fumaric acid, malic acid, and glycine were only found in the Kimchi
with MLK 14-2. Furthermore, isocitric acid was not detected in the
Kimchi with KCCM 11322, but was dramatically increased during
fermentation in the other samples.

Generally, the major free sugars detected were fructose, glucose,
galactose, and octadecanoic acid, and the free sugar concentrations
of starter Kimchi decreased earlier and further compared to the
non-starter Kimchi (Jung et al., 2012). The levels of free sugars in all
Kimchi samples decreased during fermentation (Fig. 4A), which
was not in accordance with the findings by Jeong et al. (Jeong et al.,
2013) who reported that the levels of free sugars in all Kimchi
samples increased rapidly during the early fermentation period.
The decrease of free sugars in Kimchi, especially glucose, was
presumably due to the consumption of sugar by the rapid growth of
inoculated LAB rather than the liberation of free sugars from veg-
etables. In most cases, glucose was completely exhausted at the 1st
day of fermentation. Namely, glucose in Kimchi showed the most
rapid decrease during fermentation, followed by galactose, and
fructose.

The levels of lactic acid, which is a major product of LAB during
fermentation, increased inversely with the decrease in free sugars
as fermentation progressed (Fig. 4B). After 10 days of fermentation,
the maximum levels of lactic acid production reached, the lactic
acid concentrations were relatively constant until the end of
fermentation. The concentrations of lactic acid in Kimchi without
starter culture slowly increased, whereas the levels of pyrotartaric
L. plantarum KCCM 11322. Each dot represents the replicate of samples in the plot.



Fig. 4. Metabolite changes in sugars (A), organic acids (B), amino acids (C), and polyols (D) during Kimchi fermentation. Data are given as mean ± standard errors. The Kimchi
samples are as follows: C, non-starter Kimchi; LP, starter Kimchi with L. plantarum KCCM 11322; MLK, starter Kimchi with MLK 14-2.
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Fig. 4. (continued).
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acid rapidly increased during the first 10 days of fermentation
compared to the Kimchi with starter culture. The levels of prop-
anoic acid, threonine, proline, and citric acid were decreased,
whereas the levels of pentanedioic acid, ribonic acid, and isocitric
acid were increased at the early stage of fermentation.

The levels of most amino acids in Kimchi were maintained or
decreased during fermentation (Fig. 4C). In contrast, Jeong et al.
(Jeong, Lee, Jung, Choi, et al., 2013) reported that the concentrations
of amino acids rapidly increased during the early fermentation
period, and decreased gradually after the middle of the fermenta-
tion (30e60 days). Interestingly, some amino acids including
alanine, valine, glycine, malic acid, aspartic acid, and glutamic acid
in the Kimchi with MLK 14-2 decreased sharply at the early stage of
fermentation, suggesting that metabolites can be consumed or
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produced differently during Kimchi fermentation according to the
LAB strain used.

Increased levels of glycerol with decreased levels of myo-
inositol, mannitol, and adenine were found during the early stage
of fermentation (Fig. 4D). Leu. mesenteroides is known to produce
high levels of mannitol, a naturally occurring six-carbon diabetic
polyol that imparts a refreshing taste with noncarcinogenic prop-
erties, in Kimchi through the reduction of fructose (Grobben et al.,
2001). However, in this study, mannitol concentrations decreased
and remained low as fermentation progressed, which might sug-
gest that the KCCM 11322 used in this study was a homo-
fermentative LAB that produces only lactic acid from sugars.
3.4. Metabolite changes by LAB

To confirm the effects of the starter culture on metabolite pro-
duction during Kimchi fermentation, PCA analysis was performed
on the 38 identified metabolites from the GCeMS profile (Fig. 5A).
The PCA score plot showed clear separation between the Kimchi
according to the starter culture, revealing good fitness and pre-
dictability of the PCA model with statistical values of R2X (0.852)
Fig. 5. PCA score (A) and loading scatter (B) plots derived from the 38 identified metabolites
differences among the Kimchi produced different starter culture. The farther the compoun
ferentiation pattern.
and Q2 (0.387), respectively. To identify themetabolites responsible
for the separations in PCA scores plot, a PCA scatter loading plot was
generated (Fig. 5B). The farther the compounds locate from the
origin in the loading plot, the more important they are for the
differentiation pattern. Metabolites in Kimchi with MLK 14-2 were
significantly different from those of other Kimchi, likely due to the
difference in the strain. The separation between Kimchi with and
without starter culture was dominated by higher levels of gluta-
mine, aspartic acid, pyrotartaric acid, alanine, urea, malic acid, 1-
propene-1,2,3-tricarboxylic acid, and 2-keto-1-gluconic acid in
Kimchi without starter culture, compared to those in Kimchi with
KCCM 11322. The loading scatter plot also provided the metabolites
responsible for the separation between Kimchi fermented with
KCCM 11322 and MLK 14-2. The concentrations of glycine, glycerol,
succinic acid, and ribonic acid in Kimchi with KCCM 11322 as well
as the concentrations of isocitric acid, palmitic acid, pentanedioic
acid, and gamma-aminobutyric acid in Kimchi with MLK 14.2 were
the highest.

Kimchi is usually processedwithout the use of starter cultures at
low temperatures by spontaneous fermentation. This allows for the
growth of various LABs (Jung et al., 2013), usually resulting in
of Kimchi after fermentation (day 50) with LAB strains, demonstrating clear metabolic
ds locate from the origin in the loading plot, the more important they are for the dif-
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variations in the sensory properties of Kimchi. In the early stages of
spontaneous Kimchi fermentation, aerobic bacteria originating
from the ingredients consume oxygen from the Kimchi broth and
create conditions suitable for the growth of facultative anaerobes,
including LAB (Kim, Bang, Beuchat, Kim,& Ryu, 2012). This makes it
difficult to produce Kimchi with uniform and tailored quality.
Kimchi metabolites are important components in defining Kimchi
tastes and flavors, and they are affected by the LAB strain used as a
starter culture. According to Jeong et al. (Jeong et al., 2013), the
Kimchi bacterial communities comprise mainly of Leuconostoc and
Lactobacillus. Leuconostoc was the most influential group especially
during the early and middle fermentation stages, while Lactoba-
cillus was the next most influential group during the late fermen-
tation stage in all Kimchi fermentations (Jung et al., 2012). The
results of PCA analysis indicated that Kimchi metabolites depend
on the microbial strain used for the starter culture. These results
indicate that Kimchi with different quality characteristics can be
produced according to the LAB used as a starter culture. For
example, it is thought that if a heterofermentative LAB such as Leu.
mesenteroides is used as a starter culture in Kimchi fermentation,
Kimchi products become less acidic and more refreshing in taste
due to the greater production of ethanol, CO2, and mannitol, and
reduced production of lactic acid compared to the use of Lactoba-
cillus as a starter (Jung et al., 2012).

4. Conclusion

GCeMS datasets coupled with multivariate statistical methods
were used to investigate metabolic changes in Kimchi during
fermentation. We also analyzed the metabolites of Kimchi with and
without starter culture to investigate the effects of LAB on Kimchi
fermentation. It was interesting to note that different concentra-
tions of metabolites were observed in Kimchi according to the
starter culture used. Therefore, this metabolomic study involving
multivariate statistical analysis of GCeMS data provides insights
into the intrinsic characteristics of Kimchi according to the starter
culture and can be used for the selection of appropriate starters to
produce tailored kimchi with uniform and high quality.

Acknowledgments

This work was supported by the National Research Foundation
of Korea Grant funded by the Korean Government (NRF-
2014R1A1A1002817).

References

Albrecht, C., Stander, M., Grobbelaar, M., Colling, J., Kossmann, J., Hills, P., et al.
(2012). LCeMS-based metabolomics assists with quality assessment and
traceability of wild and cultivated plants of Sutherlandia frutescens (Fabaceae).
South African Journal of Botany, 82, 33e45.

Choi, I. K., Jung, S. H., Kim, B. J., Park, S. Y., Kim, J. H., & Han, H. U. (2003). Novel
Leuconostoc citreum starter culture system for the fermentation of kimchi, a
fermented cabbage product. Antonie van Leeuwenhoek, 84, 247e253.

Cho, E. J., Lee, S. M., Rhee, S. H., & Park, K. Y. (1998). Studies on the standardization of
chinese cabbage kimchi. Korean Journal of Food Science and Technology, 30,
324e332.

Cho, J., Lee, D., Yang, C., Jeon, J., Kim, J., & Han, H. (2006). Microbial population
dynamics of kimchi, a fermented cabbage product. FEMS Microbiology Letters,
257, 262e267.

Grobben, G. J., Peters, S. W. P. G., Wisselink, H. W., Weusthuis, R. A.,
Hoefnagel, M. H. N., Hugenholtz, J., et al. (2001). Spontaneous formation of a
mannitol-producing variant of leuconostoc pseudomesenteroides grown in the
presence of fructose. Applied and Environmental Microbiology, 67, 2867e2870.

Gullberg, J., Jonsson, P., Nordstr€om, A., Sj€ostr€om, M., & Moritz, T. (2004). Design of
experiments: an efficient strategy to identify factors influencing extraction and
derivatization of Arabidopsis thaliana samples in metabolomic studies with gas
chromatography/mass spectrometry. Analytical Biochemistry, 331, 283e295.

Hasunuma, T., Sanda, T., Yamada, R., Yoshimura, K., Ishii, J., & Kondo, A. (2011).
Metabolic pathway engineering based on metabolomics confers acetic and
formic acid tolerance to a recombinant xylose-fermenting strain of Saccharo-
myces cerevisiae. Microbial Cell Factories, 10, 1e13.

Holmes, E., Loo, R. L., Stamler, J., Bictash, M., Yap, I. K. S., Chan, Q., et al. (2008).
Human metabolic phenotype diversity and its association with diet and blood
pressure. Nature, 453, 396e400.

Hotelling, H. (1931). The generalization of Student's ratio. The Annals of Mathe-
matical Statistics, 2, 360e378.

Jang, S., Lee, J., Jung, U., Choi, H. S., & Suh, H. J. (2014). Identification of an anti-
listerial domain from Pediococcus pentosaceus T1 derived from Kimchi, a
traditional fermented vegetable. Food Control, 43, 42e48.

Jeong, S. H., Lee, S. H., Jung, J. Y., Choi, E. J., & Jeon, C. O. (2013b). Microbial succession
and metabolite changes during long-term storage of kimchi. Journal of Food
Science, 78, M763eM769.

Jeong, S. H., Lee, H. J., Jung, J. Y., Lee, S. H., Seo, H. Y., Park, W. S., et al. (2013a). Effects
of red pepper powder on microbial communities and metabolites during
kimchi fermentation. International Journal of Food Microbiology, 160, 252e259.

Jung, J. Y., Lee, S. H., Jin, H. M., Hahn, Y., Madsen, E. L., & Jeon, C. O. (2013). Meta-
transcriptomic analysis of lactic acid bacterial gene expression during kimchi
fermentation. International Journal of Food Microbiology, 163, 171e179.

Jung, J. Y., Lee, S. H., Lee, H. J., Seo, H. Y., Park, W. S., & Jeon, C. O. (2012). Effects of
Leuconostoc mesenteroides starter cultures on microbial communities and
metabolites during kimchi fermentation. International Journal of Food Microbi-
ology, 153, 378e387.

Kim, J., Bang, J., Beuchat, L. R., Kim, H., & Ryu, J. H. (2012). Controlled fermentation of
kimchi using naturally occurring antimicrobial agents. Food Microbiology, 32,
20e31.

Kim, M., & Chun, J. (2005). Bacterial community structure in kimchi, a Korean fer-
mented vegetable food, as revealed by 16S rRNA gene analysis. International
Journal of Food Microbiology, 103, 91e96.

Lee, J. S., Heo, G. Y., Lee, J. W., Oh, Y. J., Park, J. A., Park, Y. H., et al. (2005). Analysis of
kimchi microflora using denaturing gradient gel electrophoresis. International
Journal of Food Microbiology, 102, 143e150.

Lee, J. E., Lee, B. J., Chung, J. O., Shin, H. J., Lee, S. J., Lee, C. H., et al. (2011). 1 H NMR-
based metabolomic characterization during green tea (Camellia sinensis)
fermentation. Food Research International, 44, 597e604.

Mheen, T. I., & Kwon, T. W. (1984). Effect of temperature and salt concentration on
kimchi fermentation. Korean Journal of Food Science and Technology, 16,
443e450.

Mozzi, F., Ortiz, M. E., Bleckwedel, J., De Vuyst, L., & Pescuma, M. (2013). Metab-
olomics as a tool for the comprehensive understanding of fermented and
functional foods with lactic acid bacteria. Food Research International, 54,
1152e1161.

Muroya, S., Oe, M., Nakajima, I., Ojima, K., & Chikuni, K. (2014). CE-TOF MS-based
metabolomic profiling revealed characteristic metabolic pathways in post-
mortem porcine fast and slow type muscles. Meat Science, 98, 726e735.

Namgung, H. J., Park, H. J., Cho, I. H., Choi, H. K., Kwon, D. Y., Shim, S. M., et al. (2010).
Metabolite profiling of doenjang, fermented soybean paste, during fermenta-
tion. Journal of the Science of Food and Agriculture, 90, 1926e1935.

Park, M. K., Cho, I. H., Lee, S., Choi, H. K., Kwon, D. Y., & Kim, Y. S. (2010). Metabolite
profiling of Cheonggukjang, a fermented soybean paste, during fermentation by
gas chromatography-mass spectrometry and principal component analysis.
Food Chemistry, 122, 1313e1319.

Shim, S. M., Kim, J. Y., Lee, S. M., Park, J. B., Oh, S. K., & Kim, Y. S. (2012). Profiling of
fermentative metabolites in kimchi: volatile and non-volatile organic acids.
Journal of the Korean Society for Applied Biological Chemistry, 55, 463e469.

Son, H. S., Hwang, G. S., Park, W. M., Hong, Y. S., & Lee, C. H. (2009). Metabolomic
characterization of malolactic fermentation and fermentative behaviors of wine
yeasts in grape wine. Journal of Agricultural and Food Chemistry, 57, 4801e4809.

Xu, J., Hu, F. L., Wang, W., Wan, X. C., & Bao, G. H. (2015). Investigation on
biochemical compositional changes during the microbial fermentation process
of Fu brick tea by LCeMS based metabolomics. Food Chemistry, 186, 176e184.

Yang, X., Zhang, H., Liu, Y., Wang, J., Zhang, Y., Dong, A., et al. (2011). Multiresidue
method for determination of 88 pesticides in berry fruits using solid-phase
extraction and gas chromatographyemass spectrometry: determination of 88
pesticides in berries using SPE and GCeMS. Food Chemistry, 127, 855e865.

Yoo, S. A., Seo, S. H., Park, S. E., & Son, H. S. (2014). Screening of lactic acid bacteria as
a starter culture in fermented sausage. Journal of the Korean Society of Food
Science and Nutrition, 43, 1289e1295.

http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref1
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref2
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref2
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref2
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref2
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref3
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref3
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref3
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref3
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref4
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref4
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref4
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref4
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref5
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref5
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref5
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref5
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref5
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref6
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref7
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref7
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref7
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref7
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref7
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref8
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref8
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref8
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref8
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref9
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref9
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref9
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref10
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref10
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref10
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref10
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref11
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref11
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref11
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref11
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref12
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref12
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref12
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref12
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref13
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref13
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref13
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref13
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref14
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref14
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref14
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref14
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref14
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref15
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref15
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref15
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref15
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref16
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref16
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref16
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref16
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref17
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref17
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref17
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref17
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref18
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref18
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref18
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref18
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref19
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref19
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref19
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref19
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref20
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref20
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref20
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref20
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref20
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref21
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref21
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref21
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref21
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref22
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref22
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref22
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref22
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref23
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref23
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref23
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref23
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref23
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref24
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref24
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref24
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref24
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref25
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref25
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref25
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref25
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref26
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref26
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref26
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref26
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref26
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref27
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref28
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref28
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref28
http://refhub.elsevier.com/S0023-6438(15)30403-5/sref28


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 322e328
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Survival of probiotic lactic acid bacteria immobilized in different forms
of bacterial cellulose in simulated gastric juices and bile salt solution

Karol Fijałkowski a, *, Dorota Peitler a, Rafał Rakoczy b, Anna _Zywicka a

a Department of Immunology, Microbiology and Physiological Chemistry, West Pomeranian University of Technology in Szczecin, Piast�ow 45, 70-311
Szczecin, Poland
b Institute of Chemical Engineering and Environmental Protection Processes, West Pomeranian University of Technology in Szczecin, Piast�ow 42, 70-311
Szczecin, Poland
a r t i c l e i n f o

Article history:
Received 15 August 2015
Received in revised form
15 December 2015
Accepted 17 December 2015
Available online 20 December 2015

Keywords:
Probiotic
Lactobacillus
Immobilization
Bacterial cellulose
Gluconacetobacter xylinus
* Corresponding author.
E-mail address: karol.fijalkowski@zut.edu.pl (K. Fi

http://dx.doi.org/10.1016/j.lwt.2015.12.038
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

In this work, we discuss the possibilities of using bacterial cellulose (BC) produced by Gluconacetobacter
xylinus as carrier support for the immobilization of probiotic strains of Lactobacillus spp. In our study,
immobilization of the microorganisms was performed by the adsorption of bacterial cells on the surface
of the synthetized BC and by a simultaneous cultivation of the probiotic bacteria with cellulose-
synthetizing G. xylinus. Co-cultures were conducted in stationary cultures, in which BC was synthe-
sized as pellicles on the medium surface and in shaken cultures in which BC was synthetized in the forms
of beads. The experiments carried out also included the analysis of the survival of immobilized probiotic
bacteria in the presence of gastric juices and bile salts solution. The results showed that immobilization
of probiotic Lactobacillus in BC during co-culture with G. xylinus was the most effective immobilization
method, providing high-level protection of the microorganisms against the influence of gastric juices and
bile salts.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Probiotics are defined as ‘live microorganisms which when
administered in adequate amounts confer a health benefit on the
host’ (FAO/WHO, 2002). According to generally accepted defini-
tions, 31 microbial species and genera are considered as probiotics
(Holzapfel, Haberer, Snel, Schillinger, & Huis in't Veld, 1998). The
microorganismsmost frequently used as probiotic agents are lactic-
acid producers, including in particular Lactobacillus species. Lacto-
bacillus species are also known as non-pathogenic inhabitants of
human and animal intestine and their presence is important for the
maintenance of the intestinal microbial ecosystem (Ozyurt & €Otles,
2014). Probiotics are increasingly used in food and pharmaceutical
applications to balance perturbed intestinal microflora and related
dysfunctions of the gastrointestinal tract. In general, preparations
containing probiotics are administered orally and are available in
various forms such as food products, capsules, sachets or tablets
(Weichselbaum, 2009). The basic principle of using probiotics is
that the bacteria must survive in the food during its shelf life and
jałkowski).
for the period of transit in the acidic conditions of the stomach. To
be able to influence the gut microbiota, probiotic microorganisms
should also resist degradation by hydrolytic enzymes and bile salts
in the intestine (De Vos, Faas, Spasojevic, & Sikkema, 2010). How-
ever, it has been indicated that the survival of probiotic bacteria in
probiotic preparations during storage and in the gastro-intestinal
system is often poor (Ch�avarri, Mara~n�on, & Villar�an, 2012;
Kailasapathy, 2009).

Providing probiotic living cells with a physical barrier against
adverse conditions is an approach currently receiving considerable
interest (Borgogna, Bellich, Zorzin, Lapasin, & Ces�rro, 2010;
Burgain, Gaiani, Linder, & Scher, 2011). Immobilized cells exhibit
many advantages over free cells, including the maintenance of
stable and active biocatalysts, high volumetric productivity,
improved process control, protection of cells against damage and
reduced susceptibility to contamination (G€oksungur & Güvenç,
1999; Indira et al., 2015; Kourkoutasa, Bekatoroua, Banatb,
Marchantb, & Koutinasa, 2004; Yun, Lin, & Cometabolism, 2009).
However, immobilization of probiotic cells requires some specific
processing steps which complicate the manufacture of the food
product and increase its cost (Burgain et al., 2011). When consid-
ering the immobilization of bacterial cells, one should take into
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account the probiotic strain selection, the quantity required for
positive health benefits, stability of the probiotic cells during the
processing steps or storage and finally, the effects on the sensory
properties of the food (Burgain et al., 2011).

Recently, bacterial cellulose has gained particular interest owing
to its suitability for immobilization processes. Among cellulose-
producing bacteria, Gluconacetobacter xylinus has been considered
a model microorganism for basic and applied studies on cellulose
(Mikkelsen, Flanagan, Dykes, & Gidley, 2009). Cellulose ultra-
structure and its physical and mechanical properties are strictly
influenced by the culture method (Krystynowicz et al., 2002). Un-
der stationary culture conditions, a thick, gelatinous membrane of
BC is accumulated on the surface of the culture medium, whereas
under agitated culture conditions, cellulose can be produced in the
form of a fibrous suspension, irregular masses, pellets or spheres
(Krystynowicz et al., 2002). BC does not require treatment to
remove unwanted polymers and contaminants (lignin, hemicellu-
lose) and it retains a high degree of polymerization. In its native
state, BC also has a high hydration rate, holding over a hundred
times its own weight in water. Thus, BC can be considered a good
support for cell immobilization (Serafica, 1997). The cellulose syn-
thetized by microorganisms is also characterized by the ability to
form various shapes and textures that can be utilized in the food
industry. Furthermore, BC used as a food ingredient does not
adversely affect the sensory properties of the food such as flavor or
color. Until now, BC has been used as a source of dietary fiber for the
production of desserts, fruit cocktails and fruit jellies (Jagannath,
Raju, & Bawa, 2010). However, a thorough review of the available
literature has shown that so far no research concerning the eval-
uation of the usefulness of BC as a carrier support for immobiliza-
tion of probiotic Lactobacillus has been performed. Therefore, the
aim of the current studywas to assess the possibility of using the BC
naturally produced by G. xylinus as a carrier support for the
immobilization of probiotic strains of Lactobacillus spp. and to
evaluate its protective properties in the presence of simulated
gastric juices and bile salt solution. BC in the forms of wet and dry
pellicles or beads was used as immobilization carrier. Additionally,
immobilization of Lactobacillus by simultaneous cultivation of
cellulose-synthetizing G. xylinus was assessed. Furthermore, the
study aimed to discover whether the efficiency of the immobili-
zation process and the properties of the resulting material depend
on the Lactobacillus strain used.

2. Materials and methods

2.1. Microorganisms

Three probiotic strains of Lactobacillus delbrueckii PKM 490,
Lactobacillus plantarum DSM 13273 and Lactobacillus casei ATCC
393 and a cellulose producing strain of G. xylinus (Deutsche
Sammlung von Mikroorganismen und Zellkulturen e DSM 46604)
were used in this study.

2.2. Immobilization procedures

Immobilization of Lactobacillus in BC was performed using two
different methods.

Method 1: For the immobilization of Lactobacillus in BC by
adsorption-incubation method, G. xylinus bacteria were cultured in
Hestrin-Schramm (HeS) medium composed of bacto-pepton e

0.5 w/v% (Oxoid, UK), glucose e 2 w/v%, yeast extract e 0.5 w/v%,
citric acid e 0.115 w/v%, Na2HPO4 e 0.27 w/v%, MgSO4$7H2O e

0.05 w/v% and ethanol e 1 v/v% (Poch, Poland) added after steril-
ization of the base (Ciecha�nska, Struszczyk, & Gruzi�nska, 1998) at
28 �C. In this experiment two different types of G. xylinus cultures
were performed: (a) G. xylinus was incubated under stationary
conditions (Galaxyþ, RS Biotech, Ireland) in 24-well plates for 6
days (Corning Costar cell culture plate, SigmaeAldrich, Germany) in
order to obtain pellicle discs of BC, (b) G. xylinus was incubated
under agitated conditions at 180 rpm (ESe20/60, Biosan, Latvia) in
100 mL Erlenmeyer flasks (Sorbex, Poland) for 6 days to obtain BC
in the form of beads. Prior to the experiment, synthetized cellulose
samples were removed from the culture medium, weighed, washed
with deionized water, purified in 0.1 N NaOH and sterilized in an
autoclave at 121 �C for 15 min. Half of the cellulose material ob-
tained was subjected to drying at 60 �C, whereas the rest of the
hydrated samples were stored in a refrigerator. In the next step,
Lactobacillus cells from 24 h cultures in MRS medium (deMan,
Rogosa and Sharpe, Biocorp, Poland) were separated, washed and
suspended in isotonic phosphate buffered saline (PBS, Sigma-
eAldrich) to obtain bacteria concentration of 1�McFarland
(3 � 108 CFU/mL). For the immobilization process, the cellulose
discs and the beads were incubated in Lactobacillus suspension for
12 h at 25 �C with shaking at 180 rpm. The average diameter of BC
used for immobilization by adsorption-incubation method was
1.5 cm for pellicles and 0.4 cm for beads. The average weight was
approximately 1 g and 25 mg, respectively for wet and dry BC
pellicles and 0.5 g and 15 mg respectively for a single wet and dry
BC bead. The difference between theweights of wet and dry form of
BC was mainly due to the water absorbed in wet BC. After incu-
bation, the cellulose samples were washed in deionized water and
digested by incubation with cellulase (100 mL/1 mL 0.05 M citrate
buffer, pH 4.8, SigmaeAldrich).

Method 2: For immobilization of Lactobacillus during co-
incubation with G. xylinus, the HeS medium was simultaneously
inoculated with G. xylinus and Lactobacillus at a ratio1:100,
respectively. The concentration of each microorganism amounted
to 0.5�McFarland (1.5 � 108 CFU/mL). In this experiment two
different cultures were prepared: (a) stationary cultures which
were carried out in 50 mL tubes (Polypropylene Conical Centrifuge
Tube, Becton Dickinson and Company) in which BC pellicles were
synthesized as a pellicle on themedium surface, (b) shaken cultures
(180 rpm) carried out in 100 mL Erlenmeyer flasks (Sorbex) in
which BC was synthetized in the forms of beads. The cultures were
incubated for 6 days at 28 �C. After incubation, the synthetized BC
was washed in deionized water and digested with the cellulase
enzyme (Sigma Aldrich).

2.3. Microscopic examination

In order to visualize the immobilized bacteria, BC samples were
stained with Amido Black staining solution (SigmaeAldrich) and
examined under an optical microscope (Axioskop 2 plus micro-
scope, Zeiss, Oberkochen, Germany) at magnification� 1000. In the
case of immobilization of Lactobacillus, during co-incubation with
G. xylinus, the staining procedure was preceded by cutting off the
top layer of BC.

2.4. Determination of the number of immobilized Lactobacillus cells

Bacterial cells suspensions obtained after digestion with cellu-
lase were washed 3 times with 10 mL PBS and suspended in 1 mL
PBS. The number of immobilized microorganisms was determined
by two methods: (a) by spectrophotometric readings of the optical
density (OD) of microorganism suspension at 600 nm (Infinite 200
PRO NanoQuant, Tecan, Switzerland) and (b) by performing quan-
titative plating on MRSagar (Biocorp). After incubation for 24 h at
37 �C, the grown colonies were counted and the number of Colony
Forming Units (CFU) per 1 g of cellulose was determined. The OD of
bacterial cultures indirectly reflects the number of viable and dead



Fig. 2. Density of BC immobilized Lactobacillus cells (based on OD readings) by
adsorption-incubation method. Data are presented as a mean value of the optical
density ± standard error of the mean (SEM) of immobilized Lactobacillus cells, after
digestion of BC with cellulose, measured at 600 nm calculated from the six repetitions
of the experiment; the statistically significant differences were determined within one
bacteria species; a, A - statistically significant differences between BC in a form of wet
pellicle and beads and dry pellicle and beads, respectively; b, B - statistically significant
differences between BC in a form of wet and dry pellicles and wet and dry beads,
respectively; the differences were considered statistically significant when the P-value
was less than 0.05.

Table 1
Number of immobilized Lactobacillus cells (CFU � 105/g BC)in BC by adsorption-
incubation method.

L. delbrueckii L. plantarum L. casei

Wet pellicle 355 ± 5.0a,b 270 ± 10.0a,b 4 ± 0.4a,b

Dry pellicle 16 ± 0.4A 26 ± 0.7A 1 ± 0.1A

Wet beads 450 ± 6.0B 380 ± 7.0B 50 ± 0.3B

Dry beads 21 ± 0.8 36 ± 0.5 10 ± 0.1

Data are presented as mean CFU number � 105 per gram cellulose ± standard error
of the mean (SEM) calculated from the six repetitions of the experiment; a - sta-
tistically significant difference between BC in a form of wet pellicle andwet beads; a,
A - statistically significant differences between BC in a form of wet pellicle and beads
and dry pellicle and beads, respectively; b, B - statistically significant differences
between BC in a form of wet and dry pellicles and wet and dry beads, respectively;
statistically significant differences were determined within one bacteria species; the
differences were considered statistically significant when the P-value was less than
0.05.
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bacteria, whereas quantitative plating on bacteriological media
determines only viable microbial cells.

2.5. Survival of immobilized Lactobacillus in simulated gastric
juices and bile salt solution

To determine the effect of gastric juice on BC-immobilized
Lactobacillus survival, 1 g of each sample was immersed in 10 mL
of simulated gastric juice without pepsin (5M HCl in MRS broth
medium, pH 2.0) and incubated at 37 �C for 4 h. The survival of
immobilized probiotic microorganisms in the presence of bile salt
was measured after incubation of the BC samples in 10 mL of MRS
broth containing 0.3% of bile salts (SigmaeAldrich) at 37 �C for 4 h.
The influence of the immobilization on the survival of Lactobacillus
exposed to simulated gastric juices and bile salt solution was
determined as described above in the “Determination of the
number of immobilized Lactobacillus cells” section. As controls, the
same tests with free Lactobacillus cells were performed. The results
are presented as percentage of viability of immobilized Lactoba-
cillus cells after incubation in simulated gastric juices or bile salt
solution in comparison to the initial number of immobilized cells.

2.6. Statistical analysis

The statistical significance of the differences between experi-
mental and control samples was analyzed by Student's t test. All the
analyses were considered statistically significant when the P-value
was less than 0.05. The statistical analyses were conducted with
Statistica 9.0 (StatSoft, Poland).

3. Results

3.1. Immobilization of Lactobacillus in BC by adsorption-incubation
method

The cellulose (BC) carriers used for immobilization of Lactoba-
cillus by adsorption-incubation method are presented in Fig. 1. It
was found that after 5 h of incubation of BC samples with probiotic
bacteria, the highest density and number of immobilized micro-
organismswas recorded for L. delbrueckii and L. plantarum, whereas
in the case of L. casei the number of immobilized bacteria was
considerably lower (Fig. 2, Table 1). It was also found that regardless
of culture type, higher numbers of immobilized organisms were
recorded for wet BC. When the two forms of wet cellulose were
compared, significantly more (P < 0.05) immobilized bacteria were
observed in the case of beads as compared to pellicles.

3.2. Immobilization of Lactobacillus by simultaneous cultivation
with G. xylinus

It was found that in the case of simultaneous cultivation of
Fig. 1. Bacterial cellulose synthetized in
G. xylinus with Lactobacillus in agitated cultures, the probiotic mi-
croorganisms, regardless of the species, were entrapped inside the
cellulose beads. More bacterial cells were concentrated in the
middle of the beads, whereas on the edge of BC only single Lacto-
bacillus cells were found (Fig. 3). The above effect was not observed
in the case of stationary co-cultures or when the adsorption-
static (a) and shaking (b) cultures.



Fig. 3. Macroscopic and microscopic view of the BC beads obtained from Lactobacillus and G. xylinus co-cultures.
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incubation method was used. It was also revealed that simulta-
neous cultivation of G. xylinus with Lactobacillus spp. did not
adversely affect the yield of BC produced (Table 2). Moreover,
simultaneous cultivation of G. xylinus with Lactobacillus in agitated
cultures enabled the immobilization of a higher number of pro-
biotic cells as compared to other methods used in the experiment.
Fig. 4 and Table 3 show respectively the density and the number of
immobilized Lactobacillus cells after digestion with cellulose, based
on the optical density measurements and colony counting
methods. Additionally, it could be noticed that although immobi-
lization of L. casei by agitated co-culture method was not as effec-
tive as that of L. plantarum and L. delbrueckii, the total number of
immobilized cells of this bacterium was at a relatively high level
and significantly higher in comparison with other immobilization
methods investigated in the current study.
Fig. 4. Density of immobilized Lactobacillus cells (based on OD readings) in BC from co-
cultures. Data are presented as a mean ± standard error of the mean (SEM) calculated
from the six cultures; the statistically significant differences were determined within
one bacteria species; A - statistically significant difference between stationary and
agitated cultures.
3.3. Survival of immobilized Lactobacillus in simulated gastric
juices and bile salt solution

Table 4 shows that the immobilization of probiotic cells by the
adsorption-incubation method did not sufficiently protect the
Table 2
Weight (g) of BC obtained from G. xylinus and Lactobacillus co-cultures.

Stationary culture Agitated culture

G. xylinus þ L. delbrueckii 2.5 ± 0.1 11.6 ± 0.2
G. xylinus þ L. plantarum 2.3 ± 0.1 10.8 ± 0.2
G. xylinus þ L. casei 2.0 ± 0.1 11.9 ± 0.1
G. xylinus 2.3 ± 0.1 10.5 ± 0.3

Data are presented as themean ± standard error of themeans (SEM) calculated from
the six cultures.

Table 3
The number of immobilized Lactobacillus cells (CFU � 1010/g BC) from co-cultures.

L. delbrueckii L. plantarum L. casei

Stationary culture 27 ± 0.8A 30 ± 0.2A 2 ± 0.1A

Agitated culture 80 ± 0.5 80 ± 0.5 54 ± 0.2

Data are presented as mean CFU number� 1010 per gram cellulose ± standard error
of the mean (SEM) calculated from the six cultures; statistically significant differ-
ences were determined within one bacteria species; A - statistically significant
difference between stationary and agitated cultures.



Table 4
Viability (%) of immobilized Lactobacillus cells after 4 h of incubation in simulated
gastric juices.

L. delbrueckii L. plantarum L. casei

Adsorption-incubation method
Wet pellicle 20 ± 0.76a,A 8 ± 0.50 19 ± 0.64a,A

Wet beads 15 ± 0.06A 7.9 ± 0.05A 10 ± 0.09A

Co-culture
Stationary culture 72 ± 0.80b,B 80 ± 2.08B 70 ± 0.76b,B

Agitated culture 80 ± 3.21B 81 ± 0.58B 76 ± 0.81B

Control
Free cells 10 ± 0.07 7.7 ± 0.04 7 ± 0.04

Data are presented as mean percentage ± standard error of the mean (SEM) of vi-
tality of immobilized Lactobacillus cells after 4 h of incubation in simulated gastric
juices in comparison with the initial number of immobilized cells calculated from
the three repetitions of the experiment; a - statistically significant difference be-
tween BC in a form of wet pellicle and wet beads; b - statistically significant dif-
ference between stationary and agitated cultures; A - statistically significant
difference between wet pellicle or wet beads and free cells; B - statistically signif-
icant difference between stationary cultures or agitated cultures and free cells.
Statistically significant differences were determinedwithin one bacteria species; the
differences were considered statistically significant when the P-value was less than
0.05.
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microorganisms from adverse environmental conditions. It was
shown that although the viability of Lactobacillus adsorbed on BC
was higher than in the control, the percentage of viable cells in any
case did not exceed 20% in comparison to the initial number of
immobilized cells. In contrast, in both stationary and agitated cul-
tures, the entrapment of Lactobacillus in BC during co-culture with
cellulose-synthetizing G. xylinus enabled the protection of the mi-
croorganisms against the harmful influence of HCl. It was also
shown that the highest number of viable probiotic cells was
recorded for immobilization in agitated culture conditions. Such
observations are in line with the results obtained in the experiment
in which immobilized Lactobacillus cells were incubated with bile
salt solution (Table 5).
4. Discussion

Lactic acid bacteria have been promoted as probiotic feed and
food supplements containing viable bacteria that beneficially in-
fluence the health and nutrition when consumed (Kechagia et al.,
2013; Salminen, Ouwehand, & Isolari, 1998). Frequently, they
Table 5
Viability (%) of immobilized Lactobacillus cells after 4 h of incubation in bile salt
solution.

L. delbrueckii L. plantarum L. casei

Adsorption-incubation method
Wet pellicle 94 ± 5.0 96 ± 4.0 82 ± 5.0
Wet beads 92 ± 3.0 94 ± 2.0 80 ± 3.0
Co-culture
Stationary culture 99 ± 0.9b,B 98 ± 0.5B 100 ± 1.0B

Agitated culture 99 ± 1.0B 100 ± 1.0B 95 ± 0.9B

Controls
Free cells 90 ± 1.0 93 ± 1.0 78 ± 1.0

Data are presented as mean percentage ± standard error of the mean (SEM) of vi-
tality of immobilized Lactobacillus cells after 4 h of incubation in simulated gastric
juices in comparison with the initial number of immobilized cells calculated from
the three repetitions of the experiment; a e statistically significant difference be-
tween BC in a form of wet pellicle and wet beads; b - statistically significant dif-
ference between stationary and agitated cultures; A - statistically significant
difference between wet pellicle or wet beads and free cells; B - statistically signif-
icant difference between stationary cultures or agitated cultures and free cells. The
statistically significant differences were determined within one bacteria species; the
differences were considered statistically significant when the P-value was less than
0.05.
comprise different species of lactic acid bacteria, including
L. delbrueckii, L. plantarum and L. casei (Song, Ibrahim, & Hayek,
2012). These microorganisms are also commonly used as pro-
biotics in products for human consumption (Adebayo-Tayo &
Onilude, 2008; Playne, 1994). Generally, based on the literature
review, it can be noted that one of the requirements for a micro-
organism to be used for therapeutic purposes is that it remains
viable in the food that serves as a vehicle for its consumption (Kim,
1998). It has been reported that the immobilization of probiotic
microorganisms can ensure their greater survival in gastric and
intestinal environments (Rao, Shiwnarain, & Maharaj, 1989). It was
also shown by several authors and partially also confirmed in the
current study that protection of probiotics by immobilization is a
method of improving their viability in functional foods and then
under adverse conditions of the gastrointestinal tract (Corbo,
Bevilacqua, Gallo, Speranza, & Sinigaglia, 2013; Kailasapathy,
2006; Lee & Heo, 2000). Immobilized cells exhibit many advan-
tages over free cells, including the maintenance of stable and active
biocatalysts, high volumetric productivity, improved process con-
trol, protection of cells against damage, and reduced susceptibility
to contamination (G€oksungur & Güvenç, 1999; Indira et al., 2015;
Kourkoutasa et al., 2004; Yun et al., 2009). Therefore, in the cur-
rent study, attention has been focused on the assessment of the
possibility of using the cellulose matrix synthetized by G. xylinus as
a carrier support for the immobilization of 3 different probiotic
species of Lactobacillus spp. and on the evaluation of its protective
properties against adverse influence of gastric juices and bile salts.
To the best of our knowledge, this is the first study reporting
research on the immobilization of L. delbrueckii, L. plantarum and
L. casei in BC and attempting an assessment of its protective
properties against adverse gastric juices.

Scientists are in agreement that the desired carrier matrix for
the immobilization should be nonreactive, non-toxic, inexpensive,
available in a large quantity, easy to handle, highly stable and have a
high capacity with effective yield and preservation
(Chantawongvuti, Veerajetbodithat, Jaturapiree, & Muangnapoh,
2010). Until now, a variety of natural (alginate, carrageenan,
agareagar, glass beads, etc.) and synthetic (polyvinyl alcohol,
polyacrylamide, etc.) immobilization matrices have been evaluated
(Kosseca, Beschkov, Kennedy,& Loyd, 1998; Long, Huang, Cai, Cong,
& Ouyang, 2004; Subba Rao, Prakasham, Bhaskar Rao, & Yadav,
2008). Among the techniques for immobilizing living cells, immo-
bilization in natural biopolymers is favored by most researchers
owing to nontoxicity of the matrix (crucial for food-related appli-
cations), simplicity of the immobilization technique, high viability
and productivity of the immobilized cells (Lee & Heo, 2000;
Mitropoulou, Nedovic, Goyal, & Kourkoutas, 2013). Recent exam-
ples of solid carriers used in immobilization also include cellulosic
materials, such as cellulose synthetized by G. xylinus (Nguyen, Ton,
& Le, 2009; Ton & Le, 2011). However, studies on the use of BC as a
carrier for the immobilization of microorganisms concern primarily
yeast for ethanol fermentation. It was proved that BC protected
wine yeast under unfavorable conditions such as high osmotic
pressure or low pH value (Ton, Nguyen, Pham, & Le, 2010). As a
consequence, the growth of immobilized yeast was better than that
of free yeast. Moreover, it was observed that themetabolic activities
of immobilized yeast in BC were much higher than those of free
yeast (Nguyen et al., 2009). It was also shown that immobilized
yeast in BC did not negatively affect the sensory quality of the final
product during repeated batch fermentation (Ton & Le, 2011).

Recently, immobilization in BC was also successfully imple-
mented as an effective cryoprotectant for lactic acid bacteria
(Jagannath et al., 2010). The cellulose produced by G. xylinus has
also been recognized by these authors as a good support for the
immobilization of the investigated microorganisms. Similarly, in
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our study it was demonstrated that BC can be used to immobilize
lactic acid bacteria with a relatively good capacity (Tables 1 and 3).
As an example, in the study by Krasaekoopt, Bhandari, and Deeth
(2004), the number of Lactobacillus acidophilus and L. casei cells
immobilized in 1 g of chitosan, alginate or poly-L-lysine-alginate
was in the range of 5.9 ± 0.2 � 108 to 2.5 ± 0.5 � 109 and
6.6 ± 0.2 � 109 to 1.7 ± 0.1 � 1010, respectively. Our study also
showed that the immobilization efficiency as well as the survival of
immobilized microorganisms in the presence of simulated gastric
juices and bile salts depend on the type of carrier (in the case of our
study, the BC form), on the method used for the immobilization
process and on bacterial species. These observations are also
consistent with the results obtained by Krasaekoopt et al. (2004). In
the present study, the highest number of immobilized microor-
ganisms was recorded for L. delbrueckii and L. plantarum, while in
the case of L. casei, the number of immobilized bacteria was lower.
This observation was especially apparent when the immobilization
was performed by adsorption-incubation method. The above re-
sults are all the more surprising given that all Lactobacillus species
investigated in the present study have similar cell wall composition
as well as cell shape and size, and are also non-motile (Delcour,
Ferain, Deghorain, Palumbo, & Hols, 1999; Gomes &Malcata, 1999).

Because of its unique structure, the cellulose produced by
G. xylinus is characterized by a great level of hydration, exceeding
the pellicle's own weight over one hundred times (Nguyen et al.,
2009). From the chemical point of view, BC is highly hydrophilic
and therefore it is able to absorb a large number of water molecules
(Klemm, Schumann, Udhardt, & Marsch, 2001), whereas from the
physical point of view, BC is a three-dimensional, non-woven
network with a large number of pores. It exerts capillary force
within its network attracting and holding the water molecules
(Iguchi, Yamanaka, & Budhiono, 2000). Our research has also
shown that regardless of the type of culture, a higher number of
immobilized microorganisms was recorded for wet BC in the form
of beads. The above observation can be explained by the differences
in the arrangement of BC fibrils in wet and dry BC. In the hydrated
form, BC displays higher water absorption, lower density and less
interassociated microfibrils as compared with its dry form
(Vandamme, De Baets, Vanbaelen, Joris, & De Wulf, 1998), which
may facilitate the cells' penetration to the deeper layers of the
carrier. The differences in the numbers of immobilized cells can also
be a result of porosity of wet BC (Hornung, Ludwig, Gerrard, &
Schmauder, 2006). The porous structure of wet cellulose provides
more space for the immobilization and allows the diffusion of
substrates from the medium to the inside of the carrier's structure
providing a moist, favorable environment for the cells (Hornung
et al., 2006; Yao et al., 2011). It is also well known that the BC
synthesized under various culture conditions (static or agitated) is
characterized by different physical properties, including nano- and
macroscale structure, crystallinity or mechanical strength
(Suwannapinunt, Burakorn, & Thaenthanee, 2007). The two
investigated forms of BC (pellicle and beads) produced as a result of
cultivation of G. xylinus under static or shaking culture conditions
are also different in terms of their ratio between surface area and
volume in favor of the beads.

Subjectively, the most interesting and applicable results were
obtained during simultaneous cultivation of G. xylinus with Lacto-
bacillus in agitated cultures. A marked feature of the co-cultivated
cells was that regardless of the species, the probiotic microorgan-
isms were naturally entrapped inside the cellulose beads during its
biosynthesis. As reported by Seto et al. (2006) and also confirmed in
the present study, co-cultures of G. xylinus and Lactobacillus strains
did not adversely affect the BC biosynthesis process. Furthermore
and most importantly, we found that in both stationary and
agitated cultures, the entrapment of Lactobacillus in BC during co-
culture with cellulose synthetizing G. xylinus enabled almost full
protection of the bacteria against the harmful influence of gastric
juices and bile salts. This observation can be explained by the
mechanism of BC synthesis which is produced intracellularly in the
form of fibrils and then secreted out of the cell, forming a mem-
brane on the medium surface (Keshk, 2014). During the synthesis,
cellulose is pushed gradually down, while new cellulose layers
constantly build up on top of the mature cellulose layer (Hornung
et al., 2006). Additionally, cellulose crosslinking density of the fi-
brils network increases with the time of its synthesis
(Sheykhnazari, Tabarsa, Ashori, Shakeri, & Golalipour, 2011). It can
be assumed that the above may impede the penetration of gastric
juices and bile salts to the deeper layers of the carrier. This would
protect the entrapped microorganisms from harmful interacting
with those substances.

In summary, the current work highlights the novel, applicable
potential of BC as an immobilization support to probiotic lactic acid
bacteria, providing protection of these microorganisms against
adverse conditions of gastric juices. Moreover, it was shown that
the variability in the number of immobilized Lactobacillus cells
depends on the cellulose form, the method of its synthesis and the
process in which immobilization is carried out. According to the
results obtained, the method of immobilization which consists in a
simultaneous cultivation of G. xylinus with Lactobacillus in agitated
cultures is the most attractive, since it enables a nearly full pro-
tection of the bacteria against the harmful influence of gastric juices
and bile salts. This method is also characterized by a high efficiency
in terms of the number of immobilized microorganisms. The
describedmethods of Lactobacillus immobilization in BC as a carrier
support can be of special interest, especially for the food and feed
production industry. Additionally, as the mechanisms of immobi-
lization of Lactobacillus in BC appear to be rather of non-specific
nature, the presented results can also be transferred for the pro-
cess of immobilization of other microorganisms. Therefore, the
results obtained in the current study may find application in
numerous biotechnological applications in which immobilization
of various type of cells is required.
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a b s t r a c t

Ingredient substitution can produce modest changes in wheat dough that are not detectable by standard
methods, but significantly impact final product quality. This study used dynamic oscillatory frequency
sweep tests to evaluate effects of substitution of sodium with potassium and calcium based leavening
systems on tortilla dough viscoelastic properties in relation to final product quality. Treatments involved
replacing 0, 50 and 100% NaHCO3. Complex modulus (G*) and phase angle (d) values of dough samples
were determined at increasing frequencies (0.01e10 Hz/25 �C) within the linear viscoelastic region (5 Pa/
25 �C). Tortillas were processed and evaluated for quality over 16 d of storage. Traditional dough
compression force and relaxation time from stress relaxation test did not detect treatment effects
(P < 0.05). Significant differences (P < 0.05) in dough G* and d values were detected above 3.162 Hz and
0.01 Hz, respectively. Final tortilla quality (flexibility, diameter, and color) was significantly affected by
treatment. Tortilla flexibility was highly correlated with G* (r ¼ �0.92) and d (r ¼ �0.80) at 10 Hz.
Dynamic oscillatory testing can predict the functional performance of leavening agents for producing
tortillas with superior shelf stability.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Excessive dietary sodium consumption leads to elevated blood
pressure which is associated with cardiovascular diseases. The
approximate daily sodium intake for the United States population is
3.4 g which is much higher than recommended value (1.5e2.3 g per
day) (Dietary Guidelines for Americans, 2010). The primary source
of sodium intake is processing foods contributing 77% of total
intake (Mattes & Donnelly, 1991), and bread and rolls are the ex-
amples for main sodium intake contributors in the US diet (Center
for Disease Control and Prevention, 2013).

Tortillas are one of the most consumed bread type in the US,
which are mostly chemically leavened. Good quality tortillas must
be fluffy, opaque, and thick (Waniska, 1995). Leavening agents are
mainly responsible for these quality parameters, since carbon di-
oxide is produced as a result of leavening action (Bejosano &
drate Research, Food Science
906, USA
Waniska, 2004). Therefore, type and amount of the leavening
agent used in tortilla production is critical for determining the final
tortilla quality.

One of the most commonly used leavening agents for flour
tortilla production is sodium bicarbonate (Adams&Waniska, 2002;
Cepeda, Waniska, Rooney,& Bejosano, 2000). The growing demand
for low sodium in processed foods has introduced non-sodium
leavening agents for tortilla production. However, sodium is
known to significantly affect the ionic bonding in dough matrix,
and so alternatives of sodium bicarbonate can impact the dough
rheology that affects final product quality. For example, in tortillas,
flexibility over storage is one of the most important quality pa-
rameters, which is likely to be impacted by sodium.

Preliminary studies done by our group showed that large
deformation rheological properties by compression force and stress
relaxation tests cannot effectively detect the effects of modest
changes in sodium on dough properties that significantly affect
tortilla texture. Hence, the objective of this study was to evaluate
the effects of substitution of sodium bicarbonate (NB) with potas-
sium (KB) bicarbonate, and calcium based (CAL) leavening systems
on tortilla dough viscoelastic properties using dynamic rheological
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Table 1
Amounts of different leavening bases used in dough formulations*.

Treatments Leavening Basesa Amount (g)b

1 NB1 1.5
2c NB2 3.0
3 NB3 4.5
4 KB1 1.8
5 KB2 3.5
6 KB3 5.3
7 CAL1 1.4
8 CAL2 2.9
9 CAL3 4.3

*2.9 g of sodium aluminum sulfate (SAS) were used in all treatments as a leavening
acid.

a NB: Sodium bicarbonate, KB: Potassium bicarbonate, CAL: Calcium based leav-
ening agent. The amounts of KB and CAL were adjusted based on molecular weight
to produce similar carbon dioxide yield as NB.

b Amounts found in total dough formulation prepared from 500 g of flour.
c Dough containing 3 g of sodium bicarbonate (treatment 2) was used as a control.
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tests, and to determine the potential of these tests to predict tortilla
quality.
2. Materials and methods

2.1. Dough formulation

For tortilla production, dough was prepared from 500 g of un-
treated, bleached, and enriched commercial tortilla flour (ADM
milling company, Overland Park, KS), and the ingredients described
by Tuncil, Jondiko, Tilley, Hays, and Awika (2016), except leavening
bases. The leavening bases used were sodium bicarbonate (NB),
potassium bicarbonate (KB) (Church & Dwight Co, Ewing, NJ), and
calcium based leavening (CAL) consisting of calcium acid pyro-
phosphate and monocalcium phosphate (Innophos Inc., Cranbury,
NJ). The nine combinations of bases used are listed in Table 1. 2.9 g
of sodium aluminum sulfate (SAS) were used in all treatments as a
leavening acid. Amounts of KB and CAL were adjusted based on
molecular weight to produce similar carbon dioxide yield as NB.
Dough containing 3 g of sodium bicarbonate (treatment 2) was
used as a control.
2.2. Dough evaluations

Large deformation rheological properties of dough by
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Fig. 1. Effects of different types and amounts of leavening agents on dough compression fo
error of means. Compression force and relaxation time values of treatments were not sign
compression force and stress relaxation tests were performed as
previously described (Tuncil et al., 2016).

Small amplitude oscillatory tests were performed using a
rheometer RheoStress 6000 controlled stress rheometer (Haake,
Karlsruhe, Germany). The plate and plate system was used with
the BO2002, PP20: 20 mm diameter serrated probe to eliminate
slippage during the test (Salvador, Sanz, & Fiszman, 2006). The gap
between the plates was 1 mm. Three replications of 0.4 g each
were obtained from each treatment. The dough samples were
rested in petri dishes for approximately 20 min prior to testing.
Palm oil spray was used to prevent drying of the samples during
testing.

Frequency sweep test (mechanical spectra) was performed
from 0.01 to 10 Hz at 25 �C for all the three replicates of each
treatment to determine the linear viscoelastic region (Salvador
et al., 2006). The temperature was maintained at 25 �C with the
help of a Peltier TC 81 Thermo Haake system (Thermo Fisher
Scientific, Waltham, MA). A stress value of 5 Pa was chosen for all
the frequency sweep tests, within which dough rheology was in-
dependent of stress or strain (Supplementary Fig. 1). Dynamic
properties; viscous (G” in Pascals), elastic (G’ in Pascals), and
complex viscosity (h* in Pa.S) were collected at each of the fre-
quencies (0.01, 0.03162, 0.1, 0.316, 1.0, 3.162 and 10.0 Hz) and the
data used to calculate the phase angle (d) and complex modulus
(G*) as described below.
2.3. Tortilla production and evaluations

Tortillas production and evaluation were done as described
previously by Tuncil et al. (2016) and Jondiko et al. (2012). Fresh
tortillas were evaluated for whiteness, specific volume (indicator of
fluffiness) and diameter. Flexibility scores of tortillas were
measured at 4, 8, 12, and 16 days of storage.
2.4. Data analysis

Statistical analysis was done using SAS version 9.3 (SAS Institute,
Cary, NC). Analysis of variance (ANOVA) was performed at a ¼ 0.05
significance level to determine differences among the samples and
controls. Tukey's honesty significant difference (HSD) test at
a ¼ 0.05 was used to see whether mean differences were statisti-
cally significant.
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Fig. 2. Effects of a) CAL, b) KB, and c) NB based leavening agents on complex modulus
values (G*) of dough as a function of frequency (Hz). Error bars represent the standard
error of means.

Fig. 3. Effects of a) CAL, b) KB, and c) NB based leavening agents on phase angle values
(d) of dough as a function of frequency (Hz). Error bars represent the standard error of
means.
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3. Results and discussion

3.1. Dough properties

3.1.1. Large deformation rheological properties
Dough compression force is used to measure the dough hard-

ness (strength) in Newton (N) which is a good indicator of
spreadability of dough balls during hot-pressing (Holt,
Resurreccion, & McWatters, 1992). Since wheat flour dough is a
viscoelastic material, it gradually relaxes with equilibrium stress
depending on molecular structure (Steffe, 1996). Relaxation time is
the time that is required for the maximum dough compression
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force to decay 36.8% of its value (Barros, Alviola, & Rooney, 2010).
Doughs requiring shorter time to relax have weak gluten network
which are expected to produce large diameter tortillas, and vice
versa (Barros et al., 2010).

Both compression force and relaxation time of samples tested in
this study were not significantly different (P < 0.05) (Fig. 1)
revealing that large deformation rheological properties measured
by compression force and stress relaxation tests are not sensitive
enough to detect the effects of modest changes of sodium on dough
rheological properties.
3.1.2. Small amplitude oscillatory parameters
Storage modulus (G0) and loss modulus (G00) values obtained

from small amplitude oscillatory tests were used to calculate the
phase angle values (d) and complex modulus (G*) with formulas of
tan d ¼ G”/G’ (Miri, 2011), and G* ¼ [(G’)1/2 þ (G”)1/2]1/2 (Fevzioglu,
Hamaker, & Campanella, 2012; Miri, 2011), respectively.

The phase angle value gives information about the viscoelastic
properties of a material, and varies between 0 and 90� . Thematerial
with a phase angle value of 0 is considered as purely elastic,
whereas the phase angle value of 90� corresponds to purely viscous
material (Steffe, 1996). On the other hand, complex modulus (G*)
value of dough samples is a good representative of their strength.
Higher G* value corresponds to stronger dough structure, and vice
versa (Fevzioglu et al., 2012).

The G* and d values of samples tested in this study are shown in
Figs. 2 and 3 as a function of frequency, respectively. Dough con-
taining the highest level of CAL (CAL3) had the highest G* value at
10 Hz suggesting the strongest dough structure (Fig. 2a). This result
can be attributed to the fact that calcium has more chaotropic na-
ture, relative to sodium and potassium ions, which facilitates
unfolding and solubilization of gluten proteins and increase the
dough strength (Baldwin, 1996; Melnyk, Dreisoerner, Bonomi,
Marcone, & Seetharaman, 2011). Conversely, dough containing
the highest level of KB (KB3) had the lowest G* value at 10 Hz
suggesting to the weakest dough structure (Fig. 2b). Lowering the
KB value resulted in an increase in the G* value indicating the
strengthening of the dough structure. Similar trend was also
observed in dough containing NB (Fig. 2c). This result can be
attributed to the kosmotropic nature of potassium and sodium ions,
which weakens the dough strength by showing the salting out ef-
fects on proteins (gluten) that result in a decrease in the solubility
of gluten (Baldwin, 1996; Melnyk et al., 2011).

Significant differences (P < 0.05) in phase angle (d) values be-
tween samples were obtained above 0.01 Hz (Fig. 3). Dough con-
taining NB3 showed the highest d value at 10 Hz indicating the least
elastic structure (Fig. 3c). This finding can be attributed to the
Table 2
Effects of different types and amounts of leavening agents on tortilla qualitya.

Treatments Whiteness (L value) Specific

CAL1 81.27 d 1.22 bc
CAL2 82.68 bc 1.30 bc
CAL3 82.22 cd 1.14 c
KB1 82.57 bc 1.33 bc
KB2 83.43 b 1.39 b
KB3 85.10 a 1.70 a
NB1 82.58 bc 1.36 bc
NB2 83.60 b 1.45 b
NB3 85.30 a 1.68 a
HSDb 1.16 0.23

a Samples with the same letter are not significantly different (P < 0.05).
b HSD: Honesty Significant Difference obtained from Tukey's test.
c Flexibility score is measured at 16 days of storage. Recommended flexibility scores o
d g/cm3. Specific volume is an indicator of tortilla fluffiness.
effects of high amount of salt on water structure, which decrease
the inter-protein hydrophobic interactions, and these decreases can
reduce the protein aggregation that reduce the dough elasticity
(Salvador et al., 2006). Using CAL1, and KB3 in dough formulation
resulted in formation of dough with the lowest d value suggesting
the most elastic structure.

Phase angle values of dough containing NB1, KB1, KB2, or CAL3
were not significantly different (P < 0.05). However, the d values of
these doughs were significantly higher than that of control (NB2)
(18.66) (P < 0.05) indicating that these doughs were less elastic
than the control. Dough showing less elastic nature is likely to
produce tortillas with larger diameter, because the more elastic
dough shrinks back after hot-pressing and produces small diameter
tortillas that is an undesirable quality attributes of tortillas.
3.2. Tortilla properties

Tortillas’ whiteness, fluffiness, and diameter were significantly
affected by variations in leavening agents (P < 0.05) (Table 2).
Flexibility scores of tortillas at 4, 8, and 12 days of storage were not
significantly different (P < 0.05) (data not shown); however, sig-
nificant differences were observed at 16 days of storage (P < 0.05)
(Table 2).

Tortillas produced from dough containing CAL1, CAL2, KB1, and
KB3 had superior flexibility scores (above 3.0 after 16 days of
storage) (Table 2) [recommended flexibility scores of tortillas over
storage should be � 3.0 (Tuncil et al., 2016)]. Dough containing
these leavening agents showed more elastic structure compared to
other samples, which is related to the gluten strength that con-
tributes to shelf stability of tortillas. These tortillas were also larger
in diameter, and their fluffiness were either similar to or better than
the control group (NB2) (Table 2). The whiteness of these tortillas
was also similar or better than control, indicating adequate
leavening.

Tortillas produced from the dough containing CAL3, KB2, NB1,
and NB3 had unacceptable flexibility scores (Table 2). This is
probably because dough containing these leavening agents had
generally a more viscous (less elastic) structure compared to rest of
the samples, which may decrease the gluten strength that is
required for providing enough shelf stability.

No significant correlations were observed between tortilla flex-
ibility scores and dough large deformation tests (P < 0.05). This can
be attributed to the lack of geometrical uniformity of dough samples
used and also the low sensitivity of large deformation tests. On the
other hand, there was strong negative correlations (P < 0.05) be-
tween tortilla flexibility scores and dough dynamic oscillatory tests
at 10 Hz (correlation coefficient (r) for G* was �0.92, and r for
volumed Diameter (mm) Flexibilityc

163.80 bc 3.13 ab
168.83 a 3.00 abc
161.53 cd 2.63 cd
167.73 ab 3.00 abc
157.80 d 2.75 bcd
160.40 cd 3.25 a
164.43 abc 2.50 d
160.38 cd 3.08 abc
160.68 cd 2.88 abcd
4.84 0.49

f tortillas over storage should be � 3.0 (Tuncil et al., 2016).



Table 3
Pearson correlation coefficients between dough small amplitude oscillatory tests
and tortilla properties.

G*a Phase anglea Flexibility scoreb Diameter

G*a 1 0.71887** �0.91499** �0.08858
Phase Anglea 0.71887** 1 �0.79755* 0.17457
Flexibility Scoreb �0.91499* �0.79755* 1 0.07455
Tortilla Diameter �0.08858 0.17457 0.07455 1

*P � 0.01.
**P < 0.05.

a G*, and phase angle at 10 Hz of frequency.
b Tortilla flexibility scores over storage (16 day).
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d was �0.80) (Table 3), meaning that dough with lower G* and
d values produce tortillas with superior shelf stability. The reason
why small deformation rheological tests predicted tortilla flexibility
so well can be attributed to the fact that these tests subjected the
dough to stress and strain levels that significantly detected the inter
and intramolecular changes resulting from the presence of different
ions in the leavening agents.

4. Conclusion

Even though leavening agent constitutes less than 1% of total
dough formulation (weight basis), a change in the type and amount
of leavening agent highly affects dough rheological properties
which are critical determinants of final tortilla quality.

Large deformation rheological properties by compression force
and stress relaxation tests are not sensitive to detect the effects of
this minimal change in the formula on dough rheological proper-
ties. However, dough small deformation rheological characteristics
determined by dynamic oscillatory tests can distinguish the effects
of modest changes in dough properties that highly impact the final
tortilla quality.

This study also reveals that sodium bicarbonate found in dough
formulation can be replaced with calcium based leavening agent to
provide 18% reduction in total sodium amount (weight basis) while
producing good quality tortillas which are large in diameter
(169mm),highlyfluffy, andhave superiorflexibility scores (>3)over
storage.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2015.12.033.
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a b s t r a c t

The use of phages in food systems to modulate the human gut microbiota is currently gaining increasing
interest. However, several studies have reported low viability of phages under gastrointestinal condi-
tions. Furthermore, processed foods nowadays contain only few phage particles. Hence, this study aimed
at encapsulating phages to increase their survival under gastrointestinal conditions allowing the release
of phages in active form in the intestine.

Lactococcus phage P008 was entrapped in different matrix materials, using three different encapsu-
lation techniques (i.e., emulsion or extrusion method). Results showed that non-encapsulated phages
were sensitive to acid conditions at pH 2.0. However, the investigated capsules which contained milk
proteins provided good protection of phages at pH 2.0: a phage reduction of only 0.5 log-units was
observed after incubation for 120 min at 37 �C. The release of phages from capsules after 2 h incubation
in simulated intestinal fluid (pH 6.8) was also determined. Depending on the encapsulation technique,
phages were completely released from the capsules. Micrographs confirmed these observations and
showed a dissolution of the capsule matrix due to swelling and permeation of pancreatic enzyme. The
study indicates that encapsulated phages may be targeted via food formulation to the intestine to
modulate the human gut microbiota.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Bacteriophages and their occurrence in the fermentation in-
dustries have been described in detail in various studies (Atamer
et al., 2009; Barrangou, Yoon, Breidt, Fleming, & Klaenhammer,
2002; Brüssow, 2001; Deasy, Mahony, Neve, Heller, & Van
Sinderen, 2011; Marco, Moineau, & Quiberoni, 2012; Müller-
Merbach, Rauscher, & Hinrichs, 2005; Samtlebe et al., 2015).
However, in recent years it has been widely recognized that bac-
teriophages are not only a significant problem in the production of
fermented products, (i.e., cheese, yoghurt), but that they may also
nstitute of Food Science and
Germany.
e (M. Samtlebe).
be associated with beneficial use. Several opportunities and
application fields in the food industry for the use of phages are
receiving increasing attention (Kutateladze & Adamia, 2010; Lu &
Koeris, 2011; Tsonos et al., 2014; Wittebole, De Roock, & Opal,
2014). In food production and processing, phage may be relevant
to improve food safety and quality, and have been proposed either
for detecting pathogenic bacteria or as biocontrol agents (García,
Martínez, Obeso, & Rodríguez, 2008; Gill, 2010; Hagens &
Loessner, 2007; Hudson, Billington, Carey-Smith, & Greening,
2005).

Various studies have suggested an interrelation between gut
microbiome, human health and diseases (Clemente, Ursell, Parfrey,
& Knight, 2012; Dalmasso, Hill, & Ross, 2014; Dave, Higgins,
Middha, & Rioux, 2012; Mills et al., 2013; Reyes et al., 2010). The
bacterial composition of the human intestinal microbiota was
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found to be highly specific for individuals, and the complex
composition of the bacterial populations was shown to be not
consistent, but rather subject to many fluctuations resulting from
changes in human diet, intervention with antibiotics, health status
or age (Lepage et al., 2013; Power, O’Toole, Stanton, Ross, &
Fitzgerald, 2014). In recent studies, numerous phage populations
have been characterized from human gut samples (Dalmasso et al.,
2014; Hoyles et al., 2014; Lepage et al., 2013; Waller et al., 2014). In
this regard, bacteriophages have been discussed to control, shape
and modulate the microbiota associated with the human gastro-
intestinal tract. Waller et al. (2014) have shown that phage abun-
dance, diversity and variation are related to the human host and
thus to a personalized feature. As phage are (i) ubiquitous, (ii)
natural predators of bacteria and (iii) represent the most abundant
biological entity on earth with an estimated population of about
1031, they have a substantial potential for use in food formulations
to alter the composition of the gut microbiota via the diet. Müller-
Merbach, Peter, Weidendorfer, and Hinrichs (2007) showed that
phages have limited diffusion characteristics in viscous media and
hence are not able to inactivate bacterial populations in the gut
completely. Furthermore, phages are generally highly host strain
specific. Thus, they may be selected as to not infect the healthy
intestinal microbiota (Abeles & Pride, 2014; Dalmasso et al., 2014;
García et al., 2008; Hendrix, 2003; Mills et al., 2013). Neverthe-
less, the application of phage in food formulations faces numerous
challenges, i.e., limited host ranges, bacterial resistances to phage,
manufacturing issues and delivery systems (Hagens & Loessner,
2010; Hudson et al., 2005; Tang et al., 2013; Tsonos et al., 2014).

In a former study, the effects of acid and alkaline solutions on
the activity of Lactococcus lactis phages were investigated. Although
phages survived at pH values of 3e10, they were completely inac-
tivated at pH 2 after san incubation time of 10 min (Atamer &
Hinrichs, 2010). Other studies confirmed these results and
showed that the acidic conditions of the gastrointestinal tract are
critical and need to be carefully analyzed (Ma et al., 2008; Smith,
Huggins, & Shaw, 1987).

In an increasing number of publications, encapsulation of
bioactive compounds such as proteins, antibodies and probiotics
within different matrices was suggested to protect them from the
chemical conditions of the gastrointestinal tract (Heidebach, F€orst,
& Kulozik, 2009; Picot & Lacroix, 2004; Schell & Beermann, 2014).
However, only few methodologies have so far been applied to
encapsulate bacteriophages. No data on the encapsulation of
phages in enzymatically induced milk gels are currently available.
Moreover, to the best of our knowledge, previous studies analyzed
either the effect of acidic gastric fluid, or of intestinal fluid on
survival of phages, but not their combined effects. (Ma et al., 2012;
Tang et al., 2013; Tang, Huang, Sabour, Chambers, & Wang, 2015;
Vonasek, Le, & Nitin, 2014). The survival and release of phages af-
ter exposure to first the gastric fluid and subsequent to the intes-
tinal fluid, has not yet been determined.

In this study, it was hypothesized that phage can be encapsu-
lated in such a way, that they resist the passage through the
gastrointestinal tract and that they are thus released in active form
in the intestine. Different methods for encapsulation of infective
phage particles used in previous related studies (Heidebach et al.,
2009; Ma et al., 2012; Picot & Lacroix, 2004) were therefore
tested and optimized. A commonly studied dairy phage, L. lactis
phage P008 (Loof, Lembke, & Teuber, 1983) was used as model
phage for the experiments. Tolerance of both free and encapsulated
phages to simulated human stomach conditions, and release of
encapsulated phages in simulated intestinal fluid was determined
in in-vitro experiments.
2. Material and methods

2.1. Bacteriophage and host strain

The well described L. lactis bacteriophage P008, which belongs
to the 936 phage species (Braun, Hertwig, Neve, Geis, & Teuber,
1989) was propagated as described before (Samtlebe et al., 2015)
and concentrated by cesium chloride density gradient centrifuga-
tion essentially done according to Sambrook and Russel (2001)
(final phage titer of 5 � 1012 pfu mL�1). Its mesophilic host L. lac-
tis subsp. lactis biovar. diacetylactis F7/2 was grown at 30 �C in M17-
broth (Merck Millipore, Schwalbach, Germany) (Terzaghi &
Sandine, 1975) supplemented with 0.5% (w/v) lactose and 10 mM
CaCl2. Titers of phage P008 in suspensions were determined as
plaque-forming units (pfu) per mL using the double agar layer
method (plaque assay) of Adams (1959).

2.2. Preparation of encapsulated phages

Encapsulated phages were prepared using the three different
methods shown in Fig. 1. Phages were either encapsulated using an
emulsion method with enzymatically gelled milk protein (1A), or
by extrusion with alginate (1B) or alginate mixed with whey pro-
tein (1C), respectively.

2.2.1. Encapsulation in enzymatically gelled milk protein
The method of Heidebach et al. (2009) was modified to prepare

enzymatically gelled milk protein capsules (Fig. 1A). Skim milk
powder (VWR International, Leuven, Belgium) was suspended in
distilled water at a concentration of 35% (w/w) overnight at 5 �C.
The milk-protein-suspension (30 g) was spiked with 100 mL of P008
phage stock. The initial phage titer (N0) in the milk-protein-phage-
mixture was determined after gently stirring for 10 min. The
mixture was incubated with 60 mL rennet (200 IMCU (international
milk clotting units) mL�1) at 5 �C for 60 min. Then, 180 mL CaCl2
(100mM)was added and themixturewas stirred for another 5min.
Fifteen grams of milk-protein-phage-mixture were emulsified in
200 mL sunflower oil (5 �C), while mixing with a magnetic stir bar
for 5 min. After this, gelation was induced by increasing the tem-
perature to 40 �C and stirring was continued for another 15 min.
The resulting microcapsules were separated from the oil by low-
speed centrifugation (500� g, 1 min, 20 �C). Subsequent to
removing the supernatant, the sedimented microcapsules were
washed with distilled water, centrifuged again as described before
and finally stored at 5 �C. The amount of encapsulated phages (N0*)
per gram wet weight was determined by destroying the micro-
capsules mechanically. For this, 1 g glass beads (∅ 1 mm) and 1 g
capsule-sediment were added to a 2 mL reaction tube. The micro-
capsules were disrupted in a mixer mill (Retsch mill MM 2000,
Retsch GmbH, Haan, Germany) at 30 Hz for 10 min at 10 �C.

2.2.2. Encapsulation in alginate
Calcium-alginate capsules were prepared using an extrusion

technique adapted from Ma et al. (2012) (Fig. 1B). Thirty grams of a
1.6% alginate-solution (A2033, SigmaeAldrich Chemie GmbH,
Steinheim, Germany) were prepared with distilled water and
spiked with 100 mL of the P008 phage stock. The initial phage titer
(N0) was determined. Capsules were made by extruding the
alginate-phage-mixture through a 0.55 mm nozzle into a 100 mM
CaCl2 solution at 20 �C. The capsules were kept for 30 min in the
CaCl2 solution for complete hardening. Subsequently, they were
washed with distilled water, filtered and stored as sediment at 5 �C.
The amount of phages (N0*) in the capsules per gram wet weight
was determined by dissolving them (1 g) for 15 min in a solution
(9 mL) composed of 50 mM sodium citrate, 200 mM sodium



Fig. 1. Schematic flow diagram of encapsulation of phage P008 by either emulsion with enzymatically gelled milk protein (A), or extrusion with alginate (B) or alginate-whey-
protein (C), respectively. WPI: whey protein isolate.
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hydrogen carbonate and 50mMTriseHCl (pH 7.5) (Xue et al., 2004).
2.2.3. Encapsulation in alginate-whey-protein
The capsules with alginate-whey-proteinwere prepared using a

modified method described by Tang et al. (2013) (Fig. 1C). Whey
protein isolate (WPI) (DSE 5627, Fonterra, Hamburg, Germany) was
dissolved in distilled water at a concentration of 10% (w/w) over-
night at 5 �C. The solution was heat-treated at 80 �C for 30 min. A
1.6% alginate-solution (SigmaeAldrich) was mixed with the 10%
WPI-solution at the same ratio. All further preparation steps were
done following the protocol described in Section 2.2.2.
2.3. Resistance of free and encapsulated phages to simulated gastric
fluid

Simulated gastric fluid (SGF) was made by dissolving 3.2 mg L�1

pepsin (Sigma Aldrich Chemie GmbH, Steinheim, Germany) in 0.2%
NaCl and 80 mM HCl. The pH was adjusted with 500 mM NaOH to
values of 2.0 and 2.5. To determine the lethal effect of pH on free
phages, milk concentrate spiked with phages (see Section 2.2.1)
was diluted 10�1 into SGF with pH values of either 2.0 or 2.5, and
then incubated at 37 �C for up to 120 min. Phage titers per gram
were determined after defined incubation times. Subsequently,
survival of encapsulated phages in SGF at pH 2.0 was studied. The
capsules (1 g) were filled into test tubes containing 9.0 mL SGF and
incubated for various time periods up to 120 min. The incubation
under gastrointestinal conditions was terminated by (i) trans-
ferring the capsule sample into 100 mM sodium phosphate buffer
(pH 6.8, ratio 1:1) and (ii) dissolving the capsules subsequently in
the solution as described in 2.2.2 for determination of residual
phage titers.
2.4. Release of encapsulated phages in simulated intestinal fluid

Simulated intestinal fluid (SIF) was made with 10 mg mL�1

pancreatin (Sigma Aldrich Chemie GmbH, Steinheim, Germany)
dissolved in 0.1 mM sodium phosphate buffer (pH 6.8). Freshly
prepared capsules (1 g) and capsules already incubated for 120 min
in SGF (1 g), respectively, were then added to pre-warmed 9.0 mL
SIF solution and incubated for 120 min at 37 �C. Samples of the
aqueous SIF phase were removed every 30min and phage titers per
mL in the aqueous phase were determined.

2.5. Physical examination of capsules

2.5.1. Particle size measurements
Static light scattering methodology (LS230 laser diffraction

particle analyzer, BeckmaneCoulter Inc., Miami, FL, USA) was used
to determine the sizes of microcapsules that were prepared by cold
gelation of milk protein (Section 2.2.1). The analysis was conducted
according to Hahn, Sramek, N€obel, and Hinrichs (2012). A refractive
index of 1.75 for the protein capsules was chosen to calculate the
median of the particle size distribution d50.3.

2.5.2. Determination of morphology
Morphology and size of gelled-milk-protein microcapsules were

studied using an optical light microscope (Axio Scope.A1, Carl Zeiss
Microscopy GmbH, G€ottingen, Germany). Images were takenwith a
digital camera (Canon Power Shot G16, Tokyo, Japan). Alginate
capsules were photographed with a Nikon D60 SLR digital camera
(Nikon GmbH, Düsseldorf, Germany) and a macro lens (Makro
50 mm F2,8 EX DG, Sigma GmbH, R€odermark, Germany) to visu-
alize the morphology of capsules prepared by the extrusion
method.

The effects of SGF and SIF on the microcapsules prepared by



Fig. 3. Reduction of encapsulated L. lactis phages P008 in enzymatically gelled milk
protein ( ), in alginate ( ) and in alginate-whey-protein capsules ( ) during incuba-
tion in SGF (10-fold dilution, 120 min, pH 2.0) at 37 �C. (A) Initial amount of phages in
the capsules (N0*) prior incubation in SGF. Error bars indicate the standard deviation of
triplicate determinations. Limit of the detection of phages: 101 pfu g�1.
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gelled-milk-protein (section 2.2.1) were analyzed and visualized by
optical light microscopy (Carl Zeiss Microscopy GmbH), and
microscopic images of microcapsule samples were taken before
(t ¼ 0 min), and after incubation for 60 and 120 min in simulated
fluids (SGF and SIF).

2.6. Statistics

All experiments were carried out in triplicate; significant dif-
ferences (p < 0.05) were analyzed using the t-test of the software
Sigma Plot 12.5 (Systat Software Inc., San Jose, CA, USA).

3. Results and discussion

3.1. Characterization of capsules

Themicrographs presented in Fig. 2 illustrate the appearances of
capsules produced by emulsion (Fig. 2A) and extrusion (Fig. 2B and
C) methodologies. Gelled-milk-protein capsules (Fig. 2A) resulted
in non-homogeneously shaped spherical particles, having a d50.3--
value of 132 ± 5 mm. This value is in accordance with the results of
Poncelet et al. (1992), who reported that one limitation of the
emulsion technique is the large variation of particle sizes. Capsules
produced by the extrusion method differed in their structure (i.e.,
regular globular structures) and their sizes were significantly (i.e.,
10 times) larger. Addition of whey protein (Fig. 2C) to the alginate
solution also affected the morphology of the capsules. Alginate-
whey-protein capsules (Fig. 2C) appeared white and irregularly
shaped in comparison to the transparent capsules made from
alginate only (Fig. 2B). Various studies (Heidebach et al., 2009;
Krasaekoopt, Bhandari, & Deeth, 2003; Poncelet et al., 1992) indi-
cated that particles produced by extrusion technique had a narrow
size distribution. However, only large capsules of millimeter size
were produced due to high viscosity and high surface tension be-
tween continuous and dispersed phase. The determined initial
phage titer of the starting media N0, and the amount of phages
(N0*) in the capsules per gram wet weight showed no significant
loss of activity due to the encapsulation procedure and was found
to average 1.6 � 109 pfu g�1.

3.2. Resistance of free and encapsulated phages to simulated gastric
fluid under low pH-conditions

According to Martoni et al. (2007), human gastric fluid has an
average pH of 2.0e2.5. Therefore, pH-values of 2.0 and 2.5 were
used in our study to investigate the lethal effect of pH on free
phages in this acidic environment for 120 min at 37 �C. At pH 2.5,
the phage titer decreased log-linear for 60 min, with a total phage
Fig. 2. Optical micrographs of (A) enzymatically gelled milk protein cap
reduction of 0.7 and 1.5 log-units after 30 and 60 min exposure to
SGF, respectively. However, during further incubation, the phage
titer remained approx. at the same level. After 120 min exposure to
SGF, a total reduction of 1.5 log-units was observed. In contrast,
non-encapsulated phages could not be detected anymore at pH 2.0
after 1 min incubation. This is in accordance with Atamer, Dietrich,
Neve, Heller, and Hinrichs (2010), who reported that L. lactis phages
were entirely inactivated at pH 2.0, whereas at pH 3.0 they
remained active. Similarly, Lactobacillus phages were shown to lose
their viability after 30 min at pH 2.0 (Capra, Quiberoni, &
Reinheimer, 2006). In an early study on lactococcal phages,
Prouty (1950) described complete phage inactivation after
10 min at pH 2.5.

Based on the results of the sensitivity of free phages in acid
conditions, a pH-value of 2.0 was used for the further experiments
with encapsulated L. lactis P008 phages. Initial titers of phages
entrapped in the capsules were determined immediately prior to
incubation in SGF and found to average 1.6� 109 pfu g�1. Reduction
of titers of these encapsulated phages in SGF at pH 2.0 was
measured as a function of time (Fig. 3). The ability of encapsulated
phage P008 to withstand the exposure to SGF at pH 2.0 for 120 min
varied significantly depending on the capsule matrix. Immediately
after addition of capsules to SGF (t ¼ 0 min), the number of phage
sules, (B) alginate capsules and (C) alginate-whey-protein capsules.



Fig. 5. Release of encapsulated L. lactis P008 phages from enzymatically gelled milk
protein capsules (�, B) or alginate-whey-protein capsules (:, ▵) during 2-h incu-
bation in simulated intestinal fluid (SIF) (10-fold dilution) (�, :), or after 2-h incu-
bation in simulated gastric fluid (SGF) followed by 2 h incubation in SIF (10-fold
dilution) (B, ▵). (A) Initial amount of phages in the capsules (N0*) prior to incuba-
tion in SGF. Error bars indicate standard deviation of triplicate determinations. Limit of
the detection of phages: 101 pfu mL�1.
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particles per capsule differed between the capsule matrix and was
between 8.2 and 6.5 log pfu g�1. In alginate capsules, phage titer
decreased rapidly to an amount of less than 10 pfu g�1 after 30 min
incubation time. In both other capsule matrices, relatively low
phage reductions after exposure for 120 min to SGF (Fig. 3) were
documented. A 2.2 log-unit reduction was observed for phages
encapsulated in gelled-milk-protein, while the phage titer of
encapsulated phages in alginate-whey-protein was almost main-
tained at the initial phage titer N0*, and was about 107 pfu g�1 after
120 min. As expected, the encapsulating process increased the
stability of phages at low pH and 37 �C.

Contrary to these results, Ma et al. (2012) reported that survival
of phages encapsulated in alginate capsules was improved in
comparison to free phages since the alginate coat led to a buffer
effect (Martoni et al., 2007). In contrast, Tang et al. (2013) showed
that pure alginate capsules did not protect phages at high acidic
conditions, which was in agreement to the results obtained in this
study.

The morphological changes of gelled-milk-protein capsules
during a 2-h residence time in SGF are shown in Fig. 4. The
microscopic images indicate that the mechanical stability remained
intact in SGF at pH 2.0 for 120 min (Fig. 4B). It was suggested that
enhancement of survival of bacteria by addition of milk proteins to
the capsule matrix was due to the buffering capacity of milk pro-
teins (Heidebach et al., 2009). Furthermore, it has also been pro-
posed that denatured whey proteins interfere with diffusion of SGF
components into the capsule due to formation of a hydrophobic
surface and a cross-linked protein-network (Tang et al., 2015). In
both cases, this may explain the decreased lethal effect of simulated
gastric acidity on the encapsulated phages in this study.
3.3. Influence of encapsulation method on in-vitro phage release in
simulated intestinal fluid

P008 phages encapsulated in alginate by the extrusion tech-
nique were found not to be protected from the simulated gastric
acid conditions. Hence, only phages entrapped either in gelled-
milk-protein or in alginate-whey-protein capsules were used in
further experiments to determine the influence of different
encapsulation techniques and matrix materials on phage release
under simulated conditions in the intestinal tract. Fig. 5 shows the
release profile of phages from these two capsules in SIF over time.
In general, for both encapsulation techniques, phage release
increased with incubation time. Upon exposure to SIF, phages
encapsulated in alginate-whey-protein showed a fast initial release
into the aqueous environment: after 1 min 106 pfu mL�1 were
already released. The final titer of released P008 phages after
Fig. 4. Microscopic images of enzymatically gelled milk protein capsules before
120 min was 108 pfu mL�1. From the enzymatically gelled milk
protein capsules, phages were released slower. The initial phage
titer after 1 min was 105 pfu mL�1 and the final titer determined
after 120 min was about 107 pfu mL�1.

Phage alginate-whey-protein capsules, which were first
exposed to SGF for 120 min and subsequently transferred to SIF,
showed release profiles different from capsules incubated in SIF.
While phage titers released from alginate-whey-protein capsules
increased from 103 pfu mL�1 to 7� 105 pfu mL�1 after 1 and 30min
incubation period, respectively, phage release from enzymatically
gelled milk protein capsules was 1 log-unit higher at the beginning
(106 pfu mL�1). However, a titer of just 107 pfu mL�1 and
108 pfu mL�1, respectively, after a 120-min exposure time was
determined.

The micrographs in Fig. 4A and C illustrate these results, and
show that gelled-milk-protein capsules did not remain stable while
exposed to SIF. Significant structural breakage and complete
dissolution of the capsules were observed within 120 min (Fig. 4C).
Our results differ from those shown by Tang et al. (2013), where
phages encapsulated in alginate-whey-protein capsules were
released slowly within the first hour and only then faster in the
(A) and after 2-h incubation in simulated gastric (B) and intestinal (C) fluid.
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following 40 min. A proposed mechanism for fast phage release
from the two different capsules that contained milk proteins in this
study could be the swelling of thewhey proteins at pH values above
their isoelectric point (IP ~ 5.1), and a resulting diffusion of
pancreatic enzyme into the capsule matrix which led to degrada-
tion of whey proteins (Gunasekaran, Ko, & Xiao, 2007; Kikuchi
et al., 1999).

4. Conclusion

The results obtained in this study support the hypothesis that
encapsulated phages are protected during passage through acidic
stomach conditions, while a release of these phages is obtained
under more alkaline intestine conditions. Thus, encapsulated
phages may be transferred to the human intestine by food formu-
lations or by supplements in order to modulate the human gut
microbiota. Notably, a different protective effect of the three cap-
sules produced by either emulsion method with enzymatically
gelled milk protein or by extrusion method with either alginate or
alginate-whey-protein could be determined when using phage
P008. Our data show that encapsulation in alginate did not protect
the phages from acid conditions. However, phages entrapped in
capsules containing milk proteins were significantly protected,
probably due to an enhanced strength of the network and a buffer
effect. Furthermore, a capsule matrix composed of milk protein
allowed a rapid release of phages into the surrounding medium.
The proposed mechanism for the breakage could be (i) swelling of
the capsule, (ii) increasing of porosity, and (iii) permeation of
digestion enzymes.

Future research should focus on alternative encapsulation
techniques, especially those resulting in formation of smaller cap-
sules, which can be incorporated in a food matrix. Furthermore, the
stability of encapsulated phages should be investigated in a more
dynamic in-vitro model for simulating the physiological condition
of the gastrointestinal tract.

Acknowledgments

This research project was partly supported by the Alexander von
Humboldt Foundation, and the German Ministry of Economics and
Energy (via AiF) and the FEI (Forschungskreis der Ern€ahrungsin-
dustrie e.V., Bonn). Project AiF 16714 N. The authors would like to
thank Birgit Schilling for her technical assistance in the laboratory.

References

Abeles, S. R., & Pride, D. T. (2014). Molecular bases and role of viruses in the human
microbiome. Journal of Molecular Biology, 426(23), 3892e3906.

Adams, M. (1959). Bacteriophages. New York, USA: Interscience Publishers.
Atamer, Z., Dietrich, J., Müller-Merbach, M., Neve, H., Heller, K. J., & Hinrichs, J.

(2009). Screening for and characterization of Lactococcus lactis bacteriophages
with high thermal resistance. International Dairy Journal, 19(4), 228e235.

Atamer, Z., Dietrich, J., Neve, H., Heller, K. J., & Hinrichs, J. (2010). Influence of the
suspension media on the thermal treatment of mesophilic lactococcal bacte-
riophages. International Dairy Journal, 20(6), 408e414.

Atamer, Z., & Hinrichs, J. (2010). Survival of lactococcal bacteriophages in acid and
alkaline cleaning solutions. Milchwissenschaft, 65(1), 76e79.

Barrangou, R., Yoon, S. S., Breidt, F., Jr., Fleming, H. P., & Klaenhammer, T. R. (2002).
Identification and characterization of Leuconostoc fallax strains isolated from an
industrial sauerkraut fermentation. Applied and Environmental Microbiology,
68(11), 2877e2884.

Braun, V., Jr., Hertwig, S., Neve, H., Geis, A., & Teuber, M. (1989). Taxonomic differ-
entiation of bacteriophages of Lactococcus lactis by electron microscopy, DNA-
DNA hybridization, and protein profiles. Journal of General Microbiology,
135(9), 2551e2560.

Brüssow, H. (2001). Phages of dairy bacteria. Annual Review of Microbiology, 55(1),
283e303.

Capra, M. L., Quiberoni, A., & Reinheimer, J. (2006). Phages of Lactobacillus casei/
paracasei: response to environmental factors and interaction with collection
and commercial strains. Journal of Applied Microbiology, 100(2), 334e342.
Clemente, J. C., Ursell, L. K., Parfrey, L. W., & Knight, R. (2012). The impact of the gut
microbiota on human health: an integrative view. Cell, 148(6), 1258e1270.

Dalmasso, M., Hill, C., & Ross, R. P. (2014). Exploiting gut bacteriophages for human
health. Trends in Microbiology, 22(7), 399e405.

Dave, M., Higgins, P. D., Middha, S., & Rioux, K. P. (2012). The human gut micro-
biome: current knowledge, challenges, and future directions. Translational
Research, 160(4), 246e257.

Deasy, T., Mahony, J., Neve, H., Heller, K. J., & Van Sinderen, D. (2011). Isolation of a
virulent Lactobacillus brevis phage and its application in the control of beer
spoilage. Journal of Food Protection, 74(12), 2157e2161.

García, P., Martínez, B., Obeso, J. M., & Rodríguez, A. (2008). Bacteriophages and
their application in food safety. Letters in Applied Microbiology, 47(6), 479e485.

Gill, J. J. (2010). Practical and theoretical consideration for the use of bacteriophages
in food systems. In P. M. Sabour, & W. D. Griffiths (Eds.), Bacteriophages in the
control of food- and waterborne pathogens. Washington DC: ASM Press.

Gunasekaran, S., Ko, S., & Xiao, L. (2007). Use of whey proteins for encapsulation
and controlled delivery applications. Journal of Food Engineering, 83(1), 31e40.

Hagens, S., & Loessner, M. J. (2007). Application of bacteriophages for detection and
control of foodborne pathogens. Applied Microbiology and Biotechnology, 76(3),
513e519.

Hagens, S., & Loessner, M. J. (2010). Bacteriophage for biocontrol of foodborne
pathogens: calculations and considerations. Current Pharmaceutical Biotech-
nology, 11(1), 58e68.

Hahn, C., Sramek, M., N€obel, S., & Hinrichs, J. (2012). Post-processing of concen-
trated fermented milk: Influence of temperature and holding time on the for-
mation of particle clusters. Dairy Science & Technology, 92(1), 91e107.

Heidebach, T., F€orst, P., & Kulozik, U. (2009). Microencapsulation of probiotic cells by
means of rennet-gelation of milk proteins. Food Hydrocolloids, 23(7),
1670e1677.

Hendrix, R. W. (2003). Bacteriophage genomics. Current Opinion in Microbiology,
6(5), 506e511.

Hoyles, L., McCartney, A. L., Neve, H., Gibson, G. R., Sanderson, J. D., Heller, K. J., et al.
(2014). Characterization of virus-like particles associated with the human faecal
and caecal microbiota. Research in Microbiology, 165(10), 803e812.

Hudson, J. A., Billington, C., Carey-Smith, G., & Greening, G. (2005). Bacteriophages
as biocontrol agents in food. Journal of Food Protection, 68(2), 426e437.

Kikuchi, A., Kawabuchi, M., Watanabe, A., Sugihara, M., Sakurai, Y., & Okano, T.
(1999). Effect of Ca2þ-alginate gel dissolution on release of dextran with
different molecular weights. Journal of Controlled Release, 58(1), 21e28.

Krasaekoopt, W., Bhandari, B., & Deeth, H. (2003). Evaluation of encapsulation
techniques of probiotics for yoghurt. International Dairy Journal, 13(1), 3e13.

Kutateladze, M., & Adamia, R. (2010). Bacteriophages as potential new therapeutics
to replace or supplement antibiotics. Trends in Biotechnology, 28(12), 591e595.

Lepage, P., Leclerc, M. C., Joossens, M., Mondot, S., Blotti�ere, H. M., Raes, J., et al.
(2013). A metagenomic insight into our gut's microbiome. Gut, 62(1), 146e158.

Loof, M., Lembke, J., & Teuber, M. (1983). Characterization of the genome of the
Streptococcus lactis “subsp. diacetylactis” bacteriophage P008 wide-spread in
German cheese factories. Systematic and Applied Microbiology, 4(3), 413e423.

Lu, T. K., & Koeris, M. S. (2011). The next generation of bacteriophage therapy.
Current Opinion in Microbiology, 14(5), 524e531.

Ma, Y., Pacan, J. C., Wang, Q., Sabour, P. M., Huang, X., & Xu, Y. (2012). Enhanced
alginate microspheres as means of oral delivery of bacteriophage for reducing
Staphylococcus aureus intestinal carriage. Food Hydrocolloids, 26(2), 434e440.

Ma, Y., Pacan, J. C., Wang, Q., Xu, Y., Huang, X., Korenevsky, A., et al. (2008).
Microencapsulation of bacteriophage felix o1 into chitosan-alginate micro-
spheres for oral delivery. Applied and Environmental Microbiology, 74(15),
4799e4805.

Marco, M. B., Moineau, S., & Quiberoni, A. (2012). Bacteriophages and dairy fer-
mentations. Bacteriophage, 2(3), 149e158.

Martoni, C., Bhathena, J., Jones, M. L., Urbanska, A. M., Chen, H., & Prakash, S. (2007).
Investigation of microencapsulated BSH active Lactobacillus in the simulated
human GI Tract. Journal of Biomedicine and Biotechnology, 2007(7), 13684.

Mills, S., Shanahan, F., Stanton, C., Hill, C., Coffey, A., & Ross, R. P. (2013). Movers and
shakers: Influence of bacteriophages in shaping the mammalian gut microbiota.
Gut Microbes, 4(1), 4e16.

Müller-Merbach, M., Peter, K., Weidendorfer, K., & Hinrichs, J. (2007). Diffusion of
bacteriophages in an agar gel and in a fermented milk matrix. Milchwissen-
schaft, 62(1), 24e27.

Müller-Merbach, M., Rauscher, T., & Hinrichs, J. (2005). Inactivation of bacterio-
phages by thermal and high-pressure treatment. International Dairy Journal,
15(6e9), 777e784.

Picot, A., & Lacroix, C. (2004). Encapsulation of bifidobacteria in whey protein-based
microcapsules and survival in simulated gastrointestinal conditions and in
yoghurt. International Dairy Journal, 14(6), 505e515.

Poncelet, D., Lencki, R., Beaulieu, C., Halle, J. P., Neufeld, R. J., & Fournier, A. (1992).
Production of alginate beads by emulsification/internal gelation I. Methodology.
Applied Microbiology and Biotechnology, 38(1), 39e45.

Power, S. E., O'Toole, P. W., Stanton, C., Ross, R. P., & Fitzgerald, G. F. (2014). Intestinal
microbiota, diet and health. British Journal of Nutrition, 111(3), 387e402.

Prouty, C. C. (1950). Inactivation of bacteriophage of the lactic acid streptococci at
high and low pH levels. Journal of Milk and Food Technology, 13(6), 329e331.

Reyes, A., Haynes, M., Hanson, N., Angly, F. E., Heath, A. C., Rohwer, F., et al. (2010).
Viruses in the faecal microbiota of monozygotic twins and their mothers. Na-
ture, 466(7304), 334e338.

Sambrook, J., & Russel, D. W. (2001). Molecular cloning: A laboratory manual (3rd

http://refhub.elsevier.com/S0023-6438(15)30396-0/sref1
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref1
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref1
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref2
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref3
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref3
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref3
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref3
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref7
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref7
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref7
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref7
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref7
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref8
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref8
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref8
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref10
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref10
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref10
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref11
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref11
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref11
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref12
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref12
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref12
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref12
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref13
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref13
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref13
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref13
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref14
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref14
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref14
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref15
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref15
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref15
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref16
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref16
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref16
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref21
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref21
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref21
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref22
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref22
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref22
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref22
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref23
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref23
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref23
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref24
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref25
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref25
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref25
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref26
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref26
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref26
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref32
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref32
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref32
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref33
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref33
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref33
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref34
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref34
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref34
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref34
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref35
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref35
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref35
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref35
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref36
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref36
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref36
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref36
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref36
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref37
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref37
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref37
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref37
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref38
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref38
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref38
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref38
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref39
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref39
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref39
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref40
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref40
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref40
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref41
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref41
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref41
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref41
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref42


M. Samtlebe et al. / LWT - Food Science and Technology 68 (2016) 334e340340
ed.). Cold Spring Harbor Laboratory Press.
Samtlebe, M., Wagner, N., Neve, H., Heller, K. J., Hinrichs, J., & Atamer, Z. (2015).

Application of a membrane technology to remove bacteriophages from whey.
International Dairy Journal, 48(0), 38e45.

Schell, D., & Beermann, C. (2014). Fluidized bed microencapsulation of Lactobacillus
reuteri with sweet whey and shellac for improved acid resistance and in-vitro
gastro-intestinal survival. Food Research International, 62(0), 308e314.

Smith, H. W., Huggins, M. B., & Shaw, K. M. (1987). Factors influencing the survival
and multiplication of bacteriophages in calves and in their environment. Journal
of General Microbiology, 133(5), 1127e1135.

Tang, Z., Huang, X., Baxi, S., Chambers, J. R., Sabour, P. M., & Wang, Q. (2013). Whey
protein improves survival and release characteristics of bacteriophage Felix O1
encapsulated in alginate microspheres. Food Research International, 52(2),
460e466.

Tang, Z., Huang, X., Sabour, P. M., Chambers, J. R., & Wang, Q. (2015). Preparation and
characterization of dry powder bacteriophage K for intestinal delivery through
oral administration. Food Science and Technology, 60(1), 263e270.
Terzaghi, B. E., & Sandine, W. E. (1975). Improved medium for lactic streptococci and
their bacteriophages. Journal of Applied Microbiology, 29(6), 807e813.

Tsonos, J., Vandenheuvel, D., Briers, Y., De Greve, H., Hernalsteens, J.-P., & Lavigne, R.
(2014). Hurdles in bacteriophage therapy: deconstructing the parameters.
Veterinary Microbiology, 171(3e4), 460e469.

Vonasek, E., Le, P., & Nitin, N. (2014). Encapsulation of bacteriophages in whey
protein films for extended storage and release. Food Hydrocolloids, 37(0), 7e13.

Waller, A. S., Yamada, T., Kristensen, D. M., Kultima, J. R., Sunagawa, S., Koonin, E. V.,
et al. (2014). Classification and quantification of bacteriophage taxa in human
gut metagenomes. Multidisciplinary Journal of Microbial Ecology, 8(7),
1391e1402.

Wittebole, X., De Roock, S., & Opal, S. M. (2014). A historical overview of bacterio-
phage therapy as an alternative to antibiotics for the treatment of bacterial
pathogens. Virulence, 5(1), 209e218.

Xue, W., Yu, W., Liu, X., He, X., Wang, W., & Ma, X. (2004). Chemical method of
breaking the cell-loaded sodium alginate/chitosan microcapsules. Chemical
Journal of Chinese Universities, 25(7), 1342e1346.

http://refhub.elsevier.com/S0023-6438(15)30396-0/sref42
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref43
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref43
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref43
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref43
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref44
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref44
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref44
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref44
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref45
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref45
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref45
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref45
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref46
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref46
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref46
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref46
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref46
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref47
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref47
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref47
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref47
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref48
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref48
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref48
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref49
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref49
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref49
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref49
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref49
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref50
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref50
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref50
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref51
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref51
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref51
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref51
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref51
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref52
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref52
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref52
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref52
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref53
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref53
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref53
http://refhub.elsevier.com/S0023-6438(15)30396-0/sref53


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 341e348
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Effect of selected pre-treatments on folate recovery of granule
suspensions prepared from hen egg yolk

Nassim Naderi a, James D. House b, Yves Pouliot a, *

a Institute of Nutrition and Functional Foods (INAF), Department of Food Science, Universit�e Laval, Qu�ebec, QC G1V 0A6, Canada
b Department of Human Nutritional Sciences, University of Manitoba, Winnipeg, MB R3T 2N2, Canada
a r t i c l e i n f o

Article history:
Received 27 July 2015
Received in revised form
9 December 2015
Accepted 20 December 2015
Available online 23 December 2015

Keywords:
Egg yolk
Granule
Pre-treatment
Ionic strength
Ultrasound
5-MTHF
* Corresponding author.
E-mail address: Yves.Pouliot@fsaa.ulaval.ca (Y. Pou

http://dx.doi.org/10.1016/j.lwt.2015.12.045
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Fractionation of hen egg yolk allowed the concentration of 5-methyl-tetrahydro-folate (5-MTHF) in
granule faction of yolk. Consequently, the pre-treatment methods naming as increasing ionic strength
and power ultrasound was used to improve concentration of folate in granule fraction. The composition
of granules after pre-treatment was characterized. The polyacrylamide gel electrophoresis showed that
ionic strength modifications induced the loss of granule structure by solubilisation of proteins. Granule
contained 21 mg of 5-MTHF/g granules extract on dry basis. However, by increasing ionic strength
(>0.15 M NaCl) concentration of 5-MTHF was decreased in granule fraction due to integration of granule
structure and release of folate in plasma fraction. Concerning ultrasound pre-treatments, the significant
changes in total protein, lipid, cholesterol, fatty acid and 5-MTHF content of granules was not observed
by increasing the ultrasound time. All results were indicative of the stable structure of granule and that
its modification is difficult. The application of salt addition and increasing ionic strength indicates the
importance of the existence of phosphocalcic bridges between phosphate groups of HDL-phosvitin and
5-MTHF which keeps folate (5-MTHF) stable in this compact network.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Hen egg yolk is a major ingredient for many food products due
to its excellent functional properties such as, antioxidant and
mineral binding properties of phosvitin in yolk granule (Choi, Jung,
Choi, Kim, & Ha, 2005; Jiang & Mine, 2001; Lee, Han, & Decker,
2002; Nakamura, Ogawa, Nakai, Kato, & Kitts, 1998), egg yolk
lecithin (Rossi, 2007), egg yolk antibodies (Schade, Zhang, &
Terzolo, 2007) and etc. Hen egg yolk is a complex system of an
aqueous phase (plasma) and insoluble granules. Native egg yolk can
be separated into its main fractions of granule and plasma by
centrifugation techniques. Over the last 40 years, different cen-
trifugal techniques have been studied to separate egg yolk com-
ponents (Laca, Paredes, & Diaz, 2010; Mc Bee & Cotterill, 1979;
Strixner & Kulozik, 2013). Granules are major components of
yolk, and contain 70% lipovitellins, 16% phosvitin and 12% low
density lipoproteins (LDL) (Causeret, Matringe, & Lorient, 1991).
Egg yolk granule is mainly composed of proteins and contains low
lipid content compared to egg yolk (Laca, Paredes, Rendueles, &
liot).
Díaz, 2014), moreover, higher 5-methyl-tetrahdro-folate (5-
MTHF) content compared to the native egg yolk (Naderi, House,
& Pouliot, 2014). 5-MTHF is the most biologically active form of
B9-vitamin also generically known as folate (Seyoum & Selhub,
1998). Considering dried egg yolk containing 3e6 mg of 5-MTHF
per gram sample, separated granule at lab-/pilot-scale contains
10e20 mg folate/g dry granule (Naderi et al., 2014), which corre-
sponds to 5% of the recommended daily allowance of 400 mg folate
for adults (Medicine & Medicine, 1998). Hence, the granules with
high protein and low cholesterol contents (Laca et al., 2010)
together with enrichment in 5-MTHF (Naderi et al., 2014) should
make their utilization more interesting as health ingredient.

Granular units consist of a high density lipoprotein (HDL)-
phosvitin complexes. The structure of granules closely depends on
ionic strength and presence of bi-or polyvalent mineral cations
(Anton & Gandemer, 1997). Granular complex structures form a
compact and non-soluble network. The role of possible proteine-
protein interactions between granule HDL-phosvitin and low
density lipoprotein (LDL)-apoprotein constituents in forming this
stable network is still unexplored (Strixner, Sterr, Kulozik, &
Gebhardt, 2014). The present work aims at improving 5-MTHF re-
covery by removing soluble compounds from granules. Initially, the
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applied technique for disrupting the granular structure should have
minimum adverse effect on 5-MTHF stability.

Previous studies showed the importance of modification of ionic
strength on some physiochemical properties of granules such as
viscosity and solubility (Causeret et al., 1991). It was presented that
the solubility of granules was relatively increased (80%) when ionic
strength fixed to 0.3 M NaCl, and remained the same even at 0.5 M
NaCl (Anton & Gandemer, 1997). Chang, Powrie, and Fennema
(1977) also observed complete dissociation of granules when
adding 1.71 M NaCl to the yolk. Findings of another study stated
that unrelated to the concentration of protein in granule this
dissociation occurs when the concentration of NaCl reaches 0.58 M
(Causeret et al., 1992). In accordance with these studies, in our
preliminary experiments the granules were diluted in different
concentration of NaCl solutions from 0 to 0.75 M. Based on our
observations the dissociation of granules occurred in 0.5 M NaCl
and remained the same at 0.55 and 0.75M (data are not presented).
Subsequently, we attempted to re-suspend granule in saline solu-
tion with gradient concentration (up to maximum 0.5 M NaCl) and
study the effect of structural integration on composition of granule,
mainly 5-MTHF.

Also, application of ultrasound assisted extraction process is
well documented in food and related industries (Vilkhu, Mawson,
Simons, & Bates, 2008) with the aim of increasing the yield and
rate of extraction, and achieving higher processing throughput
while the nutritional and bioactivity of certain constituents of food
can be preserved (Soria & Villamiel, 2010). The pre-ultrasound
treatment is effective in size reduction and maximizes surface
area for achieving rapid and complete extraction (Balachandran,
Kentish, Mawson, & Ashokkumar, 2006). In different studies, the
application of ultrasound was introduced being useful in degra-
dation of high molecular weight proteins and cholesterol in egg
yolk (Sun, Yang, Zhong, Zhang, & Wang, 2011). Moreover, ultra-
sonication can break up whey protein aggregates and assist in
breaking apart casein micelles (Chandrapala, Martin, Zisu, Kentish,
& Ashokkumar, 2012).

Granule has compact and insoluble structure and we attempted
to disrupt granules by applying pre-treatment techniques
(increasing ionic strength and using power ultrasound) followed by
fractionation through centrifugation. The ultimate goal was using
non-toxic procedures to modify egg yolk granule composition and
study the effect on composition of granular sub-fractions.
2. Materials and methods

2.1. Materials and chemicals

Petroleum ether, ethyl ether, chloroform, methanol, acetic acid
and hydrochloric acid were purchased from Fisher Scientific (NJ,
USA). Sodium chloride, carbon tetrachloride (99.9% purity),
(þ)-sodium L-ascorbate, and 5-MTHFdisodium salt (90% purity)
were obtained from SigmaeAldrich (MO, USA). Cholesterol (Cho-
lest-5-en-3b-ol with purity of >99%) was purchased from Merck
(Darmstadt, Germany). Acetonitrile and ethanol was of HPLC
gradient grade and from SigmaeAldrich (MO, USA); other chem-
icals were of analytical quality. Water was purified (��0.1 mS cm�1)
using a Milli-Q system of Millipore (LA, USA). The stock solutions of
folate for HPLC, 50 nM, were prepared in ascorbate buffer (20 g/L
sodium ascorbate; 12.1 g/L Trizma base; pH 7.8). The SRM (standard
reference material) 1544 Fatty Acids and Cholesterol in a Frozen
Diet Composite and SRM 1946 Lake Superior Fish Tissue were
purchased from the National Institute of Standards and Technology
(NIST) and they were used to support the measurement of fatty
acids.
2.2. Preparation of yolk and granules

Fresh white shell eggs of weight class L (58e63 g) were pur-
chased separately for each batch of experiments from a local su-
permarket. The eggs were broken manually and the yolks were
separated from albumen and chalazae using blotting paper. The
vitelline membranes were ruptured by using tweezers and yolk
material was collected. The yolkwas dilutedwithMilli-Qwater (1:1
v/v) and fractionated based on the method described by (Naderi
et al., 2014), using a tubular bowl centrifuge (CEPA Centrifuge, se-
ries LE, Germany) with a maximum centrifugal force of 40,000�g.
The diluted fresh egg yolk was pumped into the centrifuge and
granules were separated from plasma. The sedimented granule
fraction in centrifuge cylinder was collected and divided into three
parts: one part of granule was kept in their native condition (con-
trol granule: GC), second part was used for pre-treatment analysis
using saline solution, and the third part was used for ultrasound
power pre-treatment analysis.

2.3. Application of pre-treatments on granule suspensions

2.3.1. Re-suspension in saline solution (NaCl) with different ionic
strength

The granules were diluted (1:2 w/v) in NaCl solutions of
increasing ionic strength (0, 0.1, 0.15, 0.25, 0.55 M NaCl) and ho-
mogenized by Ultra-Turrax T-25 treatment (IKA® Werke Staufen,
Germany) for 30 s pulses at 6500 rpm. Then samples were centri-
fuged at 10,000�g for 20 min and the supernatants were separated
from precipitated granule and each fraction was collected in
separate tubes. Consequently, according to their ionic strength,
there were two set of samples: granules (GH2O, G0.1, G0.15, G0.25) and
plasma (PH2O, P0.1, P0.15, P0.25). Each set of samples were analyzed
separately.

2.3.2. Ultrasound treatments
The granule fractions separated from yolk were freeze-dried

at �70 �C under vacuum by using pilot lyophilizer (VirTis Ultra
50L, SP Scientific, NY, USA). The dry matter of freeze-dried granules
was 99.26 ± 0.74 (g/100 g). The granules were mixed with �2
volume of Milli-Q water. The granule solutions were accurately
weighed and dispersedwith an ultrasonic instrument (Virsonic 475
Cell Disrupter) in a 100 mL sealed flask. The actual power delivered
into the system was 95 W at 20% amplitude. An ultrasonic probe
with a tip diameter of 7 mmwas fitted into the flask and the tip was
inserted at the half height of the solution. The ultrasonic process
time was set at 0, 5 and 10 min for 95 W at 20% amplitude. The
temperature of solutions was controlled by immersion the sample
flask into an ice-bath. After ultrasound treatment, all samples were
centrifuged (10,000�g; 20 min; 23 �C). All the experiments were
performed in triplicate. The analyses were performed on each
separated fraction. Weights were registered before and after
centrifugation.

2.4. Chemical analysis

Moisture and total lipid content were determined based on the
official method of the AOAC (2005) method. The total protein
content of egg yolk and its fractions was determined with a nitro-
gen gas analyzer system (Model 601-500, LECO Corporation, St
Joseph, MI, USA). The instrument was previously calibrated with
ethylenediaminetetraacetic acid (EDTA). Total protein determined
from the nitrogen content of the yolk material using a conversion
factor of 6.25 for all egg samples. Sodium was determined by ICP
(ICP-OES, Optima 4300, Dual View, PerkineElmer, Shelton, CT,
USA). The wavelength used for Na element was 589 nm. Each



Fig. 1. Mass balance of different fractions obtained through the processing steps of egg
yolk.
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experiment was repeated in triplicate on four different batches of
egg samples.

2.5. Determination of cholesterol

The cholesterol was extracted from samples using dispersive
liquideliquidmicroextraction (DLLME)method and analyzed based
on the method described by Daneshfar et al. (2009) with some
modifications. Approximately 0.1 g each of yolk and granule sam-
ples were weighed and added to 10 mL milli-Q water, shaken and
centrifuged at 850 �g for 2 min. The 0.8 mL of solution containing
methanol and 35 mL of carbon tetrachloride was added to 4 mL of
the supernatant. The mixturewas shaken for 1 min and centrifuged
(5311�g; 5 min). The precipitated droplets of fat were air dried at
room temperature. The dried samples were re-dissolved in 50 mL of
denatured ethanol and centrifuged at 3399 �g for 2 min. The
extracted oil samples were transferred into HPLC vials and injected
into the HPLC-UV system. HPLC analysis was performed using an
Agilent 1100 HPLC system (Agilent, Palo Alto, CA). The analytical
isocratic RP-HPLC separation was performed by using Kinetex™
C18 column (75 � 2.10 mm; 23 �C; flow-rate 0.5 mL/min; UV
detection at 210 nm). The mobile phasewas made up of acetonitrile
and ethanol (50:50, v/v) and a flow rate of 1 mL/min was used at
room temperature. A solution of 1 ppb of cholesterol in 20% ethanol
was used as external standard. The software Agilent Chemstation
was used to control the HPLC system, and to collect and process the
chromatographic data.

2.6. Fatty acid analysis

Fatty acids were extracted from the egg yolk according to the
methods of Folch, Lees, and Sloane Stanley (1957). The fatty acid
composition was determined using standard gas chromatographic
techniques of the fatty acidmethyl esters (AOAC, 2005), using C17:1
methyl ester as an internal standard.

2.7. Determination of folate content

Folate was extracted from samples according to the method of
House et al. (2002) with some modifications. The yolk and granule
samples were weighted (0.5 g) into falcon tubes (15 mL). The
extraction buffer (20 g/L sodium ascorbate; 12.1 g/L Trizma base;
pH 7.8) was added to samples, vortexed, and placed in a boiling
water bath for 60 min. Then, tubes were rapidly centrifuged
(3000�g; 35min; 4 �C) and supernatants were decanted and stored
at 4 �C. The extraction procedure was repeated one more time and
the final volume of collected supernatants were brought to 25 mL.
The samples were passed through a 0.2 mm nylon membrane filter
and transferred into amber vials for further analysis. The 5-MTHF
was detected and quantified using RP-HPLC analysis using an Agi-
lent 1260 HPLC system (Agilent Technologies Inc., Palo Alto, CA)
equipped with a 474 fluorescence detector from Waters (Milford,
MA). 5-MTHF was quantified using fluorescence detection with
excitation at 290 nm and emission at 360 nm.

2.8. SDSePAGE protein profiles

Protein solutions (1%) were prepared and hydrated at 4 �C
overnight. Protein samples were further diluted with deionized
water so that the amount of proteins loaded onto each well of gel
was approximately 20 mg. The protein samples were added (1:1 v/v)
into a dissociation buffer consisting of a 0.5 M TriseHCl pH 6.8, 0.5%
bromophenol blue, 35% glycerol, 5% b-mercaptoethanol, 10% (w/v)
SDS solution, and heated in boiling water for 5 min. Electrophoresis
was run on precast 4e20% gradient polyacrylamide gels (Bio-Rad,
CA) with a migration buffer consisting of a 0.02 M Tris (hydrox-
ymethyl) aminomethane, glycine 5 M and SDS (w/v) 0.1% solution.
The proteins were stained using Coomassie bluemethodwhichwas
modified by addition of aluminum nitrate for detection of phos-
phoproteins (Hegenauer et al., 1977). After destaining in a solution
containing acetic acid/methanol/water (10:40:50 v/v/v), the gels
were scanned with a ChemiDOC™ XRS (Bio-Rad, CA) system. Mo-
lecular weights were estimated by a molecular weight standard
(Precision Plus ProteinTM Standards, Bio-Rad Laboratories Ltd, CA).
2.9. Statistical analysis

All analysis was repeated on four different batches of granule
samples. Data were expressed as mean ± standard deviations of at
least triplicate determinations unless specifically mentioned. A
multiple analysis of variance (MANOVA) model was used to test for
significant differences in granule compositions among treatments.
The one-way analysis of variance was used to test for the existence
of significant differences in univariate (multivariate in the case of
MANOVA). Computations were done using the general linearmodel
procedure. Statistical calculation was investigated using the sta-
tistical package Minitab Statistical Software release 16.2.3 for
Windows (Minitab®, State College, PA). Confidence intervals were
set at 95% (P < 0.05).
3. Results and discussions

Egg yolk was fractionated to separate granules according to the
scheme depicted in Fig. 1. The average distribution of dry matter
before and after separation in each fraction is presented relating to
their mass. The composition of the granules separated from egg
yolk (Fig. 1) through the use of the tubular bowl centrifuge is
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presented in Table 1. The granules represented 69.40 g/100 g of
proteins on dry basis which is nearly 60% of the protein content of
the yolk. The 5-MTHF concentration retained in granule fraction
was 2107.3 mg/100 g which is in accordance with our previous
report (Naderi et al., 2014). Granules contain low concentration of
lipids since the ratio of lipid/protein was 0.3 compare with 2.1 in
yolk. Egg yolk contained 89.2 mg/100 g cholesterol on dry basis
while granule had 28.5 mg/100 g on dry basis. Granule only con-
tained 1/3 of cholesterol content of yolk.

3.1. Effect of ionic strength

3.1.1. Protein and folate recovery
The granule fraction separated from egg yolk was further frac-

tionated after re-suspension in water/saline solution based on the
scheme presented in Fig. 1. The recovery rate (on dry basis) of
precipitated granules after solubilization and centrifugation was
95%e100% (Table 2). The recovery rate of protein and 5-MTHF
across treatments from granules was calculated 88e100% and
74e124%, respectively. Granules in 0.55MNaCl solution produced a
higher recovery rate for 5-MTHF. Complete disruption of granules
occurred in a saline solution with ionic strength 0.55 M NaCl, as
granule particles dispersed and formed yellow-translucent sus-
pensions. At this condition, further separation of granules were not
possible by centrifugation.

3.1.2. Granule and plasma composition
Data in Table 3 compares the composition of granules and

plasma as a function of changes in ionic strength. The protein
content of the granules at low ionic strength of 0.1 M NaCl was
significantly different (P < 0.05) from protein content of granule at
higher ionic strength (>0.1 M NaCl). However, at 0.15, 0.25 M NaCl
the protein concentration of granule was not significantly different.
At low ionic strength, granules mainly form non soluble lipovitelin
(HDL) and phosvitin complexes which can be precipitated by
centrifugation (Causeret et al., 1991). It was believed that in gran-
ular structure, HDL and phosvitins are linked through phospho-
calcic bridges between their seryl residues and they form
nonsoluble complexes (Le Denmat, Anton, & Gandemer, 1999). The
phosphoserine residues are negatively charged and by addition of
the salt the divalent Ca2þ are substituted by monovalent Naþ and
subsequently phosphocalcic bridges are broken, and phosvitin and
HDL become soluble (Anton, Le Denmat, & Gandemer, 2000).

By increasing ionic strength, the insoluble granular fractions had
significantly (P < 0.05) lower lipid content compared to control
granule (GC). The lipid concentration of granule was significantly
(P < 0.05) lower (12.5 g/100 g on dry basis) at ionic strength 0.25 M
NaCl compare to control granule (GC) and granule at lower salt
concentration (<0.25 M). As stated before, at higher ionic strength
(>0.15 M), hydrophilic phosvitin becomes soluble and HDLs be-
haves like soluble proteins (Anton & Gandemer, 1997; Cook &
Martin, 1969). Thereby, the precipitated granule fraction in
0.25 M NaCl had 50% less lipid in their structure as it was trans-
ferred to the supernatant during centrifugation.
Table 1
Composition of granule fraction separated from yolk on dry basis.

Compositiona Yolk Granule

Protein (g/100 g) 30.6 ± 0.2 69.4 ± 0.1
Lipid (g/100 g) 65.4 ± 4.4 25.3 ± 1.1
5-MTHF (mg/100 g) 460.1 ± 56.6 2107.3 ± 43.1
Cholesterol (mg/100 g) 89.2 ± 15.6 28.5 ± 12.7
Lipid/protein 2.1 0.3

a Average of twelve replications from four batches.
Significant changes were not observed for 5-MTHF concentra-
tion of granule whatever ionic strength variation. At lower ionic
strength (0.1 M NaCl) 5-MTHF remained in the insoluble granular
fraction. However, increasing ionic strength to 0.15 M and 0.25 M
liberated low concentration of 5-MTHF in plasma fraction. The
values obtained for cholesterol as the effect of ionic strength vari-
ation was higher compared to control granule. At 0.25 M NaCl,
cholesterol content of granule was 26.3 g/100 g on dry basis which
was lower than control granule (28.5 g/100 g dry basis). The total
cholesterol content of the control granule (P < 0.05) was lower than
the re-suspended granule at lower ionic strength (0, 0.1, or 0.15 M
NaCl). The total cholesterol is representative of cholesterol esters
and free cholesterol and differences in the cholesterol content after
re-suspension of granule at low ionic strength might be due to the
location of cholesterol esters and free cholesterol in granule.
Cholesterol esters may be less available for extraction, as they are
located in the core of the low density lipoproteins surrounded by an
amphiphilic coating of protein, phospholipid, and free cholesterol
(Anderson, Levitt, & Banaszak, 1998; Deckelbaum, Granot, Oschry,
Rose, & Eisenberg, 1984).

By increasing the ionic strength the dry matter of granules was
not significantly (P < 0.05) different. Total ash was not different
among treatment because sodium allowed the movement of biva-
lent cations which were separated in plasma phase. Sodium con-
centrationwasmeasured in control granule as 0.1 g/L as indicator to
control the salt concentration after treatments. Consequently, the
increase of ionic strength increase sodium concentration in gran-
ules and plasma.

3.1.3. Fatty acids profile of granules and plasma
Fatty acid composition of the granules and plasma fraction after

increasing ionic strength and separation was presented in Table 4.
The fatty acid results for egg yolk were similar to the results re-
ported by Wang, Sunwoo, Cherian, and Sim (2000). Oleic acid
(C18:1), palmitic acid (C16:0), linoleic acid (C18:2) and stearic acid
(C18:0) were respectively the main fatty acids measured in the egg
yolk and granule samples. The fatty acid profiles of granules were
similar to those in yolk with the exception of eicosapentaenoic acid
(EPA, C20:5n�3) which was not detected in the granule samples.

Changing the ionic strength in granule fraction showed signifi-
cant difference (P < 0.05) in the fatty acid composition of granules.
However, at lower salt concentrations (0.1, 0.15 M NaCl), the values
obtained for granule was slightly higher than control granule. This
can be explained by the hydrophilic interaction between the
charged hydrophilic phospholipid headgroups and water mole-
cules in aqueous solution which improved recovery of fatty acids.

Total SFA content of granules (64.48 mg/g) was lower than the
one measured for egg yolk (141.34 mg/g) with a ratio of 1:2. Lower
SFA content was calculated for granule at ionic strength of 0.25 M
NaCl which was 55.90 mg/g granules on dry basis compared to
control granule (64.48 mg/g granule on dry basis).

Ionic strength significantly (P < 0.05) influenced total MUFA of
granules at 0.25MNaCl but has no effect on PUFA content. The ratio
of PUFA: SFA and UFA: SFA in granules was increased by increasing
the ionic strength indicating the effect of salt in separating satu-
rated fatty acids from granular fraction.

The control granule has two times less omega-6 (30.98 mg/g)
fatty acids compared to native egg yolk (65.00 mg/g). The calcu-
lated total omega-6 fatty acids for granule fractionwere lower than
total omega-3 fatty acids. The omega-6 (n�6) to omega-3 (n�3)
ratio was calculated for the granule fractions as the effect of ionic
strength variation. This ratio was 12.1 for control granule however
this ratio decreased by half while increasing the ionic strength.
According to Simopoulos (2002), lower ratio of omega-6 to omega-
3 fatty acids is more desirable in diets.



Table 2
ecovery of granules and the major components protein and folate (n ¼ 4).

Treatment %Yield of granules after treatments %Yield of protein %Yield of 5-MTHF

Water 95.1 ± 3.7 99.9 ± 3.5 84.6 ± 19.9
0.1 M NaCl 101.6 ± 2.3 92.1 ± 5.1 90.5 ± 30.4
0.15 M NaCl 100 ± 4.4 100.6 ± 6.8 87.4 ± 27.1
0.25 M NaCl 100.9 ± 2.1 96 ± 4.8 74.4 ± 30.7
0.55 M NaCl 101.2 ± 2.9 88.1 ± 3.2 124.3 ± 3.6

Table 3
Composition of granules and plasma as a function of ionic strength variation (NaCl concentration at 4 points).a

GC
b G0 G0.1 G0.15 G0.25 P0 P0.1 P0.15 P0.25

Protein (g/100 g dry basis) 69.5 ± 2.2bc 73.1 ± 2.5c 65.0 ± 5.2b 74.6 ± 7.8c 73.6 ± 3.4c 0.7 ± 0.6b 0.3 ± 0.1a 0.2 ± 0.0a 0.2 ± 0.1a

Lipid (g/100 g dry basis) 21.8 ± 1.9b 27.6 ± 0.9d 24.6 ± 2.0c 22.5 ± 2.5bc 12.5 ± 3.1a 0.8 ± 0.7a 0.7 ± 0.5a 0.5 ± 0.2a 0.7 ± 0.3a

5-MTHF (mg/100 g dry basis) 1964.9 ± 253.9a 2087.4 ± 448.7a 2075.0 ± 261.2a 2128.2 ± 290.2a 1883.3 ± 407.8a NDc ND 1.5 ± 0.2a 2.3 ± 0.8a

Cholesterol (g/100 g dry basis) 28.5 ± 12.7a 125.0 ± 67.1c 93.3 ± 50.9bc 70.4 ± 21.7b 26.3 ± 11.0a 3.9 ± 3.3a 4.3 ± 2.8a 5.4 ± 3.5a 6.3 ± 4.6a

Dry matter (g/100 g) 49.9 ± 0.7a 44.0 ± 2.2b 42.8 ± 1.7b 43.1 ± 2.6b 42.9 ± 0.7b 0.4 ± 0.0a 1.4 ± 0.1b 2.2 ± 0.1c 3.9 ± 0.6d

Ash (g/100 g) 3.2 ± 0.3b 3.3 ± 1.7b 2.5 ± 1.0b 2.8 ± 0.3b 3.3 ± 0.3b 0.02 ± .0a 0.5 ± 0.1b 0.7 ± 0.04c 0.99 ± 0.2d

Na (g/L) 0.1 ± 0.1a 0.2 ± 0.2a 0.5 ± 0.2ab 1.2 ± 0.6b 2.4 ± 1.2c 0.13 ± 0.1a 1.7 ± 0.2b 2.7 ± 0.3c 4.1 ± 0.9d

aed Values without common superscripts differ statistically (P < 0.05).
a Values are mean ± SD. Comparison analysis was done among plasma samples within columns and granule samples within columns separately.
b GC ¼ Granule control; Granule in native state fractionated from yolk and used as control in all experiments.
c ND ¼ not detected.

Table 4
Fatty acid composition of granules and plasma as the function of ionic strength variation (NaCl concentration at four points).a

Granules after the effect of ionic strength
variation

Plasma after the effect of ionic strength
variation

Fatty acids Yolk GC
b G0 G0.1 G0.15 G0.25 P0 P0.1 P0.15 P0.25

C14:0 1.47 ± 0.01a 0.52 ± 0.03b 0.63 ± 0.02bc 0.58 ± 0.00c 0.57 ± 0.04cd 0.46 ± 0.01de 0.003 ± 0.00c 0.02 ± 0.00a 0.01 ± 0.00b 0.02 ± 0.00a

C16:0 103.68 ± 0.52a 46.03 ± 2.30b 50.96 ± 2.21bc 47.53 ± 0.65bc 46.35 ± 2.91c 39.28 ± 0.59d 0.28 ± 0.00c 0.67 ± 0.05b 0.73 ± 0.02b 1.08 ± 0.13a

C18:0 36.18 ± 0.18a 17.92 ± 0.90b 18.85 ± 0.82b 18.75 ± 0.26b 18.32 ± 1.15bc 16.15 ± 0.24c 0.13 ± 0.00c 0.24 ± 0.01b 0.26 ± 0.01b 0.37 ± 0.04a

C16:1 11.25 ± 0.06a 4.56 ± 0.23b 5.53 ± 0.24c 4.70 ± 0.06c 4.40 ± 0.28c 3.56 ± 0.05d 0.02 ± 0.00c 0.09 ± 0.01b 0.08 ± 0.00b 0.13 ± 0.01a

C18:1 169.24 ± 0.85a 64.30 ± 3.22b 71.81 ± 3.12bc 70.62 ± 0.97bc 69.88 ± 4.39cd 56.55 ± 0.85de 0.26 ± 0.18c 1.09 ± 7.95b 1.18 ± 3.03b 1.64 ± 19.45a

C18:2 56.61 ± 0.28a 24.60 ± 1.23b 27.15 ± 1.18b 26.60 ± 0.36b 26.07 ± 1.64b 21.91 ± 0.33c 0.10 ± 0.00c 0.35 ± 0.02b 0.40 ± 0.01b 0.60 ± 0.07a

18:3 (n�6) 0.47 ± 0.00a 0.26 ± 0.01b 0.28 ± 0.01b 0.23 ± 0.01c 0.23 ± 0.01c 0.20 ± 0.00d 0.00 ± 0.00c 0.05 ± 0.00b 0.04 ± 0.00b 0.06 ± 0.01c

18:3 (n�9) 3.09 ± 0.02a 0.43 ± 0.02b 0.52 ± 0.02b 1.24 ± 0.02c 1.24 ± 0.08d 0.97 ± 0.01e 0.00 ± 0.00d 0.03 ± 0.00c 0.02 ± 0.00b 0.01 ± 0.00a

C20:4 7.92 ± 0.04a 6.12 ± 0.31b 6.03 ± 0.26b 5.62 ± 0.08bc 5.43 ± 0.34c 5.24 ± 0.08c 0.03 ± 0.00c 0.06 ± 0.00b 0.06 ± 0.00b 0.09 ± 0.01a

20:5 (n�3) 0.12 ± 0.00 NDc ND ND ND ND ND ND ND ND
22:5 (n�3) 0.42 ± 0.00a 0.16 ± 0.01b 0.15 ± 0.01b 0.26 ± 0.00c 0.26 ± 0.01d 0.23 ± 0.00e ND ND ND ND
22:6 (n�3) 4.96 ± 0.02a 1.81 ± 0.09b 1.86 ± 0.08b 3.60 ± 0.05b 3.49 ± .22c 3.36 ± 0.05d ND ND ND ND
SFA 141.34 ± 0.71a 64.48 ± 3.23b 70.44 ± 3.06b 66.86 ± 0.92b 65.25 ± 4.10b 55.90 ± 0.84c 0.41 ± 0.00c 0.92 ± 0.07b 1.01 ± 0.02b 1.46 ± 0.17a

MUFA 237.10 ± 1.19a 93.46 ± 4.68c 104.50 ± 4.54b 101.92 ± 1.40bc 100.35 ± 6.30bc 82.03 ± 1.24d 0.37 ± 0.00c 1.53 ± 0.11b 1.65 ± 0.04b 2.34 ± 0.28a

PUFA 16.98 ± 0.08a 8.78 ± 0.44c 8.84 ± 0.38c 10.96 ± 0.15b 10.65 ± 0.67b 10.00 ± 0.15b 0.03 ± 0.00c 0.21 ± 0.01b 0.16 ± 0.00a 0.19 ± 0.02ab

UFA: SFA* 1.80 1.58 1.61 1.69 1.70 1.65 0.99 1.88 1.80 1.72
PUFA: SFA* 0.12 0.14 0.12 0.16 0.16 0.18 0.08 0.23 0.16 0.13
Total omega-6 65.00 ± 0.33a 30.98 ± 1.55b 33.46 ± 1.45b 32.45 ± 0.44b 31.73 ± 1.99b 27.35 ± 0.41c �d e e e

Total omega-3 8.59 ± 0.04a 2.40 ± 0.12b 2.53 ± 0.11b 5.11 ± 0.07c 4.99 ± .31cd 4.55 ± 0.07d e e e e

n�6: n�3e 7.57 12.2 13.21 6.35 6.35 6.00 e e e e

aeg Values without common superscripts differ statistically (P < 0.05).
*Means significantly different.
SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; UFA: unsaturated fatty acid.

a Values are mean ± SD (mg/g yolk or granule on dry basis). Comparison analysis was done among granule samples within columns and among plasma samples within
columns separately.

b GC ¼ granule control; Granule in native state fractionated from yolk and used as control in all experiments.
c ND ¼ not detected.
d Negligible amounts. Not calculated.
e Ratio of total omega-6 to omega-3 fatty acids.
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The results of present experiment indicate that an increase of
ionic strength modified the fatty acid profile of granule. Higher
concentration of NaCl hadmore effect on separation of C18:1, C18:2,
C16:0 and C18:0, respectively. Moreover, with increasing ionic
strength, higher values were also calculated for total SFA, PUFA and
UFA in plasma fraction. Based on the observations, ionic strength of
0.15 M NaCl significantly (P < 0.05) affected the fatty acid compo-
sition of disrupted granules.
3.1.4. Protein distribution using SDS-PAGE analysis
The protein profile of the granule fraction and the separated

plasma from resuspended granules were analyzed by SDS-PAGE.
The electrophoretic pattern of granules versus plasma proteins
was obtained in a highly reproducibleway. The Fig. 2 lane “a” shows
protein composition of the control granule separated from egg yolk.
Total, 6 bands with molecular weights of 110, 77, 59, 40, 45 and
35 kDa were assigned to the proteins of the control granule. The



Fig. 2. Electrophoretic profile of the total proteins of granules after changing ionic
strength at 0, 0.1, 0.15, 0.25, 0.55 M NaCl (aee) and soluble proteins in plasma fraction
separated from granules (�aed�). Std ¼ MW standard.
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bands 1 and 2 with a molecular weight of 110 kDa correspond to
apovitellin 3 þ 4, band 3 to apovitellin 5 þ 6 (78 kDa), band 4 to
apovitelin 7 (59 kDa) and band 6 (35 kDa) to vitellogenin-3
(theoretical Mw of 38 kDa). In the current study, band 5 was
assigned to phosvitin with a molecular weight of 45 kDa by
comparing with commercial phosvitin.

Lanes “bee” show the protein composition of granules derived
after extraction with salt solutions varying in ionic strength.
Addition of sodium chloride to a solution of granules resulted in the
solubilization of granular proteins. At an ionic strength of 0.1, 0.15,
or 0.25 M NaCl, granule particles form a milky solution, and
centrifugation permitted the separation of granules from the
plasma. At 0.25 M NaCl, the granular structure were partly dis-
rupted and by further centrifugation two distinct yellow fractions
were separated. The protein composition of the granules in each
treatment were similar to the control granule, and the four major
apovitellins and phosvitin are clearly visible. At 0.55 M NaCl the
granular structure was completely disrupted, with the formation of
a homogeneous and translucent solution. The protein profiles at
this ionic strength (lane e) consist of six major bands that can be
clearly identified. By comparing the protein profile of granules (a, b,
c, d) with the plasma fractions (�a, b�, �c, d�) separated from the
granules, we noticed that some proteins were solubilized and
separated in plasma. By increasing the ionic strength, the presence
of a protein band at a molecular weight of 210 kDa became more
visible in the plasma fractions (b�, �c, d�) separated from granule. This
band can be assigned to vitellogenin II (lipovitellin-2) with a
theoretical molecular weight of 204 kDa. In lane �a only water sol-
uble proteins were apparent between molecular weights of 74 and
31 kDa. The bands with apparent molecular weights of 44 and
35 kDa might correspond to phosvitin, which appears with
aluminum nitrate in our staining solution. These results confirmed
previous reports that phosvitin has several components (a1, a2, and
b-phosvitin) and that the major component is b-phosvitin (45 kDa)
(Castellani, Martinet, David-Briand, Guerin-Dubiard, & Anton,
2003). Band 1 and 2 (lane a; apovitellin 3 þ 4) at MW of 110 kDa
may be a heterodimer since the intensity of this band decreased in
Table 5
Recovery of granules and major components: protein and folate.

Ultrasonic time %Yield of granules after treatments

0 min 102.59 ± 0.00
5 min 98.15 ± 1.73
10 min 101.29 ± 3.34
lanes bee. By increasing the NaCl concentration, this band
degraded to several bands and migrated at a lower molecular
weight which appeared in lanes �ae d�.

3.2. Effect of ultrasound treatment on granule and plasma

3.2.1. Protein and folate recovery
The granules were resuspended in distilled water and pre-

treated by ultrasound power at different time points. The overall
mass balance and component mass balance was calculated for
granules disrupted by ultrasound and the final yields are presented
in Table 5. It was calculated that more than 98% of granules were
recovered after centrifugation. Moreover, after ultrasonic treat-
ment, high recovery of protein and 5-MTHF was obtained for
granular fraction.

3.2.2. Granule and plasma composition
The composition of granules after pre-treatment with ultra-

sound in three different time point was analyzed and presented in
Table 6. By increasing the ultrasonic processing time, no significant
effect on composition of granules and plasma was observed. Unlike
the effect of salt addition, the 5-MTHF was not separated in soluble
fraction of granule. Ultrasonic pre-treatment was used to facilitate
dispersion of non-soluble granules inwater and interestingly the 5-
MTHF content of precipitated granules did not change across the
treatments. Compared to cholesterol content of control granule
(11.36 g/100 g), higher values weremeasured for ultrasound treated
granules.

3.2.3. Fatty acids profile of granules and plasma
The fatty acid composition of granules and separated plasma

after pre-treatment with ultrasonic in three different time point
was analyzed and presented in Table 7. The main fatty acids
measured (on dry basis) for control granules were C18:1 (50.87 mg/
g), C16:0 (38.11 mg/g), C18:2 (19.58 mg/g), and C18:0 (14.25 mg/g).
the significant changes were not observed in fatty acid composition
of granule after increasing the time of ultrasonic treatment to
10 min. The total SFA, MUFA and UFA was calculated for granule
samples and it was observed that total MUFA was higher than total
SFA. For control granule, the ratio of UFA:SFA and PUFA:SFA was
respectively calculated as 1.53 and 0.12. This ratio remained almost
unchanged for ultrasonic treated granules at different time points.

The dispersion of compact granular structure was facilitated by
application of ultrasound power. The re-suspended granule
appeared to be homogeneous after ultrasound power pre-
treatment which might be the result of cavitation phenomena
(Vilkhu et al., 2008). The implosion of cavitation bubbles generates
macro-turbulence, high-velocity inter-particle collisions and
perturbation in micro-porous particles of the biomass which finally
results to particle breakdown (Vilkhu et al., 2008).

3.2.4. Protein distribution using SDS-PAGE analysis
Further investigation was done to monitor the effect of ultra-

sound treatment on the protein profile of granules. The electro-
phoresis pattern of the granule fraction (Fig. 3) showed the
presence of six bands in control granule (Gctr) which were the
%Yield of protein %Yield of 5-MTHF

96.24 ± 3.40 101.22 ± 0.00
99.92 ± 1.72 99.27 ± 8.04

106.50 ± 1.50 105.31 ± 11.15



Table 6
Effect of ultrasonic pre-treatment on composition of granule and separated-plasma from granules after treatments.a

Compositionb Granule Granules Plasma

Control Treatment Treatment

0 min 5 min 10 min 0 min 5 min 10 min

Protein (g/100 g) 70.79 ± 0.4a 65.96 ± 1.5a 71.99 ± 2.2a 74.26 ± 2.9a 0.97 ± 0.1a 0.77 ± 0.1a 0.79 ± 0.2a

Lipid (g/100 g) 24.84 ± 0.4a 22.67 ± 0.1a 24.79 ± 1.19a 23.05 ± 0.5a 0.41 ± 0.1a 0.74 ± 0.1a 0.78 ± 0.2a

5-MTHF (mg/100 g) 2001.5 ± 27.9a 2012.9 ± 52.9a 1958.0 ± 297.5a 2114.9 ± 115.8a NDc ND ND
Cholesterol (g/100 g) 11.36 ± 0.9a 52.74 ± 2.8b 43.87 ± 5.15b 61.18 ± 3.96b 2.28 ± 0.0a 2.44 ± 0.7a 1.92 ± 0.6a

a Values are mean ± SD. Comparison analysis was done among granule samples within columns and among plasma samples within columns separately.
b Compositions are on dry basis.
c ND¼ Not Detected.

Table 7
Fatty acid composition of granule and plasma separated from granule as a function of ultrasonic treatment (ultrasonic process time at three points).a

Granule Granules Plasma

Control Treatment Treatment

Fatty acids 0 min 5 min 10 min 0 min 5 min 10 min

C14:0 0.47 ± 0.1a 0.51 ± 0.0a 0.52 ± 0.0a 0.53 ± 0.0a 0.02 ± 0.0a 0.01 ± 0.0b 0.01 ± 0. 0b

C16:0 38.11 ± 7.5a 42.10 ± 3.1a 44.39 ± 1.5a 44.36 ± 1.0a 0.83 ± 0.3a 0.47 ± 0.0a 0.57 ± 0.1a

C18:0 14.25 ± 2.9a 15.79 ± 1.0a 16.83 ± 0.6a 16.68 ± 0.4a 0.26 ± 0.1a 0.16 ± 0.0a 0.20 ± 0.0a

C16:1 4.11 ± 1.3a 4.37 ± 0.8a 4.59 ± 0.6a 4.75 ± 0.3a 0.10 ± 0.0a 0.05 ± 0.0a 0.06 ± 0.0a

C18:1 50.87 ± 11.9a 57.27 ± 5.0a 60.11 ± 2.2a 59.99 ± 1.3a 1.24 ± 0.5a 0.69 ± 0.0a 0.80 ± 0.2a

C18:2 19.58 ± 4.2a 22.39 ± 1.5a 23.40 ± 0.8a 22.76 ± 0.4a 0.38 ± 0.1a 0.23 ± 0.0a 0.26 ± 0.1a

18:3 (n�6) 0.20 ± 0.0a 0.23 ± 0.0a 0.24 ± 0.0a 0.23 ± 0.0a 0.004 ± 0.0a 0.001 ± 0.0a 0.001 ± 0.0a

18:3 (n�9) 0.36 ± 0.1a 0.40 ± 0.0a 0.41 ± 0.0a 0.39 ± 0.0a 0.01 ± 0.0a 0.01 ± 0.0a 0.01 ± 0.0a

C20:4 4.47 ± 1.0a 4.95 ± 0.2a 5.35 ± 0.2a 5.25 ± 0.1a 0.02 ± 0.0a 0.02 ± 0.0a 0.03 ± 0.0a

20:5 (n�3) NDb ND ND ND ND ND ND
22:5 (n�3) 0.12 ± 0.0a 0.13 ± 0.0a 0.14 ± 0.0a 0.14 ± 0.0a ND ND ND
22:6 (n�3) 1.26 ± 0.3a 1.50 ± 0.1a 1.61 ± 0.1a 1.49 ± 0.0a ND ND ND
SFA 52.83 ± 10.5a 58.39 ± 4.2a 61.75 ± 2.2a 61.57 ± 1.5a 1.11 ± 0.4a 0.63 ± 0.0a 0.78 ± 0.2a

MUFA 74.57 ± 17.4a 84.04 ± 7.3a 88.10 ± 3.6a 87.50 ± 1.5a 1.72 ± 0.7a 0.97 ± 0.0a 1.13 ± 0.3a

PUFA 6.41 ± 1.4a 7.23 ± 0.3a 7.77 ± 0.3a 7.50 ± 0.2a 0.03 ± 0.0a 0.03 ± 0.0a 0.05 ± 0.0a

UFA:SFA* 1.53 ± 0.0a 1.56 ± 0.0a 1.55 ± 0.0a 1.54 ± 0.0a 1.57 ± 0.0ab 1.59 ± 0.0a 1.49 ± 0.0b

PUFA:SFA* 0.12 ± 0.0a 0.12 ± 0.0a 0.12 ± 0.0a 0.12 ± 0.0a 0.03 ± 0.0c 0.05 ± 0.0b 0.06 ± 0.0a

aed Values without common superscripts differ statistically (P < 0.05). Comparison analysis performed among treatments for granules and plasma separately.
*Means significantly different (P < 0.05) among treatments for plasma fraction.
SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; UFA: unsaturated fatty acid.

a Values are mean ± SD (mg/g granule and plasma on dry basis). Comparison analysis was done among granule samples within columns and among plasma samples within
columns separately.

b ND ¼ not detected.

Fig. 3. Electrophoretic profile of the total proteins of granules after ultrasonic treat-
ment (aec) and soluble proteins in plasma fraction separated from granules (�ae�c).
Std ¼ MW standard. Phv ¼ commercial phosvitin standard.
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characteristic of granule fraction. The intensity of the protein bands
among treatments did not changed for granule fraction but several
bands were appeared in plasma separated from granules. The
number of 6 bands were detected in plasma fraction. The intensity
of the bands withMWof 110 kDa increased by increasing ultrasonic
process time (bands �a e �c). By comparing the protein profile of
granules after ionic strength (Fig. 2) and ultrasonic treatment
(Fig. 3), protein bands with MW 200, 210, 17 and 5 kDa were not
appeared in plasma after ultrasound. The number of bands in
plasma as the effect of ultrasound remained constant in all ultra-
sonic treatment (0e10 min). These proteins may be more water
soluble compare to other proteins of granule fraction.

By applying ultrasound power, the granules formed more ho-
mogeneous structure. The 5-MTHF was not detected in the solu-
bilized fraction of granule (plasma) after applying ultrasound
power on re-suspended granule.
4. Conclusion

It was demonstrated that under the conditions used (increased
ionic strength and ultrasound), the granules are stable structures
and their modifications are not possible. Further fractionation of
granule is possible by increasing the ionic strength. The application
of pre-treatment of granule and integrating the granular network
confirmed the presence of chemical bonds between the granular
protein structure and 5-MTHF in egg yolk granules. Further in-
vestigations on themicrostructure of granules will provide detailed
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information in better understanding the association between 5-
MTHF and granular protein composition.
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a b s t r a c t

Prato cheese is a Brazilian yellow-orange cheese traditionally colored with annatto. However, the aim of
this study was to replace annatto with lutein, a natural yellow food pigment with potent antioxidant
properties. Accordingly, we evaluated the maintenance of antioxidant activity of two concentrations of
lutein (16 and 32 mg L�1) in Prato cheese throughout 60 days of ripening, as well as changes in color, pH,
texture and ripening profiles, and sensory acceptance of lutein containing Prato cheese. We observed that
lutein added to milk was transferred to the curd and antioxidant activity was maintained throughout
ripening for both lutein concentrations. The cheese containing the higher concentration of lutein was
slightly redder in color than the others; however, the main color changes were due to the ripening. In
addition, Prato cheeses containing both lutein concentrations demonstrated similar sensory acceptance
compared to cheese containing annatto. Ripening indexes (extension and depth), pH, and texture profile
parameters were not affected (p � 0.05) by addition of lutein. Therefore, Prato cheese was found to be a
good matrix carrier for lutein, maintaining the antioxidant activity of the colorant. Furthermore, lutein
can replace annatto without affecting the properties and acceptance of Prato cheese.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Age-related macular degeneration (AMD) is a chronic disease of
the central part of the retina called the macula, which can lead to
loss of vision (Klein et al., 2011; Lim, Mitchell, Seddon, Holz, &
Wong, 2012), and can be related to oxidation and inflammation.
The effects of AMD can range from the presence of drusen deposits
and pigmentary changes in the retina to more serious problems
such as geographic atrophy and choroidal neovascularization
(Michalska-Małecka, Kabiesz, Nowak, & �Spiewak, 2015). In the
United States, it is estimated that by 2020, 3 million individuals will
have this disease (Klein et al., 2011).

Carotenoids can play a role in the human antioxidative system
and are generally present in the macula (Michalska-Małecka et al.,
2015) as normal macular pigments. Their presence is important
once the retina becomes abundantly illuminated and has greater
demands for oxygen (Landrum & Bone, 2001). The main macula
).
carotenoids are lutein, zeaxanthin, and meso-zeaxantin (Landrum
& Bone, 2001; Michalska-Małecka et al., 2015). Lutein represents
36% of the carotenoid content of the retina (Landrum & Bone,
2001).

Lutein (3,30-dihydroxy-a-carotene) can be used to fortify food,
particularly dairy products that are consumed globally
(Najgebauer-lejko, Grega, & Tabaszewska, 2014), and is known to
prevent and reduce the occurrence of AMD. As such, recent studies
have evaluated the stability of lutein incorporated into dairy
products during processing and storage, as well as determine food
changes due lutein incorporation (Domingos et al., 2014; Jones,
Aryana, & Losso, 2005; Tiaki et al., 2013; Tokusoglu, 2013).

Tokusoglu (2013) added different concentrations of lutein in
cream cheeses and found that lutein levels did not affect the
product flavor. Moreover, this carotenoid remained stable for
approximately 6 weeks of storage (Tokusoglu, 2013). Similarly,
Domingos et al. (2014) could not identify any differences in yogurt
acceptance after adding lutein or riboflavin. In addition, there were
no changes in the levels of the compounds levels during storage
under light or dark conditions (Domingos et al., 2014). On the other
hand, Jones et al. (2005) observed differences in the color of
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cheddar cheese with the addition of lutein compared to cheese
without lutein. They also observed differences in microbiological
content among cheeses with different concentrations of the
carotenoid; however, no lutein degradation was identified (Jones
et al., 2005).

Prato cheese is a yellow dairy product that is highly consumed in
Brazil, similar to Gouda and Danbo cheeses. Traditionally, it is
added by annatto (Bixa orellana L.), which contains mainly the bixin
pigment; however lutein can also be incorporated as an antioxidant
agent into Prato cheese without any negative changes in its color
(Sobral et al., 2014; Tiaki et al., 2013). Tiaki et al. (2013) observed
high lutein recovery in Prato cheese and thus concluded that the
incorporation of lutein in Prato cheese is viable from a technical
perspective. However, further studies are needed to understand the
lutein antioxidant capacity in Prato cheese.

Therefore, this study aimed to evaluate the antioxidant capacity
of different concentrations of lutein in Prato cheese during storage.
Changes in instrumental colors, texture profile, pH and ripening,
and sensory properties were also investigated.
2. Materials and methods

2.1. Materials

Commercial lutein and annatto were provided by Royal DSM.
Coagulant (Christian Hansen), mesophilic and aromatic cultures
(Christian Hansen), as well as bovine raw milk were used in this
study.
2.2. Cheese manufacture

The Prato cheese was produce in 3 replicates and the cheese
manufacturing process is described in Fig. 1. Control cheeses were
added by 80 mg L�1 of annatto, whereas cheeses containing lutein
were added by 16 and 32 mg L�1 of the pigment.
2.3. Quantification of lutein

Evaluation of lutein concentration in Prato cheese during
ripening was carried out according to a previously published pro-
tocol (Rodriguez-Amaya, Raymundo, Lee, Simpson, & Hichester,
1976), with minor modifications. Briefly, lutein was extracted
from cheese samples (0.20 ± 0.01 g) by sample dilution in 95%
ethanol (Vetec) followed by lutein recovery with acetone (Vetec)
and petroleum ether (Vetec) in a separation funnel. The samples
were then washed with distilled water. The organic solvent was
evaporated until dryness using a vacuum rotatory evaporator at
38 �C and the lutein resuspended in 5 mL of absolute alcohol.

Lutein was quantified by high performance liquid chromatog-
raphy using a Shimadzu HPLC CLASS-VP with SPD-10AVdetector.
The compounds were separated using a reverse phase column C30
YMC (250 � 4.6 mm, 5 mm) specific to carotenoids, using methanol,
tert-butyl-methyl-ether as the mobile phase and tetrahydrofuran
as the cleaning solvent, with a flux of 1 mL/min in isocratic mode
and injection of 50 mL. Chromatograms were obtained at 450 nm.

Samples were resuspended in 5 mL of methanol and filtered
using polyethylene membranes with a pore size of 0.22 mm.

For quantification, known concentrations of lutein (ranging
from5 to 40mg L�1) were injected in HPLC (>95%) (SigmaeAldrich)
for detection. The data from the resulting peaks were used as
standards to determine the concentration of lutein samples by
performing a regression analysis.
2.4. Antioxidant activity

Analysis of antioxidant capacity was performed throughout the
60-day ageing period on days 1, 5, 15, 30, and 60 using the ABTS
method according to Cai, Luo, Sun, and Corke (2004), with some
changes.

The ABTS�þ radical was obtained through the reaction between
ABTS (7.0 mM) and potassium persulfate (2.45 mM; 1:1, v/v) in the
absence of light for15 min at 50 �C. ABTS�þ solution was diluted in
ethanol until an absorbance of 0.700 at 734 nmwas achieved. Then,
0.5 mL of lutein sample (obtained by extraction as described in
section 2.2) was mixed with 3.5 mL of diluted ABTS�þ solution, and
absorbance at 734 nm was measured. The control and blank sam-
ples were prepared by replacing lutein samples with ethanol and
extract from cheese without lutein, respectively. Trolox (final con-
centrations 0e300 mM) was used as a reference standard, and re-
sults were expressed as Trolox equivalent antioxidant ability (TE).

2.5. Determination of cheese color

Cheese color parameters L, a*, and b* were evaluated according
to G�omez-Torres, Garde, Peirot�en, and �Avila (2015) using a Hunt-
erlab Model Color Quest II colorimeter (Hunter Associates Labora-
tory, Inc., Reston, VA, USA). Illuminat D65 (standard daylight) with
an illumination angle of 10� was used. The method of color mea-
surement was reflectance mode, with specular reflection excluded,
were only the diffuse reflectance is measured, which correlates
better to the way the observer sees the color of an object. Samples
were taken from different points on the pieces of cheese and
measured on eight consecutive occasions.

Chroma (C*) values were calculated using eq. (1) below.

C* ¼
�
a*2 þ b*2

�1=2
(1)

a* and b* values were used to determine Hue angle (H*). If a* and b*
values were greater than 0, H* was calculated using eq. (2).

H* ¼ arctg
�
b*
�
a*
�

(2)

If a* < 0 and b* > 0, H* was calculated using eq. (3).

H* ¼ 180� þ arctg
�
b*
�
a*
�

(3)

But, if a* and b* < 0, H* was calculated using eq. (4).

H* ¼ 270� þ arctg
�
b*
�
a*
�

(4)

If a* > 0 and b* < 0, H* was calculated using eq. (5).

H* ¼ 360� þ arctg
�
b*
�
a*
�

(5)

Sensory analyses were performed after 60 days of storage.
Cheeses were evaluated using acceptability tests, a structured nine-
point hedonic scale ranging from 1 (extremely dislike) to 9 (like
extremely). On each sampling day, 40 consumers from Instituto de
Lacticínios Cândido Tostes (ILCT), including teachers, students, and
staff, were recruited based on interests and cheese consuming
habits. The middle portions of the aged cheeses (in triplicate) were
cut into 2.5 � 2.5 � 2.5 cm pieces and codified with three random
digits. The sensory evaluation of the present studywas approved by
the EPAMIG/ILCT Ethics Research Committee and was carried out at
the Laboratory of Sensory Analysis of the same institution.

2.6. Analysis of pH and ripening indexes of Prato cheese

Samples were analyzed to determine the total nitrogen (TN)



Fig. 1. Schematic flowchart of Prato cheese manufacture. Annatto was added in control cheese at 80 mg L�1 of milk and lutein as added at two different concentrations: 16 and
32 mg L�1 of milk.
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contents. Non-protein-nitrogen (NPN) content was determined
using the trichloroacetic acid technique. True protein content was
calculated by subtracting NPN from TN andmultiplying by 6.38. The
ripening index was measured by the degradation of casein or ni-
trogen originated from organic material, and was quantified as the
ratio (%) of soluble nitrogen at pH 4.6 and TN. This index should
increase with advancing maturation. Ripening depth involves all
low molecular weight nitrogenous substances formed during pro-
cessing and was quantified as the ratio of NPN to TN (Pinto et al.,
2011). The pH was also measured using a Tec-2 Tecnal pHmeter
at 20-30 �C.
2.7. Analysis of the texture profile of Prato cheese

Analysis of texture profile of Prato cheese were carried out ac-
cording to Messens, Van de Walle, Arevalo, Dewettinck, and
Huyghebaert (2000) with some modifications. A texturometer
Brookfield model CT3 was used for texture profile analysis (TPA).
Pre-test, test, and post-test speeds of 1 mm s�1 were used, with a
compression distance of 40% from the top of the sample. A
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cylindrical probe (TA 11/1000) of 35 mm in diameter was used. A
charge cell of 1 kN was moved perpendicularly through cylindrical
cheese samples (25 mm in diameter and 25 mm in height), and
randomly collected from the whole cheese. The resistance exerted
by the samples was automatically registered and firmness, cohe-
siveness, springiness, chewiness and adhesiveness were calculated
using the Brookfield Texture Pro CT software.
2.8. Data analysis

The experiments were carried out three times in a block ran-
domized design with a factorial scheme (time � lutein concentra-
tion). The proteolysis, pH, color, and TPA results at each point in
time were evaluated by analysis of variance (ANOVA), using the
Tukey test to compare means. The significance level of was set at
p < 0.05. The analyses were performed using theMINITAB software,
version 14.
3. Results and discussion

3.1. Quantification and antioxidant activity of lutein in Prato cheese

The addition of food dye to Prato cheese is important for cheese
acceptance, and in the case of lutein there is an additional role
associated with its antioxidant property that benefits human
health. Since lutein was added before milk coagulation, some
amount could be released in whey. Furthermore, lutein could be
lost by oxidative mechanisms during cheese ripening. Therefore,
determination of the concentration of lutein in cheeses during
ripening was conducted (Fig. 2).

The majority of the lutein added to milk was transferred to the
curd and only a small amount was lost in whey, probably due to
lutein hydrophobicity. Tiaki et al. (2013) also observed that around
95% of lutein added to milk was retained in cheese. The concen-
tration of lutein in cheese was mostly constant during ripening,
which indicates that there was no oxidative loss of lutein during
ripening. Therefore, lutein in Prato cheese is probably protected by
Fig. 2. Media and standard deviation (3 repetitions) of lutein concentration in Prato
cheese during the ripening period. Cheese manufactured with milk containing (B)
16 mg L�1 and with (-) 32 mg L�1.
lipids and proteins and could be carried in this cheese for human
consumption.

Lutein was reported to be a potent antioxidant that prevents
chronic and degenerative diseases (Tan et al., 2016). However,
lutein application in food is limited due to its low stability to
exposure to oxygen, light, high temperatures (Matos, Guti�errez,
Iglesias, Coca, & Pazos, 2015) and acid conditions (Davidov-Pardo,
Gumus, & McClements, 2016). Since the Prato cheese is manufac-
tured in the presence of oxygen and light, involves a heating step,
and present a slight acid environment, evaluation of the antioxi-
dant activity of lutein in cheeses during the ripening is very
important.

Cheeses containing lutein demonstrated high whereas control
samples show smaller antioxidant activity, probably related to the
primary proteolysis (Gupta, Mann, Kumar,& Sangwan, 2009) and to
antioxidants naturally present in Prato cheese. Furthermore, we
observed that the higher the concentration of lutein in the cheese,
the higher antioxidant activity (p < 0.05). However, there was no
difference (p � 0.05) in the antioxidant activity in cheeses during
ripening, which was constant during all 60 days of ripening (Fig. 3).

The stability of the antioxidant activity of lutein in cheese is
probably related to the protection of lutein by the protein-lipid
network present in cheese. Because of its hydrophobic nature,
lutein in plants and animal cells is often found bound to the hy-
drophobic domains of proteins and lipids (Cai, Huang, & Wang,
2015), and it is known that it is able to interact with milk pro-
teins, such as bovine serum albumin (BSA) (Reszczynska, Welc,
Grudzinski, Trebacz, & Gruszecki, 2015). Prato cheese comprises a
large hydrophobic region (formed by around 25% lipids and 20%
proteins) (Tiaki et al., 2013) that can entrap lutein and protect it
against instability factors. According to Cichosz and Czeczot (2004),
antioxidants in lipophilic regions are more stable than those in the
aqueous phase.

Another study demonstrated that annatto presents higher
antioxidant activity than lutein (Kiokias & Oreopoulou, 2006). In
this work, the antioxidant activity of lutein was greater, probably
due to the concentration used to achieve the characteristic color of
Fig. 3. Media and standard deviation (3 repetitions) of antioxidant activity expressed
in Trolox equivalent (TE) of lutein present in Prato cheese during ripening period.
Cheeses manufactured with milk containing: (:) no lutein, (B) 16 mg L�1, and (-)
32 mg L�1 of lutein.
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Prato cheese. Kiokias et al. (2006) showed that concentration of
carotenoid is more effective in increasing antioxidant activity of
lutein than of bixin. Thus, even annatto concentration (used in
Prato cheese manufacture) was higher than lutein; there was no
increment in the antioxidant activity of the former.

Despite of annatto, which is traditionally used in Prato cheese,
shows an antioxidant activity, being an effective anticancer agent
(Zou & Akoh, 2015), the replacement of annatto by lutein can
represent a quite convenient and attractive alternative for supply-
ing lutein intake and prevent age-related macular degeneration
(AMD). However, these health benefits provided by lutein could not
compromise color and acceptance of Prato cheese.
3.2. Color measurement and sensory analysis

Color is an important parameter for cheese acceptance. A
yellow-orange color is characteristic of Prato cheese, thus it is
important to verify the effect of lutein compared to annatto (B.
orellana L.), the natural colorant often used in the manufacture of
Prato cheese. The color parameters of cheeses, assessed over60
days of ripening are shown in Fig. 4.

The value of L* decreased as ripening increased for all cheeses,
thus cheeses became more opaque as ripening followed, probably
due to water evaporation during the ripening period. However,
Fig. 4. Media and standard deviation (3 repetitions) of lightness (L*) and chromatic coordina
16 mg L�1, and (-) 32 mg L�1 of lutein, during ripening.
there was no difference (p � 0.05) in L* values for cheeses with or
without lutein, perhaps because the dry matter of the different
cheeses was similar (G�omez-Torres et al., 2015).

All cheeses showed positive values for a* and b*, indicating
reddish and yellowish directions, respectively, which is visually
identified as yellow-orange, the characteristic color of Prato cheese
(Supplementary Material, S1).

Cheese comprising the higher concentration of luteinwas found
to be slightly more reddish and yellowish than the control sample.
This difference in color parameters increased up to day 15 and was
relatively constant up until the end of ripening at day 60
(Supplementary Material S2).Cheese is a biochemically and bio-
logically dynamic system that undergoes sequential changes as it
goes through the ripening process. Therefore, this result could be
attributed to these pronounced changes, mainly the higher water
loss at the beginning of the ripening process (Chapeau, Silva,
Schuck, Thierry, & Floury, 2016).

Other important color parameters are chroma (C*) and hue
angle (H*), which indicates color saturation degree and tonality,
respectively (Tiaki et al., 2013). C* and H* values are presented in
Table 1.

For all treatments, C* values increased with time, which can be
explained by water evaporation during ripening (Tiaki et al., 2013).
Samples containing a higher concentration of lutein (32 mg L�1)
tes a* and b* of Prato cheeses manufactured with milk containing: (:) no lutein, (B)



Table 1
Chroma (C*) and hue angle (H*) values for Prato cheese during ripening time.

Lutein concentration in milk (mg.L�1) C* H*

Days

1 15 30 60 1 15 30 60

0 28.09 30.81 36.85 37.81 67.83 64.26 57.24 57.33
16 33.21 35.80 41.19 41.89 111.65 94.76 77.49 83.91
32 38.56 43.96 48.83 49.52 79.76 70.65 67.22 66.65

D. Sobral et al. / LWT - Food Science and Technology 68 (2016) 349e355354
demonstrated similar values to the control treatment. The addition
of lutein also changed the tonality of Prato cheeses; however, the H*
values of control and cheese manufactured with a higher concen-
tration of lutein were similar. The H* values indicate that control
and higher lutein cheeses were orange, while cheese comprising
low concentrations of lutein were yellow. Fig. 5 illustrates the dif-
ference between C* and H* in cheeses at day 60 of ripening.

To confirm whether the difference in instrumental measure-
ments of color due to the addition of lutein affected the acceptance
of Prato cheeses, the global acceptance was evaluated by sensory
analysis. Sensory evaluation was carried out by 40 non-trained
individuals (23 women and 17 men between 20 and 43 years old)
using a9-point scale on the last day of ripening (day 60). The
average scores of global acceptance of Prato cheeses did not change
(p � 0.05) with replacement of annatto with lutein, and were 7.40,
6.95, and 7.35 for samples without lutein, and with 16
and32 mg L�1 of lutein, respectively. These results corroborate the
proximity in the color obtained by instrumental measurements,
and indicate that lutein can be used as a natural pigment for Prato
cheese.

In addition, it is important to emphasize that even lutein pre-
sents higher cost than annatto; a small amount of this pigment (less
than half concentration) was able to get desirable color of Prato
cheese to consumers. Also, cheese containing lutein showed an
additional advance related to its protection against AMD.

3.3. Ripening index, pH, and texture profile analysis

Prato cheese is a ripened cheese often consumed after 30 days of
ripening (Chaves & Gigante, 2016). Therefore, proteolysis is an
important characteristic of this cheese. Ripening indices such as
extension and depth of ripening were determined for cheeses with
or without lutein since they involve the degradation of casein
mainly by coagulant and low molecular weight nitrogenous
Fig. 5. Graphical representation of C* and H* values for cheeses manufactured with
milk containing: (A) 32 mg L�1, (B) 16 mg L�1 of lutein and (C) no lutein, at day 60 of
ripening.
substances formed during ripening, respectively (Merheb-Dini,
Garcia, Penna, Gomes, & da Silva, 2012).

Ripening time influenced both indices (extension and depth of
ripening) (p < 0.05) (Supplementary Material S3); however, there
was no difference (p � 0.05) in these parameters caused by lutein,
indicating that this pigment did not change the ripening profile of
Prato cheese.

The pH is another important parameter of cheeses because it
indicates changes in the ripening process caused by lactic acid
bacteria. It depends on calcium phosphate and protein contents,
salting conditions, and the salt sensitivity of the starter culture
(Hou, Hannon, McSweeney, Beresford, & Guinee, 2012). For all
treatments, the pH increased during ripening (p < 0.05), indicating
proteolysis of the proteinous net of the cheese (Voigt et al., 2012).
However, there was no difference (p� 0.05) between the control or
lutein-enriched cheese samples, and the average pH ranged from
5.2 to 5.5, as reported in other studies (Cichoscki, Valduga, Valduga,
Tornadijo, & Fresno, 2002; Merheb-Dini et al., 2012). Therefore,
replacement of annatto with lutein did not affect the pH increase
during cheese ripening.

To complete the characterization of Prato cheese, the texture
profile of cheeses was evaluated during ripening. The texture pro-
file is a very important parameter for characterizing cheeses as well
as for consumer acceptance (Medeiros, Kongo, Borges, & Ponte,
2014). Firmness, springiness, and chewiness parameters
decreased (p < 0.05) during ripening. These results can be
explained by proteolysis of the casein network initially caused by
the residual action of coagulants and then by proteolytic enzymes
produced by lactic acid bacteria (LAB), which lead to a softer and
less elastic cheese (V�elez et al., 2015).

The addition of lutein did not change (p � 0.05) any texture
profile parameters of the cheeses, thus the addition of lutein did not
affect the ripening of Prato cheese (Table 3, in Supplementary
Material S4).
4. Conclusion

For the first time, the antioxidant activity of lutein carried by
Prato cheese was evaluated during the 60 days of ripening. The
cheese matrix formed by proteins and lipids protected the lutein
during the ripening process, since there was no loss of lutein or its
antioxidant capacity. Prato cheese with the highest concentration
of lutein showed similar coloration (yellow-orange color) to tradi-
tional Prato cheeses producedwith annatto, and the replacement of
annatto with lutein did not influence the sensory acceptance of the
cheese. The addition of lutein did not influence the maturation
index, pH, and cheese texture profile compared to control during
ripening. Prato cheese has significant potential as a lutein carrier,
while maintaining the functional properties of this antioxidant.
Furthermore, lutein was found to be innocuous to the cheese and
may be used as a substitute for the annatto inducing functional
properties of Prato cheeses.
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a b s t r a c t

In this work active films from chitosan containing Eucalyptus globulus (EG) essential oil (0, 1, 2, 3 and 4%
(v/v)) were developed by casting and solvent-evaporation method. Then, the physical properties, the
total phenolic content, the antioxidant and antimicrobial activities of different films were assessed, to
define if the chitosan films incorporated with EG essential oil could be used as natural active films for
food use. The antioxidant activity was determined with three different analytical assays (DPPH, NO and
H2O2). The agar disc diffusion method was used to determine the antimicrobial activity against Escher-
ichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans and Candida parapsilosis. In
fact, incorporating EG essential oil into chitosan-based films significantly decreases moisture content and
water-solubility. These results can be explained by the films microstructure, which was analyzed by
scanning electron microscopy. The antioxidant properties proved to be significantly enhanced with
increasing EG essential oil concentration. The microbiological assessment confirmed antimicrobial effi-
ciency of chitosan films EG containing essential oil. The mentioned results proved the potential of this
original material which could be used as active films due to its excellent antimicrobial and antioxidant
activities.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Biodegradable films made of polysaccharides, proteins and
lipids have currently a variety of advantages over synthetic mate-
rials, such as biodegradability, edibility, biocompatibility and
environmentally friendly properties (Petersen et al., 1999). These
films are loaded with many functional ingredients, such as anti-
oxidants, antimicrobial agents, flavors, spices and colorants which
improve the functionality of the packaging materials via adding
novel or extra functions (Salmieri & Lacroix, 2006).

Chitosan is a linear polysaccharide of randomly distributed b-(1-
4)- linked D-glucosamine and N-acetyl-D-glucosamine, it has been
recommended due to its biocompatibility, biodegradability and
non-toxicity properties (Guldas, Akpinar-Bayizit, Ozcan and
Yilmaz-Ersan, 2010). Chitosan with a high degree of deacetylation
(>75%) and an important molecular weight have shown the
Laboratory of Interfaces and
Monastir 5000, Tunisia.
. Majdoub).
strongest antibacterial effects in aqueous solutions regardless of
the type of acid used for solubilization (No, Park, Lee, & Meyers,
2002). However, the acid used for film preparation significantly
affects the film properties. Acetic and formic acidebased films have
shown the highest tensile strengths followed by the films prepared
with lactic, propionic, and citric acids (Begin& Van Calsteren,1999).
Park, Marsh, and Rhim (2002) confirmed that increasing chitosan
molecular weight improved the films strength, but did not signif-
icantly affect their water and vapor permeability. Furthermore
various additives have been examined for their potential in order to
modify chitosan films properties, for example the use of glycerol as
plasticizer aiming at decreasing their hydrophilicity (Vargas,
Albors, Chiralt, & Gonz�alez-Martínez, 2009). In addition, chitosan
offers immense advantages as an edible packaging material owing
to its good film-forming properties (Kim et al., 2011; Ruiz-Navajas,
Viuda-Martos, Sendra, Perez-Alvarez, & Fern�andez-L�opez, 2013).
However, antimicrobial properties may become inconsiderable
when chitosan is in a form of insoluble films (Ouattara, Simard,
Piette, Begin, & Holley, 2000). There are several natural in-
gredients, added to edible films, that present antioxidant or
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antimicrobial properties such as nisin or lysozyme (Pranoto,
Rakshit, & Salokhe, 2005), essential oils (Ruiz-Navajas et al., 2013)
or fruit extracts (Genskowsky et al., 2015). Essential oils from plant
extracts are natural antimicrobial agents; incorporation of essential
oil in edible films may not only enhance the films antimicrobial
properties but also reduce water-solubility, vapor-permeability and
slow lipid oxidation of the product (Ojagh, Rezaei, Razavi, &
Hosseini, 2010).

Eucalyptus species are aromatic and medicinal plants belonging
to the Myrtle family. The antimicrobial and antioxidant properties
of Eucalyptus species essential oil are widely used in pharmaceu-
tical and cosmetic products, flavoring and preservation of several
foods. A number of studies have demonstrated the antimicrobial
properties of Eucalyptus essential oils against a wide range of mi-
croorganisms (Ait-Ouazzou et al., 2011; Santos et al., 201). These
studies, however, are focused on a few Eucalyptus species, espe-
cially Eucalyptus globulus (EG) oil, which has been shown to have a
wide spectrum of antimicrobial activity (Pereiraa, Dias,
Vasconcelos, Rosaa & Saavedra, 2014; V�azquez et al., 2008).

The aim of this study was to evaluate chitosan films incorpo-
rated with EG essential oil (1%, 2%, 3% and 4% (v/v)), in order to
examine their physical properties, their antioxidant activity and the
growth inhibition of some bacterial strains to assess the ability of
chitosan films containing EG essential oil to enhance food safety.

2. Materials and methods

2.1. Chemicals

Chitosan from shrimp shells (�75%, deacetylated) was pur-
chased from SigmaeAldrich Chemical Co. All chemicals were of
analytical grade and also purchased from SigmaeAldrich Chemical
Co. (St. LouisMo).

2.2. Essential oil extraction from E. globulus

Fresh plant leaves were collected; the leaves were subjected to
steam distillation using a Clevenger-type apparatus. Briefly, the
plant leaves were completely immersed in water and heated to
boiling, after which the essential oil was evaporated together with
water vapor and finally collected after decantation. The distillate
was isolated and dried in a Rota-vapor. The oil was stored at 4 �C
(Ait-Ouazzou et al., 2011).

2.3. GCeMS analysis

Analysis of the essential oil was performed using a Hewlett
Packard 5890 II GC, equipped with a HP 5972 mass selective de-
tector and a HP-5 MS capillary column (30 m � 0.25 mm id, film
thickness 0.25 mm). For GC/MS detection, an electron ionization
system, with ionization energy of 70 eV, a scan time of 1.5 s and
mass range 40e300 amu, were used. Heliumwas the carrier gas at a
flow rate of 1.2 mL/min. Injector and transfer line temperatures
were set at 250 and 280 �C, respectively. Oven program tempera-
ture was the same with GC analysis. Diluted samples (1/100 in
hexane, v/v) of 1.0 mL were injected manually and in the splitless
mode. The identification of the compounds was based on mass
spectra (compared with Wiley 275.L, 6th edition mass spectral li-
brary) or with authentic compounds and confirmed by comparison
of their retention indices either with those of authentic compounds
or with data published in the literature as described by Adams
(2001). Further confirmation was done from Kovats Retention In-
dex data generated from a series of n-alkanes retention indices
(relative to C9eC28 on the BP-1).
2.4. Preparation of chitosan films

Chitosan-based films were produced according to the casting
method as reported by Ojagh et al. (2010) method with some
modifications. Film-forming solutions of chitosanwere prepared by
dissolving 2% (w/v) of chitosan in an aqueous solution H2O (1% (v/v)
of glacial acetic acid) while stirring on a magnetic stirrer-hot plate
at 50 �C. The resultant chitosan solution was filtered through a
Whatman filters paper and followed by vacuum filtration to elim-
inate any undissolved particles. After filtration the solution was
returned to the magnetic stirrer/hot plate and glycerol was added
with a concentration of 0.5 mL/g chitosan as a plasticizer. The
plasticizer was mixed into the solution for 30 min. 0.2% (v/v) of
Tween 80was added to the essential oil as an emulsifier to facilitate
its dispersion in film forming solution. After 15 min of stirring, EG
essential oil was added to chitosan solution to reach final concen-
trations of 0%e4% (v/v). The film forming solutions were degassed
for 5 min, and 45 mL were casted on the center of circular glass
plates (Ø15 cm). After drying the films at room temperature during
four days, they were peeled from the plates. Dried films were
conditioned at 4 �C prior to testing.

2.5. Surface color measurements

Film color was determined by a colorimeter (Spectraflash 600
plus, Data-color International, USA). The CIE color values recorded
were: L* ¼ lightness (0 ¼ black, 100 ¼ white);
a*(�a* ¼ greenness, þa* ¼ redness); and
b*(�b* ¼ blueness, þb* ¼ yellowness). Color differences (DE) were
calculated by the following equation (Eq. (1)):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Da�2 þ Db�2 þ DL�2

q
(1)

2.6. Moisture content

Moisture content of films was determined by measuring weight
loss of films, upon drying in an oven at 110 �C until a constant
weight was reached (dry sample weight).

2.7. Film solubility in water

Pieces of film of 1 � 3 cm2 were cut from each film and weighed
to the nearest 0.0001 g. The solubility in water of the different
chitosan films was measured from immersion assays under con-
stant agitation in 50 mL of distilled water for 24 h at 25 �C. The
remaining pieces of film after immersion were dried at 110 �C to
constant weight (Final dry weight). The initial dry weight was
determined by thermal processing at 110 �C to constant weight.
Solubility inwater (%) was calculated by using the following Eq. (2).

Water�solubilityð%Þ¼
�
Initial dryweight�Final dryweight

Initial dryweight

�

�100

(2)

2.8. Scanning electron microscopy

The surface morphology of different films were assessed by
observationwith a Scanning ElectronMicroscopy (SEM) using a Jeol
JCM 5000 microscope operating at 10 kV acceleration under
moderate vacuum, thus avoiding the need for metallization of the
samples. A Sodemat microscope equipped with VisioCal software
application was used to visualize the oil droplets in the films.
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2.9. Total phenol content

The total phenol content (TPC) was determined using the Foline-
Ciocalteu reagent (Singleton & Rossi, 1965). Every sample (50 mg)
of each film was dissolved in 3 mL of methanol, then a volume of
300 mL was introduced into the test tubes followed by 2.5 mL of
Folin Ciocalteu's reagent (diluted 10 times with water) and 2 mL of
sodium carbonate (7.5% w/v). The tubes were vortexed and covered
with parafilm and incubated at 50 �C for 5 min. Absorption at
760 nm was measured with an UVeVisible spectrophotometer
(Jenway, Model 6305) and compared to a gallic acid calibration
curve. The TPC was expressed as milligrams of gallic acid equiva-
lents (GAE) per g of films; each sample was tested three times.
2.10. Antioxidant activities

2.10.1. DPPH radical scavenging assay
The efficacy of the films to scavenge 2, 2-diphenyl-1-picrylhy-

drazyl (DPPH) radicals was determined using spectrophotometry
method (Siripatrawan & Harte, 2010). Briefly, 500 ml of methanolic
extracts of chitosan films (50mg/3mL) was introduced into the test
tubes followed by 2 mL of methanolic solution of DPPH (0.06 mM).
The absorbance of the resulting solution was measured at 517 nm.
DPPH Scavenging activity was determined using the Eq. (3):

DPPH Scavenging activity ð%Þ ¼
h
1�

�
Abssample

.
AbsDPPH

�i

� 100

(3)
2.10.2. Nitric oxide radical scavenging assay
The efficacy of the films to scavenge nitric oxide (NO) radicals

was determined using method reported by Ebrahimzadeh, Nabavi,
and Nabavi (2009). Briefly, 500 ml of methanolic extracts of chitosan
films (50 mg/3 mL) was mixed with sodium nitroprusside (4 mL of
10 mM, in PBS pH 7.4), and incubated at room temperature for
150 min. After the incubation period, 0.5 mL of Griess reagent was
added. The absorbance of the formed chromophore was measured
at 546 nm. Nitric oxide scavenging activity was determined using
the Eq. (4):

Nitric oxide scavenging activity ð%Þ
¼

h
1�

�
Abssample

.
Abscontrol

�i
� 100 (4)
2.10.3. Hydrogen peroxide radical scavenging assay
Hydrogen peroxide (H2O2) radical scavenging activity of chito-

san films was determined using the method reported by Ruch,
Chung, and Klaunig (1984). A solution of H2O2 was prepared in
phosphate buffer (pH 7.4). 3 mL of (40 mM H2O2) solution was
mixed with 500 mL of different methanolic solution. After incuba-
tion at 37 �C for 10 min absorbance was measured at 230 nm. Blank
solutions were taken using phosphate buffer without H2O2. For
each concentration a separate blank sample was used for back-
ground subtraction. H2O2 scavenging activity was determined us-
ing the Eq. (5):

H2O2scavenging activity ð%Þ ¼
h
1�

�
Abssample

.
Abscontrol

�i

� 100

(5)
2.11. Microbial strains

Antimicrobial activities of chitosan films containing EG essential
oil were examined against four bacteria (Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia), and
two fungi (Candida albicans, Candida parapsilosis). All bacteria and
fungi were obtained from culture collection of the laboratory of
microbiology, CHU of sahloul (Sousse, Tunisia).

2.12. Agar disc diffusion method

Agar diffusion assay is a direct contact method using solid me-
dium to measure antimicrobial activity of essential oils in edible
films. The agar disc diffusion method described by Seydim, and
Sarikus (2006) was used to determine the antibacterial efficiency
of chitosan films incorporating EG essential oil.

Briefly, the inocula of the bacterial strains were prepared from
24 h broth cultures dilution series was taken to meet required
bacterial population for seeding by using sterile distilled water.
Chitosan films with different concentration of essential oil were
aseptically cut into 10 mm diameter discs the films were placed on
Mueller Hinton agar (Merck) plates, previously surface spread with
0.1 mL of inoculums containing approximately 105e106 CFU/mL of
tested bacteria. The plates were then incubated at 37 �C for 24 h.
The inhibition zone diameter was measured with a caliper to the
nearest 0.1 mm. The whole zone area was calculated then sub-
tracted from the film disc area and this difference in area was re-
ported as the inhibition zone.

2.13. Statistical analysis

The statistical analysis of the data was performed through an
analysis of variance (ANOVA one way analysis) using SPSS Statistics
Software (SPSS for Windows software release 18.0). Duncan's
multiple range tests was used to detect differences among mean
values of films. The differences were considered significant at
p < 0.05.

3. Results and discussion

3.1. Chemical composition of the EG essential oil

The analytical data of major compounds in EG essential oil were
identified by GCeMS and the results are shown Table 1 p-Cymene
was a predominant component and accounted for 18.18% of the
total peak area. The other components were Methyl eugenol
(8.83%), 4-Terpinenol (8.45%), s-Methyl 3-methylbutanethioate
(7.26%), g-Terpinene (5.12%), 1,8-cineole (3.16%), spathulenol
(2.98%), 1,8-Menthadien-4-ol (2.36%), a-phellandrene epoxide
(2.46%), 1,8-Menthadien-4-ol (2.36%), cis-3-Hexenol (1.95%),
Thymol (1.49%), 13-Epimanool (1.38%) and Carvacrol (1.33%).

3.2. Physical properties of films*

The visual observations showed that chitosan film has a slightly
yellow appearance, but the transparency was reduced when EG
essential oil was incorporated into the film (Fig. 1). The CIELab
coordinates and the total difference in film color are reported in
Table 2. All three parameters L, a* and b* are affected by the addi-
tion of the EG essential oil. Indeed, increasing the EG concentration
causes a decrease in film lightness and a shift in color towards red
(þa*) and yellow (þb*). The total difference in color, DE, is signifi-
cantly increased (p < 0.05) with increasing EG essential oil
concentration.

The effects of incorporating EG essential oil on the physical



Table 1
Chemical composition of the leaves essential oil of Eucalyptus globulus.

No. Compound % of the total peak area

7.54 1-8 Cineole 3.16
7.92 s-Methyl 3-methylbutanethioate 7.26
8.50 g-Terpinene 5.12
9.17 p-Cymene 18.18
9.52 Solusterol 0.22
10.03 Cyclopentene 0.72
10.51 6-Methyl-5-hepten-2-one 0.48
10.83 Cyclopropane 0.23
11.65 cis-3-Hexenol 1.95
12.09 2-Hexen-1-ol 0.12
12.40 3-Methylbutyl hexanoate 0.10
12.99 cis-Linalool 0.11
13.35 1-Nonanol 0.10
13.52 Furfurale 0.74
13.70 cis-Linalool 0.12
14.26 2,4-Heptadienal 0.08
14.51 Ethanone 0.10
14.76 Camphor 0.32
14.94 Benzaldehyde 0.21
15.93 n-Octanol 0.42
16.14 5-Methyl furfural 0.12
16.37 Carvacrol methyl ether 0.22
16.64 cis-6-Methyl-3,5-heptadien-2-one 0.14
17.08 Terpinenol 8.45
17.22 Methyl octane 0.24
17.32 Methyl benzoate 0.21
17.80 Benzene acetaldehyde 1.09
18.06 Bicyclo[3.1.0]hex-2-ene 0.23
18.46 a-Pinene 0.13
18.84 1,8-Menthadien-4-ol 2.36
19.03 a-Terpineol 0.15
19.34 2-Penten-1-ol 0.16
19.72 Piperitone 0.75
20.27 2-Aminobenzenethiol 0.20
20. 72 Methyl Salicylate 0.38
21.91 a-phellandrene epoxide 2.46
25.45 Isoamyl phenylacetate 0.13
25.83 Methyl eugenol 8.83
26.00 Benzene 0.21
26.67 Methyl 2-methoxybenzoate 0.09
26.89 Globulol 1.04
27.05 Viridiflorol 0.76
27.70 Cyclododecyl methyl ether 0.25
27.78 2,5-Dimethy cyclohexanol 0.56
28.56 Thymol 1.49
29.03 Camphene 0.53
29.38 Spathulenol 2.98
29.62 Carvacrol 1.33
29.68 b-Eudesmol 0.17
30.07 b-Elemene 0.13
30.96 13-Epimanool 1.38

Fig. 1. Chitosan films containing Eucalyptus globulus (
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properties of chitosan films are shown in Table 3. The moisture
content value decreased as EG essential oil was incorporated into
chitosan films. In fact incorporation of EG essential oil in chitosan
cause the formation of covalent bonds between the functional
groups of chitosan chains and essential oil, leading to a decrease in
the availability of hydroxyl and amino groups and limiting poly-
saccharideewater interactions by hydrogen bonding and resulting
in a decrease of moisture content value of chitosan films (Park &
Zhao, 2004). As EG essential oil concentration increased, the
moisture content of films decreased significantly (p < 0.05). Chi-
tosan control film had low water-solubility of 30.92% at 25�c after
24 h of dipping. Ojagh et al. (2010) reported that control film had
23.2% at 25�c after 6 h of dipping. Chitosan film was very hydro-
philic; it absorbed water quickly and resulted in swelling. Incor-
poration of EG essential oil into the chitosan film formulation with
concentrations of 3% and 4% (v/v) led to 39% and 57% reduction in
water-solubility respectively. Cross-linking in the chitosan film
matrix resulted in a decrease in solubility in water and produced
films with low affinity toward water which is beneficial when
product integrity and water resistance are intended.
3.3. Films microstructure

The scanning of electron micrographs of chitosan films incor-
porated with 1e4% (v/v) EG essential oil in surface are shown in
Fig. 2. Chitosan film is uniform with a flat surface without cracks.
However, when EG essential oil was added into the chitosan film,
especially at higher concentrations, the microstructure was
changed considerably and caused a heterogeneous structure in
which oil droplets were entrapped in the continuous poly-
saccharide network. The oil droplets were not exactly spherical, as
is usual for oil/water emulsions. It could be due to the traction
forces induced by the chitosan network during solvent evaporation.
Sugumar, Mukherjee, and Chandrasekaran (2015) formulated
Eucalyptus oil nanoemulsion impregnated chitosan film (NE-CH) at
different concentration (0, 1, 3 and 5%). Showed a smooth and
continuous microstructure in chitosan film alone, although when
the concentration of oil nanoemulsion was increased, more oil
droplets were seen which are intimately incorporated into the
polymer matrix.

Nevertheless, the size of the oil droplets in the film increased as
the EG concentration increased. The oil droplets were big to be
visible at the magnification level used in films prepared with the
highest EG content. This could be explained by the fact that in the
oil/water emulsions, a higher lipid content increases the collision
EG) essential oil at level to 0, 1, 2, 3and 4% (v/v).



Table 2
CIELab coordinates for chitosan films incorporated with EG essential oil.

Parameter EG essential oils (v/v) in chitosan film solution*

0% 1% 2% 3% 4%

L 81.98 ± 0.51a 79.47 ± 0.85b 76.48 ± 0.96c 75.72 ± 1.06c 74.15 ± 1.12c

a* �2.46 ± 0.05a �2.42 ± 0.03a �0.79 ± 0.04b �0.17 ± 0.63c 0.85 ± 0.03d

b* 22.87 ± 1.79a 35.68 ± 2.62b 36.65 ± 2.65b 39.13 ± 2.65b 40.58 ± 2.79b

DE e 12.94 ± 0.89a 14.99 ± 0.72b 17.47 ± 0.86c 19.71 ± 0.79d

Values are given as mean ± SD (n ¼ 3).
* Means in each column with different superscript letters are significantly different (p < 0.05).
0% refers to chitosan film without essential oil.

Table 3
Physical properties of chitosan films incorporated with EG essential oil.

Physical properties EG essential oils (v/v) in chitosan film solution*

Moisture content (%) 0% 27.16 ± 1.22a

1% 24.39 ± 0.88b

2% 21.46 ± 1.03c

3% 17.26 ± 0.99d

4% 15.95 ± 1.27d

Solubility in water (%) 0% 30.92 ± 1.27a

1% 27.15 ± 0.82b

2% 23.01 ± 0.97c

3% 18.57 ± 1.22d

4% 13.19 ± 1.03e

Values are given as mean ± SD (n ¼ 3).
* Means in each column with different superscript letters are significantly different (p < 0.05).
0% refers to chitosan film without essential oil.

Fig. 2. Scanning electron microscopy micrographs of surfaces of chitosan control film (A) and film containing EG essential oil at level of 1% (B), 2% (C), 3% (D) and 4% (E).
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frequency between droplets, which in turn increases coalescence
rate (McClements, 2005).

Although we have use an emulsifier for the preparation of the
films, it was assumed that it was not high enough to prevent ag-
gregation, particularly at 4%.
3.4. Total phenolic content

Total phenolic content of chitosan films incorporating EG
essential oil was shown in Fig. 3A. Chitosan films showed a TPC of
1.95mg (GAE)/g films. This result was in agreement with the results
reported by Moradi et al. (2012) and Ruiz-Navajas et al. (2013)
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where a low TPC for chitosan filmwas obtained. This finding might
probably be attributed to the formation of chromogens, due to the
reaction of Folin-Ciocalteu reagent with non-phenolic reducing
substances which can be detected spectrophotometrically (Moradi
et al., 2012). The TPC of EG essential oil expressed as gallic acid
equivalent, ranged (p < 0.05) from 9.76 to 39.3 mg (GAE)/g of film,
chitosan films incorporating EG essential oil showed higher TPC
values at all concentrations, and then significantly (p < 0.05)
increased with increasing EG essential oil concentration.

The phenolic content can be used as an important indicator of
antioxidant capacity which can be used as a preliminary screen for
any product when intended as a natural source of antioxidants in
functional foods (Viuda-Martos et al., 2011). Thus, the polyphenolic
compounds are very important plant constituents, by virtue of their
antioxidant activity by chelating redox-active metal ions, inacti-
vating lipid free radical chains and preventing hydroperoxide
conversion into reactive oxyradicals (Cabral de Oliveira et al., 2009).

3.5. Antioxidant activities

3.5.1. DPPH radical scavenging activity
2,2-diphenyl-1-picrylhydrazyl tests were conducted to evaluate

whether the EG essential oil retained its antioxidant capacity dur-
ing incorporation in chitosan films. The radical scavenging activity
of chitosan films with and without incorporated EG essential oil
was determined in Fig. 3B. Chitosan films with no essential oils
showed some scavenging activity on DPPH (10.07%). This is asso-
ciated with the fact that free radicals can react with the residual
free amino (NH2) groups of chitosan to form stable macromolecule
Fig. 3. Total phenol content (A), DPPH scavenging activity (B), Nitric oxide scavenging activit
EG essential oils at level to 0, 1, 2, 3 and 4% (v/v). Values are given as mean ± SD (n ¼ 3). D
radicals, and the NH2 groups can form ammonium (NH3þ) groups
by absorbing a hydrogen ion from the solution (Yen, Yang, & Mau,
2008). The scavenging capacities of chitosan incorporated with
EG essential oil significantly increased (p < 0.05) with increasing EG
essential oil concentration. In fact, the scavenging activities of
chitosan films dependent of the concentration of EG essential oil
and the results showed that DPPH scavenging activity of the films
varied from 23.03% to 43.62%. Furthermore we can see a good
correlation between the DPPH scavenging activity of chitosan films
and their TPC “R2 are 0.954” (Fig. 4A). Yu et al. (2013) showed that
chitosan film incorporated with 2% PRP (pomegranate rind pow-
der) contained the highest amount of total phenolic and was found
to be themost active radical scavenger. Moradi et al. (2012) showed
chitosan film incorporated with 1% and 2% of Zataria multiflora
Boiss essential oils exhibited 33.98% and 37.77% DPPH scavenging
activity. Results of this study showed that incorporation of EG
essential oil in to chitosan films increased the antioxidant activity
of the film.

3.5.2. Nitric oxide radical scavenging activity
Nitric oxide (NO), being a potent pleiotropic mediator in phys-

iological processes and a diffusible free radical in the pathological
conditions, reacts with superoxide anion and form a potentially
cytotoxic molecule. Scavenging activities of chitosan films against
NO were presented in Fig. 3C. Chitosan film showed a slight ability
to inhibit nitrate ions (19.04%); this is may be due to the residual
free amino (NH2) groups of chitosan. The scavenging capacities of
chitosan films incorporated with EG essential oil significantly
increased (p < 0.05) with increasing EG essential oil concentration;
y (C) and Hydrogen peroxide scavenging activity (D) of chitosan films incorporated with
ifferent letters indicate significantly different (p < 0.05).



Fig. 4. Correlation between the Total Phenolic Content (TPC) and the antioxidant activity of chitosan films incorporated with EG essential oils at level to 0, 1, 2, 3 and 4% (v/v). (A)
DPPH radical, R2 ¼ 0.95; (B) Nitric oxide radical, R2 ¼ 0.97 and (C) Hydrogen peroxide, R2 ¼ 0.96.
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the results showed that nitric oxide scavenging activity of the films
varied from 35.23% to 70.47%. In addition (Fig. 4B) Shows a good
correlation between the NO scavenging activity of chitosan films
and their TPC (R2 are 0.972). Mishra et al. (2010) reported the NO
scavenging activity of EG essential oil exhibited 81.54% inhibition at
80% (v/v) concentration. In order to infer amajor contributing effect
of TPC to the inhibition of the NO radical which is possibly as a
result of the high SH content, because NO reacts with SH groups
forming s-nitroso derivatives (Galigniana, Piwien-Pilipuk, & Ass-
reuy, 1999).
3.5.3. Hydrogen peroxide radical scavenging
Although it is not a free radical, H2O2 is very harmful to cells

because it may cross biological membranes and the highly reactive
hydroxyl radical can be synthesized from it by a Fenton reaction
(Pryor, 1986). The inhibition of hydrogen peroxide radical by chi-
tosan films incorporated with EG essential oils at varying concen-
tration was showed in Fig. 3D. Chitosan film showed a slight ability
to inhibit H2O2 (15.34%), the scavenging capacities of chitosan films
incorporated with EG significantly increased (p < 0.05) with
increasing EG essential oil concentration, the results showed that
inhibition of H2O2 varied from 27.4% to 63.15%. Chitosan films
incorporated with EG showed a good inhibition of hydrogen
peroxide and good correlation between the hydrogen peroxide
scavenging activity and their TPC “R2 are 0.967” (Fig. 4C). In fact
Scavenging of H2O2 by films be attributed to their TPC, which can
provide electrons to H2O2 thus neutralizing it to water
(Ebrahimzadeh et al., 2009; Nabavi, Ebrahimzadeh, Nabavi,& Jafari,
2008). Although hydrogen peroxide itself is not very reactive, it can
sometimes cause cytotoxicity by giving rise to hydroxyl radicals in
the cell. Thus, removing H2O2 is very important throughout food
systems (Nabavi, Ebrahimzadeh, Nabavi, Hamidinia, & Bekhradnia,
2008).
3.6. Antimicrobial activity

The antimicrobial effects of chitosan films incorporatedwith the
EG essential oils at different concentrations, against 3 bacteria and
2 fungi are shown in Table 4. Films containing only chitosan were
not effective against any of the tested bacteria and fungi. These
results are in concordance with Ojagh et al. (2010), Zivanovic Chi,
and Draughon. (2005). The antimicrobial properties are negligible
when chitosan is in a form of insoluble films (Ouattara et al., 2000).
Wang et al. (2011) reported that no significant inhibition zone was
observed for the pure chitosan film against E. coli and S. aureus. This
effect of chitosan may be related to the fact that chitosan does not
diffuse through the adjacent agar media in the agar diffusion test
method, so that only organisms in direct contact with the active
sites of chitosan are inhibited. In addition the antimicrobial per-
formance of the chitosan needs the positively charged amino
groups of chitosan, which could react with the anionic groups of the
microbial cell surface, the inhibition of the mRNA and protein
synthesis via the penetration of chitosan into the nuclei of the
microorganisms; and the formation of an external barrier, chelating
metals and provoking the suppression of essential nutrients to
microbial growth (Tsai, Su, Chen, & Pan, 2002).

Incorporation of EG essential oil into chitosan-based films
exhibited a clear inhibitory zone by the absence of bacterial and
fungi growth around the film cuts. E. coli showed inhibition that
varies from 54.53 to 153.37 mm2 with statistically difference



Table 4
Antimicrobial effects of chitosan edible films, incorporated with different concentrations of EG essential oil against bacteria and fungi, by disc diffusion
method.

Bacteria and fungi EG essential oils (v/v) in chitosan film solution Inhibitory zone* (mm2)

Escherichia coli 0% 0
1% 54.53 ± 3.92a

2% 77.57 ± 8.13b

3% 143.05 ± 4.24c

4% 153.37 ± 7.66d

Staphylococcus aureus 0% 0
1% 10.56 ± 3.68a

2% 27.80 ± 3.79b

3% 41.03 ± 3.85c

4% 61.35 ± 3.97d

Pseudomonas aeruginosa 0% 0
1% 27.80 ± 3.79a

2% 70.56 ± 4.00b

3% 108.56 ± 7.28c

4% 118.29 ± 4.26d

Candida albicans 0% 0
1% 38.82 ± 6.65a

2% 47.88 ± 3.79a

3% 87.00 ± 12.23b

4% 98.86 ± 4.15b

Candida parapsilosis 0% 0
1% 8.43 ± 3.68a

2% 23.45 ± 3.75b

3% 63.64 ± 3.75c

4% 65.94 ± 0.00c

Values are given as mean ± SD (n ¼ 3).
* Means in each column with different superscript letters are significantly different (p < 0.05).
0% refers to chitosan film without essential oil.
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(p < 0.05) between samples. P. aeruginosa showed lowest inhibition
that varies from 27.80 to 118.29 mm2 with statistically differences
(p < 0.05), and S. aureus showed even lower inhibition that varies
from 10.56 to 61.35 mm2 with (p < 0.05) among the samples. In the
case of C. albicans the inhibition varied between 38.82 and
98.86 mm2 with no statistically differences (p > 0.05) between 1%
and 2% also 3% and 4%, for C. parapsilosis is more resistant and the
inhibition varied from 8.43 to 65.94 mm2 with (p > 0.05) among 3
and 4%.

Sugumar et al. (2015) analyzed antibacterial effects of NE-CH
film with different concentrations (1, 3 and 5%) against a clinical
pathogen (S. aureus), and the diameter of inhibition was reached to
7, 11 and 15 mm respectively with the increase of the concentration
of E. globulus oil. Furthermore, the antimicrobial activity of films of
chitosan incorporating essential oils from several spices has been
studied; Wang et al. (2011) investigated the synergistic antimi-
crobial activities of three natural essential oils (clove bud oil, cin-
namon oil, and star anise oil) added in chitosan films. These authors
reported that chitosan-cinnamon essential oils and chitosan-clove
essential oils films showed a good antimicrobial activity against
E. coli and S. aureus while chitosan-star anise essential oils film did
not show antibacterial activity. Another study (S�anchez-Gonz�alez,
Ch�afer, Hern�andez, Chiralt, & Gonz�alez-Martínez, 2011) analyzed
the antimicrobial chitosan films prepared with different concen-
trations of bergamot, lemon and tea tree essential oils. These au-
thors concluded that chitosan essential oils composite films,
containing tree essential oils showed a significant antimicrobial
activity (bacteriostatic effect) against E. coli, L. monocytogenes, and
S. aureus.

In this study the in vitro antimicrobial activities of EG essential
oil incorporated into chitosan films was evaluated against bacterial
strains and fungi that commonly contaminate food products. re-
sults showed that the rate of inhibition was greater, on gram
negative bacteria (E. coli, P. aeruginosa) than that observed on gram
positive bacterium (S. aureus, C albicans) and C. parapsilosis. These
results are almost similar to those shown by other works on the
antimicrobial activity of EG essential oil leaves as well as those of
similar species (Bachir and Benali. 2012). Some authors have re-
ported that gram-negative micro-organisms are slightly more
sensitive to EG essential oils when compared to gram-positive
(Bachir and Benali. 2012; Madouri et al., 2015). In fact the anti-
bacterial activity of EG essential oil is due to the presence of a
mixture of monoterpenes and oxygenated monoterpenes (1,8-
cineole, p-cymene, sphathulenol, eudesmol, thymol, 4-terpinenol,
g-terpinene, 1,8-menthadien-4-ol, 13-epimanool, carvacrol) which
are responsible for this activity. Nada, Mirjana, and Valerija (2005)
and Tabanca, Demirci, Demirci, Wedge, and Can Baser (2007) re-
ported that 1,8-cineole, sphathulenol, p cymene and a-pinene have
significant antimicrobial activity, as well a-terpineol and terpinen-
4-ol, could also contribute to the antimicrobial activity of the oil. It
was found that terpinen-4-ol is responsible for the bacteriostatic
activity against several microorganisms, especially against the
bacteria that infect the urinary tract (Barel, Segal,& Yashphe, 1991).
a-terpineol had been also reported to possess antibacterial activity
(Cosentino et al. 1999). In addition, the components present in
lower amounts in eucalyptus essential oil could also contribute to
the antimicrobial activity of the oil. In fact the essential oils affect
microbial cells by various antimicrobial mechanisms, including
attacking the phospholipids bilayer of the cell membrane, dis-
rupting enzyme systems, compromising the genetic material of
bacteria, and forming fatty acid hydroperoxidase caused by
oxygenation of unsaturated fatty acids (Arques, Rodriguez, Nunez,
& Medina, 2008).
4. Conclusion

Chitosan is a promising biopolymer for active food packaging.
These results showed that chitosan-based films containing EG
essential oil could be used as active films due to its law affinity to
water and excellent in vitro antimicrobial and antioxidant activ-
ities. Incorporation of EG essential oil in films has decrease mois-
ture content, water-solubility and enhanced the antioxidant and
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antimicrobial properties which are important in food packaging
applications. Edible films made from chitosan and E. globulus
essential oil provide new ways to enhance microbial safety and
shelf-life of foods.
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In the present study, we evaluated sensory characteristics of table olives of the Italian double-aptitude
olive cultivar (Olea europaea L. cv. Itrana) processed as green (Oliva Bianca di Itri) and black (Oliva di
Gaeta) table olives, according to the Method for the sensory analysis of table olives of International Olive
Council. The sensory attributes evaluated were: a) negative sensations or defects (abnormal fermenta-
tions and other defects as butyric, putrid and zapateria, winey-vinegary, soapy, metallic, cooking effects,
rancid, musty and earthy defects); b) gustatory sensations (salty, bitter, acid) and c) kinaesthetic sen-
sations (hardness, fibrousness, crunchiness). Multivariate statistical analysis has been used to identify
similarities and differences between defected and un-defected samples. We carried out the Principal
Component Analysis on two data sets: the first data-set included all sensory parameters (data-set A),
while the second data-set did not include abnormal fermentation and other defects (data-set B). The
occurrence of negative sensations have a negative impact on gustative and kinaesthetic attributes. The
samples classified as “Extra or Fancy” but with intensity of defect >1.0 are more similar to defected
samples, also not considering the defects as discriminant parameters.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The “natural olives”, according to the “Trade Standard Applying
to Table Olives” (IOC., 2004), are “green olives, olives turning colour
or black olives placed directly in brine in which they undergo
complete or partial fermentation, preserved or not by the addition
of acidifying agents”. The most important industrial preparation for
natural black olives takes the name “Greek-style” because it is
traditionally practiced in Greece utilizing Olea europaea L. Con-
servolea cv. (Balatsouras, 1990). Italy as well has a long tradition in
producing “natural olives”. In Lazio region, olives are prepared with
an ancient and traditional method, a modified Greek-style, that
provides an initial step of immersion in potable water (Lanza, Di
Serio, & Iannucci, 2013). The olives (Itrana cv.) destined to pro-
duce the famous Oliva di Gaeta are harvested at the stage of full
maturity in the months of February-March (very late compared to
most table olive cultivars). After 15e30 days of immersion inwater,
earch and Economics (CREA),
entre, Viale L. Petruzzi 75, I-

).
salt is added to the liquid in quantities not exceeding 8 kg per
100 kg of fresh olives. After 4e6 months of storage in brine, the
olive flesh shows a typical red-wine colour and acidic taste prob-
ably due to the contribution of heterofermentative bacteria and
yeasts. In recent years another type of product named Oliva bianca
di Itri has evolved. The processing system is basically the same but
the Itrana fruits are collected at the beginning of ripening in the
months of November-December, when they reach their final size
and look green or turning-colour, and are immersed immediately in
water. After 30e45 days, salt is added to the liquid in quantities not
exceeding 8 kg per 100 kg of fresh olives and after 6e8 months, the
product is ready to eat.

The microorganisms that develop in these conditions are prin-
cipally yeasts and lactic acid bacteria (LAB). They transform the
substances (reducing sugars, glucosides, phenolic compounds)
present in the flesh and/or passed from the olive flesh into the brine
into lactic acid, ethanol, acetic acid, 3-methyl butanol, ethyl acetate,
CO2, secondary compounds and non-bitter compounds. The debit-
tering process is due to b-glucosidase and esterase activities of
spontaneous oleuropeinolytic microrganisms and to the diffusion
of phenolics to brine, but this phenomenon is slow and partial
(Corsetti, Perpetuini, Schirone, Tofalo, & Suzzi, 2012; Garrido
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Fernandez, Fernandez Diaz, & Adams, 1997). The presence of yeasts
and bacteria on and within the fermented olives was confirmed by
scanning electron microscopy. Yeasts predominate in the stomatal
openings, while bacteria are more numerous in intercellular spaces
in the sub-stomatal cells. Colonies of yeast cells were also present in
the hypoderm and in the first layers of mesocarp. Considerable
numbers of bacteria were present within colonies embedded
through-out the cell wall and inside the cells (Lanza & Marsilio,
2005; Nychas, Panagou, Parker, Waldron, & Tassou, 2002).

The produced lactic acid contributes to the lowering of the pH.
This then favours the growth of homofermentative lactobacilli,
with a predominance of Lactobacillus plantarum, that are aciduric.
In this phase it is possible that abnormal fermentations causing the
production of malodourous compounds responsible of defects
(Lanza, 2013) might occur.

Abnormal fermentation includes all those olfactory sensations
perceived directly or retronasally, reminiscent of the odour of
decomposing organic matter, cheese, butter, rotten eggs, muddy
sediment, sewer, rotten leather, caused by the development of
contaminating microorganisms as butyric and putrid fermenta-
tions. The predominance of yeasts with fermentative metabolism
Table 1
Code, processing treatments, median of Defect Predominantly Perceived (DPP), sensory
polyphenol content and pH). AF ¼ abnormal fermentation; W ¼ winey-vinegary defect;

Code Processing treatments Median of DPP Clas

N-C6 Oliva di Gaeta 1.00 Extr
N-SN Oliva di Gaeta 1.00 Extr
N-RN Oliva di Gaeta 1.00 Extr
N-UNIN Oliva di Gaeta 1.00 Extr
N-ROC2N Oliva di Gaeta 1.00 Extr
N-I5 Oliva di Gaeta 1.00 Extr
N-I6 Oliva di Gaeta 1.00 Extr
N-39/14 Oliva di Gaeta 1.00 Extr
N-I8 Oliva di Gaeta 1.00 Extr
N-32/14 Oliva di Gaeta 1.00 Extr
N-34/14 Oliva di Gaeta 1.00 Extr
N-IN Oliva di Gaeta 1.00 Extr
N-I7 Oliva di Gaeta 1.00 Extr
N-I3 Oliva di Gaeta 1.00 Extr
N-I2 Oliva di Gaeta 1.00 Extr
N-I9 Oliva di Gaeta 1.00 Extr
N-LEN* Oliva di Gaeta AF 3.00 Extr
N-LN* Oliva di Gaeta AF 3.00 Extr
N-LAZ* Oliva di Gaeta AF 2.70 Extr
ND-C12 Oliva di Gaeta AF 3.90 First
ND-C2 Oliva di Gaeta W 3.10 First
ND-C9 Oliva di Gaeta W 4.25 First
ND-28/14 Oliva di Gaeta AF 3.95 First
ND-31/14 Oliva di Gaeta AF 4.25 First
ND-C8 Oliva di Gaeta W 3.90 First
V-I11-B6 Oliva bianca 1.00 Extr
V-I4 Oliva bianca 1.00 Extr
V-38/14 Oliva bianca 1.00 Extr
V-30/14 Oliva bianca 1.00 Extr
V-RB Oliva bianca 1.00 Extr
V-UNIB Oliva bianca 1.00 Extr
V-C3 Oliva bianca 1.00 Extr
V-29/14 Oliva bianca 1.00 Extr
V-I10-B3 Oliva bianca 1.00 Extr
V-I1 Oliva bianca 1.00 Extr
V-SB Oliva bianca 1.00 Extr
V-35/14 Oliva bianca 1.00 Extr
V-36/14 Oliva bianca 1.00 Extr
V-IB Oliva bianca 1.00 Extr
V-27/14 Oliva bianca 1.00 Extr
V-48C Oliva bianca 1.00 Extr
V-C10* Oliva bianca W 3.00 Extr
V-C7* Oliva bianca AF 2.00 Extr
VD-C11 Oliva bianca AF 3.45 First
VD-LB Oliva bianca AF 4.00 First
and heterofermentative bacteria could be responsible for the
winey-vinegary defect, that is an olfactoryegustatory sensation
reminiscent of wine or vinegar, due to the high production of
ethanol, acetic acid, 3-methyl butanol and ethyl acetate, principally.

The development of pectinolytic and cellulolytic yeasts and
moulds is associated with “softening” of the fruit. This is due to the
action of their degrading enzymes that, respectively, act on pectic
substances that form the middle lamella, which leads to cell sep-
aration, and act on cellulose, hemicellulose and polysaccharides,
which damages the cell walls (Arroyo-L�opez et al., 2012; Golomb
et al., 2013; Vaughn, Stevenson, Dav�e, & Park, 1972).

Fermentation processes can be controlled through chemical,
chemico-physical and microbiological approaches and, since 2008,
through organoleptic evaluation (COI/OT/MO/Doc.No1. Method for
the sensory analysis of table olives). On 25 November 2011, following
Decision No DEC- 18/99-V/2011, the International Olive Council
adopted a revised version of themethod of sensory evaluation (COI/
OT/MONo 1/Rev.2) (IOC., 2011). The attributes to be evaluated for
table olives were: a) negative sensations or defects (abnormal fer-
mentations as butyric, putrid and zapateria, winey-vinegary, soapy,
metallic, cooking effects, rancid, musty and earthy defects); b)
classification of the products and some chemical characteristics (salt concentration,
n.d. not detected.

sification % Salt Polyphenol content (mg/kg) pH

a 6.3 2239 3.8
a 6.2 1783 4.3
a 6.2 2660 4.9
a 6.9 2015 4.6
a 5.5 1608 4.8
a 5.6 2838 3.2
a 6.0 2741 3.7
a n.d. n.d. n.d.
a 6.7 2112 4.8
a n.d. n.d. n.d.
a n.d. n.d. n.d.
a 5.9 1352 4.6
a 6.5 2123 4.7
a 4.1 1712 3.5
a 5.8 2183 3.9
a 6.4 2916 4.0
a 5.4 2508 4.0
a 5.0 3151 3.9
a n.d. n.d. n.d.

3.9 1296 4.1
6.0 2539 3.9
6.2 2661 3.7
n.d. n.d. n.d.
n.d. n.d. n.d.
4.2 1910 3.9

a 5.4 1088 4.2
a 6.3 2686 3.9
a n.d. n.d. n.d.
a n.d. n.d. n.d.
a 5.5 1831 5.0
a 6.1 2134 4.7
a 5.1 1121 4.0
a n.d. n.d. n.d.
a 5.6 1080 4.1
a 7.4 2416 3.7
a 6.4 1350 4.8
a n.d. n.d. n.d.
a n.d. n.d. n.d.
a 6.0 1450 4.0
a n.d. n.d. n.d.
a n.d. n.d. n.d.
a 3.4 1366 3.9
a 5.7 1962 3.7

4.0 1586 4.2
5.3 2181 4.3



Fig. 1. The flowchart of techno-processing to obtain Itrana end-products.
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gustatory sensations (salty, bitter, acid) and c) kinaesthetic sensa-
tions (hardness, fibrousness, crunchiness).

The negative attributes or defects are unpleasant sensations
caused by the production of substances responsible for off-odours,
which are not present in the fresh fruit or formed during well-
performed processing treatments and perceived directly or retro-
nasally. For classification purposes, only the median of the defect
predominantly perceived (DPP) was considered. According to the
DPP intensity, the olives were classified into four categories (Extra
or Fancy; First,1st, Choice or Select; Second, 2nd or Standard; Olives
that should not be sold as table olives).

The gustatory sensations involve distinct areas of tongue: the
region affected by the perception of salty taste is the lateral-
anterior, the region affected by the perception of acid taste is the
posterior and the region affected by the perception of bitter taste is
the basis of tongue. The mammalian taste system is responsible for
Table 2
Specific vocabulary for table olive sensory analysis (COI/OT/MO No 1/Rev.2 - November 2

Negative attributes:

Abnormal
fermentation

Olfactory sensation perceived directly or retronasally, character
� Putrid: sensation reminiscent of the odour of decomposing o
� Butyric: sensation reminiscent of butter or cheese
� Zapateria: sensation caused by the combination of volatile fa

Other defects Musty: olfactory-gustatory sensation perceived directly or retro
Wineyevinegary: olfactoryegustatory sensation reminiscent of
Rancid: olfactory sensation perceived directly or retronasally, ch
Cooking effect: olfactory sensation perceived directly or retron
temperature and/or duration during pasteurisation or sterilisati
Soapy: olfactoryegustatory sensation reminiscent of soap
Metallic: olfactoryegustatory sensation reminiscent of metals
Earthy: olfactory-gustatory sensation reminiscent of soil or dus

Descriptive gustatory attributes:
Salty Basic taste produced by aqueous solutions of substances such as
Bitter Basic taste produced by dilute aqueous solutions of substances s
Acid Basic taste produced by dilute aqueous solutions of most acid su
Kinaesthetic sensations (texture):
Hardness Mechanical textural attribute relating to the force required to atta

evaluated by compressing the product between the teeth (solid
Fibrousness Geometric textural attribute relating to the perception of the sha

conformation of the particles, oriented in the same direction. It is
the olive.

Crunchiness Attribute relating to the noise produced by friction or fracture be
teeth and is determined by compressing the fruit between the m
sensing and responding to the five basic taste qualities: sweet, sour,
bitter, salty and umami. Each taste is detected by dedicated taste
receptor cells (TRCs) on the tongue and palate epithelium
(Yarmolinsky, Zuker, & Ryba, 2009). Recent studies (Barretto et al.,
2015) have demonstrated the highly specific transfer of taste in-
formation between taste cells and the central nervous system. The
tongue is only one of the tools that the brain utilizes to recognize
the different gustative tastes.

With the term “kinaesthetic sensations” (from the greek
kinhsh ¼ movement and aisqhsh ¼ sense) are indicated the
sensations deriving from the contact of the fruit with the mouth.
We could translate it as “musculoskeletal overall perception, in the
oral cavity, of the mechanical characteristics of the fruit”. The term
is a synonym of “texture” (Szczesniak, 2002). It is also defined as the
set of rheological (related to the flow and deformation of matter)
and structural (geometrical and surface) properties of a product
perceptible to the mechanical receptors, tactile receptors and in
some cases the visual and auditory receptors (Saeleaw &
Schleining, 2011; Taniwaki & Kohyama, 2012).

In the present study, we evaluated sensory characteristics of
table olives of the Italian double-aptitude olive cultivar (Olea
europaea L. cv. Itrana) processed as green (Oliva Bianca di Itri) and
black (Oliva di Gaeta) table olives with the aim to relate the negative
sensations with the gustatory and kinaesthetic attributes and, in
particular, to investigate if the occurrence of the defect has a
negative impact also in the samples classified as “Extra or Fancy”
but with intensity of defect >1.0 but �3.0.
2. Materials and methods

2.1. Plant material and processing

To obtain Oliva bianca di Itri and Oliva di Gaeta table olives, fruits
from the cv. Itrana were hand-harvested at the green stage of
ripening at the beginning of November 2013 and at the black stage
in March 2014, respectively. Olives, size-graded (16e18 mm), were
processed with a modified Greek-style by table olive firms from
Latina (Lazio region) district (Itri, Cori, Rocca Massima and Son-
nino). 45 samples (25 processed as Oliva di Gaeta and 20 processed
011).

istic of abnormal fermentations. Such fermentation may be:
rganic matter

tty acids reminiscent of rotten leather
nasally, characteristic of olives attacked by mould
wine or vinegar
aracteristic of olives that have undergone a process of rancidity

asally, characteristic of olives that have undergone excessive heating in terms of
on

t

sodium chloride
uch as quinine or caffeine
bstances, such as tartaric acid, citric acid

in the deformation of a product or for an object to penetrate it (knife, teeth,…). It is
s) or between the tongue and palate (semi-solids).
pe and the orientation of particles in a product. Fibrousness refers to the elongated
evaluated by perceiving the fibres between the tongue and palate when chewing

tween two surfaces. It is related to the force required to fracture a product with the
olars.



Table 3
The confidence intervals of the median at 95% for Oliva di Gaeta.

Samples Confidence intervals Abnormal fermentation Other defects Salty Bitter Acid Hardness Fibrousness Crunchiness

N-C6 C.I.upper 1.0 1.0 6.2 3.6 3.8 4.1 4.0 4.0
C.I.lower 1.0 1.0 4.4 3.1 2.6 2.7 1.6 2.3

N-SN C.I.upper 1.0 1.0 5.7 6.8 5.8 4.6 5.9 5.3
C.I.lower 1.0 1.0 4.7 3.2 2.3 2.7 2.7 4.4

N-RN C.I.upper 1.0 1.0 5.4 5.7 4.3 4.1 5.2 4.8
C.I.lower 1.0 1.0 4.4 2.5 1.7 2.7 2.8 4.0

N-UNIN C.I.upper 1.0 1.0 6.0 6.1 5.5 4.7 5.2 4.7
C.I.lower 1.0 1.0 4.5 3.8 2.9 3.3 3.2 3.7

N-ROC2N C.I.upper 1.0 1.0 5.1 4.8 3.8 4.1 3.5 4.1
C.I.lower 1.0 1.0 3.5 3.3 2.0 2.2 2.5 2.1

N-I5 C.I.upper 1.0 1.0 7.3 6.3 6.9 3.8 5.6 6.5
C.I.lower 1.0 1.0 2.9 3.7 3.1 2.2 2.2 2.9

N-I6 C.I.upper 1.0 1.0 5.7 5.7 6.6 3.6 6.0 4.7
C.I.lower 1.0 1.0 3.7 3.9 2.2 2.8 2.4 1.9

N-39/14 C.I.upper 1.0 1.0 5.0 5.0 4.7 3.6 4.0 4.4
C.I.lower 1.0 1.0 3.6 3.4 3.5 3.1 1.9 2.4

N-I8 C.I.upper 1.0 1.0 6.2 6.0 3.7 5.6 5.0 6.9
C.I.lower 1.0 1.0 4.7 4.8 1.9 4.0 2.9 3.5

N-32/14 C.I.upper 1.7 1.0 5.3 5.0 5.9 3.8 4v2 5.1
C.I.lower 0.3 1.0 3.9 4.2 4.1 2.8 2.6 2.5

N-34/14 C.I.upper 1.7 1.0 6.8 5.6 5.8 3.9 4.9 3.8
C.I.lower 0.3 1.0 4.6 3.6 3.9 2.8 2.6 2.7

N-IN C.I.upper 1.0 1.2 5.0 4.5 3.9 4.3 5.3 5.7
C.I.lower 1.0 0.8 3.2 3.2 2.2 2.2 1.8 3.6

N-I7 C.I.upper 1.0 1.4 5.4 5.0 3.4 4.9 4.3 5.4
C.I.lower 1.0 0.6 3.8 3.0 1.6 3.1 1.9 4.2

N-I3 C.I.upper 1.6 2.8 5.1 4.2 4.8 3.9 4.3 4.6
C.I.lower 0.4 �0.8 3.1 3.0 2.4 1.7 1.5 1.8

N-I2 C.I.upper 2.1 1.0 5.8 4.5 3.9 4.3 4.5 5.2
C.I.lower �0.1 1.0 3.2 2.5 2.8 2.7 2.1 2.0

N-I9 C.I.upper 1.0 1.0 5.5 5.4 6.0 4.2 5.8 5.1
C.I.lower 1.0 1.0 3.7 3.4 2.6 3.2 3.2 3.1

N-LEN* C.I.upper 3.6 1.0 6.6 5.7 7.1 4.9 5.4 5.5
C.I.lower 2.4 1.0 5.0 4.3 4.9 2.7 2.4 4.5

N-LN* C.I.upper 3.8 1.0 5.8 6.5 6.1 4.0 5.3 4.7
C.I.lower 2.2 1.0 3.6 6.1 3.9 3.0 3.1 4.3

ND-LAZ* C.I.upper 4.4 1.0 6.9 6.9 6.5 4.6 5.8 5.5
C.I.lower 1.0 1.0 4.8 4.1 5.4 2.4 3.1 3.3

ND-C12 C.I.upper 4.5 1.0 4.5 4.2 6.6 3.1 4.0 3.5
C.I.lower 3.3 1.0 2.9 3.2 4.4 2.3 1.8 2.1

N-C2 C.I.upper 3.1 4.2 5.6 6.3 6.9 5.1 4.4 4.8
C.I.lower �1.1 2.0 4.0 4.4 4.3 2.9 2.0 2.7

ND-28/14 C.I.upper 4.5 2.3 6.2 6.4 6.3 4.6 5.6 5.4
C.I.lower 3.4 �0.3 4.7 4.8 5.3 3.3 4.1 3.7

ND-C9 C.I.upper 5.3 5.1 5.5 4.9 7.1 2.5 2.6 2.7
C.I.lower 3.1 3.4 2.8 3.3 3.8 1.7 1.7 1.9

ND-C8 C.I.upper 6.2 4.6 5.2 4.5 7.9 3.6 2.7 2.7
C.I.lower 1.0 3.2 3.4 3.1 4.5 2.0 1.5 1.5

ND-31/14 C.I.upper 5.0 2.1 5.9 5.2 6.4 4.6 4.4 5.2
C.I.lower 3.5 �0.1 4.7 4.6 4.8 2.7 2.6 3.3
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as Oliva Bianca di Itri) were analyzed. The codes and technological
specifications are reported in Table 1. The salt concentration,
polyphenol content and pH are measured following the method-
ology reported in a previous work (Lanza, Di Serio & Iannucci,
2013). In Fig. 1 is reported the flowchart of the techno-processing.
2.2. Sensory evaluation of the end product

The organoleptic characteristics of the table olives were evalu-
ated by 8e10 panelists of the CREA-OLI Citt�a Sant’Angelo Panel,
according to COI/OT/MO No 1/Rev.2.Method for the sensory analysis
of table olives (IOC., 2011). The principles of Quantitative Descriptive
Analysis (QDA) were utilized to define the typical sensory profile of
each end-product (Lawless & Heymann, 2010; Murray, Delahunty,
& Baxter, 2001; Stone, Sidel, Oliver, Woolsey, & Singleton, 1974).
The sensory analysis of table olives takes in account the negative
attributes or defects, the descriptive gustatory attributes and the
kinaesthetic sensations described in Table 2. The sensory panel was
trained by tasting reference standards of 2-mercaptoethanol to
evaluate putrid fermentation, butyric acid to evaluate butyric
fermentation, cyclohexanecarboxilic acid to evaluate zapateria,
sodium chloride to evaluate salty, quinine to evaluate bitter, lactic
acid to evaluate acid, Leerdammer cheese and raw carrot to eval-
uate hardness, Granny Smith apple and pineapple core to evaluate
fibrousness and peach in syrup and celery stalk to evaluate
crunchiness. The table olive profile sheet uses unstructured line
scales of 10 cm length that range from 1.0 (no perception) to 11.0
(extreme). To elaborate sensory data, it was applied the method for
calculating the median, the robust standard deviation (s*), the
robust coefficient of variation percentage (CVr%) and the confi-
dence intervals of the median at 95% (C.I.upper and C.I.lower) con-
tained in Annex 1 (COI/OT/MO/n�1/Rev.2 Annex 1 Method for
calculating the median and the confidence intervals) (IOC., 2011)
taking into account those attributes with a robust coefficient of
variation of 20% or less. For classification purposes, only the median
of the defect predominantly perceived (DPP) was considered.



Table 4
The confidence intervals of the median at 95% for Oliva Bianca di Itri.

Samples Confidence intervals Abnormal fermentation Other defects Salty Bitter Acid Hardness Fibrousness Crunchiness

V-I11_B6 C.I.upper 1.0 1.0 5.4 6.0 5.3 6.3 6.2 6.1
C.I.lower 1.0 1.0 3.8 4.5 2.8 4.7 4.1 4.6

V-I4 C.I.upper 1.0 1.0 7.0 5.8 5.1 6.7 8.0 6.5
C.I.lower 1.0 1.0 5.0 4.1 3.3 5.1 4.3 4.9

V-38/14 C.I.upper 1.0 1.0 6.4 5.8 5.2 6.5 6.4 6.6
C.I.lower 1.0 1.0 5.4 4.2 3.6 4.9 5.6 5.4

V-30/14 C.I.upper 1.0 1.0 5.1 6.4 4.9 5.8 5.8 6.3
C.I.lower 1.0 1.0 4.3 5.0 3.5 5.3 3.9 5.3

V-RB C.I.upper 1.0 1.0 5.9 4.9 5.3 7.5 6.9 7.0
C.I.lower 1.0 1.0 5.5 3.3 2.1 4.9 5.5 5.8

V-UNIB C.I.upper 1.0 1.0 5.1 5.7 5.3 6.5 5.7 7.0
C.I.lower 1.0 1.0 4.2 4.0 3.9 4.2 2.6 5.0

V-C3 C.I.upper 1.0 1.0 5.9 5.6 6.0 5.9 6.1 6.0
C.I.lower 1.0 1.0 4.6 4.0 2.9 5.5 3.2 4.3

V-29/14 C.I.upper 1.0 1.0 5.4 6.3 6.0 6.5 6.5 6.8
C.I.lower 1.0 1.0 4.5 5.1 3.3 5.0 4.6 5.6

V-I10_B3 C.I.upper 1.0 1.0 5.4 6.2 5.3 7.5 7.4 7.8
C.I.lower 1.0 1.0 4.1 4.5 3.9 5.0 3.3 6.0

V-I1 C.I.upper 1.0 1.0 6.6 5.3 5.4 7.3 7.4 7.0
C.I.lower 1.0 1.0 4.8 3.7 3.6 5.2 3.7 5.1

V-SB C.I.upper 1.0 1.0 6.2 7.4 4.2 8.1 8.5 8.0
C.I.lower 1.0 1.0 4.9 4.3 2.4 5.5 3.5 6.1

V-35/14 C.I.upper 1.0 1.0 6.2 5.3 4.4 6.4 5.9 6.6
C.I.lower 1.0 1.0 4.6 3.9 3.8 5.4 3.7 4.4

V-36/14 C.I.upper 1.0 1.0 6.2 5.5 5.4 7.4 6.5 7.0
C.I.lower 1.0 1.0 4.2 3.7 4.4 5.1 5.5 5.4

V-IB C.I.upper 2.8 1.0 6.2 5.5 5.7 6.7 6.5 7.5
C.I.lower �0.8 1.0 4.7 3.6 2.3 4.9 4.0 5.8

V-27/14 C.I.upper 1.0 1.0 6.6 6.1 6.2 6.4 6.2 6.6
C.I.lower 1.0 1.0 5.4 5.0 3.9 5.5 4.7 5.4

V-48C C.I.upper 1.0 1.0 5.8 5.5 5.3 7.1 6.3 7.2
C.I.lower 1.0 1.0 4.5 4.3 4.0 4.4 4.6 4.8

V-C10* C.I.upper 1.0 3.7 4.9 4.2 5.3 5.2 5.7 5.3
C.I.lower 1.0 2.3 3.3 3.1 4.0 4.3 3.3 3.2

V-C7* C.I.upper 3.5 1.0 4.8 4.2 4.4 6.3 6.6 5.3
C.I.lower 0.5 1.0 4.0 3.6 3.2 3.2 4.4 4.1

VD-C11 C.I.upper 4.4 1.0 4.1 5.3 4.6 6.2 5.4 5.5
C.I.lower 2.5 1.0 3,1 4.2 3.8 4.6 4.4 3.7

VD-LB C.I.upper 6.4 1.0 5.3 5.8 4.6 4.7 5.3 5.3
C.I.lower 1.6 1.0 4.1 4.2 3.0 4.1 2.3 4.5

B. Lanza, F. Amoruso / LWT - Food Science and Technology 68 (2016) 365e372 369
According to the DPP intensity, the olives were classified into four
categories:

� Extra or Fancy: 1.0 < DPP �3.0
� First, 1st, Choice or Select: 3.0 < DPP �4.5
� Second, 2nd or Standard: 4.5 < DPP �7.0
� Olives that should not be sold as table olives: 7.0 < DPP �11.0
2.3. Multivariate analyses

Principal Component Analysis (PCA) was carried out by the
software Past PAleontological STatistics (Version 2.12, Øyvind
Hammer, Natural History Museum, University of Oslo). We carried
out the Principal Component Analysis on two data sets: the data-set
A included all sensory parameters (abnormal fermentation, other
defects, salty, bitter, acid, hardness, fibrousness and crunchiness),
while the data-set B did not include abnormal fermentation and
other defects.

3. Results and discussion

The confidence intervals of the median at 95% (C.I.upper and
C.I.lower) were reported in Table 3 (Oliva di Gaeta) and Table 4 (Oliva
Bianca di Itri). Graphical presentations of the data, obtained using
the average values of the confidence intervals had involved the use
of cobweb ring graphs. The different organoleptic parameters had
contributed to define a sensory QDA ring profile of each product
(Fig. 2). The results showed that the two technological processes
generated from sensory point of view two different end-products
(Oliva di Gaeta and Oliva Bianca di Itri). In Oliva di Gaeta, at the
same time of defect insurgence, the acidity of the flesh increased. In
Oliva Bianca di Itri, the defect seemed to influence all parameters.

Fermentation of natural olives takes a long time because diffu-
sion of soluble components through the epidermis, in fruits not
treated with alkali, is slow. A diverse microbiota grows in these
water and brine solutions, although lactic acid bacteria, which are
mainly represented by L. plantarum, and yeasts are the microor-
ganisms that are present throughout all the process. In such
spontaneous fermentations, the natural microflora present on the
fruit skin is often uncontrollable and unpredictable.

In Table 1 was reported the classification of the samples in
relation to the defect predominantly perceived (DPP). Between
Oliva di Gaeta samples, three samples (N-LEN*, N-LN* and N-LAZ*)
show amedian value of DPP�3.0 and therefore theywere classified
as “Extra or Fancy”, while six samples were classified as “First, 1st,
Choice or Select” (3.0 < DPP � 4.5). Between Oliva Bianca di Itri
samples, two samples (VeC10* and VeC7*) show a median value of
DPP �3.0 and therefore they were classified as “Extra or Fancy”,
while two samples were classified as “First, 1st, Choice or Select”
(3.0 < DPP � 4.5). There were no samples classified as “Second, 2nd
or Standard”. All the remaining samples not presenting defects



Fig. 2. QDA ring profile for: a) Oliva di Gaeta un-defected olives; b) Oliva di Gaeta defected olives; c) Oliva Bianca di Itri un-defected olives; d) Oliva Bianca di Itri defected olives.
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were classified as “Extra or Fancy”.
Multivariate statistical analysis had been used to recognize

which information coming from measured sensory parameters,
was relevant to identify similarities and differences between
defected and un-defected samples. In particular, we had investi-
gated if the occurrence of the defect had a negative impact on
gustative and kinaesthetic attributes, also in the samples classified
as “Extra or Fancy” but with intensity of defect>1.0.

We carried out the Principal Component Analysis on two data
sets: the first data-set included all sensory parameters (data-set A),
while the second data-set did not include abnormal fermentation
and other defects (data-set B).

Analyzing the covariance matrix and the loadings of data-set A,
Table 5
Loadings of variables of data-set A on the first eight components.

PC1 PC2 PC3 P

% variance 58,523 19,363 6,861 6
% cumulative variance 58,523 77,886 84,747 9
Salty 0,161 0,1008 0,05431 �
Bitter 0,1562 0,2875 �0,07964 �
Acid �0,1005 0,6039 0,4354 �
Hardness 0,5554 0,1194 0,1686 0
Fibrousness 0,4733 0,1645 �0,00794 0
Crunchiness 0,5537 0,1151 �0,1165 0
Ab. Fermentation �0,2652 0,6793 �0,5342 0
Other defects �0,1737 0,1627 0,6882 0
PC1 describes 58.5% of the variance and its loadings indicate that it
contains high contributions (about 0.50) from the kinaesthetic at-
tributes (hardness, fibrousness and crunchiness), while PC2 de-
scribes 19.4% of the variance showing a high loading for the
abnormal fermentation and acid (>0.60) (Table 5). The score plot
generated from comparison of the first two PCs is showed in Fig. 3.

Analyzing the covariance matrix and the loadings of data-set B,
PC1 describes 70.3% of the variance and its loadings indicate that it
contains high contributions (>0.50) from the kinaesthetic attri-
butes (hardness, fibrousness and crunchiness), while PC2 describes
15.7% of the variance showing a very high loading for acid (0.89)
(Table 6). The score plot generated from comparison of the first two
PCs is showed in Fig. 4. The defected and un-defected samples for
C4 PC5 PC6 PC7 PC8

,3875 3,2566 2,4981 1,8433 1,2668
1,1345 94,3911 96,8892 98,7325 99,9993
0,4545 �0,1931 0,8393 0,06951 �0,0887
0,4359 0,6898 �0,189 0,3836 �0,1945
0,3458 �0,2682 �0,3004 �0,3916 �0,0232
,4207 0,005659 0,03749 �0,1352 �0,6724
,01436 �0,4897 �0,235 0,6091 0,2875
,06377 0,3027 0,0924 �0,4636 0,5894
,3746 �0,02753 0,1954 0,05973 0,000738
,4028 0,2876 0,2574 0,2947 0,2676



Fig. 3. PCA score plot of data-set A.

Table 6
Loadings of variables of data-set B on the first six components.

PC1 PC2 PC3 PC4 PC5 PC6

% variance 70,29 15,681 5,3665 4,0175 2,7733 1,8711
% cumulative variance 70,29 85,971 91,3375 95,355 98,1283 99,9994
Salty 0,169 0,1968 0,4514 0,7759 0,3158 0,1647
Bitter 0,1803 0,388 0,6356 �0,4808 �0,2467 0,3478
Acid �0,05747 0,8913 �0,3931 �0,0131 0,1513 �0,157
Hardness 0,5886 �0,09504 �0,4014 �0,1348 0,3416 0,5903
Fibrousness 0,5011 0,06771 �0,189 0,3189 �0,773 �0,09712
Crunchiness 0,5815 �0,05154 0,2022 �0,216 0,3199 �0,6851

Fig. 4. PCA score plot of data-set B.
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each process were distributed in separate areas. The samples
classified as “Extra or Fancy” but with intensity of defect >1.0 were
more similar to defected samples, also not considering the defects
as discriminant parameters. In particular, the samples marked with
an asterisk (N-LEN*, N-LN*, N-LAZ*, V-C10* and V-C7*) are grouped
with the respective defected samples, despite they are classified as
“Extra or Fancy” (this category agrees the presence of defects up to
3.0 of median value). This phenomenon is evident even when the
data-set don't comprises negative sensations (data-set B). There-
fore, the occurrence of the defect changes the entire profile of the
olive.

4. Conclusion

Sensory Analysis showed that, at the same time of defect
insurgence, principally the acidity of the flesh of Oliva di Gaeta
increased, while in Oliva Bianca di Itri, the defect seemed to influ-
ence all parameters (both gustative and kinaesthetic attributes
decreased).

The Principal Component Analysis showed that the defected and
un-defected samples for each process were distributed in separate
areas and the samples classified as “Extra or Fancy” but with in-
tensity of defect >1.0 were more similar to defected samples, also
not considering the defects as discriminant parameters.
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a b s t r a c t

Pseudomonas aeruginosa produces biofilm and several virulence factors coordinated by quorum sensing
(QS) in food. The interruption of QS is a target to control the bacterial virulence. Chemical preservatives
used to control biofilm give rise to several food safety problems. For this reason, essential oils (EOs),
generally recognized as safe products, are a hopeful alternative. The aim of this work was to determine
the chemical composition of mandarin EOs obtained by cold-pressing (EOP) and cold-pressing followed
by steam distillation (EOPD) and their antipathogenic properties against P. aeruginosa. Both EOs con-
tained the highest quantities of monoterpene hydrocarbons, mainly limonene, followed by g-terpinene,
myrcene and a-pinene. Although the EOs were not able to inhibit the bacterial growth at 4 mg/mL, EOP
and EOPD significantly inhibited the P. aeruginosa biofilm formation at 0.1 mg/mL. In addition to the EOs
inhibited biofilm cell viability (41%), AHL production (33%) and resulted in higher than 75% reduction in
elastase enzyme activity. In conclusion, Citrus reticulata EOs are suitable alternatives to chemical addi-
tives for general use in the food industry.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Bacterial biofilm is a problem in the food industry due to the
resistance to antimicrobial and cleaning agents. Several foodborne
diseases outbreaks have been associatedwith biofilm (Srey, Jahid,&
Ha, 2013) and it has become a significant challenge to food pro-
duction (Shikongo-Nambabi, 2011; Sofos & Geornaras, 2010).
Pseudomonas spp. is one of the main biofilms producing bacteria
found in food (Rajkowski, 2009) and this bacterium could produce
several virulence factors such as the enzyme elastase, B (LasB)
which is produced by Pseudomonas aeruginosa (Stewart &
Costerton, 2001). This secreted protease degrades a broad range
of host tissue proteins and important biomolecules involved in
innate immunity (Cathcart, Gilmore, Greer, Harriott, & Walker,
2009). In addition, LasB acts within the bacterial cell as a key
regulator in the generation of the secreted polysaccharides that
ímica y Farmacia, Universidad
cum�an, Argentina.
ena).
constitute the bacterial biofilm (Cathcart et al., 2009), thus LasB
inhibition could be important for attenuation of Pseudomonas
virulence (Sokol, Kooi, Hodges, Cachia, & Woods, 2000).
P. aeruginosa employs quorum sensing (QS) to coordinate the
communal behavior and it consists in the regulation and coordi-
nated expression of genes in response to cell density. The bacterial
virulence factors (such as biofilms and elastase enzyme) have been
shown to specifically involve the recognition and response to self-
generated secreted small molecules called autoinducers (AI-1).
Gram negative bacteria produce N-acyl homoserine lactones (AHLs)
as quorum signal molecules (Bassler & Losick, 2006) and several
AHLs have been found in different foods (Gram et al., 2002).
Moreover, the bacterial signal molecules per se may influence the
outcome of an infection by modulating the host immune response
(Telford et al., 1998). In the same way, the growth of microorgan-
isms in food products may cause intestinal disorders, including
vomiting and diarrhea (Friedman, Henika, & Mandrell, 2002).

Currently, chemical preservatives are used to prevent the
growth of most foodborne bacteria; however, several food safety
problems are related to chemical preservatives (Deba, Xuan,
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Yasuda, & Tawata, 2008). The design of antipathogenic substances
from plant sources could be an important strategy to prevent food
spoilage and foodborne diseases. Antipathogenic compounds do
not kill bacteria or stop their growth; rather, they control bacterial
virulence factors like biofilm, elastase activity, and prevent the
development of resistant strains (Otto, 2004). The interruption of
QS, or bacterial cell-to-cell communication, is one example of
antipathogenic effects.

Essential oils (EOs) could be used as antimicrobial additives
(Holley & Patel, 2005). In nature, EOs play an important role in the
protection of plants, particularly in antibacterial ones. The selective
toxicity towards several pathogens and the synergism of individual
components with different mechanisms of action preventing the
development of resistance are the main remarkable properties of
the EOs (Bakkali, Averbeck, Averbeck,& Idaomar, 2008). In the food
industry this antibacterial activity has been targeted against many
food pathogens and food spoiling bacteria, including virulence
factor inhibition, making these substances attractive as food pre-
servatives. In addition, some of them belong to the class of natural
compounds that is generally recognized as safe (GRAS) by the Food
and Drug Administration (Hemaiswarya & Doble, 2009). Also, EOs
have therapeutic uses in human medicine due to its anticancer,
antinociceptive, antidiabetic, antiviral, antibacterial and antioxi-
dant properties (Bhalla, Gupta, & Jaitak, 2013; Buchbauer, 2010; Joo
et al., 2013; Pagonopoulou, Koutroumanidou, & Charalabopoulos,
2012; Tang, Rajarajeswaran, Fung, & Kanthimathi, 2013).

In the food industry, biofilms cause serious engineering prob-
lems such as impeding the flowof heat across a surface, increases in
fluid frictional resistance of surfaces and increases in the corrosion
rate of surfaces leading to energy and production losses. Pathogenic
microorganisms grown on food surfaces and in processing envi-
ronments can cross-contaminate and cause post processing
contamination (Ganesh & Anand, 1998). According to
Chorianopoulos, Giaouris, Skandamis, Haroutounian, and Nychas
(2008), the information available on the use of EOs as disinfec-
tants is still limited, pointing to the need for further studies. In fact,
the antipathogenic activities of EOs could be exploited to develop
bio-preservatives useful for sanitizing industrial surfaces against
bacterial biofilms.

Among the great variety of EOs, citrus fruit EOs and their major
components have gained acceptance in the food industry andmany
foods tolerate their presence (Espina et al., 2011; Fisher & Phillips,
2006). Particularly, citrus EOs are complex mixtures of natural
compounds whose content depends on the specific citrus cultivar,
extraction and separation methods (Nannapaneni et al., 2009).
Several factors influence the chemical composition of EOs,
including the species, part of the plant, soil composition, age and
vegetative cycle stage, geographical origin, and also the extraction
method, and consequently their bioactive properties (Angioni,
Barra, Coroneo, Dessi, & Cabras, 2006; Bakkali et al., 2008; Mejri,
Abderrabba, & Mejri, 2010; Viljoen, Subramoney, Vuuren, Başer, &
Demirci, 2005). Therefore it is important to know the whole
chemical composition because the activity of the main components
may be modulated by other minor compounds (Abdollah, Iraj, &
Hamze-Ali, 2013; Hoet, St�evigny, H�erent, & Quetin-Leclercq,
2006). In that sense, for biological purposes, it is necessary to
analyze the chemical composition of EOs tested rather than some of
its components because the concept of synergism or antagonism
appears to be more meaningful.

The aim of this work was to determine the chemical composi-
tion of different mandarin essential oils obtained industrially. The
cold-pressing EO (EOP) that represent the 99.9% of the commercial
EO produced industrially and the cold-pressing followed by steam
distillation (EOPD), which is the liquid discharged from cold-
pressing oil centrifuge that usually contains approximately 0.1 per
cent oil, which may be recovered by steam distillation Moreover,
we attempted to determine the inhibitory effects of both essential
oils and the main compound (limonene) against planktonic cells
and biofilms of P. aeruginosa strains, as well as the efficacy of sub-
inhibitory bacterial growth concentrations in inhibiting biofilm,
virulence factors, and productions of QS autoinducers.

2. Materials and methods

2.1. Mandarin essential oils

Mandarins (Citrus reticulata) were cultivated in Argentine, and
their essential oils (commercial samples, mandarin essential oils)
were obtained by cold-pressing (mandarin EOP) and cold-pressing
followed by steam distillation (mandarin EOPD) respectively, dur-
ing 2012 from Litoral Citrus Company.

2.2. Gas chromatography-mass spectrometry

Gas Chromatography-Mass Spectrometry analysis was carried
out with a 5973N Agilent apparatus, equipped with a capillary
column (95 dimethylpolysiloxane-5% diphenyl), HP-5MS UI (30 m
long and 0.25 mm i.d. with 0.25 mm film thickness). The column
temperature program was 60 �C during 5 min, with 3 �C min�1

increases to 180 �C, then 20 �C min increases to 280 �C, which was
maintained for 10 min. The carrier gas was helium at a flow-rate of
1 mL/min. Split mode injection (ratio 1:30) was employed. Mass
spectra were taken over the m/z 30e500 range with an ionizing
voltage of 70 eV. Kovat's retention index was calculated using co-
chromatographed standard hydrocarbons. The individual com-
pounds were identified by MS and their identity was confirmed by
comparison of their RIs, relative to C8eC32 n-alkanes, and mass
spectrawith authentic samples or with data already available in the
NIST 2005 Mass Spectral Library and in the literature (Adams,
2007).

2.3. Bacterial growth

Two strains of P. aeruginosawere used, P. aeruginosa ATCC 27853
as reference and a strain isolated from a patient with food
poisoning, denominated Hospital Tucum�an 5 (HT5). The strain HT5
is resistant to several antibiotics: aztreonam (30 mg), ceftazidime
(30 mg); cefepime (30 mg), ciprofloxacin (5 mg); gentamicin (10 mg);
imipenem (10 mg), meropenem (10 mg) as well as piperacilin-
tazobactam (110 mg). However, it is sensitive to amikacin (30 mg).

Overnight cultures of two strains of P. aeruginosawere diluted to
reach an OD (0.125 ± 0.005) at 560 nm in LuriaeBertani (LB)
medium.

The diluted culture (180 mL) was placed in one of the 96 wells of
a microtitre polystyrene plate. Solutions of mandarin cold-pressing
EO, cold-pressing and distillated EO and pure limonene, the main
component of both EOs, in DMSO/distilled water (1:1) were pre-
pared separately, and 20 mL of each one was pipetted to the plastic
microtitre plate wells individually (8 replicates) in order to reach
final concentrations of 4, 2, 1, 0.5, 0.2, and 0.1 mg/mL, respectively.

Control wells (8 replicates) contained the diluted culture
(180 mL) and 20 mL of a solution of DMSO/water (1:1) in which the
final concentration of DMSO was 2.5%. Bacteria grew in LB medium
at 37 �C and growth was detected as turbidity (600 nm) using a
microtitre plate reader (Power Wave XS2) Biotek, Vermont, USA.

2.4. Biofilm formation assay

For biofilm quantification, a micro method based on a protocol
previously reported was employed (O’Toole & Kolter, 1998).
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Biofilms formed after 24 h incubation of bacterial cultures prepared
as described in the previous paragraph, were stained with 20 mL of
an aqueous solution of crystal violet, (0.1% w/v) for 20 min. After
washing with water, the liquid was discarded from the wells and
the material that remained fixed to the polystyrene (containing
biofilm) was washed with PBS (thrice). Crystal violet bound to
biofilm was removed from each well employing 200 mL absolute
ethanol during 30 min at 37 �C with shaking. Absorbance (540 nm)
of ethanol solutions of crystal violet was determined using a
microtitre plate reader (Power Wave XS2. Biotek, Vermont, USA).
Ciprofloxacin, a known biofilm inhibitor, was incorporated in the
same bioassay as a positive control at 5 mg/mL. At this concentra-
tion, ciprofloxacin inhibited the biofilm formation but did not
significantly modify the bacterial growth (Sandasi, Leonard,
VanVuuren, & Viljoen, 2011).
2.5. Biofilm metabolic activity assay

The metabolic activity of the biofilm formed by the bacteria was
assessed using a 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide (MTT) reduction assay with the
same modifications (Jadhav, Shah, Bhave, & Palombo, 2013;
Schillaci, Arizza, Dayton, Camarda, & Stefano, 2008). The wells
were incubated with 200 mL of each P. aeruginosa strain (DO
0.09 ± 0.02) during 24 h. The preformed biofilm after 24 h incu-
bationwas gently removed and the plates were air-dried. After that,
20 mL of the above mentioned concentration of both EOs and
limonene were incorporated into each well containing 180 mL of
PBS (pH 6.5), and incubated by 24 h at 37 �C, and then the micro-
plate was washed again. As a final step, 100 mL of MTT solution
(0.5 mg/mL) was pipetted into each well and incubated for 3 or
6 h at 37 �C under sterile conditions. The insoluble purple formazan
(obtained by enzymatic hydrolysis of MTT by the dehydrogenase
enzyme found in living cells) was further dissolved in dimethyl
sulphoxide (DMSO, SigmaeAldrich). Finally, the absorbance was
then measured at 570 nm using the microplate reader.
2.6. Quantification of N-acyl homoserine lactones (AHLs)

AHLs were measured to determinate the QS inhibition by the b-
galactosidase activity assay. In this assay a reporter strain was
employed. P. aeruginosa qsc 119 is a mutant donated by P. Green-
berg (Whiteley, Lee, & Greenberg, 1999) that cannot produce its
own AHLs (QS signal molecules). The reporter strain responds by
producing b-galactosidase, to exogenous active signal molecules
generated by wild types P. aeruginosa strains. P. aeruginosa qsc 119
was constructed using a chromosomal promoter under the control
of AHLs linked to lacZ. In consequence, b-galactosidase activity is
under QS-control and in direct relationship with the autoinducers
(AHLs) activity (Whiteley et al., 1999).

An overnight culture of the reporter strain grown at 37 �C in LB
was diluted ten times in the same medium, reaching values of
absorbance of 0.26 at OD560nm. A 100 mL portion of this suspension
was mixed in each microplate well with 100 mL cell-free culture
supernatant obtained from P. aeruginosa (ATCC 27853 or HT5)
cultured in LB media containing 4, 2, 1, 0.5, 0.2, and 0.1 mg/mL of
mandarin EOs during 24 h. Azithromycin (5 mg/mL). This interferes
with the QS process without modifying bacterial growth and was
used as QS positive control (Tateda et al., 2001). Control wells (8
replicates) containing cell-free culture supernatant (100 ml) ob-
tained from each strain of P. aeruginosa (ATCC 27853 or HT5)
cultured in LB media (180 mL) plus 20 ml of DMSO-water (1:1). b-
galactosidase activity was measured spectrophotometrically by
Miller test (Miller, 1972).
2.7. Elastase B activity assay

Elastolytic activity was determined using a modification of the
method described by Caballero et al. (2001). Elastin Congo red
(100 mL) (Sigma) dissolved in TriseHCl (pH 8.0) at a concentration
of 5 mg/mL was mixed with 100 mL cell-free culture supernatant
from each P. aeruginosa grown, during 24 h, in LB media containing
4, 2, 1, 0.5, 0.2, and 0.1 mg/mL of both mandarin EOs and limonene.
The reaction mixture (200 ml) was incubated at 37 �C for 24 h and
centrifuged at 13,000 rpm for 10 min. The absorbance (at 495 nm)
of each supernatant is a measure of the enzyme activity.

2.8. Statistical data analysis

Differences in the mean values were evaluated by analysis of
variance (ANOVA). The Tukey test was used for all pair-wise mul-
tiple comparisons of groups. In all analyses, values of p < 0.05 were
considered statistically different (Statistix 7.1, 2002).

3. Results

The chemical composition of commercial mandarin essential
oils was determined by GC/MS analysis. Fifty-nine compounds ac-
counting of between 99.34 and 99.75% of the total essential oils
were identified. Components were clustered (Table 1) in homolo-
gous series of monoterpene hydrocarbons, oxygenated mono-
terpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes
and others and then listed according to Kovat's retention index
calculated in GC on apolar HP-5MS column.

3.1. Effects of both EOs and limonene on bacterial growth

The effects of mandarin EOs and limonene (main compound) on
the P. aeruginosa growth are shown in Table 2 in comparison with
the control experiment.

The natural products of mandarin did not show substantial in-
hibition on the P. aeruginosa ATCC 27853 growth. The cell growth
inhibition of EOP was 17% 15% and 14% at 4, 2, and 1 mg/mL,
respectively. EOPD and pure limonene did not diminish the bac-
terial growth (Table 2).

The growth inhibitory effect of EOP, EOPD and limonene against
the P. aeruginosa HT5 was moderate. The higher concentration
assayed (4 mg/mL) produced an inhibition of 33, 25, and 24%,
respectively. At the lower concentration assayed (0.1 mg/mL) the
growth reduction was 15, 10, and 9%, respectively (Table 2).

For both strains the bacterial growth inhibition was correlated
with the concentration assayed and was higher due the presence of
EOP.

3.2. Biofilm biomass

Mandarin EOP inhibited the biofilm formation of P. aeruginosa
ATCC 27853. The inhibition was 82, 69, 43, 31, 24, and 15% in
presence of 4, 2, 1, 0.5, 0.2, and 0.1 mg/mL, respectively. The man-
darin EOPD inhibited 88, 82, 81, 74, 68 and 46% the amount of
biofilm at concentration of 4, 2, 1, 0.5, 0.2, and 0.1 mg/mL. In
contrast, the pure limonene, main constituent of EOs at 4, 2, 1, 0.5,
0.2, and 0.1 mg/mL, inhibited 49, 49, 45, 43, 36, and 36%, respec-
tively (Table 3).

EOP inhibited the P. aeruginosa HT5 biofilm development. The
diminutionwas 73, 62, 59, 53, 51, and 46% in presence of 4, 2, 1, 0.5,
0.2, and 0.1 mg/mL, respectively (Table 3). With respect to the
inhibitory properties of EOPD against P. aeruginosa clinical strain
the decrease of biofilm mass was 92, 85, 84, 81, 75, and 49%,
whereas pure limonene inhibited 58, 42, 39, 38, 33, and 33%,



Table 1
Chemical composition of commercial mandarin essential oils.

RI Compound Peak area (%) Mandarin EOP Peak area (%) Mandarin EOPD

Monoterpene hydrocarbons 97.657 96.584
926 a-Thujene 0.106 0.107
933 a-Pinene 1.151 1.195
972 Sabinene 0.185 0.124
974 b-Pinene 0.866 1.263
990 Myrcene 2.508 3.423
1035 Limonene 89.819 86.873
1056 trans-Ocimene 0.080 0.101
1066 g-Terpinene 2.763 3.263
1087 Terpinolene 0.179 0.231
1112 1,3,8-p-Menthatriene e 0.004
Oxygenated monoterpenes 0.655 1.296
1098 Linalool 0.244 0.706
1134 cis-Limonene oxide e 0.014
1135 cis-p-Mentha-2,8-dien-1-ol e 0.007
1138 trans-Limonene oxide e 0.011
1152 Citronellal 0.076 0.040
1174 Terpinen-4-ol 0.025 0.148
1186 a-Terpineol 0.055 0.190
1238 Neral 0.049 0.052
1240 Carvone 0.022 0.030
1267 Geranial 0.059 e

1269 Perilla aldehyde 0.021 e

1350 Citronellyl acetate 0.019 0.006
1361 Neryl acetate 0.059 0.029
1380 Geranyl acetate 0.026 0.054
1405 Limonen-10-yl-acetate e 0.009
Sesquiterpene hydrocarbons 0.424 1.237
1345 d-Elemene 0.004 0.067
1369 a-Copaene 0.049 0.082
1383 b-Cubebene 0.033 e

1385 b-Elemene 0.017 0.267
1411 b-Caryophyllene 0.024 0.044
1422 b-Copaene e 0.023
1427 g-Elemene e 0.004
1430 a-trans-Bergamotene 0.007 0.010
1432 a-Guaiene e 0.003
1446 a-Humulene e 0.056
1452 trans-b-Farnesene 0.054 0.018
1474 Germacrene D 0.100 0.161
1482 Valencene e 0.019
1488 Bicyclogermacrene 0.016 0.027
1492 a-Muurolene 0.004 0.009
1496 Germacrene A 0.006 0.068
1501 a-Farnesene 0.064 0.265
1516 d-Cadinene 0.046 0.096
1549 Germacrene B e 0.018
Oxygenated sesquiterpenes 0.005 0.122
1690 b-Sinensal 0.005 0.027
1747 a-Sinensal e 0.095
Others 0.601 0.635
999 Octanal 0.138 e

1079 Octanol e 0.030
1101 Nonanal 0.067 0.057
1201 Decanal 0.315 0.430
1210 Octanol acetate e 0.007
1259 2E Decenal e 0.004
1301 Undecanal 0.016 0.016
1311 2E,2Z Decadienal e 0.005
1399 dimethyl Anthranilate 0.006 e

1402 Dodecanal 0.053 0.073
1442 2Z,6E Dodecadien-1-al e 0.006
1461 2E Dodecenal e 0.007
1972 Hexadecanoic acid 0.006 e

Total 99.342 99.752

RI, retention index relative to C8eC32 n-alkane on HP-5MS column.
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respectively (Table 3).
The inhibition of biofilm formation by the ATTC and HT5 strains

at 1000 and 200 mg/mL of EOPD, respectively was similar to the
inhibition of ciprofloxacin (5 mg/mL).

Biofilm inhibition by EOs was higher than the growth inhibition.
The relation between biofilm production (measured at DO540 nm)/
bacterial growth (measured at DO560 nm) was defined as specific
biofilm produced, i.e., the amount of biofilm each bacterium forms.
The specific biofilm production by P. aeruginosa ATCC 27853 for the
control mediawas 1.17.When it is lower than control, it indicates an



Table 2
Effect of Mandarin EOs on Pseudomonas aeruginosa growth.

Growth Pseudomonas aeruginosa ATCC 27853 Pseudomonas aeruginosa HT5

Concentration mg/mL EOP EOPD Limonene EOP EOPD Limonene

0.1 0.923 ± 0.042a 0.995 ± 0.014a 1.061 ± 0.015b 1.176 ± 0.026*,a 1.210 ± 0.062*,a 1.264 ± 0.031*,a

0.2 0.889 ± 0.055*,a 0.982 ± 0.022b 1.054 ± 0.023c 1.172 ± 0.032*,a 1.212 ± 0.020*,b 1.253 ± 0.046*,b

0.5 0.871 ± 0.049*,a 0.991 ± 0.055b 1.016 ± 0.015b 1.154 ± 0.083*,a 1.215 ± 0.046*,b 1.229 ± 0.060*,b

1 0.872 ± 0.027*,a 0.981 ± 0.037b 1.022 ± 0.021b 1.071 ± 0.081*,a 1.188 ± 0.043*,b 1.215 ± 0.041*,b

2 0.849 ± 0.049*,a 0.978 ± 0.040b 1.019 ± 0.018b 0.971 ± 0.044*,a 1.098 ± 0.050*,b 1.176 ± 0.044*,c

4 0.828 ± 0.051*,a 0.915 ± 0.075*,b 0.987 ± 0.019b 0.925 ± 0.034*,a 1.038 ± 0.088*,b 1.046 ± 0.012*,b

Control 1.004 ± 0.050 1.383 ± 0.041
Ciprofloxacin 0.184 ± 0.012 0.350 ± 0.016

Effects of mandarin EOS (after 24 h incubation) on P. aeruginosa ATCC 27853 and P. aeruginosa HT5 growth (Absorbance at 560 nm), were determined. Ciprofloxacin con-
centration: 5 mg/ml. Data are expressed as means ± standard deviation (n ¼ 9).
*Significant difference compared to each control (P < 0.05).
a,b,c Values with different superscripts are significantly different between EOs with equal concentrations.

Table 3
Effect of Mandarin EOs on Pseudomonas aeruginosa biofilm formation.

Pseudomonas aeruginosa ATCC 27853 Pseudomonas aeruginosa HT5

Concentration mg/mL EOP EOPD Limonene EOP EOPD Limonene

0.1 1.000 ± 0.039*,a 0.639 ± 0.004b 0.752 ± 0.001b 0.747 ± 0.010*,a 0.704 ± 0.047a 0.933 ± 0.017b

0.2 0.898 ± 0.020a 0.372 ± 0.013b 0.752 ± 0.001c 0.679 ± 0.011a 0.349 ± 0.047b 0.927 ± 0.027c

0.5 0.810 ± 0.061a 0.307 ± 0.011b 0.679 ± 0.003c 0.652 ± 0.032a 0.261 ± 0.046b 0.860 ± 0.043c

1 0.667 ± 0.082a 0.212 ± 0.052b 0.643 ± 0.003a 0.574 ± 0.032a 0.219 ± 0.034b 0.848 ± 0.010c

2 0.367 ± 0.089a 0.219 ± 0.028b 0.603 ± 0.005c 0.522 ± 0.031a 0.205 ± 0.010b 0.812 ± 0.034c

4 0.215 ± 0.049a 0.146 ± 0.016b 0.598 ± 0.008c 0.368 ± 0.010a 0.110 ± 0.016b 0.586 ± 0.020c

Control 1.175 ± 0.011 1.389 ± 0.069
Ciprofloxacin 0.286 ± 0.004 0.327 ± 0.016

Effects of mandarin EOS (after 24 h incubation) on P. aeruginosa ATCC 27853 and P. aeruginosa HT5 biofilm (determined with crystal violet at 0.1%) were determined. Cip-
rofloxacin concentration: 5 mg/ml. Data are expressed as means ± standard deviation (n ¼ 9).
*All the results obtained have significant difference compared to respective control (P < 0$05).
a,b,c Values with different superscripts are significantly different between EOs with equal concentrations(P < 0.05).
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inhibitory effect on the specific production of biofilm (Amaya et al.,
2012). Under the conditions studied the EOs and limonene tend to
reduce biofilm specific production, decreasing from 1.08 to 0.26 for
EOP; from 0.64 to 0.16 for EOPD, and from 0.71 to 0.61 for limonene,
respectively, when the concentration increased from 0.1 to 4 mg/
mL.

The specific biofilm production by P. aeruginosa HT5 for the
control media was 1.00. The specific biofilm formation decreased
from 0.63 to 0.40 for EOP; from 0.58 to 0.1 for EOPD and from 0.74
to 0.56 for limonene, respectively, when the concentration
increased from 0.1 to 4 mg/mL.

3.3. Bacterial viability into biofilm

The viable cells of the ATCC strain in biofilm showed a per-
centage of inhibition ranging from 33 to 25% to the concentration
range from 4 to 0.1 mg/mL of EOP and EOPD, as well as between 34
and 11% in the same range of concentrations of limonene (Table 4).
On the other hand, for HT5 strain after 24 h exposition of EOP the
decrease was 59, 57, 52, 53, 49, and 22% of the concentration
ranging of 4 to 0.1 mg/mL (Table 4). In presence of EOPD the inhi-
bition of biofilm viability was 60, 61, 61, 53, 45, and 41% at 4, 2,1, 0.5,
0.2, and 0.1 mg/mL, respectively. Limonene alone had lower cell
viability inhibition (43, 33, 31, 21, 15, and 13%, respectively) at the
same concentrations.

3.4. Effects of mandarin EOs on bacterial signal molecules

As shown in Table 5, mandarin EOP, EOPD, as well as limonene
against P. aeruginosa strains inhibit AHLs production.

At 4 mg/mL EOP, EOPD and limonene reduced 49, 50, and 34%
the AHLs production by P. aeruginosa ATCC. At the same concen-
tration, the autoinducers' inhibitionwas 38, 37, and 30% by the HT5
strain.

It is important to highlight that comparable results correlated
with the concentration used were obtained at lower concentrations
of mandarin EOs assayed against both bacterial strains.

The inhibition of AHLs by EOs was higher than that of growth
inhibition. The relationship between AHL production (measured at
b-galactosidase units)/bacterial growth (measured at DO560 nm)
was defined as specific AHLs produced, the AHLs that each bacte-
rium forms. The specific production of autoinducers for the control
media by P. aeruginosa ATTC 27853was 18.93.When it is lower than
control, it shows that specific production is lower than that of
control. Under the conditions studied the EOs and limonene tend to
reduce autoinducer-specific production. The specific AHL produc-
tion decreased from 14.41 to 11.69 for EOP; from 12.31 to 10.43 due
to EOPD, and from 15.00 to 12.69 for limonene, respectively, when
the concentration increased from 0.1 to 4 mg/mL.

The autoinducer-specific production for the control media by
P. aeruginosa HT5 was 13.01. Under the conditions studied EOs and
limonene tend to reduce autoinducer-specific production. Howev-
er, in this case the specific AHL production increased from 10.47 to
12.07 for EOP; from 9.95 to 10.85 for EOPD and from 11.86 to 12.00
for limonene, respectively, when the concentration increased from
0.1 to 4 mg/mL.

For both strains the specific AHL production in presence of the
antibiotic azithromycin was higher than the control media, 50.38
and 29.92 for ATCC and food poising isolated strain, respectively,
suggesting that the stress due to growth inhibition appears to have
increased autoinducer-specific production.



Table 4
Effect of Mandarin EOs on Pseudomonas aeruginosa biofilm cell viability.

MTT Pseudomonas aeruginosa ATCC 27853 Pseudomonas aeruginosa HT5

Concentration mg/mL EOP EOPD Limonene EOP EOPD Limonene

0.1 1.531 ± 0.003*,a 1.529 ± 0.075a 1.833 ± 0.055b 1.108 ± 0.046* 0.831 ± 0.012b 1.228 ± 0.004c

0.2 1.519 ± 0.028a 1.474 ± 0.081a 1.832 ± 0.055b 0.720 ± 0.020a 0.774 ± 0.014a 1.208 ± 0.004b

0.5 1.510 ± 0.059a 1.492 ± 0.038a 1.580 ± 0.028b 0.670 ± 0.011a 0.666 ± 0.035a 1.122 ± 0.004b

1 1.507 ± 0.073a 1.465 ± 0.021 1.350 ± 0.037 0.686 ± 0.018a 0.550 ± 0.051b 0.980 ± 0.006c

2 1.460 ± 0.083a 1.360 ± 0.028a 1.329 ± 0.026a 0.607 ± 0.010a 0.547 ± 0.010b 0.951 ± 0.005c

4 1.381 ± 0.089a 1.348 ± 0.047a 1.319 ± 0.050a 0.588 ± 0.049a 0.555 ± 0.004b 0.815 ± 0.010c

Control 2.036 ± 0.020 1.419 ± 0.015
Ciprofloxacin 0.477 ± 0.015 0.331 ± 0.005

Effects of mandarin EOS (after 24 h incubation) on P. aeruginosa ATCC 27853 and P. aeruginosa HT5 cell viability (within microplate-established biofilm) were determined.
Ciprofloxacin concentration: 5 mg/ml. Data are expressed as means ± standard deviation (n ¼ 9).
*All the results obtained have significant difference compared to respective control.
a,b,c Values with different superscripts are significantly different between EOs with equal concentrations(P < 0.05).

Table 5
Effect of Mandarin EOs on Pseudomonas aeruginosa autoinducers (AHLs) production.

Pseudomonas aeruginosa ATCC 27853 Pseudomonas aeruginosa HT5

Concentration mg/mL EOP EOPD Limonene EOP EOPD Limonene

0.1 13.300 ± 0.005*,a 12.242 ± 0.010b 15.923 ± 0.004c 12.322 ± 0.005*,a 12.040 ± 0.006b 14.991 ± 0.004c

0.2 12.665 ± 0.004a 12.183 ± 0.002b 15.590 ± 0.004c 12.233 ± 0.004a 11.800 ± 0.003b 14.745 ± 0.002c

0.5 11.772 ± 0.008a 10.482 ± 0.014b 15.170 ± 0.024c 12.233 ± 0.010a 11.500 ± 0.003b 14.490 ± 0.004c

1 10.043 ± 0.012a 10.091 ± 0.006b 14.491 ± 0.005c 11.700 ± 0.007a 11.354 ± 0.003b 13.610 ± 0.014c

2 10.110 ± 0.007a 10.210 ± 0.010b 14.022 ± 0.004c 11.400 ± 0.022a 11.200 ± 0.002b 13.051 ± 0.003c

4 9.681 ± 0.007a 9.550 ± 0.006b 12.522 ± 0.005c 11.171 ± 0.005a 11.261 ± 0.010b 12.552 ± 0.003c

Control 19.000 ± 0.003 18.000 ± 0.003
Ciprofloxacin 9.250 ± 0.010 10.461 ± 0.006

Effects of mandarin EOS (after 24 h incubation) on P. aeruginosa ATCC 27853 and P. aeruginosa HT5 AHLs production (determined as b-galactosidase units using P. aeruginosa
qsc 119 as reporter strain) were determined. Ciprofloxacin concentration: 5 mg/ml. Data are expressed as means ± standard deviation (n ¼ 9) P � 0.05.
*All the results obtained have significant difference compared to respective control.
a,b,c Values with different superscripts are significantly different between EOs with equal concentrations (P < 0.05).
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3.5. Effects of mandarin EOs against elastase activity of
P. aeruginosa strains

The mandarin EOP and EOPD diminished the elastase activity of
P. aeruginosa ATCC 27853 in values higher than 77% at all the
concentrations assayed. The presence of limonene decreased from
75 to 52% of the enzyme activity between the higher and lower
concentrations used (Table 6).

The inhibition of elastase of the P. aeruginosa HT5 strain was
ranged between 72 and 88% for the presence of EOP, and from 82 to
85% by the addition of EOPD, to the media. The major compounds
found in essential oils reduced the range from 80 to 66% (Table 6). It
is worth noting that the wild strain exhibits 72% higher elastase
activity than the collection strain, which demonstrates its
Table 6
Effect of Mandarin EOs on Pseudomonas aeruginosa elastase B activity.

Pseudomonas aeruginosa ATCC 27853

Concentration mg/mL EOP EOPD Limon

0.1 0.027 ± 0.005*,a 0.029 ± 0.003a 0.078
0.2 0.027 ± 0.010a 0.030 ± 0.003a 0.078
0.5 0.031 ± 0.004a 0.031 ± 0.004a 0.057
1 0.033 ± 0.005a 0.033 ± 0.001a 0.050
2 0.036 ± 0.006a 0.034 ± 0.002a 0.043
4 0.038 ± 0.004a 0.034 ± 0.001a 0.040
Control 0.165 ± 0.004
Ciprofloxacin 0.023 ± 0.003

Effects of mandarin EOS (after 24 h incubation) on P. aeruginosa ATCC 27853 and P. aeru
Data are expressed as means ± standard deviation (n ¼ 9).
*All the results obtained have significant difference compared to respective control.
a,b,c Values with different superscripts are significantly different between EOs with equa
pathogenicity.
The relationship between elastase inhibition and AHL produc-

tion was lower by all the EOs assayed, suggesting that the enzyme
inhibition had not only decreased in the enzyme production coor-
dinate by QS, but also because of enzyme activity inhibition.
4. Discussion

4.1. Essential oils composition

In mandarin essential oils, high quantities of monoterpene hy-
drocarbons (96.58e97.66%) were found. In both analyzed essential
oils limonene (89.82 and 86.87%, respectively), followed by g-ter-
pinene (2.76e3.26%) myrcene (2.51e3.42%) and a-pinene
Pseudomonas aeruginosa HT5

ene EOP EOPD Limonene

± 0.002b 0.079 ± 0.002*,a 0.052 ± 0.010b 0.097 ± 0.001c

± 0.002b 0.051 ± 0.010a 0.048 ± 0.005a 0.097 ± 0.001b

± 0.004b 0.052 ± 0.004a 0.048 ± 0.010a 0.094 ± 0.004b

± 0.004b 0.051 ± 0.010a 0.049 ± 0.010a 0.089 ± 0.002b

± 0.004a 0.041 ± 0.010a 0.050 ± 0.005a 0.072 ± 0.004b

± 0.003a 0.035 ± 0.010a 0.034 ± 0.002a 0.058 ± 0.004b

0.284 ± 0.002
0.093 ± 0.005

ginosa HT5 elastase activity were determined. Ciprofloxacin concentration: 5 mg/ml.

l concentrations(P < 0.05).
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(1.15e1.19%) were the main compounds.
Among the oxygenated monoterpenes and sesquiterpene frac-

tions, qualitative and quantitative differences were found. Man-
darin EOPD contains more quantities in these fractions than
mandarin EOP (0.65 vs 1.30%; 0.42 vs 1.24% and 0.005 vs 0.12%,
respectively). So, cis-limonene oxide, cis-p-mentha-2,8-dien-1-ol,
trans-limonene oxide and limonene-10-yl acetate were only found
in mandarin EOPD whereas geranial and perilla aldehyde was only
identified in mandarin EOP.

According with previous reported previous reports about com-
mercial Citrus EOs, the steam-distilled citrus oils (EOPD), that
represent the oils that remains in the peel and effluent after
pressing and separation is removed by distillation and is obtained
as result of processing this fruit for juice, are inferior to cold-
pressing oil (EOP), both in flavor and keeping characteristics. In
other words, there is a marked difference in the chemical and
physical properties of the two (Sinclair, 1972). Maybe the EOPD
with lower commercial value can be revalued if we consider their
anti-pathogenic properties and their potential as food pre-
servatives. Indeed biofilm inhibition at low concentrations by EOPD
is higher than the EOP.

The results reflect those of previous works in which limonene is
the major chemical component of citrus EOs, ranging from 32 to
98% (Svoboda & Greenaway, 2003). Moreover, in an EO from Spain
similar compounds were reported: a-pinene, sabinene, b-pinene,
myrcene, octanal, p-cymene, linalool, cis-limonene oxide, cis-p-
mentha-2,8-dien-1-ol, citronellal, decanal, carvone, perilla alde-
hyde, b-cubenene, b-copaene, and valencene (Espina et al., 2011).

However, other compounds found in the EOs in Spain such as:
trans-p-mentha-2,8-dienol, cis-pinocarveol, cryptone, p-mentha-
1,8-dien-7-ol, trans-carveol, cis-carveol, (þ)-p-mentha-1,8-dien-3-
one, thymol, carvacrol, perilla alcohol, (Z)-patchenol, (E)-patch-
enol, and (Z)-trimenal were not found in the mandarin essential
oils assayed here. These results indicated the impact of the region
on the EO composition.

4.2. Antibacterial and antipathogenic properties

In the present study, the antibacterial activity of mandarin EOs
was poor. This result is in concordance with a previous report
suggesting that essential oils would have to be used in considerable
concentrations to achieve an antibacterial potential (Gibriel, Hanan,
Rady, & Abdelaleem, 2013; Hanamanthagouda et al., 2010). More-
over, neither of the mentioned components of Citrus reticulata EOs
assayed individually is able to inhibit P. aeruginosa growth at the
concentration present in the EOs (Ahmad, Viljoen, & Chenia, 2014).

However, the mandarin EOs could be considered as anti-
pathogenic because they inhibit the production of biofilm and
AHLs, as well as the cells' metabolism into biofilm and the elastase
activity of P. aeruginosa strains. These results suggest that the in-
hibition effects displayed by the EOP and EOPD did not obey
exclusively to their action on the growth and that the QS mecha-
nismwas involved, coherently, with previous studies (Amaya et al.,
2012; Cartagena et al., 2014; Gilabert, Cartagena, Escobar, Bard�on,&
Arena, 2014; 2015).

The most significant decrease of the biofilm formation of EOPD
with respect to EOP and limonene could be attributed to the
different composition of the minor constituents. The concentration
of linalool and a-terpineol in EOPD is 3 times the value of EOP,
furthermore g-terpinene and terpinolene have a higher concen-
tration of EOPD.

The antibiofilm property of linalool against Candida albicanswas
described previously (Hsu, Lai, Chuang, Lee, & Tsai, 2013). In
addition, a terpineol and linalool are informed as inhibitors of
violacein production mediated by QS in Chromobacterium
violaceum (Ahmad et al., 2014).
The presence of QS inhibitors in natural foods is interesting and

indeed there are several vegetables and herbs that are non-toxic to
humans and readily available. The essential oils of cinnamon (Niu,
Alfre, & Gilbert, 2006) and clove (Khan, Zahin, Hasan, Husain, &
Ahmad, 2009) are also known to possess QSI potentials. The
exclusion or reduction of chemical additives used in a wide variety
of foods is demanded, while natural or GRASS additives are seen as
a benefit for both quality and safety. The use of essential oils in
consumer goods is expected to increase in the future owing to the
rise of green consumerism, which stimulates the use and devel-
opment of plant-derived products (De Silva, 1995), because both
consumers and regulatory agencies are more comfortable with the
use of natural antimicrobials.

To conclude, the present study showed the ability of low con-
centration of mandarin EOs to interfere the QS, the biofilm for-
mation, cell viability into biofilm, the AHLs production and the
elastase enzyme of P. aeruginosa. For these reasons it proposes that
Citrus reticulata essential oils could be considered as suitable al-
ternatives to control P. aeruginosa pathogenicity. Moreover if is
taken into account, the lower use and production of EOPD, its lower
commercial values as well as its higher antipathogenic activity; this
EOs is the best promising alternative as food preservative.
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a b s t r a c t

Tyrosine was identified as the major component of water insoluble white particles recovered from salted
bovine small intestines intended for sausage casings. The salt sludge taken from the bottom of the
transport casks contained more than 2.5% (w/w) of these particles and the wash-off from the salted
intestines yielded 0.04% (w/w). Qualitative analysis by confocal Raman microscopy proved tyrosine as
the major constituent with an admixture of phenylalanine. The quantitative amino acid analysis revealed
85.5 ± 2.3% tyrosine and 5.0 ± 0.2% phenylalanine. The amino acid analysis of the brine samples showed a
typical protein profile with the highest concentrations being observed for glutamate, leucine, alanine,
and lysine. Endogenous proteolytic enzymes of the tissue rather than microbial activities are thought to
have been responsible for the tyrosine precipitations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Natural sausage casings of bovine origin are used for a range of
sausage specialties including raw fermented and cooked sausages.
For hygienic reasons production and trade of natural casings from
animal intestines are regulated in Europe by Council Directive 92/
118/EEC and Regulation (EC) 999/2001 and, according to Commis-
sion Decision 2003/779/EC, such casings must be accompanied by a
health certificate certifying inter alia that they have been sanitized
e.g. by salting with sodium chloride for 30 days, which is a well-
established and accepted preservation procedure in the casings
industry (EC., 1993, 2001, 2003). Besides their susceptibility to
deterioration by autolytic processes and microbial activities, the
main problems associated with natural casings include the possible
transmission of pathogenic bacteria, viruses and prions to humans
and animals (Anonymous, 2014; Bakker, Houben, Koolmees,
Bindrich, & Sprehe, 1999; Wijnker, Koop, & Lipman, 2006). Any
deviation from the standard appearance may be indicative of a
r€ockel).
serious sanitary or quality problem. The sporadic occurrence of
puzzling white granular particles in transport casks shipped from
South America to Europe gave rise for complaints by the industry
(ZVN., 2015). The aim of this study was to identify the composition
and the possible origin of these particles.
2. Materials and methods

Two independent samples from different transport casks for
natural casings derived from bovine small intestine, both with
plenty of white particles (Fig. 1), were provided by a German firm.
The availability of samples was limited due to the irregular and
infrequent nature of this phenomenon. Sample 1 was a 200 g
aliquot of a salt sludge from the bottom of a transport cask, sample
2 a bundle of casings (2.2 kg) from a separate cask shipped several
months later. The samples were sealed in polyethylene bags and
shipped refrigerated to Kulmbach, where the samples were kept at
5 �C until examination.

The pH value of the brines was determined with a model MP225
pH meter equipped with a puncture-type pH electrode with
XerolytR polymer electrolyte (Mettler-Toledo). Brines were
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Fig. 1. A, C salted bovine casings with white tyrosine precipitates and translucent salt crystals; B, salt sludge from as transport cask with plenty of white tyrosine particles; D,
tyrosine particles purified from the salt sludge.
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examined for crystals and microorganisms using phase contrast
microscopy (400x) (Leitz, Ortholux II), and purified white particles
were examined under a stereo zoommicroscope (Motic, SMZ-168).
A possible microbiological impact was evaluated by standard
microbiological analyses, and by identifying the main microbiota in
both samples. Viable counts of aerobic, mesophilic microorganisms
from the salt sludge and of a suspension obtained by treating 20 g
of casing with 180 mL 0.9% NaCl in a stomacher (AES Laboratories,
Mix 1) for 2 min at maximum speed, respectively, were determined
in duplicate by plating serial aqueous dilutions on Standard-I
nutrient agar (Merck, Darmstadt). Bacterial colonies were coun-
ted after 3 days of incubation at 30 �C. Isolates from representative
colonies were identified by partial 16S rRNA gene sequence analysis
using 616V and 606R as PCR amplification and sequencing primers
(Ehrmann, Müller,& Vogel, 2003). The PCR products were purified
using the QIAquick PCR purification kit (Qiagen GmbH, Germany) as
outlined by the manufacturer and sent for sequence analyses to a
commercial sequencing service. Sequencing results were compared
to the National Center for Biotechnology Information (NCBI) Gen-
Bank data base using the BLAST utility (http://blast.ncbi.nlm.nih.
gov; Altschul, Gish, Miller, Myers, & Lipman, 1990). Microbiolog-
ical standard procedures were used for additional characterization
where applicable.

The white particles were physically separated from the brines
and casings by repeated wash and sedimentation cycles with
deionized water essentially as described previously (Flegel,
Bhumiratana, & Srisutipruti, 1981) until a clear solution was ob-
tained with a sediment consisting of the white particles only. The
particles were harvested and washed twice with 50 mL of petro-
lether and 50 mL of acetone. Residual solvent was allowed to
evaporate at room temperature and the weight of the air-dried
purified particles was determined. The white particles from
approximately 2 kg of salted casings were washed off with 1 L of
deionized water by agitating them in a polyethylene bag until most
of the particles were washed off. The solid particles were trans-
ferred with the water into a 2-L glass beaker. An aliquot of the wash
water was kept for free amino acid analysis and the sedimented
particles were further purified as described above for the salt
sludge.

Raman spectra were obtained with a confocal Raman micro-
scope (LabRAM HR, Horiba J. Y., Bensheim, Germany) which was
equippedwith a 784 nm diode laser (Sacher Lasertechnik, Marburg,
Germany), a 600 g/mm grating providing a spectral bandpass of
5 cm�1 and a thermo-electrically cooled CCD-detector operating
at �70 �C (Synapse 1024x256 FIOP, Horiba). Spectra were recorded
in the range of 100 cm�1-2000 cm�1 from the dried white powder
and from solid L-tyrosine (Merck) using a 50 � long-working dis-
tance objective (Nikon, Japan), 22 mW of laser power, 50 s inte-
gration time and 3 accumulations per spectrum.

Quantitative amino acid analyses of the purified particles dis-
solved in hydrochloric acid and of the brines were performed with
an automatic amino acid analyzer (ARACUS, membraPure, Ger-
many). Free amino acids in the brines were determined after
removing solid particles by centrifugation and protein precipitation
with 1/10 volume of cold 10% trichloroacetic acid (TCA).

3. Results and discussion

The pH values of the brines were 5.2 ± 0.1. Microscopy of the
liquid phase of the salt sludge and the brine revealed needle-like
crystals and, for the salt-sludge, a few rod-shaped bacteria. The
purified white particles appeared under the stereo microscope as
irregular-shaped, rounded, repelling particles (Fig. 1). The particle
diameters ranged from below 1 mme5 mm with an estimated
average of 1e2mm. From 10 g of salt sludge 0.25 g (2.5%) of purified
white particles, and from the casings 0.8 g of clean white air-dry
particles (0.04%) were recovered.

The particles did not dissolve in boilingwater, sodium hydroxide
and common organic solvents, but they readily dissolved in
4 mol L�1 hydrochloric acid as well as in 15 mol L�1 nitric acid
showing a typical xanthoprotein reaction with the latter. This
behavior pointed at tyrosine which has very low solubility in water
and is known to form visible white precipitates in certain foods
(Butz, Blumer, Christian, & Swaisgood, 1974; Arnau, Hugas, García-
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Regueiro, & Monfort, 1987; Flegel et al., 1981).
The Raman spectra of the isolated air-dried white particles

matched the spectra of L-tyrosine (p.a.) crystals almost perfectly
(see Fig. 2, strong peak at 828 cm�1) but detected also some im-
purity of phenylalanine as indicated by weak signals at 618, 1003
and 1031 cm�1. The two weaker signals at 753 and 767 cm�1 could
not be assigned unambiguously as they may be a superposition of
skeletal vibrations of leucine, valine and other amino acids. The
spectra indicated for both samples a molar ratio of tyrosine to
phenylalanine of 1 to 0.03.

The amino acid analysis yielded 85.5 ± 2.3% tyrosine and
5.0 ± 0.2% phenylalanine. Differences in the tyrosine and phenyl-
alanine ratios obtained with Raman spectroscopy and automated
amino acid analysis, respectively, may be due to inhomogeneities of
the particles.

The amino acid patterns of the TCA-cleared supernatants of salt
sludge and wash-off, were quite similar and resembledmore or less
that of a typical proteinwith glutamate, leucine, alanine, lysine and
valine as the main components (not shown). The concentrations
detected in the supernatant of the salt sludge ranged from
1.1 ± 0.05 mmol mL�1 for tyrosine to 7.94 ± 0.16 mmol mL�1 for
glutamate (including glutamine and gamma-amino butyric acid).

Since collagen is a proteinwhich is hard to degrade, the released
tyrosine probably originated from other sources such as myofi-
brillar and sarcoplasmic proteins of themuscularis layer. In contrast
to hog and sheep casings, this muscularis layer is not removed
during processing of the bovine intestines (Kauffman, 2012; Suzuki,
Tsujimoto, Matsui, & Watanabe, 2006; Wijnker, Tersteeg, Berends,
Vernooij, & Koolmees, 2008).

The brine from the salt sludge showed plate counts of log
6.4 ± 0.4 CFU mL�1 for aerobic, mesophilic microorganisms, which
is comparable to the halophilic plate count reported for stored,
salted hog and sheep casings (Bakker et al., 1999). The corre-
sponding counts per gram of casing were about 100 times lower.
The composition of the microbiota in both samples was completely
Fig. 2. Raman spectra of L-tyrosine crystals (red line) and air-dried white particles (black lin
at 618, 1003 and 1031 cm�1 identify phenylalanine as a contaminant. The other weaker sig
different, with Macrococcus and Psychrobacter species dominating
in the salt sludge and Lactococcus and Enterococcus species domi-
nating on the casings. In general, the microbial counts matched the
microbiological recommendations/limits adopted by the European
Natural Sausage Casings Association (ENSCA) for natural sausage
casings (Wijnker et al., 2006), and were in a rangewhere significant
microbial activities are not expected to occur. Therefore, it is likely
that autolytic processes of the intestinal tissue were responsible for
the release of tyrosine and its final precipitation as visible white
particles. The pH values of the brines together with the high salt
concentrations, explain why only few bacteria survive in this
environment.

Because of its extremely low solubility in aqueous environ-
ments, tyrosine precipitates in food are quite common and have
been regularly reported for various commodities such as salted fish,
cold stored vacuum-packaged kidneys, frozen liver, dry-cured ham
and irradiated raw meat (Drake, Giffer, Ryer III, & Harriman, 1957;
Lawrie, 1963; Flegel et al., 1981; Parry & Bainton, 1990; Gill &
Jeremiah, 1991; Arnau et al., 1987; Butz et al., 1974; Ba~n�on,
Cayuela, Granados, & Garrido, 1999). The free amino acid compo-
sition of the white precipitates in such hams was 70.5% for tyrosine
and 5.9% for phenylalanine, while 11 other amino acids were pre-
sent at minor rates of 1.1e3.6%; the absolute free tyrosine con-
centration in hams was around 1.6 g kg�1 (Ba~n�on et al., 1999).
Undesired white particles arising in a Thai soybean paste after a
major change in the production process also consisted almost
exclusively of tyrosine (Flegel et al., 1981).

Here we report for the first time about tyrosine precipitations in
salted natural sausage casings. Interestingly, sausage casings from
cattle were affected. As mentioned above, these casings still have
the muscularis layer left and it is hypothesized that the salting
process is responsible for an increased release of cathepsins from
the smooth muscle cell lysosomes and that these proteases retain
some activity in the high salt environment. Cathepsins have been
associated with intense protein cleavage occurring throughout
e). Signals of impurities are indicated in the inserts by broken vertical lines. The signals
nals have not been assigned.
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ripening of meats (Drake, Giffer, Ryer III, & Harriman, 1957; Toldr�a
& Etherington, 1988; Toldr�a, Aristoy, Cerver�o, & Rico, 1992). They
are active at acid pH, able to degrade myofibrillar proteins and
maintain 40e50% of initial activity after 8 months of curing (Toldr�a
& Etherington, 1988). The measured pH values in the casing brines
would be in favor of cathepsin action. These relatively low pH
values are probably due to postmortem lactic acid accumulation in
the intestinal muscle tissue. Recently, the in vitro production of
tyrosine rich crystals with pancreatic enzymes has been also re-
ported (McPherson, Larson, & Kuznetsov, 2012).

Storage temperature may be a critical factor for the formation of
tyrosine precipitates. Elevated temperatures (20e25 �C) post
salting accelerate the necessary inactivation of contagious animal
viruses but probably also increase the activity of the cathepsins
(Drake, Giffer, Ryer III, & Harriman, 1957; Wieringa-Jelsma et al.,
2011).

4. Conclusion

This is the first report on tyrosine precipitates as the cause of
granular white particles on salted natural sausage casings of bovine
origin and in the salt sludge of the respective transport casks. Meat-
born proteolytic enzymes of the muscularis layer of the bovine
casings are the likely cause of free tyrosine accumulation in the
brines and subsequent precipitation. The results of this study show
that white particles are a natural degradation product of the
muscularis layer and as amino acid they do not pose a threat.
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a b s t r a c t

This study was aimed at the comparison of the effects of green tea extract (GTE) added with different
techniques (direct addition, edible coating and encapsulation) on quality (particularly oxidative) and
microbiological properties of hamburger patties. High molecular weight (1000 kDa) chitosan was utilized
as the coating material and chitosan-TPP solution was formed for encapsulation of the extract. At the
beginning (day 0) and in the middle of storage (day 4), control patty and the patties including GTE had
higher pH values than the coated patties (p < 0.05) probably due to the inhibition effect of coating
materials as a barrier on microbiological growth. TBARS value of control patty was higher than the other
treatments in each measuring time (on the days 0, 4 and 8). This showed that enrichment of treatments
by adding or coating with encapsulated green tea extract solution led to attenuation effect against lipid
oxidation. However, TBARS value of all the treatments increased throughout storage, except the treat-
ment coated with 1% (w/w) chitosan solution (p > 0.05). According to microbiological results, there were
significant differences among the treatments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Meat products are very popular among food items (Lee et al.,
2005). Although synthetic additives have been widely used in the
meat industry to inhibit both the process of lipid oxidation and
microbial growth, natural additives are preferred in place of them
in recent years because of the growing concern among consumers
about such chemical additives. Compounds obtained from natural
sources such as grains, oilseeds, spices, fruit and vegetables have
been investigated. Therefore, the development and application of
natural products with both antioxidants and antibacterial activities
in meat products may be necessary and useful to prolong their
storage shelf life and potential for preventing food diseases
(Fern�andez-L�opez, Zhi, Aleson-Carbonell, P�erez-Alvarez, & Kuri,
2005).

Although use of edible coatings and films to preserve food
quality is not a novel concept, research in this field at academic,
government, and private industry laboratories has intensified
recently. The action of these coatings as a barrier to the passage of
oxygen and water, thereby slowing oxidation reactions and
retaining moisture, is the main mechanism used by coatings to
enhance quality and extend storage life. Furthermore, adding plant
extracts gives the coatings antimicrobial and antioxidant properties
(G�omez-Estaca, Montero, Gim�enez, & Gόmez-Guill�en, 2007). As
there is a demand for convenient ‘‘value added’’ meat products of
good acceptability and low price, much effort has been devoted to
improving the quality of precooked meat products using appro-
priate coatings and/or the addition of antioxidants (Biswas, Keshri,
& Bisht, 2004).

Encapsulation and controlled-release of active food ingredients
are important applications in food and nutrition that can be
attained with nanotechnological approaches (Huang, Yu, & Ru,
2010). Encapsulation involves the incorporation of food in-
gredients, enzymes, cells or other materials in small capsules. Ap-
plications for this technique have increased in the food industry
since the encapsulated materials can be protected from moisture,
heat or other extreme conditions, thus enhancing their stability and
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Table 1
Formulation of Treatments with green tea extract.

Green tea extract (GTE) added hamburger patties Coated hamburger patties

1- Control 5- CS
2- 5% GTE 6- CS þ 0.5% GTE
3- 1% (CS þ 0.5% GTE þ TPP) 7- CS þ TPP
4- 5% (CS þ 0.5% GTE þ TPP) 8- CS þ 0.5% GTE þ TPP

GTE: Green tea extract, CS: Chitosan, TPP: Sodium tripolyphosphate.
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maintaining viability. Reducing the size of the encapsulates offers
opportunities related with prolonged gastrointestinal retention
time caused by bio-adhesive improvements in the mucus covering
the intestinal epithelium (Bouwmeester et al., 2009; Ferreira,
Rocha, & Coelho, 2007; Garcia, Forbe, & Gonzales, 2010; Gibbs,
Kermasha, Alli, & Mulligan, 1999; Neethirajan & Jayas, 2011).

Green tea is a popular beverage in Asia for many years and
believed to have more beneficial effects on health than other tea
beverages. Many studies showed that green tea extracts, which are
rich in polyphenols and catechins, have antibacterial, antiviral and
radical scavenging activities (Chiu & Lai, 2010; Manea, Vasile, &
Meghea, 2014).

Green tea catechins are the predominant group of polyphenolic
compunds present in unfermented dried leaves of the plant. Bio-
logical and pharmacological effects (anti-inflammatory, antimi-
crobial, antitumour, anti-oxidative and anti ageing) of green tea leaf
extract have been attributed to green tea catechins. Green tea
catechins are comprised of four compounds which are epicatechin,
epicatechin gallate, epigallocatechin and epigallocatechin gallate.
All the catechins have synergistic effect, therefore the crude green
tea leaf extract exhibits higher antimicrobial activity than do iso-
lated green tea catechins (Sharma, Gupta, Sarethy, Dang,& Gabrani,
2012; Wanasundara & Shahidi, 1998).

The aim of the study is to incorporate various antioxidantive
substances into the hamburger patties by using different tech-
niques in order to retard the deterioration of the patties during
storage and to find the healthiest products in terms of lipid
oxidation and microbial quality.

2. Materials and methods

2.1. Preparation of edible coating solution by using chitosan

A 1% (w/w) chitosan solution (95% deacetylated, MW: 1000 kDa,
obtained from Golden-Shell Pharmaceutical Co., Ltd., China) was
dispersed in acetic acid solution (10ml glacial acetic acid (99.8%)/1L
distilled water) with addition of 25% glycerol. The film forming
chitosan solution was stirred until dissolution (Park, Daeschel, &
Zhao, 2004).

2.2. Preparation of solution including microparticles

Microparticles were achieved by the cross linking of chitosan
(95% deacetylated, MW: 1000 kDa) - sodium tripolyphosphate (CS-
TPP) solution (5:1 mass ratio). Chitosan (1%) was dissolved in 1%
acetic acid solution to form chitosan solution. TPP (85%, technical
grade, Acros Organics, Morris Plains, NJ) solution (0.2%, w/v) dis-
solved in Milli-Q water were dropped into 1% chitosan, in order to
form CS-TPP microparticles. After that, ultrasonication (3.75 W/mL
energy output) was applied to the solutions for 3 min.

The solution including 0.5% green tea extract (98%) was also
prepared. The green tea extract (98% pure) used in the studymainly
contained 63.73% (e)-epigallocatechin gallate (EGCG), 21.58%
(e)-epicatechin gallate (ECG), 3.76% caffeine, 3.44% epicatechin
(EC), 1.24% (e)-epigallocatechin (EGC). This extract was added into
the chitosan solution (1%) and then the dropwise addition of TPP
(0.2%) was performed to form microparticles loaded with green tea
extract.

2.3. Particle size of the solutions

Particle size of the solutions were measured by dynamic light
scattering instrument (Brookhaven BIC 90 plus) equipped with a
Brookhaven BI-9000AT digital correlator (Brookhaven Instrument
Corp, New York, NY). All measurements were performed in
triplicate with the detection angle of 90 at 25 ± 1 �C.
2.4. Formulation of hamburger patties

Hambuger patties of the formulations with GTE were prepared
with minced meat from a local supermarket (80% lean beef þ 20%
fat), 0.80% salt and 0.20% black pepper. All the hamburger patties
were formed by using a steel mould made for hamburger prepa-
ration in order to maintain the size of the treatments totally same.

In this study, 8 different treatments of hamburger patties were
prepared (Table 1). First treatment was the control and prepared as
given above. In treatment 2, 5% GTE was added into the patty out of
total weight of the product. In treatments 3 and 4, the solution
including encapsulated GTE (CS þ 0.5% GTE þ TPP) was incorpo-
rated into the patties as 1% and 5% out of total weight, respectively.
The other treatments (5e8) were coated by dipping method. The
hamburger patty samples were immersed into the solutions given
in Table 1 at room temperature, held 5 s and then left to dry 30 s.
This process was repeated 3 times. After dipping process, patties
were dried in biological safety cabinet for 1 h.

All the treatments were stored in an aluminium plate covered
with cling film at 4 �C for 8 days and analyzed on the 0, 4 and 8 days
of storage. The treatments were not stored more than 8 days,
because they began to spoil and stink.
2.5. Moisture analysis

Oven drying method was used to find the total moisture con-
tents of the treatments. Moisture was calculated according to the
weight difference of the sample before and after drying for 2 h at
125 �C and given as percent value (AOAC, 1990). Three repetitions
were implemented for each treatment.
2.6. pH values

The pH values of the treatments was conducted by immersing a
common pH-electrode into the sample and measuring the value.
The experiments were attained in quadruplicate for each
treatment.
2.7. TBARS (2-thiobarbituric acid) analysis

TBA method was performed as given by Pikul, Leszczynski, and
Kummerow (1989) and Ulu (2004). Aqueous extraction method
was preferred and perchloric acid (4% perchloric acid in distilled
water), butylated hydroxyanisole (7.2% BHA in 98% ethanol), and
TBA solution (0.02M in distilled water) were used as reagents. The
heating part of the experiment was done for 40 min at 80 �C. TBA
values were determined as amount of malonaldehyde. Absorbance
values at 532 nm were used to calculate the TBA value as mg
malonaldehyde/kg sample. Four repetitions were applied at each
experimental group.



Table 2
Moisture (%) and pH values of hamburger patties processed with green tea extract
and stored for 8 days at 4 �C.

Storage time (day)

Treatment 0 4 8

Moisture (%) 1 66.96abcA ± 0.58 65.69aAB ± 0.94 64.57abB ± 0.68
2 66.20cA ± 0.44 65.49aA ± 0.67 64.98abA ± 0.56
3 66.66bcA ± 0.37 65.64aA ± 1.41 65.96abA ± 0.24
4 68.24aA ± 0.20 67.14aAB ± 0.57 66.57aB ± 0.70
5 66.95abcA ± 0.36 66.37aA ± 0.87 66.56aA ± 0.80
6 66.88bcA ± 0.63 66.19aA ± 0.51 65.75abA ± 1.27
7 66.88bcA ± 0.65 65.56aAB ± 1.38 63.75bB ± 1.18
8 67.79abA ± 0.35 65.32aB ± 0.34 64.85abB ± 0.67

pH 1 5.49bC ± 0.03 6.85aB ± 0.09 8.02aA ± 0.07
2 5.56aC ± 0.03 6.34bcB ± 0.09 7.78abA ± 0.10
3 5.59aC ± 0.01 6.83aB ± 0.08 7.84abA ± 0.17
4 5.56aC ± 0.02 6.48bB ± 0.12 7.49bcA ± 0.14
5 5.29dC ± 0.05 5.92eB ± 0.05 7.77abcA ± 0.17
6 5.24dC ± 0.00 5.81eB ± 0.12 7.38cA ± 0.24
7 5.38cC ± 0.01 6.15cdB ± 0.12 7.77abcA ± 0.22
8 5.39cC ± 0.02 6.02deB±0.03 7.60bcA ± 0.15

aee, Means within each column followed by the same superscript letters are not
different (p > 0.05).
AeC, Means within each line followed by the same superscript letters are not
different (p > 0.05).
± Standard deviation.
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2.8. Colour values

The colour analysis of the hamburgers was performed by ‘Konica
Minolta chroma meter CR-200 instrument based on Hunter colour
scale. The instrument was calibrated to standard black and white
tiles before analysis. CIE ‘L*’ lightness, ‘a*’ redness, ‘b*’ yellowness
were determined from four random different surface of the
samples.

2.9. Microbiological analysis

2.9.1. Total mesophilic aerobic count analysis
Plate Count Agar (PCA) was prepared and poured into Petri

dishes. After solidifying, the agar was stored in the fridge until used.
0.025 ml of each patty homogenate and of such dilutions were
pipetted into a petri dish in triplicate. Prepared dishes were incu-
bated at 35e37 �C for 48 h. Following incubation all colonies on
dishes were counted. The results were calculated and given as
logcfu/g sample.

2.9.2. Coliform bacteria analysis
0.1 ml of the patty homogenate and of each dilution were

pipetted into each of petri dishes (three repetitions). 10e12 ml
Violet Red Bile Agar (VRBA) which was tempered to 48 �C was
poured into each petri dish and plates were swirled to mix and
allowed to solidify. After that, 3e5 ml VRBA was overlayed. Dishes
were inverted after solidification of the agar and incubated at
35e37 �C for 18e24 h.

Following incubation, all colonies that were purple red in colour
and surrounded by a zone of precipitated bile acids are counted.
The total number of colonies per plate is multiplied with the
reciprocal of the dilution used and reported as logcfu/g sample.

2.9.3. Yeast and mould analysis
Potato Dextrose Agar (PDA) was prepared according to formu-

lation. After sterilization, PDAwas acidified with sterile 10% tartaric
acid to pH 3.5. Mediumwas not reheated once acid had been added.
10e12 ml of the agar medium (tempered to 45 �C) was poured into
Petri dishes and allowed to solidify. The agar was stored in the
fridge until used.

0.025 ml of each patty homogenate and of such dilutions were
pipetted into a petri dish in triplicate. Prepared dishes were incu-
bated at 30 �C for 5 days. Following incubation all colonies on
dishes were counted. The results were calculated and given as
logcfu/g sample.

2.9.4. Statistical analysis
The data from the frankfurter analysis were treated with the

procedure ANOVA from Minitab 16 for Windows program. Means
were compared with Tukey's test.

3. Results and discussion

According to the solutions of crosslinking chitosan (CS) with
sodium tripolyphosphate (TPP), the concentration of the solutions
affected the particle sizes. It was found that the solution including
1% CS þ 0.5% Green tea extract (GTE) þ 0.2% TPP contained larger
particles (7.585 mm) than the solution of 1% CS with 0.2% TPP
(6.658 mm). L�opez-Le�on, Carvalho, Seijo, Ortega-Vinuesa, and Bas-
tos-Gonz�alez (2005) studied some physical properties of nanogel
particles formed by chitosan ionically cross-linked by tripoly-
phosphate (TPP) and detected the size of particles to be 0.2e0.3 mm.
Luo, Zhang, Cheng, and Wang (2010) mixing of low molecular
weight CS with TPP (5:1 mass ratio) led to the formation of
spherical particles with uniform particle size in the nanoscale,
ranging from 200 to 300 nm. Hassani, Laouini, Fessi, and
Charcossett (2015) and Gan, Wang, Cochrane, and McCarron
(2005) stated that the particle size increased when increasing the
chitosan concentration and molecular weight. Chitosan with lower
molecular weight tends to form smaller nanoparticles because
shorter chitosan chains were easier to penetrate into the chito-
saneTPP complexes. In that case, high concentration of chitosan
and TPP or high molecular weight of chitosan might lead to occur
larger particles in our study.

Moisture content of the patties are given in Table 2. Significant
differences were found among the moisture content of the treat-
ments at the beginning (day 0) and the last day (day 8) of the
storage (p < 0.05), but therewere no difference among the values in
the middle (day 4) of the storage. Moisture content of the control
decreased (p < 0.05) after production day. However, the moisture
content of both 5% pure and 1% encapsulated GTE solution added
treatments did not alter throughout storage time (p > 0.05). There
were also no significant difference in moisture contents of the
treatments coated with pure chitosan and chitosan with GTE so-
lutions during time (p > 0.05). Treatments which were coated by
solutions including nanoparticles lost moisture after production
day (p < 0.05). Although significant differences were determined,
low differences were observed in numerical among the values. In
literature, coating of patties mostly decreased moisture loss. Kang
et al. (2007) indicated that moisture content of pork patties with
pectin-based coating materials was higher than the patties with
pectin-based coating material containing green tea power or con-
trol. Guerrero, Arana, O'Grady, Kerry, and de la Caba (2015) used soy
protein-based coating in beef patties and found that the coating
prevented moisture loss during storage at 4 �C.

According to pH values shown in Table 2, significant differences
were detected among the treatments. The pH value of all the
treatments ascended during storage (p < 0.05). The increase in pH
is due to the accumulation of metabolites by bacterial action in
meat and deaminations of proteins (Biswas et al., 2004). It was
observed that both in the beginning (day 0) and in the middle days
of storage (day 4), control and the treatments including additives
(treatments 2e4) had higher pH values than the coated treatments
(treatments 5e8) (p < 0.05). This was likely because of the inhibi-
tion effect of coating materials as a barrier on microbiological



E.B. €Ozvural et al. / LWT - Food Science and Technology 68 (2016) 385e390388
growth. The treatments coated with chitosan (5) and
chitosanþ 0.5% GTE (6) had the lowest pH values on the days 0 and
4, even if there was a statistical relation between treatment 8 and
these treatments on the day 4.

The effects of the applied processes on lipid oxidation of
hamburger patties are shown in Table 3. At the beginning of stor-
age, the patties of the first sample group (1e4) which were not
coated with any material had generally lower values than the
second group (5e8) including coating materials. To the best of our
knowledge, there is no research regarding the addition of encap-
sulated green tea extract into beef patties, but there are studies
about the incorporation of this extract into the products. Kang et al.
(2007) coated pork patties with pectin-based material containing
green tea leaf extract powder and found that patties coated with
the extract powder showed lower TBARS value than the control and
the treatment coated with only pectin-based material. The green
tea leaf extract powder reduced lipid oxidation during storage.
Lorenzo, Sineiro, Amado, and Franco (2014) evaluated various ex-
tracts in pork patties and showed that green tea extract was one of
the most effective antioxidant against lipid oxidation. In our study
similar effects were observed. It was observed that, different
processings applied to the patties inhibited the lipid oxidation in
patties at different levels, so TBARS value of control was much
higher than the values of the other treatments at the end of storage
period (p < 0.05). Jo, Son, Son, and Byun (2003) added 1% irradiated
and nonirradiated freeze-dried green tea leaf extract powder into
the pork patties and both of the samples showed lower lipid
oxidation than the control during storage. In another study, the
TBARS values of the beef patties were reduced by using low level of
sulphite and green tea extract (Ba~n�on, Díaz, Rodríguez, Garrido, &
Price, 2007). According to our study, similar effects were
observed. Although the treatment 2which contained 0.5% green tea
extract had similar TBARS value with the control on the day
0 (p > 0.05), lipid oxidation of this treatment increasedmore slowly
as compared to control. The treatments 3 and 4 which had the
solutions of encapsulated green tea extract also showed similar
effects and reduced the lipid oxidation (p < 0.05). It was remarkable
that TBARS values of all the treatments increased due to lipid
oxidation throughout storage (p < 0.05), except the treatment 5,
which was coated with 1% chitosan solution (p > 0.05). Although
treatment 5 had the highest TBARS value in the beginning, that
value remained stable during storage.

Significant differences were found among the L* values in
Table 4 (p < 0.05). At the beginning of the storage the group
including control and the GTE added patties (1e4) exhibited higher
brightness than the group of coated patties (p < 0.05). On the day 4,
Table 3
TBARS values of hamburger patties processedwith green tea extract and stored for 8
days at 4 �C (mg malonaldehyde/kg treatment).

Treatment Storage time (day)

0 4 8

1 0.39bC ± 0.02 0.88aB ± 0.04 2.50aA ± 0.16
2 0.35bB ± 0.01 0.32dB ± 0.02 1.00cA ± 0.06
3 0.37bB ± 0.01 0.64bcB ± 0.08 1.89abA ± 0.23
4 0.36bC ± 0.01 0.55cB ± 0.04 1.03cA ± 0.10
5 0.53aA ± 0.06 0.58bcA ± 0.05 0.50cA ± 0.08
6 0.47abB ± 0.06 0.55cB ± 0.02 0.84cA ± 0.04
7 0.48abB ± 0.06 0.73abB ±0.06 1.74bA ± 0.39
8 0.41abB ± 0.01 0.55cB ± 0.04 0.88cA ± 0.13

aed, Means within each column followed by the same superscript letters are not
different (p > 0.05).
AeC, Means within each line followed by the same superscript letters are not
different (p > 0.05).
± Standard deviation.
control, directly extract added treatment (2), treatment coatedwith
chitosan þ 0.5% extract (6) and the treatment coated with encap-
sulated extract (8) had a statistical relation and could be accepted
as similar. At the last day of storage, treatments which were added
low (1%) and high (5%) amounts of chitosan þ 0.5% extract þ TPP
solution (treatments 3 and 4) had the highest brightness (L*)
values, though treatment 3 had also relation with some other
treatments. According to storage period, whilst brightness value of
most of the patties showed irregular variations (p < 0.05), control
and the treatment containing directly added extract (2) were stable
during storage (p > 0.05).

All the treatments were found to be similar (p > 0.05) in terms of
redness (a*) value on the day 0 and 8 while there were differences
on the day 4 (p < 0.05). On the fourth day, most of the treatments'
red colour turned into green and showed minus values. Even if the
redness values of the control and the treatments 2 and 3 were
stable by the day 4, the values of all the treatments tended to
decline (p < 0.05). On the other hand, a* values of all the treatments
other than the treatments 1, 2, 3 and 5 were stable between the
days 4 and 8 (p > 0.05), while the values of these mentioned
treatments altered during this period (p < 0.05). The treatments
with various coating materials exhibited lower b* values than the
treatments without coating on the first day of storage (p < 0.05).
The control and the treatment including 0.5% green tea extract (2)
did not vary throughout storage (p > 0.05). In general, the b* values
of most of the coated patties increased by themiddle of storage, but
after that day they tended to decrease (p < 0.05).

Jo et al. (2003) indicated that pork patties with green tea leaf
extract powder, whether it was irradiated or not, had higher L*
values than that of the control. The Hunter colour a*-value of the
patties which were incorporated with irradiated and nonirradiated
freeze-dried green tea extract powder were higher than the value
of control during storage. Siripatrawan and Noipha (2012) used
chitosan-alone film and chitosan film incorporating green tea
extract as active packaging for shelf life extension of pork sausages.
Samples wrapped with only chitosan film showed lower changes in
colour values probably due to the antioxidant and antimicrobial
properties of the chitosan film. Their results also showed that
samples wrapped with chitosan film incorporating green tea
extract had significantly lower changes in L* and b* values than
those wrapped with chitosane-alone film, probably due to the
antioxidant and antimicrobial effects of polyphenolic compounds
from green tea. Bozkurt (2006) utilized green tea extract in sucuk
(Turkish dry-fermented sausage) and found that L*, a* and b* values
of control and the samples including green tea extract decreased
during 15 days of ripening time.

The total mesophilic aerobic count values of the hamburgers
including GTE are given in Table 5. On the day 0, values the ham-
burgers including pure and encapsulated green tea extract were not
significantly different from the control (p > 0.05). On the days 4 and
8, although some of the values are statistically similar with each
other, the treatment including 5% encapsulated GTE showed the
lowest amount among the uncoated treatments (1, 2, 3, 4). Ac-
cording to the results of coated treatments (5, 6, 7 and 8), the
treatment coated with chitosan solution (5) was not significantly
different with the treatment coated with the solution including
chitosan and GTE (6) on the days 0, 4 and 8 (p > 0.05). In the
beginning of storage, the treament coated with chitosan TPP matrix
(7) was similar with control, but higher than the treatment coated
with solution including encapsulated GTE (8). However, on the days
0 and 8, the treatments 7 and 8 were similar (p > 0.05), but lower
than the control (p < 0.05).

The amounts of total mesophilic aerobic microorganisms at the
end of storage (day 8) were higher than the amounts at the
beginning for all the treatments (p < 0.05). The value of the



Table 4
Colour values of hamburger patties processed with green tea extract and stored for 8 days at 4 �C.

Treatment

1 2 3 4 5 6 7 8

Day
L* 0 43.02abcA ± 1.33 43.62abA ± 0.51 45.47aA ± 1.98 45.98aA ± 1.37 41.74bcB ± 1.61 38.39dAB ± 1.44 40.16cdB ± 1.89 40.48bcdA ±0.44

4 40.35deA ± 0.98 40.82cdeA ± 2.02 41.59cdB ± 0.33 43.55bcB ± 0.71 47.77aA ± 0.79 40.46deA ± 0.92 46.23abA ± 1.97 38.43eB ± 1.40
8 42.28bcA ± 3.16 42.64bcA ± 2.20 44.05abA ±0.61 47.33aA ± 0.78 42.26bcB ± 1.21 37.91dB ± 0.68 40.30cdB ± 0.74 39.34cdAB ±0.25

a* 0 2.12aA ± 0.41 2.48aA ± 0.85 2.24aA ± 0.85 3.09aA ± 0.26 1.94aA ± 0.51 1.98aA ± 0.59 2.84aA ± 1.61 2.14aA ± 1.05
4 1.78aA ± 0.36 1.11aA ± 1.03 1.84aA ± 0.52 �4.11bB ± 0.08 �7.39cC ± 0.81 �4.83bB ± 0.23 �6.99cB ± 0.12 �4.53bB ± 0.91
8 �4.35aB ± 1.01 �3.60aB ± 1.73 �3.80aB ± 1.87 �3.94aB ± 1.41 �4.94aB ± 1.06 �4.42aB ± 1.01 �5.69aB ± 0.88 �5.05aB ± 1.34

b* 0 72.75bcA ± 1.87 75.22abA ±0.88 78.41aA ± 3.41 79.29aA ± 2.36 71.97bcB ± 2.78 66.20dAB ± 2.48 69.38cdB ± 3.20 69.95bcdA ± 0.87
4 69.58deA ± 1.69 70.92cdeA ± 3.08 71.71cdB ± 0.56 75.08bcB ± 1.22 82.37aA ± 1.36 69.78deA ± 1.59 79.71abA ± 3.39 66.27eB ± 2.42
8 72.90bcA ± 5.44 73.53bcA ± 3.79 75.96abA ± 1.05 81.62aA ± 1.34 72.86bcB ± 2.10 65.37dB ± 1.17 69.49cdB ± 1.28 67.83cdAB ± 0.44

aee, Means within each line followed by the same superscript letters are not different (p > 0.05).
AeB, Means within each column followed by the same superscript letters are not different (p > 0.05).
± Standard deviation.

Table 5
Microbiological mean values of the hamburgers including GTE in their formulations during storage for 8 days at 4 �C (logcfu/g treatment).

Treatment

1 2 3 4 5 6 7 8

Day
TMAC 0 6.56abC ± 0.01 6.72aB ± 0.28 6.74aC ± 0.06 6.74aB ± 0.04 6.20cdB ± 0.05 5.99dC ± 0.01 6.86aC ± 0.03 6.35bcB ± 0.15

4 7.80aB ± 0.12 6.77bB ± 0.07 7.80aB ± 0.12 6.56bcB ± 0.14 6.37cB ± 0.16 6.53bcB ± 0.06 6.61bcB ± 0.04 6.35cB ± 0.02
8 8.40aA ± 0.06 8.20abA ±0.12 8.12bcA ± 0.12 7.98cdA ± 0.06 8.05bcdA ± 0.02 7.98cdA ± 0.02 8.09bcdA ± 0.05 7.91dA ± 0.05

KO 0 5.32aB ± 0.10 5.08aC ± 0.17 5.18aC ± 0.16 5.38aB ± 0.21 5.43aB ± 0.02 5.14aB ± 0.45 5.01aC ± 0.14 5.14aB ± 0.02
4 7.46aA ± 0.33 6.53bcB ± 0.39 6.89abB ±0.10 5.91cdB ± 0.42 4.20fC ± 0.05 4.76efB ± 0.18 5.47deB ± 0.07 5.22deB ± 0.17
8 7.82aA ± 0.07 7.27abA ± 0.05 7.79aA ± 0.05 7.80aA ± 0.00 7.08bA ± 0.18 7.08bA ± 0.13 7.28abA ± 0.04 6.98bA ± 0.63

YM 0 5.72abC ± 0.13 5.88aC ± 0.10 5.46abcdB ± 0.19 5.12cdeC ± 0.41 5.21bcdeB ± 0.27 4.75eB ± 0.13 5.60abcC ± 0.00 4.95deC ± 0.03
4 6.88bB ± 0.14 6.33dB ± 0.02 6.62cA ± 0.08 6.04eB ± 0.13 7.71aA ± 0.04 7.58aA ± 0.02 7.68aB ± 0.05 7.61aB ± 0.08
8 7.87abA ± 0.02 7.64cA ± 0.11 6.86dA ± 0.00 6.88dA ± 0.02 7.85bA ± 0.06 7.62cA ± 0.06 8.01aA ± 0.05 8.01aA ± 0.01

TMAC: Total Mesophilic Aerobic Counts, KO: Coliform bacteria, YM: Yeast and mould.
aed, Means within each line followed by the same superscript letters are not different (p > 0.05).
AeC, Means within each column followed by the same superscript letters are not different (p > 0.05).
± Standard deviation.
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treatment coated with 5% encapsulated GTE (8) was more stable
than the value of the treatment coated with chitosan-TPP cross-
linked solution (7) during 4 days. Lorenzo et al. (2014) found that
green tea extract led to a decrease of total viable counts in pork
patties compared to the control. Kang et al. (2007) indicated that
the numbers of total aerobic bacteria were significantly reduced in
the treatments containing pectin-based coating material and
coating material with 0.5% green tea powder. In the study of Ba~n�on
et al. (2007), beef patties including low sulphite and green tea
extract had lower total viable count than control througout the
storage of 9 days.

Coliform bacteria amounts of the hamburger patties which had
GTE in their formulations are given in Table 5. The coliform bacteria
amounts of all the treatments were similar at the beginning of
storage. These values are the indicator of hygienic conditions of the
rawmeat which was bought from a local supermarket. The amount
of coliform bacteria could likely be different if the meat was pur-
chased from a different supermarket due to the different processing
conditions of meat. On the day 8, the uncoated treatments (1e4)
had generally higher values than the coated treatments (5e8)
probably due to the protective and/or inhibitory effect of coating
materials against bacteria. Although some treatments, such as 4, 6
and 8 did not show any difference until the fourth day of storage
(p > 0.05), the values of all the treatments increased at the end of
storage (p < 0.05).

Yeast and mould amounts of the hamburger patties during
storage are also presented in Table 5. There were significant dif-
ferences among most of the treatments in the beginning of storage,
whilst the values of coated hamburger patties (5e8) were higher
than the uncoated treatments (1e4) on the day 4 (p < 0.05). The
treatment with 5% GTE in the cross-linked solution (4) led to lower
yeast and mould values compared to control on the day 0, but this
treatment and the treatment with 1% encapsulated GTE (3) were
both lower than control on the day 4 and 8. The treatments
including encapsulated GTE (3 and 4) had also the lowest values of
all samples at the end of storage. It was noticable that the treat-
ments coated with CS-TPP (7) and CS-TPP with GTE (8) were higher
than the control on the days 4 and 8. Encapsulation of GTE may
prevent the antifungal activity of the material, so further study is
needed for that topic. The samples which were included 1%
encapsulated GTE (3) and coated with chitosan (5) and chitosan
with GTE (6) solutions did not vary after the day 4 (p > 0.05), but all
the other patties exhibited continuous increase during storage
(p < 0.05).
4. Conclusion

This study showed the effects of green tea extract which was
added into hamburger patties using different techniques. pH values
of all the treatments increased during time due to microbiological
metabolites and deamination of proteins. On the day 0 and 4, pH
values of the control and the products containing additives were
higher than the values of coated treatments. This may be the result
of the protective effect of coating material against bacterial growth.
The results of TBARS values showed that the products which were
not coated with any material had lower values than the coated
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group in general on the day 0. According to results, coating of
patties with 1% chitosan had the highest antioxidant activity in the
first group, because this treatment was stable during storage. The L*
values of the control and the patties including additives were
higher than the values of coated patties at the beginning of storage.
a* values of most of the treatments turned into minus values.

According to microbiological analysis of the hamburger patties,
there were significant differences among the total mesophilic
count, coliform and yeast and mould values of the treatments.
Encapsulation significantly affected the number of bacteria, so the
amount of bacteria usually increased during storage (p < 0.05). The
kind and the origin of themeat sample are important factors for the
overall and particularly microbiology quality of the products. The
amount of salt and pepper used in the patties may also have
considerable effects.

As a consequence, treatments coated with CS, CS þ GTE and
CS þ GTE þ TPP were more resistant to lipid oxidation at the end of
the storage. Moreover, treatments containing high amount of
CS þ GTE þ TPP (5%) and the treatments coated with CS þ GTE and
CS þ GTE þ TPP had the lowest values in terms of microbiological
deteriorations, particularly for total mesophilic aerobic counts.
Therefore, the treatments coated with CS þ GTE and
CS þ GTE þ TPP could be the best choices, but further studies are
needed.
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a b s t r a c t

Corn starch was extruded with the inclusion of carrot pomace at levels of 5, 10, and 15 g/100 g at three
different feed moisture levels of 15, 22.5 and 30 g/100 g. Corn starch without any added pomace was
extruded as a control treatment. A thorough evaluation of the extrudate properties (expansion ratio, unit
density, water solubility index, water absorption index, microstructure, and b-carotene content) was
conducted to understand the role of the insoluble fiber in the carrot pomace on the extrusion process,
specifically relating to expansion. The best expansion was observed in the extrudates with 5 g/100 g
carrot pomace inclusion, and at 15 g/100 g feed moisture. The surface of this extrudate also improved,
compared to the control and extrudates with higher levels of pomace inclusion. The extrudates with
higher levels of carrot pomace showed a significant decrease in expansion. Overall, the results showed
that the level of carrot pomace inclusion had significant impact on the extrudate quality.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carrot pomace is a byproduct obtained from carrot juice pro-
cessing. The juice industry produces significant amounts of carrot
pomace. It is estimated that in the United States (US) over 125,000
tons of pomace per year is produced (Sonja, Jasna, & Gordana,
2009). Carrot pomace is generally used as animal feed, which is a
low value outlet for the pomace (Yoon, Cha, Shin, & Kim, 2005),
even though it contains a high amount of beneficial nutrients,
including bioactive compounds with antioxidant properties
(Chantaro, Devahastin, & Chiewchan, 2008).

Dried carrot pomace has b-carotene and ascorbic acid in the
range of 9.9e11.6mg and 13.5e23.0mg per 100 g, respectively (Dar,
Sharma, & Kumar, 2014). Typical composition of partially dried
carrot pomace is 9.1e10.8 g/100 g water, 1.4e7.7 g/100 g ash,
6.7e8.4 g/100 g protein, 1.1e2.1 g/100 g fat, 19.3e25.0 g/100 g total
carbohydrates, and 55.7e63.5 g/100 g total dietary fiber (Chau,
Chen, & Lee, 2004; Kohajdov�a, Karovi�cov�a, & Jurasov�a, 2012). A
majority of the total dietary fiber is insoluble dietary fiber. Insoluble
jyal).
dietary fibers are reported to have a beneficial impact on human
health, such as reducing the risk of coronary heart disease, colon
cancer, obesity, high blood pressure and stroke (Chau et al., 2004).
Insoluble fiber isolated from carrot pomace, has also been found to
have very pronounced hypocholesterolemic and hypolipidemic
effects (Hsu, Chien, Chen, & Chau, 2006).

Pomace, as a whole, has the potential to be used as a food
ingredient because of its composition (Sonja et al., 2009). Dry
pomace can be incorporated into various food products as a source
of dietary fiber and other bioactive compounds. One alternative
method for utilization of this byproduct into useful food products,
is extrusion. Extrusion technology has becomemore popular due to
its versatility, high productivity, and relative low cost. Extrusion can
be used to produce direct-expanded snack foods, cereals, and pet
foods. Extruded products are typically made by subjecting a raw
material, often flour, to high temperatures while also creating a
high shear and high pressure environment using rotating screws
(Ganjyal, Hanna, & Jones, 2003).

Many types of starches are used in extrusion processing
including corn (Zea mays L.), wheat (Triticum aestivum L.), and rice
(Oryza sativa L.) (Dehghan-Shoar, Hardacre, & Brennan, 2010;
Robin, Dubois, Curti, Schuchmann, & Palzer, 2011; Singkhornart,
Edou-ondo, & Ryu, 2014). The starch in extrusion cooking is
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gelatinized and dextrinized using a combination of temperature,
moisture, shear, and pressure before being pushed through a die.
Upon exiting the die, the pressure and temperature of the product
equilibrate with the surrounding environment, causing rapid
structural expansion as the water in the product vaporizes
(Alvarez-Martinez, Kondury, & Harper, 1988). Products are often
dried further and may undergo other post-extrusion processing to
create a crunchy snack or cereal product (Moscicki, 2011).

In the past few years, efforts have been made to incorporate
more fiber into extruded food products by adding fiber directly to
starch (Ganjyal, Reddy, Yang, & Hanna, 2004). Fiber typically re-
duces expansion by rupturing cell structure (Camire & King,
1991) and acts as a filler material in extruded products. More
recent studies have shown that it is possible to incorporate fiber
into extruded products at levels below 5 g/100 g with no sig-
nificant effects on product eating quality. Fiber can also act as a
nucleating agent and support cell growth (B�en�ezet, Stanojlovic-
Davidovic, Bergeret, Ferry, & Crespy, 2012). Inclusion of fiber at
low levels does not hinder structure development, but higher
inclusion levels tend to result in fiber aggregation and rupture
the cell walls (Ganjyal et al., 2004). The fiber has been thought to
act as an inert material as it does not go through any physico-
chemical changes due to heat and mechanical energy inputs
(Camire & King, 1991).

There have been many reported studies on the incorporation of
pomace from fruit and vegetable into extruded products as sum-
marized in Table 1 (Altan, McCarthy, & Maskan, 2008a, 2008b;
Khanal, Howard, Brownmiller, & Prior, 2009; Selani et al., 2014;
Upadhyay, Sharma, & Sarkar, 2010; White, Howard, & Prior,
2010). Beyond incorporation levels of 5e10 g/100 g, there are
negative effects on the quality. Kumar, Sarkar, and Sharma (2010)
reported the utilization of carrot pomace as a source of insoluble
fiber in extruded rice flour products. They reported that carrot
pomace proportion significantly influenced expansion ratio. The
compromised optimum condition for product acceptability and
maximum expansion obtained for the development of rice flour
extrudates was at a level of 11.75 g/100 g carrot pomace.

In the making of direct expanded products with pomace, the
physicochemical properties of both the starch and the pomace fiber
play a significant role. Along with the physicochemical properties,
physical and chemical interactions between the starch and pomace
fiber may have impacts on the attributes of the extruded product.
Our objective was evidence the existence (or not) of an active role
for the fiber from carrot pomace in the extrusion expansion pro-
cess. For that, carrot pomace was incorporated at different levels
and with different hydration ratios into corn starch during extru-
sion and the physicochemical and micrographic properties of corn
starch extrudates were examined.
Table 1
Brief summary of selected studies involving pomace incorporation in extrusion.

Pomace type Starch/flour
type

Significant finding

Blueberry
pomace

White
sorghum flour

Extrusion processing can be used to increase procyanidi

Carrot
pomace

Rice flour The study demonstrated that an acceptable extruded pro

Cranberry
pomace

Corn starch Extrusion alters the polyphenolic distribution of cranber
means of improving the functionality of this product.

Grape
pomace

Barley flour Grape pomace inclusion at 4.47e6.57 g/100 g can be ext

Pineapple
pomace

Corn flour Addition of 10.5 g/100 g of pineapple pomace did not ne

Tomato
pomace

Barley flour Tomato pomace at 2 and 10 g/100 g levels can be extrud
2. Materials and methods

2.1. Materials

Native corn starch (23 g amylose/100 g dry starch) was obtained
from Tate and Lyle Company (Decatur, IL, USA). Carrot pomace was
from Bolthouse Farms Company (Bakersfield, CA, USA) and dried in
a convection oven at 60 �C (Model # 414004-568, VWR Interna-
tional, LLC, PA, USA). The pomace was dried to a final moisture
content of 3.15 ± 0.10 g/100 g (wet basis) while also having a pro-
tein content of 4.36 ± 0.15 g/100 g, a fat content of 0.58 ± 0.11 g/
100 g, an ash content of 1.76 ± 0.19 g/100 g, a non-fiber carbohy-
drate content of 26.85 ± 0.55 g/100 g, and a total dietary fiber
content of 63.30 ± 0.69 g/100 g. The dried carrot was ground using a
Cyclone Mill (Model# 3010-060, UDY Corporation, Fort Collins, CO,
USA) with 2 mm screen size. Carrot pomace powder was stored in
sealed polythene bags in a dry area until further use.

2.2. Sample preparation

A calculated amount of corn starch was mixed with the dried
carrot pomace powder at levels of 5, 10, and 15 g/100 g, following
the experimental design shown in Table 2. Each sample of corn
starch blended with carrot pomace powder was adjusted to mois-
ture content of 15 (±0.5), 22.5 (±0.5) and 30 (±0.5) g/100 g to
represent feed moisture. The required amount of water was added
and thematerial was mixed for 5 min in a Hobart mixer (Model #A-
200, Hobart, OH, USA). The hydrated blends were placed in sealed
plastic jars and allowed to equilibrate overnight in a walk-in
refrigerator (4 �C).

2.3. Extrusion

Extrusionwas performed using a 20 mm co-rotating twin screw
extruder (Model# TSE 20/40, 7.5 HP, CW Brabender, S. Hackensack,
NJ, USA). The overall length of the extruder barrel was 400 mm and
had a length to diameter (L/D) ratio of 20:1. The barrel had 4 in-
dividual heating zones and temperatures were set at 50, 100, 140,
140 �C for all the experiments. A rod-shaped die with a diameter of
4.0 mm was used. The screw profile used in the study is shown in
Fig. 1. The equilibrated samples were fed into the extruder. Extru-
sion was carried out maintaining full feed, ensuring that the flights
and feed port were full throughout the extrusion runs. The extruder
screw-speed was varied at 100, 175 and 250 rpm for all treatments
as per the design shown in Table 2. Extrudates were collected when
system stabilized, with constant pressure at the die, constant tor-
que, and constant output flow rate. The collected extrudates were
dried in a convection oven (Model # 414004-568, VWR
Reference

n monomer and dimers in blueberry pomace. (Khanal et al.,
2009)

duct can be prepared by 5 g/100 g carrot pomace incorporation. (Upadhyay
et al., 2010)

ry pomace and has application in the nutraceutical industry as a (White et al.,
2010)

ruded with barley flour into an acceptable snack food. (Altan et al.,
2008b)

gatively impact the properties of the extruded product. (Selani et al.,
2014)

ed with barley flour into an acceptable and nutritional snack. (Altan et al.,
2008a)



Table 2
Complete list of trials used for experimental design of carrot pomace inclusion extrusion. All trials were performed in duplicate.

Moisture content (g/100 g) Corn starch (g/100 g) Carrot pomace (g/100 g) Screw speed (rpm)

15 95 5 100
15 95 5 175
15 95 5 250
15 90 10 100
15 90 10 175
15 90 10 250
15 85 15 100
15 85 15 175
15 85 15 250
22.5 95 5 100
22.5 95 5 175
22.5 95 5 250
22.5 90 10 100
22.5 90 10 175
22.5 90 10 250
22.5 85 15 100
22.5 85 15 175
22.5 85 15 250
30 95 5 100
30 95 5 175
30 95 5 250
30 90 10 100
30 90 10 175
30 90 10 250
30 85 15 100
30 85 15 175
30 85 15 250

Fig. 1. Screw Profile used for all carrot pomace extrudate trials.
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International, LLC, PA, USA) at 45 �C for 18 h. The dried samples
were stored in air-tight plastic bags at 4 �C for further analysis.

Continuous data from the extruder, including zone temperature,
die pressure, and motor torque, were recorded using Data Acqui-
sition System for ATR and Intelli-Torque (CW Brabender, S. Hack-
ensack, NJ, USA) with one data point being taken every 20 s. The
average of 5 random data points during steady state conditions
were then used to calculate the different parameters for the process
responses.

2.4. Process responses

Specific Mechanical Energy (SME) was calculated according to
Godavarti and Karwe (1997).
SME ¼ total torque� friction torqueð Þ � screw speed� rated motor
maximum torque�maximum screw speed� mass flow
Mass-flow rate value used was the extrudate mass-flow rate for
each trial, measured by collecting the extrudate for one minute
time interval. Mass-flow rate value used was the average of three
data points. SME was expressed as kJ/kg.

2.5. Product characteristics

Radial expansion ratio was determined by dividing the average
cross-sectional diameter of the starch extrudates by the die nozzle
diameter of 4.0 mm. The cross-sectional diameter of the extrudates
was measured using a digital Vernier caliper (Mitutoyo America
Corp., Aurora, IL, USA). A total of 10 diameter readings were taken to
obtain each average diameter value.

Unit density was determined using a glass-bead displacement
power
rate

(1)
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method (Ganjyal et al., 2004). The starch extrudates were weighed
and then placed in a 50 mL cylinder and a known volume of glass
beads (1 mm diameter) was added to the cylinder. The total volume
of starch extrudates and glass beads were recorded after tapping
the cylinder. Unit density was obtained by dividing, the mass by the
volume, of the extrudate. An average of three data points was taken.

Water absorption index (WAI) and water solubility index (WSI)
were determined following the procedures described by Anderson,
Conway, Pfeifer, and Griffin (1969). A sample (2 g) of the ground
extrudates was dispersed in 25 mL distilled water at 30 �C in a
centrifuge tube and placed in a water bath at 30 �C for 30 min. The
tube was centrifuged at 3000 g for 10 min. The supernatant liquid
was poured carefully into an aluminum dish. WAI was calculated as
the ratio of mass of the precipitate to the mass of the original
sample dry weight. The supernatant was dried at 105 �C for over-
night. The remaining solids were then expressed as a percentage of
the original sample weight for WSI.

b-carotene content was determined by spectrophotometric
method (Ying et al., 2015). The dry carrot pomace, all the mixtures
of starch and carrot pomace and the extrudates were analyzed for
the b-carotene content. A sample of 80 mg was placed into glass
tube and 4 mL DMSO was added to the tube. Samples were placed
in a 75ΊC water bath for 50 min and then cooled to room temper-
ature and 4 mL n-hexane, containing 0.1 g/100 mL butylated
hydroxytoluene was added, vortexed for 10 s, and left for 30 min. A
few (2e3) drops of ethanol were added, to precipitate any protein
in the hexane phase. The top layer was removed into another tube
using a glass pipette. Approximately 0.5 g of anhydrous sodium
sulfate was added to the tube and allowed to stand for 15 min to
absorb any residual water in the n-hexane solution. The hexane
solution was then analyzed for absorbance at 450 nm wavelength
using a UVeVis spectrophotometer (Model # Ultrospec 4000,
Pharmacia Biotech, Cambridge, England). b-carotene concentration
in the solution was calculated with a standard curve, which was
obtained using the known concentrations of b-carotene (0e1mg/L)
in hexane. Each sample was analyzed three times to get an average
value.

The micrographic properties were analyzed using a scanning
electron microscope (FEI, Model Quanta 200F, FEI Company, U.S.A.).
Surface and cross sections of the selected samples were cut with a
precision utility blade. The approximate thickness of each sample
was 3 mm. Samples weremounted on cylindrical specimen holders
and held in place using conductive carbon tape and conductive
carbon putty. Samples were then examined using a scanning
electron microscope using an accelerating voltage of 20 kV and
under 30 Pa pressure chamber.

2.6. Statistical analysis

Statistical analysis was carried out using SAS software version 9
(SAS Institute Inc., Cary, NC, USA). Analysis of variance was used to
compare the mean differences of starch extrudates. Duncan's
Multiple Range Test was used to detect the differences in physi-
cochemical properties of corn starch extrudates.

3. Results and discussion

3.1. Process response (torque, die pressure and specific mechanical
energy)

The process response data is provided in Table 3. Increasing feed
moisture decreased torque, pressure and specific mechanical en-
ergy (SME). The high moisture reduced viscosity of the dough melt
in the extruder and thus less energy was required for it to be
pushed through the extruder. Water acts as a plasticizer, reducing
the viscosity and the mechanical energy dissipation during extru-
sion (Akdogan, 1996; Ilo, Tomschik, Berghofer, & Mundigler, 1996;
Ortiz, Carvalho, Ascheri, Ascheri, & Andrade, 2010; Selani et al.,
2014).

All the process parameters were significantly influenced by the
screw speed. SME increased with increasing screw speed. This is
evident from Eq. (1), as SME is directly proportional to the screw
speed. Increasing screw speed exerts increased shear on to the
material being extruded, thus the increase in the SME input (Baik,
Powers, & Nguyen, 2004; Godavarti & Karwe, 1997). The die pres-
sure, in general, decreased with the increase in the screw speed.
This correlates with the reasoning provided above. With an in-
crease in screw speed, the material was pushed through the
extruder faster and led to the decreased die pressure. This trend
was observed for all the treatments, except for the control without
any carrot pomace inclusion. This may be attributed to the physi-
cochemical changes in the starch material. An initial increase in the
pressure can be attributed to the increase of starch viscosity as it
starts to gelatinize (Lawton, Shogren, & Tiefenbacher, 1999). The
viscosity of the melt decreases after the starch has been broken
down or degraded and has gone through a phase change and is in
themelt phase.With the screw speed reaching to 250 rpm, the SME
was potentially high enough to breakdown the starch, reduce the
viscosity and thus reduce the die pressure. Low-molecular-weight
carbohydrates can reduce the viscosity, acting as plasticizers,
limiting mechanical energy input to the melt (Karkle, Keller, Dogan,
& Alavi, 2012; Selani et al., 2014).

The level of inclusion of carrot pomace did not have significant
effect on the torque and die pressure, although, the SME decreased
significantly (p < 0.05) with the increase in level of the carrot
pomace. Increased pomace led to increased insoluble fiber levels.
The increased level of insoluble fiber in the starch matrix should
have caused the breakdown in the uniformity of the starch melt,
leading to significantly reduced viscosity and thus reduced SME
(Norajit, Gu, & Ryu, 2011). This breakdown in the structure of the
starchmelt was transferred into the expanded extrudate, leading to
the reduction in the final expansion.

3.2. Product response

3.2.1. Expansion ratio
Product response data can be seen in Table 4, while statistical

separations of the results for each factor tested can be seen in
Table 5. The expansion ratio was the highest at 15 g/100 g feed
moisture. With increasing feed moisture, expansion decreased
(Table 4, Fig. 2). An increase in the feedmoisture leads to lower SME
input, leading to the reduced physicochemical transformation of
the starch. This leads to the reduced expansion (Ganjyal & Hanna,
2006; Ganjyal et al., 2004).

At the low feed moisture (15 g/100 g), the addition of 5 g/100 g
carrot pomace led to increased expansion ratio compared to the
control sample with no carrot pomace. This was very intriguing as
the results from literature only conclude that the addition of low
levels of fiber maintains the expansion similar to control without
any fiber. Addition of insoluble fiber at low levels allowed good
distribution and helped strengthen the starch matrix helping to
increase the expansion ratio. On the other hand, when carrot
pomace level was increased to 10 and 15 g/100 g levels, the
expansion ratio decreased. An increase in insoluble fiber level may
have caused non-uniform distribution of fiber in starch matrix
during extrusion. It may have resulted from aggregation of the fiber
in random spots of the starch matrix, resulting in discontinuity in
starch matrix (Ganjyal et al., 2004). This would have resulted in
breakdown of the cell structure in the expanding extrudate, leading
to reduced expansion ratio. At higher levels of moisture (22.5 g/



Table 3
Resulting values for process parameters with carrot pomace extrusion (torque, die pressure, and SME).

Moisture content (g/100 g) Fiber level (g/100 g) Screw speed (rpm) Torque (nNm) Pressure (MPa) SME (kJ/kg)

15 0 100 47.6 9.14 114.1
175 47.3 10.62 127.6
250 39.2 9.62 131.2

5 100 54.6 11.12 108.2
175 42.4 9.81 124.3
250 37.0 8.99 130.0

10 100 55.1 10.44 110.2
175 47.3 10.67 123.3
250 41.7 9.77 126.1

15 100 52.8 10.58 106.0
175 42.5 9.44 109.7
250 37.8 8.77 115.5

22.5 0 100 18.2 3.26 66.8
175 16.4 3.10 89.0
250 13.9 2.44 109.0

5 100 17.7 3.66 58.1
175 16.6 2.99 68.4
250 17.0 3.07 88.2

10 100 18.5 3.51 52.8
175 18.3 3.54 64.3
250 18.8 3.50 77.4

15 100 18.8 3.68 47.3
175 18.0 4.29 58.9
250 20.0 3.72 77.0

30 0 100 9.1 1.78 35.7
175 9.0 1.56 54.3
250 9.4 1.47 62.7

5 100 9.1 1.79 28.3
175 8.5 1.46 51.8
250 8.5 1.24 61.6

10 100 9.0 1.78 28.0
175 8.7 1.40 46.8
250 8.5 1.23 60.4

15 100 8.2 1.49 29.6
175 7.7 1.32 42.4
250 8.6 1.21 58.1

PSD* 2.2 0.53 5.3

*Pooled Standard Deviation.
SME: specific mechanical energy.
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100 g), the addition of carrot pomace decreased expansion ratio
significantly. The cell formation during expansion process was
hindered by high levels of the fiber from the carrot pomace (Ganjyal
et al., 2004) and reduced viscosity of the melt in the extruder,
which was confirmed by the reduction in the torque and die
pressure.

At 30 g/100 g feed moisture, the expansion ratio was signifi-
cantly lower than all other moisture levels studied. At this level of
feed moisture, the level of carrot pomace did not have any signifi-
cant effect on expansion ratio (p < 0.05). This is explained by the
significant reduction in values of all the process parameters. The
extrudates had excess water that did not initially flash off to steam,
thereby inhibiting expansion. Thus we did not see any effects of the
levels of pomace.
3.2.2. Unit density
Unit density (Table 4) was inversely proportional to the

expansion ratio of the extrudates. Unit density of the extrudates
decreased with increased feed moisture, which may be because of
improper gelatinization and dextrinization of the starch (Ding,
Ainsworth, Plunkett, Tucker, & Marson, 2006). Increasing the
carrot pomace content resulted in increase in unit density of the
extrudates. This can be attributed to reduced radial expansion and
improper fiber distribution within the expanded network of starch
extrudates. The data on unit density corresponded well with the
trends observed by other researchers (Altan, McCarthy, & Maskan,
2008b; Pushpadass, Babu, Weber,&Hanna, 2008). Similar effects of
fiber levels have been observed for extrusion of barley flour and
grape pomace blends (Altan et al., 2008b), barley flour-tomato
pomace extrudates (Altan et al., 2008a), corn flour and pineapple
pomace extrudates (Selani et al., 2014).
3.2.3. Water absorption index (WAI) and water solubility index
(WSI)

WAI values ranged from 5.4 to 7.8 (Table 4). At low feed mois-
tures (15 g/100 g), WAI increased with increasing carrot pomace
levels. This can be attributed to presence of a large number of hy-
droxyl groups in carrot pomace structure, which interact with the
hydrogen bonds of water (Kohajdov�a et al., 2012) and thus may
help bind more water to the fiber, thus increasing the WAI with
increased pomace level. At high feed moistures (22.5 and 30 g/
100 g), the level of carrot pomace did not have any significant effect
on WAI.

Increasing screw speeds at low feed moisture (15 g/100 g)
decreasedWAI of extrudates but at high feed moisture (30 g/100 g),
increasing screw speed led to increase in WAI. At lower moisture
levels, as the screw speed increased, the shear energy increased
(higher SME values) leading to higher degree of starch degradation.
Starch with a higher degree of degradation is more likely to solu-
bilize as opposed to absorbing more water. At higher moisture
levels starch is not as dextrinized and does not solubilize as much
as at the low moisture levels. Therefore the starch and fiber poly-
mers are not reduced in length, but the granules are still breaking
apart and gelatinizing. Therefore, the higher screw speeds may be



Table 4
Resulting values for extrudate parameters with carrot pomace extrusion (expansion ratio, density, WAI, and WSI).

Moisture content (g/100 g) Fiber level (g/100 g) Screw speed (rpm) Radial expansion ratio Unit density (g/cm3) WAI (g/g) WSI (%)

15 0 100 3.11 0.21 6.30 22.27
175 3.40 0.17 6.15 28.37
250 3.62 0.16 5.48 37.28

5 100 3.40 0.18 6.87 18.66
175 3.68 0.15 6.71 24.00
250 3.80 0.13 6.36 29.66

10 100 3.38 0.17 7.50 18.20
175 3.49 0.15 7.16 24.26
250 3.58 0.14 7.02 25.62

15 100 3.17 0.19 7.33 17.59
175 3.33 0.18 6.99 21.73
250 3.40 0.15 6.96 25.67

22.5 0 100 2.53 0.33 6.58 10.35
175 2.77 0.28 6.88 15.89
250 2.92 0.24 6.73 22.80

5 100 2.26 0.37 7.12 10.61
175 2.44 0.31 7.51 13.27
250 2.59 0.29 7.72 15.81

10 100 2.11 0.47 6.99 10.83
175 2.27 0.44 7.40 12.37
250 2.42 0.37 7.42 14.80

15 100 1.96 0.51 6.54 11.90
175 2.14 0.49 6.90 13.45
250 2.31 0.44 7.22 14.82

30 0 100 1.32 0.66 6.61 7.49
175 1.35 0.60 6.57 8.13
250 1.44 0.58 6.64 9.91

5 100 1.27 0.67 6.49 8.12
175 1.27 0.63 6.86 9.11
250 1.29 0.58 7.69 11.59

10 100 1.22 0.77 6.35 9.02
175 1.24 0.70 6.73 9.63
250 1.26 0.59 7.61 12.76

15 100 1.23 0.83 6.58 9.40
175 1.23 0.66 6.69 11.07
250 1.26 0.66 6.96 12.46

PSD* 0.02 0.03 0.20 1.06

*Pooled Standard Deviation.
WAI: water absorption index; WSI: water solubility index.

Table 5
Statistical separations and averages for extrudate properties.

Moisture content Carrot pomace content Screw speed Expansion ratio Density WAI WSI

15 3.45a 0.166c 6.74b 24.44a

22.5 2.39b 0.378b 7.09a 13.91b

30 1.28c 0.652a 6.69b 9.89c

f-test ** ** ** **
LSD 0.029 0.040 0.144 0.870

0 2.49a 0.357b 6.47c 18.06a

5 2.44b 0.359b 7.04a 15.65b

10 2.33c 0.422a 7.11a 15.28b

15 2.23d 0.455a 6.74b 15.34b

f-test ** ** ** **
LSD 0.033 0.046 0.167 1.004

100 2.25c 0.447a 6.60b 12.87c

175 2.38b 0.396b 6.93a 15.94b

250 2.49a 0.353c 6.99a 19.43a

f-test ** ** ** **
LSD 0.029 0.040 0.144 0.87

a, b, c Different superscripts in the same column indicates that means were significantly different. WAI: water absorption index; WSI: water solubility index.
** Significant at p values.
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breaking down the granules more, and allowing water to access a
greater area of the starch and fiber, thus increasing the WAI values.

Addition of carrot pomace resulted in slight decrease in WSI
(Table 4). This can be attributed to increase in insoluble fiber con-
tent in the extrudate. The insoluble fiber has a tendency to bind
with the starch polymers and reduce the starch dextrinization and
thus reduced WSI (Kumar et al., 2010; Ya�gcı & G€o�güş, 2008). Feed
moisture and screw speed had a significant effect onWSI (p < 0.05).
The highest WSI was observed for the product extruded at feed
moisture of 15 g/100 g and screw speed of 250 rpm. WSI decreased
with increase in feedmoisture. This correlates with our explanation
before, about the impact of high moisture on the SME. Since the
SME decreased significantly with increase in the feed moisture, this
leads to less dextrinization of the starch polymers and thus reduced
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WSI (Gomez & Aguilera, 1983). When screw speed increased, WSI
of the extrudates increased. This increase in WSI can be correlated
to increase in SME with increase in screw speed. High mechanical
shear with higher SME input, led to breakdown of starch polymer to
small molecules with higher solubility (Altan, McCarthy,&Maskan,
2009).
3.2.4. Micrographic properties
Figs. 3 and 4 show the SEM images of the surface and cross-

sections of selected extrudates.
The microstructure of extrudates were correlated to expansion

and density. At lower feed moisture (15 g/100 g), surface of the
control extrudates showed shrinkage (Fig. 3a), suggesting that the
extrudate expanded and then shrunk on the surface (Ganjyal &
Fig. 3. SEM images of external surfaces of corn starch extrudates at 15 g/100 g feed moisture
pomace along with external surfaces of corn starch extrudates at 30 g/100 g feed moisture c
pomace.
Hanna, 2004, 2006). This is evident in the cross-sectional image
(Fig. 4a), which showed that surface layer cells were not intact.

The surface of extrudate with 5 g/100 g carrot pomace was very
smooth compared to control (Fig. 3b). This result is very intriguing,
as the fiber at low level helped to improve the structure. We also
observed the highest expansion for the extrudates with 5 g/100 g
carrot pomace. This suggests that the fiber must be playing an
active role in the expansion process and not remaining as an inert
material as thought before. The fiber at this level may be preventing
the shrinkage seen in the control sample.

At 15 g/100 g carrot pomace inclusion, surface of the extrudates
again showed shrinkage. This collapse in the cell structure was
verified by the SEM image of the cross-section (Fig. 4c). The cellular
structure was similar for the control (Fig. 4a) and the extrudate
content and a) 0 g/100 g carrot pomace, b) 5 g/100 g carrot pomace, c) 15 g/100 g carrot
ontent and d) 0 g/100 g carrot pomace, e) 5 g/100 g carrot pomace, f) 15 g/100 g carrot



Fig. 4. SEM images of cross-sections of corn starch extrudates at 15 g/100 g feed moisture content and a) 0 g/100 g carrot pomace, b) 5 g/100 g carrot pomace, c) 15 g/100 g carrot
pomace along with external surfaces of corn starch extrudates at 30 g/100 g feed moisture content and d) 0 g/100 g carrot pomace, e) 5 g/100 g carrot pomace, f) 15 g/100 g carrot
pomace.
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with 5 g/100 g carrot pomace (Fig. 4b). However, there was sig-
nificant collapse (shrinkage) of the cells in the extrudate with 15 g/
100 g carrot pomace (Fig. 4c).

At 30 g/100 g feed moisture, the surface of all the extrudates
showed pores, which were not obvious in the extrudates with 15 g/
100 g feed moisture (Fig. 3c). For the control extrudate, the struc-
ture looked more solid suggesting that it did not expand well. In all
the cross-sectional images for the extrudates with 30 g/100 g feed
moisture (Fig. 4def), the cell structures were not fully developed,
suggesting that the starch polymers did not degrade to the same
level as that of the extrudates with 15 g/100 g feed moistures. This
correlates well with both the process parameters (SME, die pres-
sure and torque) and the product properties (expansion ratio, unit
density, WAI and WSI) presented above.

The carrot pomace played an active role in the expansion pro-
cess at 5 g/100 g inclusion levels at 15 g/100 g feed moisture. The
expansion ratio increased compared to the control and the surface
of these samples became smooth (Fig. 3b). The carrot pomace must
have played an active role at this level, by good adhesion to starch
matrix and retaining the expansion. There is a need to further
Table 6
b-carotene of carrot pomace, corn starch/carrot pomace mixture and extrudates.

Moisture content (g/100 g) Carrot pomace (g/100 g) b-carotene of mixtures (m

7.98 ± 0.38
15 5 0.34 ± 0.01

10 0.53 ± 0.07
15 0.96 ± 0.03

22.5 5 0.40 ± 0.07
10 0.58 ± 0.09
15 1.14 ± 0.07

30 5 0.41 ± 0.04
10 0.69 ± 0.05
15 1.15 ± 0.06

Average ± standard deviation of 3 determinations.
investigate the interactions of the fiber and starch in the extrusion
process for the development of direct expanded products.
3.2.5. b-carotene content
b-carotene contents of extrudates reduced during extrusion

processing (Table 6).
It could be attributed to the thermal and mechanical degrada-

tion of the raw material during extrusion processing (Ying et al.,
2015). This is in agreement with the finding of Dar et al. (2014),
who reported that the carrot pomace-based rice extrudates at high
temperatures showed higher degradation of b-carotene. After
extrusion processing, b-carotene content of the extrudates with 5,
10, and 15 g/100 g of carrot pomace, were retained on an average by
70%, 53% and 37%, respectively for all the moisture levels.

The highest b-carotene retention was found in extrudates with
5 g/100 g carrot pomace inclusion. At low levels, the carrot pomace
was dispersed very well into the starch matrix and was protected
by the starch, from thermal degradation. The starch must have
encapsulated the pomace particles and thus protecting the b-
carotene. This correlates with other physicochemical and
g/100 g) b-carotene of extrudates (mg/100 g) b-carotene retention (g/g)

0.26 ± 0.04 0.74 ± 0.12
0.29 ± 0.03 0.55 ± 0.9
0.34 ± 0.06 0.35 ± 0.6
0.26 ± 0.02 0.64 ± 0.12
0.33 ± 0.06 0.56 ± 0.14
0.40 ± 0.04 0.35 ± 0.4
0.31 ± 0.06 0.74 ± 0.16
0.34 ± 0.01 0.49 ± 0.4
0.50 ± 0.04 0.43 ± 0.4
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micrographic properties.

4. Conclusions

A slight increase in expansion was observed when the pomace
was included at lowmoisture levels and carrot pomace levels of 5 g/
100 g, followed by a decrease in expansion at higher carrot pomace
inclusions. This suggests that the carrot pomace was actively
interacting with the corn starch during the extrusion process.
While the precise interaction requires further research to be
identified, current results might be used to create extruded prod-
ucts with an increased fiber content increased beta-carotene con-
tent, and increased quality within corn starch based products.
Additionally, inclusion of carrot pomace into extruded products
helped to identify a use for a byproduct that is currently little
valorized. Further research is needed to see if this phenomenon
extends to other starches and pomaces.
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a b s t r a c t

The effects of ozone on the shelf-life extension of freeze-dried chicken meat fillets stored at 21 ± 1 �C
were investigated. The samples were exposed to gaseous ozone with three ozone concentrations of 0.4,
0.6 and 0.72 ppm during 10, 30, 60 and 120 min. The shelf-life of the ozonated freeze-dried chicken meat
samples was determined using both microbiological and sensory analyses during 8 months of storage.
Ozone and lyophilisation (Combined treatments) were shown to be valid in retarding the growth of most
microbial groups from the first month of storage. High microbial counts were found in frozen meat from
month 6 onwards, with total aerobic mesophilic bacteria (TAMB) counts above 7 log cfu/g and lactic acid
bacteria (LAB) counts above 5 log cfu/g, whereas decreases of 6.8 and 4.77 log cfu/g for TAMB and LAB
counts were reported in combined treated samples when compared with untreated meat (frozen meat).
Also, 3.26 and 1.41-log reductions were observed with respect to non-ozonated freeze-dried meat (trt-0).
Regarding sensory characteristics, the combined use of ozone and lyophilisation would be useful in
extending the shelf-life of raw chicken breast meat up to 8 months, whilst the samples treated only with
lyophilisation showed a 4 month shelf-life.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Chicken meat is one of the most popular food commodities in
Europe and the second most preferred meat by European Union
consumers after pork meat (FAO, 2014). Some of the reasons for the
popularity of this kind of meat are the relatively low price, low fat
content and the high nutritional value. Generally, poultry meats are
highly perishable to bacterial contaminants due to large amounts of
variable nutrients, a high water activity (aw) and a higher final pH
limiting the shelf-life of the product (Lawrie, 1998). In the case of
meat and meat products, enzymatic and chemical reactions are
responsible for the initial loss of freshness, while microbial activity
is responsible for subsequent spoilage. The contamination by
several pathogenic microorganisms can cause severe foodborne
diseases in consumers (Jayasena et al., 2015).

However, the manufacturing of meat products is constantly
challenged to meet rapid changes in consumer tastes and demands
for healthier food products, safe, natural, free of conventional
chemical preservatives with an extended shelf-life. Consumer
. Cantalejo).
acceptance is the key success factor for the development of suc-
cessful meat products (De Barcellos et al., 2010) and meat safety is
considered to be a prerequisite by consumers (Van Wezemael,
Verbeke, Kügler, de Barcellos, & Grunert, 2010). For this purpose,
the multiple hurdle concept is an integrated basic approach in food
preservation and the hurdle technology is generally defined as
using the simultaneous or the sequential application of factors and/
or treatments affecting microbial growth (Turantaş, Kılıç, & Kılıç,
2015). The principle of this concept can be explained as two or
more inhibition and inactivation methods (hurdles) at suboptimal
levels are more effective than one (Leistner, 1992). This method is
becoming attractive, because several hurdles are used to obtain the
optimum combinations which do not affect the sensory quality,
while maintaining the microbial stability and safety of the food
(Alzamora, Tapia, Argaíz, & Welli, 1993; Leistner, 1992). In fact,
ozonation and freeze-drying were employed as hurdles in the
present study to develop a new raw meat product from Broiler
chicken breasts. Ozone is a powerful antimicrobial agent very
effective in destroying a wide range of microorganisms including
viruses, bacteria, fungi, protozoa, and bacterial and fungal spores
(Khadre & Yousef, 2001). This agent inactivates bacteria by dis-
rupting the cell membrane and cell wall, leading to cell lysis
(Muhlisin, Cho, Choi, Hahn, & Lee, 2015). Ozone is used in an
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extensive range of agricultural products, such as vegetables, fruits,
fish (Manousaridis et al., 2005) and meat products (Muhlisin et al.,
2015; Sekhon et al., 2010; Stivarius, Pohlman, McElyea, & Apple,
2002). The bactericidal effect of ozone depends on several factors,
such as temperature, relative humidity, pH and the presence of
organic matter (Kim, Yousef, & Chism, 1999).

Freeze-drying is the most common form of food preservation to
improve the long-term stability of food because the percentage of
humidity and the water activity can be reduced, if the product is
well lyophilized, which retards the growth of microorganisms for a
long period. This process applies only for high added-value prod-
ucts (Abdelwahed, Degobert, Stainmesse, & Fessi, 2006). Freeze-
drying has many applications on food products, such as chicken
meat, raw beef, mushrooms, fruits, carrots, tomato, eggs, etc. (Babi�c,
Cantalejo, & Arroqui, 2009; Chang, Lin, Chang, & Liu, 2006;
Hammami & Ren�e, 1997; Litvin, Mannheim, & Miltz, 1998). The
many advantages of lyophilisation make it one of the technologies
attracting the attention of the food industry, including: (i) the
conservation of the primary physical and chemical characteristics
of the product, (ii) a low residual humidity (<10%) providing easy
handling during shipping and storage of the lyophilized product
and, (iii) long-term stability.

The aim of this research was to study the combined effects of
ozone and lyophilisation on the shelf-life extension of Broiler
chicken meat fillets, stored at room temperature by evaluating
microbiological load and sensory characteristics, in order to
develop new high-quality raw meat products from fresh chicken
meat, safe, with a high nutritional value, with no additives added
and long-lasting at room temperature. Therefore, these meat
products can be preserved and transported with no refrigeration,
due to the relative reduction of moisture content and water activity
(energy saving, as no freezing is required). Furthermore, this type of
food product would allow a long shelf-life in the case of natural
catastrophes (earthquakes, floods, …), export to third countries,
military campaigns, mountain climbers and scarcity in electricity
supply.

2. Materials and methods

2.1. Raw matter and sample preparation

Broiler chicken breast meat was obtained from U.V.E., S.A.
(Tudela, Navarre, Spain). Chickens were 42 days old before
slaughtering with approximately 2 kg of weight. All breasts were
stored in a refrigerated room (2e4 �C) for the time of reception
until used. The samples were trimmed of visible fat and nerves.
They were cut into pieces (approximately 3 � 3 cm2 of section and
of 0.7 cm in thickness), before the analyses. Then, theywere divided
into three batches. The first batch was vacuum-packed, refrigerated
and stored at 4 ± 0.5 �C (P Selecta, Pharmalow, Tarre, Navarra,
Spain). To characterize the fresh meat, physical-chemical mea-
surements (pH, colour, water activity, humidity and texture) were
performed. After characterization, the same batch was vacuum-
packed, deep-frozen, and stored at �40 ± 1 �C (Climas, Barcelona,
Spain) and used as an external reference of raw meat for sensory
and microbiological analyses. The second batch of meat samples
was subjected to freeze-drying only, and vacuum packed and stored
in a dark place at room temperature (21 ± 1 �C) and used as an
internal control. The third batch of meat samples was treated with
ozone, freeze-dried, vacuum-packed and stored in a dark place at
21 ± 1 �C.

2.2. Ozone treatments

Ozonation assays were carried out in a 3 m3 volume refrigerated
chamber (Eurozon, Ecologyc 2000, Sestao, Vizcaya, Spain) to a
continuous flow of ozone gas at 4 ± 0.5 �C and 90 ± 1% relative
humidity. These conditions are important for the efficiency of the
bactericidal effect of ozone (Kim et al., 1999). Ozone was generated
in situ, utilizing a UV radiation using an ozone generator (Rilize,
model 3060 Eurozon, Sestao, Spain). Ozone concentrations inside
the chamber were monitored continuously by circulating air from
the chamber through an ultraviolet absorption ozone gas analyzer
(Ozomat MP, Anseros, Germany). The different treatments are
shown in Table 1. Treatment combinations for this study included
three ozone concentrations (0.72, 0.6 and 0.4 ppm) and four
exposure times (120, 60, 30 and 10 min).

2.3. Freeze-drying process and packaging of samples

After ozone treatments, samples were dehydrated in a pilot
scale freeze-dryer (Model Lyobeta 25, Telstar Industrial, S.L., Bar-
celona, Spain). The different parameters of the freeze-drying pro-
cess assayed in this study were the same in all treatments and were
the best conditions described in the research work of Babi�c et al.
(2009). Briefly, slow freezing, 20.5 h of primary drying (12 h at
0 �C and 8.5 h at 10 �C) at 30 Pa.

All the samples were vacuum-packed, using a vacuum pack-
aging machine (Model SAMMIC V-640, Gipuzkoa, Spain), in
impermeable plastic trays type polyamide/polyethylene PA/PE 20/
70 200� 300 (Ilpra, Barcelona, Spain). The double-layer of the trays
resulted in a strong and relatively impenetrable bag for both air and
moisture and had an oxygen transfer rate of less than
50 cm3 m�2d�1bar�1, permeability to CO2 less than
150 cm3m�2d�1bar�1 and a water vapour permeability of less than
2.8 g m�2 d�1.

Two meat controls were used in this study: (1) Lyophilized
chicken samples (trt-0), that were not exposed to ozone treatment
and were used as an internal control in order to analyse the efficacy
of the combination of ozone and lyophilisation on the self-life of
meat. (2) Frozen meat used as an external reference of raw meat
(due to the similarity of those samples with the ozonated freeze-
dried samples) for sensory and microbiological analyses.

2.4. Analyses of samples

2.4.1. Physical and chemical analyses
Physical and chemical analyses (pH, water activity (aw), hu-

midity, percentage of rehydration, colour and the texture) were
carried out during the first day of storage for characterising the
fresh meat and all treated samples.

The pH was measured using a pH-meter (Crison PH 25, S.A,
Barcelona, Spain) with a combined electrode, which penetrates the
meat samples. Water activity (aw) was measured by means of a
hygrometer (Novasina RS-232, LabMaster, Switzerland). Humidity
of fresh meat was determined in a stove (P Selecta, Digitronic,
Barcelona, Spain) at 102 ± 2 �C until constant weight, according to
the ISO R-1442 regulation (ISO, 1973) and the Spanish Official
Method for the Analysis of Meat Products (B.O.E., 29/8/79). Hu-
midity of dried meat was determined following the ISO R-1442
method (AOAC, 1975), by using a gravimetric infrared stove (Gram,
ST-H 50, Barcelona, Spain).

In order to know howmuchwater was absorbed by freeze-dried
chicken meat and their fully rehydration characteristics, the sam-
ples were rehydrated in trays filled with distilled water at 21e22 �C.
The change in mass of freeze-dried chicken meat was measured
each half an hour, when all meat samples were taken out and dried
with a blotting paper, then each sample was weighed. This proce-
dure was repeated until obtaining constant weight of the samples.
The percentage of rehydration was calculated using the following



Table 1
Concentrations and exposure times of gaseous ozone on chicken freeze-dried meat samples.

Treatments Ozone concentrations (ppm) Exposure times (min)

(0) Trt-0 (Internal control)a e e

(1) Trt-0.4/30 0.4 30
(2) Trt-0.4/60 0.4 60
(3) Trt-0.4/120 0.4 120
(4) Trt-0.6/10 0.6 10
(5) Trt-0.6/30 0.6 30
(6) Trt-0.72/10 0.72 10
(7) Trt-0.72/30 0.72 30

a Trt-0 (freeze-dried meat, no treated with ozone).
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expression, proposed by Babi�c et al. (2009):

Rehydration ð%Þ ¼ ðWr �WlÞ=ðW0 �WlÞ � 100

Where,
Wr: weight of rehydrated sample (g)
Wl: weight of lyophilized sample (g)
Wo: weight of fresh sample (g)
The maximum force (N) was determined using a TA.XT Plus

Texture Analyser (Stable Micro Systems Ltd, Aname S.L, England),
all the samples being cut perpendicularly to the muscle fibre di-
rection at a crosshead speed of 10 mm/s. Prior to the analysis,
samples were packaged in impermeable plastic bags and intro-
duced in a water bath (P Selecta, Precisterm, Barcelona, Spain) at
80 ± 1 �C for 2 min.

The measurement of meat colour was studied by means of a
Minolta Chrome Meter CM-2500d (Minolta Co. Ltd. Osaka, Japan),
using CIELAB colour space (CIE, 1976) with the D65 Standard illu-
minate and the 10� Standard Observer. The colour was expressed as
the colour coordinates L* (lightness), a* (redness), and b*
(yellowness).

2.4.2. Microbiological analyses
The total aerobic mesophilic bacteria (TAMB) lactic acid bacteria

(LAB), Escherichia coli and Salmonella spp. were determined in
frozen, only freeze-dried and combined treated samples after 0, 2,
4, 6 and 8 months of storage. 25 g of chicken breast samples from
each treatment were previously weighed, transferred to a sterile
bagwith 225ml sterile peptonewater (Oxoid, CM0009, Hampshire,
UK), and homogenised for 30 min using a stomacher (Stomacher
400 Circulator Seward, Colworth, UK). For each sample, appropriate
serial decimal dilutions were prepared in the same sterile peptone
water solution. Duplicate plates weremade for each dilution. TAMB
were determined according to ISO norm 4833 (05/2003), by using
Plate Count Agar (PCA) (Biom�erieux, Marcy-l'Etoile, France) after
incubation at 35± 1 �C for 48 ± 2 h. LABwere determined according
to the technique ISO 15214 (1998) on Man, Rogosa and Sharpe agar
(MRS, Oxoid, UK), incubated at 30 �C during 3 days. Catalase test
was done on presumptive lactic acid bacteria. E. coli was deter-
mined according to the ISO 16140 (ISO, 2003) and was incubated at
44 ± 1 �C for 18e24 h by using Coli ID (Biom�erieux, Marcy-l'Etoile,
France). Salmonella was detected qualitatively (presence or
absence) by the Enzyme Linked Fluorescent Assay (ELFA) per-
formed by the mini-VIDAS instrument system (bioMerieux, Marcy
l'Etoile, France). A pre-enrichment process was performed in broth
buffered peptone water (BPW CM1049, Oxoid) for plate incubation
at 37 ± 1 �C for 24e26 h. After incubation periods, the procedure
DIN 10121 (2000) was followed. Thus, 0.1 ml of pre-enriched
samples was introduced into 10 ml of Xylose Lysine Deoxycholate
Agar plates (XLD-agar, bioMerieux, Marcy l'Etoile, France) and
incubated at 41.5 ± 1 �C for 24e26 h. After incubation, 1e2 ml of
each XLD broth culture were combined and heated in a boiling
water bath at 95e100 �C for 15 ± 1 min. After being cooled down to
room temperature, 0.5 ml was transferred into a Vidas Salmonella
strip (SLM), which was analysed in the mini-VIDAS. Results were
available after 45 min. Suspicious Salmonella colonies were inocu-
lated onto XLD-agar, incubated at 37 ± 1 �C for 24 h and then
biochemically and serologically identified using Salmonella Latex
test (Oxoid, Basingstoke, UK). All microbiological tests were carried
out in duplicate, and the results expressed as log cfu/g.

2.4.3. Descriptive sensory analyses
The descriptive sensory evaluation was performed by 5 trained

panellists and the method of Hunt et al. (1991) was adopted to
describe the sensory characteristics of the rehydrated treated
chicken meat in five attributes: appearance, percentage of surface
discoloration, chicken odour, odour characteristics and overall
impression. Samples were evaluated for each attribute using a 7-
point scale, in which 1 indicates the lowest score and 7 repre-
sents the highest score. For the evaluation of the texture profile
attributes (TPA), the panel evaluated the rehydrated-cooked
treated chicken meat for the three following sensory attributes:
hardness, juiciness and chewiness (Lyon & Lyon, 1990). Each
attributewas rated on a seven-point scale, with a score 1 equivalent
to the lowest intensity of the attribute and the score 7 to the highest
intensity of the attribute. In both evaluations, visual and TPA, the
limit of acceptability was 4.

2.5. Statistical analyses

The analyses of variance (ANOVA) were carried out using the
statistical package SPSS 11.0 software (SPSS Inc. Chicago, IL, USA).
Pearson's correlation analyses and mean comparison were ana-
lysed according to Tukey's test, the significance being assigned at
P< 0.05 level.

3. Results and discussion

Firstly, a characterization of raw meat and all treated meat
samples was carried out during the first day of storage. Secondly,
the shelf-life of treated meat was studied during months 0, 2, 4, 6
and 8.

3.1. Physical and chemical characteristics of chicken breast meat
under different combined treatments

The values of pH, water activity (aw), humidity (%), rehydration
(%), and texture (N) of treated and untreated meat samples are
presented in Table 2. The mean pH was 5.88 ± 0.21 for fresh meat
and 6.05 ± 0.15 for freeze-dried meat (trt-0). The combination of
ozone and lyophilisation reduced slightly the pH values in almost
all combined treated samples, but the differences were statistically
significant (P< 0.05) only between the treated samples at 0.6 ppm



Table 2
Determination for pH, aw, humidity (%), percentage of rehydration and maximum force values (N) for different treatments in chicken meat fillets.

Treatments pH Aw Humidity (%) Rehydration (%) Texture (N)

Controls

Fresh meat 5.88 ± 0.21 0.984 ± 0.002 73.88 ± 0.06 e 30.42 ± 1.41
trt-0 6.05 ± 0.15y 0.131 ± 0.002x 2.93 ± 0.06x 72.88 ± 1.28x 40.05 ± 0.93x

Combined treatments: freeze-drying and ozonization (trt-[O3] in ppm/time of exposure in minutes)

trt-0.4/30 6.04 ± 0.09Aay 0.162 ± 0.005Aay 2.93 ± 0.08Aax 75.03 ± 1.76Cax 40.91 ± 0.53Aax

trt-0.4/60 6.10 ± 0.08Ay 0.219 ± 0.007By 3.78 ± 0.10By 52.66 ± 1.52By 93.22 ± 0.70By

trt-0.4/120 5.97 ± 0.06Ay 0.238 ± 0.002Cy 8.29 ± 0.19Cy 45.20 ± 0.81Ay 138.60 ± 2.09Cy

trt-0.6/10 5.81 ± 0.03Aax 0.189 ± 0.003Aay 2.96 ± 0.03Aax 73.26 ± 1.97Aax 41.15 ± 0.87Aax

trt-0.6/30 6.10 ± 0.05Bay 0.268 ± 0.009Bcy 2.93 ± 0.04Aax 74.16 ± 1.41Aax 39.67 ± 0.81Aax

trt-0.72/10 5.95 ± 0.09Aby 0.216 ± 0.005Bby 2.97 ± 0.08Aax 71.65 ± 1.30Aax 39.85 ± 0.82Aax

trt-0.72/30 6.10 ± 0.06Aay 0.204 ± 0.003Aby 2.96 ± 0.07Aax 74.27 ± 1.45Aax 40.97 ± 0.18Aax

Data are expressed as means ± standard deviation (n ¼ 10).
Trt-0 (freeze-dried meat, no treated with ozone).
A,B,CDifferent capital letters in the same column indicate that means are significantly different (P< 0.05) between samples treated with different exposure time of ozone.
a,b,cDifferent lowercase letters in the same column indicate that means are significantly different (P< 0.05) between samples treated with different concentration of ozone.
x,yDifferent letters in the same column indicate that means are significantly different (P< 0.05) between combined samples and freeze-dried samples.
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of ozone for 10 min (trt-0.6/10) and the untreated samples (trt-0).
Similarly, Clavijo (2005) reported lower pH values for ozonated
dried chicken breast fillets, as compared to control (non-ozonated
dried) chicken breast fillets. This decrease of pH in combined
treatment tends to inhibit microbial growth and survival (Stivarius
et al., 2002). Alonso-Calleja, Martínez-Fern�andez, Prieto, and Capita
(2004) found a high positive correlation between pH and microbial
counts, indicating that high pH values favourably influences mi-
crobial growth.

However, water activity and humidity may be considered the
most important factors in predicting the survival of microorgan-
isms in food due to their direct influence on product quality and
stability. The initial aw and moisture content of fresh chicken meat
were about 0.984 ± 0.002 and 73.88 ± 0.06%, respectively. After
lyophilisation, a significant decrease (P< 0.05) in those values was
observed for the samples treated with lyophilisation (trt-0)
(0.131 ± 0.002 for aw and 2.93 ± 0.06% for humidity). The significant
decrease in levels of aw and humidity in meat during lyophilisation
might inhibit microorganisms' growth in meat. Likewise, the
reduction of aw and humidity values were similar to those found by
Babi�c et al. (2009) in freeze-dried chicken meat with the same
lyophilisation conditions.

For the samples with combined treatment (ozone and lyophi-
lisation), aw values were significantly affected by both factors
concentration of ozone and its time of exposure. Those values
increased significantly (P< 0.05) when ozone concentration and
exposure time increased. The water activity (aw) of the combined
samples ranged between 0.162 ± 0.005 and 0.268 ± 0.009. It is
important to note that all samples had aw values lower than 0.6.
This value is considered as the limit of growth for microorganisms
in food (Leistner, 1992), as all bacterial species fail to grow at aw of
less than 0.6 (Barreiro & Sandoval, 2006). Nevertheless, the mois-
ture content increased when contact time of ozone increased, but it
was found not to be significantly influenced by ozone concentra-
tion. Thus, samples from treatment trt-0.4/120 were noted to have
a higher (P< 0.05) moisture content than samples from treatments
trt-0.4/60 and trt-0.6/30. No significant differences were observed
in samples that were ozonated for 10 and 30 min.

On other hand, the mean rehydration percentage for the freeze-
dried samples (trt-0) was 72.88 ± 1.28%. These results were similar
to those reported by Babi�c et al. (2009) who found the highest
rehydration percentages of 74.45 ± 8.95% in freeze-dried Broiler
chicken meat.

In the case of combined treated samples, the contact time of
ozone had a significant effect on the percentage of rehydration
(P< 0.05), and no significant effect was observed for ozone con-
centration. Our study suggests that the use of longer exposure time
of ozone above 30 min caused significant decrease (P< 0.05) of the
percentages of rehydration of the samples for both treatments (trt-
0.4/60 and trt-0.4/120). These percentages were around 50%, such
products not having economic interest, as half of the product is not
suitable to be eaten after rehydration. On the contrary, 30 min
ozonation or less did not affect the percentages of rehydration.

Likewise, the maximum force was measured to indicate the
force required to compress themeat. Themaximum force valuewas
approximately 30.42 ± 1.41 N for fresh chicken meat, whereas a
significant increase in the force value was observed in the freeze-
dried meat (trt-0) 40.05 ± 0.93 N. Similar results were reported
by Babi�c et al. (2009), who observed an increase in maximum force
values for freeze-dried chicken meat when compared with those of
fresh meat. The high values of maximum force (N) reported for
freeze-dried meats are probably explained by the application of
slow freezing. Ciurzy�nska and Lenart (2011) justified the change of
texture and the final morphological characteristics of freeze-dried
products by the growth of the ice crystals formed during slow-
freezing process.

In the case of treated samples with ozone and lyophilisation, no
significant differences (P> 0.05) were found among maximum
force values at different concentration levels of ozone. However, the
maximum force values were significantly (P< 0.05) increased by
exposure time, when samples were exposed for a longer time
(>30 min) in the treated samples (trt-0.4/60 and trt-0.4/120)
compared with the control ones (trt-0). Nevertheless, there were
no significant differences between the control (trt-0) and the rest of
treated samples. A negative correlation (r ¼ �0.865; P< 0.01) be-
tween maximum forces and percentage of rehydration was
observed, which indicates that when rehydration percentage
decreased, maximum force values increased. These results suggest
that the increase in maximum forces values of the samples (trt-0.4/
60 and trt-0.4/120) may be caused by the lower percentages of
rehydration of those samples. Based on these results, the significant
decrease in percentages of rehydration and the increase in
maximum force values after 60 and 120 min exposure to O3 imply
that ozonation time should be limited to less than 30 min.

Related to changes in colour, lightness (L*), redness (a*) and
yellowness (b*) values are presented in Table 3. The mean L*, a* and
b* values of the fresh meat were 43.92 ± 1.85, 2.11 ± 0.09,
6.32 ± 0.21, respectively. Lyophilisation caused a significant



Table 3
Colour parameters (L*, a* and b*) of different treatments in chicken meat fillets.

Treatments L* a* b*

Controls

Fresh meat 43.92 ± 1.85 2.11 ± 0.09 6.32 ± 0.21
trt-0 62.45 ± 0.16x 2.47 ± 0.06x 13.91 ± 0.05x

Combined treatments: freeze-drying and ozonization (trt-[O3] in ppm/time
of exposure in minutes)

trt-0.4/30 63.36 ± 1.09Aax 2.24 ± 0.08Bay 14.47 ± 0.43Aax

trt-0.4/60 63.50 ± 0.74Ax 2.03 ± 0.03Ay 15.24 ± 0.18By

trt-0.4/120 62.91 ± 0.15Ax 2.43 ± 0.01Cx 13.99 ± 0.17Ax

trt-0.6/10 66.51 ± 0.21Aay 2.55 ± 0.09Aax 13.97 ± 0.23Aax

trt-0.6/30 66.69 ± 0.55Aby 2.56 ± 0.07Abx 14.62 ± 0.37Aay

Trt-0.72/10 68.18 ± 0.22Bby 2.79 ± 0.06Bby 15.36 ± 0.39Bby

trt-0.72/30 66.38 ± 0.41Aby 2.34 ± 0.07Aax 14.41 ± 0.19Aax

Data are expressed as means ± standard deviation (n ¼ 10).
Trt-0 (freeze-dried meat, no treated with ozone).
A,B,CDifferent capital letters in the same column indicate that means are significantly
different (P< 0.05) between samples treated with different exposure time of ozone.
a,b,cDifferent lowercase letters in the same column indicate that means are signifi-
cantly different (P< 0.05) between samples treated with different ozone concen-
trations.
x,yDifferent letters in the same column indicate that means are significantly different
(P< 0.05) between combined samples and freeze-dried samples.

Table 4
Microbiological changes (log cfu/g) of treated and untreated chicken meat fillets
during eight months of storage.

Month 0 Month 2 Month 4 Month 6 Month 8

Treatments (A) Total aerobic mesophilic bacteria counts (log cfu/g)
FM 4.57 ± 0.05 6.26 ± 0.00 6.78 ± 0.28 7.19 ± 0.25 7.88 ± 0.05
trt-0 4.63 ± 0.06 3.03 ± 0.06 3.45 ± 0.05 1.98 ± 0.03 4.26 ± 0.03
trt-0.4/30 4.69 ± 0.00 3.64 ± 0.06 3.72 ± 0.12 1.35 ± 0.05 3.65 ± 0.05
trt-0.4/60 4.69 ± 0.00 3.10 ± 0.09 3.39 ± 0.09 1.00 ± 0.00 1.81 ± 0.04
trt-0.4/120 4.18 ± 0.11 3.45 ± 0.07 3.40 ± 0.02 1.15 ± 0.05 1.00 ± 0.00
trt-0.6/10 4.63 ± 0.06 3.25 ± 0.05 2.15 ± 0.10 1.89 ± 0.01 3.65 ± 0.04
trt-0.6/30 4.56 ± 0.10 2.96 ± 0.13 3.06 ± 0.20 2.03 ± 0.03 3.71 ± 0.14
trt-0.72/10 4.46 ± 0.03 2.90 ± 0.09 2.96 ± 0.10 2.02 ± 0.04 3.04 ± 0.09
trt-0.72/30 4.09 ± 0.10 2.35 ± 0.02 2.76 ± 0.04 2.44 ± 0.03 2.61 ± 0.00

(B) Lactic acid bacteria counts (log cfu/g)
FM 3.80 ± 0.14 5.77 ± 0.10 5.38 ± 0.00 5.20 ± 0.24 5.30 ± 0.25
trt-0 4.00 ± 0.12 2.41 ± 0.38 <1 <1 <1
trt-0.4/30 4.54 ± 0.21 2.78 ± 0.05 1.49 ± 0.09 <1 <1
trt-0.4/60 4.54 ± 0.21 2.71 ± 0.02 1.25 ± 0.07 <1 <1
trt-0.4/120 4.49 ± 0.09 2.86 ± 0.03 2.04 ± 0.06 <1 <1
trt-0.6/10 4.31 ± 0.12 2.51 ± 0.05 <1 <1 <1
trt-0.6/30 4.34 ± 0.12 <1 <1 <1 <1
trt-0.72/10 3.82 ± 0.08 2.62 ± 0.09 1.16 ± 0.09 <1 <1
trt-0.72/30 4.26 ± 0.12 <1 <1 <1 <1

(C) E. coli counts (log cfu/g)
FM 1.75 ± 0.07 2.44 ± 0.06 2.11 ± 0.00 2.09 ± 0.07 1.00 ± 0.00
trt-0 <1 <1 <1 <1 <1
trt-0.4/30 <1 <1 <1 <1 <1
trt-0.4/60 <1 <1 <1 <1 <1
trt-0.4/120 <1 <1 <1 <1 <1
trt-0.6/10 <1 <1 <1 <1 <1
trt-0.6/30 <1 <1 <1 <1 <1
trt-0.72/10 <1 <1 <1 <1 <1
trt-0.72/30 <1 <1 <1 <1 <1

Data are expressed as means ± standard deviation (n ¼ 2).
FM: frozen meat; Trt-0 (freeze-dried meat, no treated with ozone); Combined
treatment: freeze-drying and ozonization (trt-[O3] in ppm/time of exposure in
minutes).
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increase (P< 0.05) in L* (62.45 ± 0.16), a* (2.47 ± 0.06) and b*
(13.91 ± 0.05) values. In previous studies, an increase in L*, a* and
b*values of freeze-dried meat was observed when compared to raw
meat (Babi�c et al., 2009; Bengtsson & Bengtsson, 1968). The com-
bination of ozonewith lyophilisation caused slighter increase in the
L* and b* values in most treated samples compared with the non-
ozonated control samples (trt-0). Our findings are not in agree-
ment with those of Clavijo (2005), who reported a decrease in L*
values in ozonated partially-dehydrated chicken meat. Muhlisin
et al. (2015) also observed that exposure to gaseous ozone during
3-day storage did not affect L* and b* values of chicken breast meat.
3.2. . Shelf-life and sensory quality

3.2.1. . Microbiological analyses
Changes in microbial populations (TAMB, LAB, and E. coli) for

frozen chicken meat (FM), freeze-dried (trt-0) and combined
treated meat are shown in Table 4 throughout eight months of
storage. The initial load of the TAMB of the frozen chicken fillets
(FM) was about 4.57 log cfu/g in the first month of storage. These
counts began to increase in those samples from the 2nd month of
storage and exceeded the estimated microbial limit of acceptability
(7 log cfu/g) for poultry meat (EC Regulation No. 2073/2005
amended by EC regulation 1086/2011) at the end of storage (7.88
log cfu/g). Whereas, freeze-dried (trt-0) and combined treated
samples did not reach this value during the 8 months of storage
period (TAMB counts were always less than 5 log units), a signifi-
cant decrease (P< 0.05) of mesophilic bacteria counts was observed
during storage time for freeze-dried samples (trt-0) from the sec-
ond month of storage onwards. The highest reduction in the TAMB
counts in those samples was observed in the 6th month of storage,
as the initial level of the counts dropped from 4.63 log cfu/g (month
0) to 1.98 log cfu/g on month 6. The combination of ozone and
lyophilisation significantly reduced the total aerobic mesophilic
bacteria compared with those treated only with lyophilisation (trt-
0). This fact may be attributed to the antimicrobial effects of ozone
to destroy wide bacterial populations in food (Guzel-Seydim,
Greene, & Seydim, 2004). A previous research work carried out
by Wu and Doan (2005) showed that ozone (23.09 mg/L) applied
for 8 min inactivated 99% of the aerobic bacteria loads on red meat.
Muhlisin et al. (2015) reported a reduction about 1.01 log cfu/g and
1.07 log cfu/g in total aerobic and anaerobic bacterial counts,
respectively for ozone-treated chicken breast compared to the non-
treated samples. Nevertheless, the aerobic mesophilic counts
decreased significantly with increase of ozone concentration and
exposure time. High ozone concentration of 0.6 ppm or more had a
considerable effect to increase the bacterial kill. It is noteworthy
that mesophilic counts were significantly lower (P< 0.05) in almost
all months (0, 2, 4 and 8) with samples treated at 0.6 and 0.72 ppm
ozone for 30 min (trt-0,6/30 and trt-0,72/30) compared with
samples treated at 0.4 ppm for 30 min (trt-0,4/30).

Moreover, a slight decreasing trend in mesophilic counts was
observed when the time of ozonation increased. The number of
total aerobic mesophilic bacteria in the treatments trt-0.4/60 and
trt-0.4/120 was significantly lower (P< 0.05) than in samples
treated during 30 min (trt-0.4/30). There were no significant dif-
ferences between the mesophilic counts of the samples treated
with 10 and 30 min. Similar findings were reported by Stivarius
et al. (2002), who indicated that the application of 1% ozonated
water at 7.2 �C for 15 min diminished all bacterial types compared
with those treated for 7 min. At the end of storage, the mesophilic
counts were significantly reduced until 6.8 log cfu/g and 3.26 log
cfu/g in the ozone treated samples with respect to the control ones,
i.e. frozen meat and freeze-dried meat (trt-0), respectively.

However, the LAB counts in freeze-dried and combined treated
samples were significantly (P < 0.05) higher at the beginning of
storage (month 0) than those for the untreated control samples
(FM). From the 2nd month of storage, the LAB counts were signif-
icantly reduced and reached values less than 1 log cfu/g for com-
bined treated samples (trt-0.6/30 and trt-0.72/30). These results
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showa strong antimicrobial effect of ozone, as also Kim, Yousef, and
Khadre (2003) recently noted. The same authors suggested that
gaseous and aqueous ozone, at a low dose and with short contact
time is effective against numerous bacteria. Furthermore, ozone
concentration seemed to be more effective for the inhibition of LAB
in meat samples than contact time. Samples treated with 0.6 and
0.72 ppm of ozone for 30 min had lower LAB counts than those
treated with 0.4 ppm ozone for 30 min. More than 4.77-log
reduction of LAB counts was observed from the second month of
storage in combined treated samples (trt-0.6/30 and trt-0.72/30)
when compared with untreated meat samples (FM) and 1.41-log
reduction respect to non-ozonated meat (trt-0). In agreement with
the present findings, a previous research work performed in our
laboratory also showed a positive effect of ozone when applied
with partial dehydration, as the growth of LAB was retarded in
Broiler chicken meat (Clavijo, 2005). Nevertheless, no significant
differences (P> 0.05) were found between samples treated with 0.6
and 0.72 ppmO3 along themonths of storage.With respect to E. coli
counts, more than 0.75 log units of E. coli were killed at time zero
(month 0) in treated samples. Nevertheless, the microbial counts
Fig. 1. aed. Changes in the visual attributes for appearance (a), percentage surface discolor
treated with different time and concentration of ozone vs control (freeze-dried meat with
deviation (n ¼ 18). (4 ¼ limit of acceptability).
for both untreated and treated samples with ozone did not exceed
the Spanish legal limits (EC Regulation No. 2073/2005 amended by
EC regulation 1086/2011). Finally, Salmonella was not detected in
any of the chicken samples.
3.3. Sensory analyses

The results of the visual attributes for appearance, percentage
surface discoloration, chicken odour and overall impression cor-
responding to the different treated samples during storage are
shown in Fig. 1aed. Frozen chicken meat was significantly scored
(P< 0.05) highly for appearance (Fig. 1a) and percentage surface
discoloration (Fig. 1b) compared to other treated samples. The limit
of acceptability for appearance was reached after 4 months for the
freeze-dried meat (the score obtained was lower than 4), which
means the end of its shelf-life. In contrast, all samples treated with
ozone remained acceptable for the panellists until the end of the
storage (month 8). Concerning the percentage of discoloration,
panellists gave similar scores for all treated samples. Statistical
analyses did not show significant differences (P> 0.05) between
ation (b), chicken odour (c) and overall acceptability (d) of chicken freeze-dried meat
no ozone) (trt-0) and fresh meat (FM) during 8 months. Error bars represent standard
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frozen meat and all treated samples from the 6th month of storage
and reached average percentages of 40e59%. In previous studies,
Stivarius et al. (2002) used the same scale and reported lower
percentages of discoloration between 20 and 39% in beef trimmings
treated with ozone, compared to the results of our study.

Related to chicken odour (Fig. 1c), frozen meat had the highest
score (P< 0.05) of chicken odour in most of the months. At the end
of storage, (months 6e8), samples treated with ozone concentra-
tion higher than 0.4 ppm had lower odour alteration and kept an
acceptable chicken odour after 8 months of storage. On the con-
trary, the limit of acceptability of odour was reached from the 4th
month for the non-ozonated freeze-dried and 0.4 ppm-ozonated
samples. Regarding the odour characteristics (results not shown),
samples treated with lyophilisation (trt-0) and also with ozone
maintained a score of 7 during the whole storage period. However,
in the case of frozen samples, a slight perceptible odour was
detected from the sixth month of storage, maybe caused by their
higher microbial load (i.e. total aerobic mesophilic bacteria). These
results are in agreement with those of Manousaridis et al. (2005)
who reported better scores for odour attributes of ozone-treated
shucked mussels (O3/90 min) when compared with the control
ones. Similarly, Stivarius et al. (2002) found that the use of ozone in
ground beef production process can be effective for reducing mi-
crobial pathogens with minimal effects on odour characteristics.

Likewise, based on the overall acceptability (Fig. 1d), a signifi-
cant decrease (P< 0.05) in average scores was observed during
storage for all treated samples. The combined use of ozone and
lyophilisation resulted in better acceptability of samples during all
Fig. 2. eeg. Changes in the texture profile attributes for hardness (e), juiciness (f) and chew
ozone vs control (freeze-dried meat with no ozone) (trt-0) and fresh meat (FM) during 8 m
months. However, the frozen (FM), the freeze-dried (trt-0) and the
combined treated samples at 0.4 ppm (trt-0.4/30 and trt-0.4/60)
were not considered acceptable for panellists at the end of the
storage period.

The results of the texture profile attributes (hardness, juiciness
and chewiness) evaluation of the different treated samples are
presented in Fig. 2eeg. During the storage period, the hardness and
chewiness scores of all samples decreased gradually. The samples
treated with 60 and 120 min of ozone (trt-0.4/60 and trt-0.4/120)
were considered unacceptable from the 2nd month of storage
(scored below 4), while samples of treatment trt-0.6/10 were above
the limit of acceptability throughout the whole storage period. Our
results suggest that the combination of ozone and lyophilisation
was fairly successful in maintaining acceptable scores of hardness
and chewiness up to 8 months of storage. The freeze-dried samples
(tr-0) scored under the limit before month 6 of storage.

Relating to the juiciness attribute, frozen meat samples (FM)
registered higher scores than the other treated samples throughout
the months of storage, which indicated a moderately juicy meat
(scores between 6.5 and 5.5) in the case of frozen samples. Also,
samples of treatment trt-0.6/10 were acceptable throughout the
whole storage period. On the contrary, the worst-scored samples
were those treated with 0.4 ppm O3. Moreover, the scores for
juiciness decreased significantly (P< 0.05) over the storage period
in all treated samples. Lawrie (1998) suggests that the lyophilisa-
tion process determines some loss of juiciness in freeze-dried meat
products. Furthermore, Casp and Abril (1999) reported that freeze-
dried products stored in unfavourable conditions, are susceptible to
iness (g) of chicken freeze-dried meat treated with different time and concentration of
onths. Error bars represent standard deviation (n ¼ 18), (4 ¼ limit of acceptability).



M.J. Cantalejo et al. / LWT - Food Science and Technology 68 (2016) 400e407 407
all physical and chemical changes, as well as product oxidation
which causes undesirable organoleptic characteristics. Therefore, a
suitable packaging would be necessary for retaining the majority of
their physical, chemical and sensorial proprieties of dried meats.

4. Conclusions

The combination of ozone (0.6 ppm for 10 min) and lyophili-
sation would be useful in enhancing the microbial properties of
meat, in achieving a sensory acceptable product, as well as, in
extending the shelf-life of raw chicken breast meat up to 8 months.
On the contrary, the samples treated with lyophilisation alone had
a shelf-life of only 4 months. Likewise, the 0.4 ppm exposure to
ozone had a negative effect on increasing both the hardness and
chewiness of chicken meat. Further research work would be
needed to determine the optimum conditions of modified atmo-
sphere packaging (MAP) for maximizing the shelf-life extension of
ozonated freeze-dried chicken meat.
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The quality of fish is primarily dependent on its handling, processing, storage, exposure to contaminants
and on climatic variability. Fishes nurtured at fresh and contaminated water exhibit marked differences in
quality. Among different contaminants, pesticide is reported as a predominant non-specificmenace to fish
health and quality. Detection and identification of pesticide residues in fish is a challenging task and re-
quires costly sophisticated instruments. This paper proposes an image processing based non-destructive
technique for identifying quality differences between pesticide treated and untreated (control) fish. To
evaluate the quality variability, rohu (Labeorohita) fishes were treated with mild dose of cypermethrin for
seven days and bio-accumulation status was recorded through GCeMS at post-harvested condition fol-
lowed by imaging at two days interval. Gill tissue was selected as focal tissue for image processing which
was segmented and different features were extracted in wavelet domain using Haar filter. Features were
selected up to the third level of decomposition inwavelet domain and analysed for discriminatory features.
The discriminatory variations in the different features of images were related to the difference between
pesticide treated and untreated fish using strategic image processing techniques. Supervised classification
was performed on the extracted features using support vector machine (SVM) classifier. The experimental
results indicate that the proposed method is efficient for identification of pesticide treated and untreated
fish from the features of the images. The accuracy of identification is high and the computation time is
faster enough to make this method efficient as a real time application.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction Among different aquatic pollutants, Pesticides pose amajor menace
Aquaculture has a tradition of about 4000 years and is recorded
as the fastest growing food segment along with field crops and
livestock sector (FAO corporate Document Repository) (Troell et al.,
2014). A number of aquaculture practices are used world-wide in
three types of environment (freshwater, brackish water, and ma-
rine) for a great variety of culture organisms where fish is consid-
ered as a prime cultivable commodity and source of quality fat, easy
digestible animal protein and minerals. At par with its productivity
enhancement, deterioration in fish quality has raised overall
concern in recent past (Fatima et al., 2014). This is happening due to
contaminated-aquatic system, higher pathogenic infestation and
changes in water quality as a consequence of climate change.
(M.K. Dutta), biplab_puru@
and creep into aquatic bodies (Sarkar, Chatterjee, Adhikari, &
Ayyappan, 2005) as a natural outflow from agriculture field, efflu-
ents from pesticide manufacturing industries or mosquito control
programmes which remain the utmost challenge (Adhikari, Sarkar,
Chatterjee, Mahapatra, & Ayyappan, 2004) for fish quality.

Residual presence of pesticides has been reported in different
fish varieties from aquatic sources (Akhtar et al., 2014). These
pesticides alter normal physiology and health status of fish and
cumulatively change the overall quality and its marketability.
Multiple reports of compromised quality are surfaced from the
post-harvested fishes as surveyed at markets and distribution
channels (Hossain, Rahman, Hassan, & Nowsad, 2013). Determi-
nation of pesticide impact on fish quality is highly required and for
that assessment, detection of pesticide residue in fish is necessary.
But this is a cumbersome process, as it necessitates sophisticated
and costly instruments like LC-MS and GCeMS which are often
non-accessible to common fish loving community and other
important stakeholders. Most studies on the effects of pesticides
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exposure are confined to reporting biochemical and physiological
changes in fish and very little attention has been paid to compare
the real effects like variations in quality (Fırat et al., 2011 Sep).

Among different group of pesticides, cypermethrin is a synthetic
pyrethroid and widely used to eradicate multiple crop pests and is
applied infishponds tocontrolArgulus sp (Singh, Singh,&Yadav, 2010).

Gill is the red coloured respiratory tissue of fish. Usually fish gill
colour, its odour pattern, or eye colour is used to resolve the
freshness issue of a sample (Macagnano et al., 2005). Among that,
gill colour pattern is popular and practiced as a quality indicator by
fishermen and customers. Rohu (Labeorohita) is one of the most
popular, commercially successful Indian major carps (Das et al.,
2005). Hence, selecting rohu gill to evaluate pesticide infected
changes in fish quality was considered as an accep model.

Image analysis is a non-hazardous, non-destructive tool for
evaluating photographic data and its color and texture variations and
imaging tool scan be an important method to validate the quality of
fish (Menesatti, Costa, & Aguzzi, 2010). Some research has already
been conducted in food processing sectors using these image pro-
cessing. FengWang et al. (Wang et al., 2013) deciphered a regression
based technique one fish eye for detecting its freshness. Fairuz
Muhamadet al. (Muhamad,Hashim, Jarmin, Ahmad, 2009) described
a fuzzy logic based technique to classify fish freshness. Dubey et al.
(Dubey et al., 2013) expressed his opinion on sum and difference
histogram texture based features for detection of defects in fruits.

Themain contributionof this paper is anefficient imageprocessing
based method to predict the quality and presence of pesticide in the
fish from the wavelet domain features of the segmented tissue of the
gills. Image captured at regular time intervals has been studied and
discriminatory features have been strategically extracted for classifi-
cation betweenpesticide treated and untreatedfish. A comprehensive
statistical and image processing techniques has been applied to
explore these feature variations in segmented gill pattern to develop
viable tool for predicting the presence of pesticide residue in fish.

Another contribution of the paper lies in the accurate segmentation
of the gill tissues from the fish image. The features of this segmented
tissues is used for classification between pesticide treated and un-
treatedfish by using SVM (Support VectorMachine) classifier. Features
of the gills have most prominent discriminatory variation in image
coefficients which provides an accurate and efficient framework for
classification. The proposed method achieves 95% to 100% sensitivity
when the SVM is applied with polynomial kernel with order 1 and 2.
The proposed method for classification is precise, simple and compu-
tationally efficient making it suitable for real time application.

The highlight of this work is that a strategic relationship is
established for discriminatory image coefficients with the quality
and classification of the fish that can act as indicative parameter for
presence of pesticides as a viable image processing non-destructive
diagnostic tool for quality check and control.

The remaining paper is divided into 3 sections: Section 2 de-
scribes the materials and methods used for the experiment. It gives
a brief description of the treatment process of the fish. Section 3
explains the K-Means Clustering algorithm which is used for the
automatic segmentation of the gills and discusses the identification
process by using analysis of features in wavelet domain and clas-
sification using SVM and also consist experimental results and
Section 4 reveals comprehensive discussion of the different pa-
rameters used in the study and a comparative noble outcome that
will be deciphered in conclusion.

2. Material and methods

2.1. Experimental design

The live Labeorohita (Rohu) were sampled from National
Institute of Abiotic Stress Management (NIASM), Baramati, Pune,
Maharashtra fish farm. The collected fishes were acclimatized in
aquarium (100 L volume) for 7 days prior to the experiment. The
average weight and length of the fishes were 90.40 ± 1.20 g and
21.60 ± 0.50 cm respectively. The pond water were free from any
pathogenic infestation and toxic residues as were measured
through routine microbiology and toxicity detection protocols,
prior to the initiation of the experiments. The fishes were treated
with one experimental (1 ppb) dose of cypermethrin and control, in
triplicate for seven days and after that, fishes from treatment as
well as control were killed in chilled water to avoid rigor mortise.
Fishes were thereafter preserved in thermocol boxes with a fish to
ice ratio of 1:2. Images of fish gill were captured using a digital
camera (NIKON D90) on the first day and then at two days interval
period, till sixth day. At the end of the experiments, gill, skin and
tail were dissected out from cypermethrin treated and untreated
fish for analysis of its residues and preserved at �20OC.

2.2. Sample extraction for cypermethrin residue analysis

Already developed and validated method was used for sample
extraction (Chatterjee et al., 2015). Solvent volume andweight of salts
were changed as per currentlyavailable samples amount fromoriginal
methodof 5 g sample. Fordifferent bodyparts of thefishviz., gills (2 g),
skin (1.5 g) and tail (1 g), variable amounts of sample were taken. In
brief, the sample preparation involved extraction with 10 mL of
acidified acetonitrile (1% acetic acid) inpresence of 2mL of hexane, 6 g
of magnesium sulphate (MgSO4) and 1.5 g of sodium acetate. A 2 mL
portionof the acetonitrile (middle layer) extractwas kept at�20 �C for
20 min (to freeze out the fat contents from the extract) and cleaned
with 100 mg of CaCl2 and 150 mg of MgSO4. The supernatant was
again cleaned by dispersive solid phase extractionwith a combination
of 50mgPSA (primary secondaryamine)þ 50mgflorisilþ and150mg
C18. The supernatantwasfiltered through a PTFEmembrane filter and
analyzed by GCeMS/MS (Chatterjee et al., 2016).

2.3. Instrumental detail

A gas chromatograph (GC) attached to a triple quadrupole mass
spectrometer (GC: 7890A, MS: 7000B, Agilent Technologies, Palo
Alto, USA) was used. The system is controlled using Mass Hunter
software (version B.05.00.412). The analytical separation was per-
formed using a DB-5MS (30 m � 0.25 mm, 0.25 mm) capillary col-
umn (Agilent Technologies). The carrier gas (Helium) flow was set
at a constant rate of 1 mL/min. The oven temperature programwas
set at initial temperature of 100 �C (1 min hold), ramped to
200 �C at 50 �C/minute (0 min hold), then at 10 �C/min up to 310 �C
(3min hold) resulting in a total run time of 17min. The transfer line
temperature was maintained at 285 �C.

Themulti-mode inlets (MMI)were operated in the split lessmode
and 2 mL of sample was injected into a gooseneck liner
(78.5mm� 6.5mm, 4mm). Split lessprogramwas set from the initial
temperature of 80 �C (0.1 min hold), raised to 325 �C at 450 �C/min
(5 min hold) followed by 10 �C/min up to 250 �C (0 min hold). The
purgeflow to split ventwasmaintained at 30mL/min, at a pressure of
7.414 psi at 2 min after injection. The mass spectrometer was oper-
ated in MS/MS mode with acquisition starting at 4.4 min. Multiple
reaction monitoring parameters for cypermethrin was 162.9 > 90.8
(Collision energy ¼ 5) applied as the quantifier and 162.9 > 127.0
(CE ¼ 15) as qualifier ions. Electron impact ionization (EIþ) was
achieved at 70 eV and the ion source temperature was set at 280 �C.

2.4. Image acquisition of fish samples for image processing

Samples were illuminated using four fluorescent lamps (length
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of 2 feet) of white light and four CFL of 25 W. The four lamps and
four CFL were arranged as a square 35 cm above the sample and at
an angle of 45� with the sample plane to give a uniform light in-
tensity over the fish sample. A digital camera was located vertically
at a distance of 56 cm from the sample. The angle between the
camera lens axis and the lighting sources was around 45�. Sample
illuminators and camera were inside a box whose internal walls
were painted white to avoid the light and reflection from the room.
The camera used for the image acquisition is Nikon D7000 which
has a resolution for 4928 � 3264 with auto illumination and the
sensor specification is �23.6 � 15.6 mm, CMOS sensor.

2.5. Proposed method

The proposed image processing based method is applied for
identification of pesticide treated and untreated fish using features
from wavelet transform domain. This method involves feature
extraction from segmented images of gill tissues which are the re-
gion of interest (ROI) as gill have the maximum variation in image
parameters for discrimination. The wavelet coefficients from this
ROI are used as discriminatory features for predicting the quality of
the fish and for presence of any pesticide in fish tissue. The red
channel image of the segmented ROI is used for feature extraction
because it contains more information for discrimination. Statistical
features are extracted from thewavelet coefficient of the segmented
image for identification between untreated and treated fish.

Fig. 1 shows the different steps of proposed method to differ-
entiate between untreated and treated fishes. To extract different
discriminatory features, a particular region of fish is selected as the
region of interest (ROI). From RGB image, red channel of ROI is
selected because the red channel component consist more infor-
mation content for image processing of the gill tissues. Wavelet
domain features are extracted from the segmented ROI and and
then these features are analysed for classification as untreated fish
or treated fish. The different process involved in the method are
described in the follwing subsections.

2.5.1. Choice of region of interest (ROI)
On the basis of appearance, the conventional parameters which

can be considered to differentiate between pesticides treated and
untreated fish are scales, skin, eyes, gill-cover and gills. The gills of
the fresh fish are humid, shiny and pink or red color as compared to
the dry, opaque or greyish colour in a stale fish.

Out of all the abovementionedparameters, the appearanceof gills
has been used as a parameter under consideration for identification
in this paper as the visually perceptible changes of the gill tissues
seems to be a good choice for image processing based classification.

2.5.2. Choice of wavelet domain coefficients for image analysis
The texture features of image in spatial domain may not be

effective enough for analysis of the segmented gill tissues for image
classification as these are limited to pixel intensity values and there
is no information about hidden frequency content. Wavelet trans-
form domain coefficients have better discriminatory features for
establishing the freshness levels of the fish as these coefficients
captures both the spatial and frequency information of an image.
Based on these discriminatory properties of the wavelet co-
efficients, this domain was used for feature extraction from the
segmented gills in this work.

2.5.3. ROI segmentation
In this paper, the area of the gill is considered as ROI because it

contains the maximum information content for identification of
controlled and treated samples of fish. Color image of fish samples
is used as an input image for ROI segmentation.
To segment the gills area (ROI), RGB image is converted into Lab
color space model. In Lab model, the three co-ordinates represents
lightness of the color (L), position between red and green (a) and its
position between yellow and blue (b). The Lab model is a three
dimensional model. The steps of the proposed method of ROI
segmentation are given in Algorithm 1 which is add as supple-
mentary material.

Fig. A2 and Fig. A3 shows the results involved in segmenting the
ROI from the fish sample. The figures show the transformed Lab
color space image of the input RGB fish sample. Also, the individual
clusters formed are also shown. The final image Fig. A2 (e) and
Fig. A3 (e) shows the red channel of the ROI segmented from the
fish samples. It is clear from the figure that the segmented ROI is
accurate and can be used for feature extraction.

2.5.4. Feature extraction from red channel
The color of the gill being of reddish brown color has maximum

information stored in the red channel. To extract the different
features in frequency domain, the image is converted from spatial
domain to wavelet domain then the wavelet domain trans-
formation converts the image into coefficients. These coefficients
are used for the feature extraction.

The Discrete Wavelet Transform (DWT) gives information about
the spatial and frequency information of an image. This trans-
formation gives independent approximation coefficients and
detailed coefficients. In the proposed work, a third level wavelet
decomposition is done on the segmented red channel of the ROI for
feature extraction.

Fig. A4 shows the frequency representation of a wavelet trans-
form. It clearly shows how the frequencies present in an image are
divided into two categories: lowand high by using the lowand high
pass filters. The lower frequencies are further divided in the next
decomposition level. This process is done until the required infor-
mation is extracted from the image.

In Fig. A5, L and H are coefficients of low and high pass filter
respectively, detail coefficients are wavelet coefficient. indicate
the down sampling by a factor of two. In DWT the low pass ap-
proximations, obtained at each level, are further decomposed until
necessary iterations are reached.

In the proposed method “Haar” wavelet is used to decompose
the image into coefficients at all the three levels. Fig. A6 shows the
sub band images of a fish image sample till third level decompo-
sition. DWT analysis decomposes the image into approximations
and detail information. The approximations are obtained by using a
low pass filter and the detail information by high pass filter. DWT
gives information about the frequencies present in the image. The
decomposition occurs in such a way that the lower frequencies are
further divided in the further decomposition level. The different
statistical features such as Mean, standard deviation and variance
are determined from the third level coefficients.

2.5.5. Feature selection and classification
Features extracted from the segmented image (ROI) are analyzed

for discriminatory properties and identification between controlled
and treated samples of fish using classification technique. Three
different statistical features mean, standard deviation and variance
of the third levelwavelet decomposedROI is used to classify between
controlled samples of fish and treated samples of fish.

Mean is defined as average of intensity of pixels in an image.
Standard deviation of image is the measure of how spread out in-
tensity values of pixels and variance is defined as the average of the
squared deviations from the mean.

These statistical features are calculated from the wavelet co-
efficients of the third level decomposed segmented red channel
image I of size M � N using following equations:
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Mean ðsÞ ¼
P

i
P

jIði; jÞ
M � N

(i)

Variance ¼ fIði; jÞ � sg2
M � N

(ii)

Standard Deviation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fIði; jÞ � sg2

M � N

s
(iii)

To identify between Untreated and treated fish samples there is
a need to categorize patterns into classes so that patterns belonging
to different classes are well separated. In this method of identifi-
cation two different classes are considered as:

Untreated Class: fish samples in fresh water (Untreated)
Treated Class: fish samples in pesticide water (treated)

To identify between untreated and pesticide treated fish sam-
ples, there is a need to develop an efficient classifier which can
accurately determine the class of sample image. In this study, su-
pervised classification technique is used to improve the accuracy of
classifier. In supervised classification technique, initially classifier is
trained with the training data set and later accuracy of classifier is
trailed using testing set. Training set includes labelled data set
which can train the classifier to decide the classes of testing sam-
ples accurately. On the basis of the experiments performed, it was
analysed that support vector machine (SVM) classifier provides
highest accuracy to classify this data set.
3. Experimental results and discussion

In this method, total 4 fish samples are used as data for the
classifier. These 4 samples are analysed for 6 days and taken three
replication of each sample- 6 days � 4 fish � 3 replication ¼ 72
samples. For all these 72 samples, wavelet coefficients are
computed from the segmented ROI. Then for all these sub band
images, statistical features such as mean, standard deviation and
variance are calculated. It was observed that sub band images of
third level decomposition in horizontal direction showed a
discriminatory behaviour between controlled and treated samples.

Pesticide residue analysis through GCeMS/MS exhibited a zero
accumulation status for controlled fish, whereas tissue accumula-
tion (Tail- 30.42 ng/g; Gill- 40.23 ng/g; Skin- 64.41 ng/g) was
recorded in the cypermethrin treated fish.

Table A1 shows the variation of mean, standard deviation and
variance of a third levelwavelet coefficient in horizontal direction for
some fish samples. The entire framework is divided into 3 ranges:

Range 1: Range of Treated samples
Range 2: Range of Untreated samples
Range 3: Range of threshold

Range 1: Max. Tm (maximum mean of treated sample) to Min.
Tm (minimum mean of treated sample).

Range 2: Max. Um (maximum mean of untreated sample) to
Min. Um (minimum mean of untreated sample).

Range 3: Range of threshold (Max. Tm to Min. Um) which is
further divided by a reference level, where reference level (Rf) is the
median of range of threshold.

Steps for determination of presence of pesticides in the fish are
shown in Algorithm 2 which is added as supplementary material.

Fig. A7 and Fig. A8 show the variation of the statistical mean of
different samples in terms of sampling days. There is difference
between minimum value of mean for treated samples and
maximum value of mean for untreated samples. The above graphs
represent that there is a gap of difference between mean of
controlled and treated samples of fish for which a range can be
earmarked and accordingly a threshold may be decided.

With the light of discriminatory results obtained in the statistical
parameter of the DWT domain of the segmented ROI, a supervised
classifier is used for classification of controlled and treated fishes.
SVM classifier is used in this proposed work. In this work experi-
mentshavebeencarried out in a data baseof 72 sample images offish
samples. Out of these images 36 images are from untreated fish
samples and remaining 36 images are from treated fish samples in
which pesticides are present. Out of 72 images 48 images are used to
train the classifier and remaining 24 images are used to test the ac-
curacy of classifier. Initially training images are categorized into two
classes namedasuntreated samples& treated samples and thenSVM
classifier is trained for further classification. Performance of classifier
is studied for wavelet domain features. In this case SVM classifier is
trained using non-linear kernel “Polynomial of order 1 and 2”.

After the classifier is trained then to test the accuracy of clas-
sifier testing is done using test data which is different from the
training data. Test images are used as inputs and trained classifier
classifies the input image. Fig. A9 and Fig. A10 shows the plot of
classification for untreated fish samples and treated fish samples. It
is clearly visible in the plot that the classifications of the testing
samples are done accurately.

Table A1 shows the number of sample used to train SVMclassifier
and number of samples used for testing purpose. 24 samples are
fromuntreatedfish class and 24 sampleswere from treatedfish class
are used for training purpose. To test the accuracy of SVM classifier,
12 samples of untreated fish and 12 samples of treated are used. The
test data was different from training data. Table A2 represents that
accuracyof classification is 95%e100% forwavelet domain features to
identify the presence of pesticides from fish sample images.

3.1. Cross validation using LOOCV

Cross-validation makes good use of the available data as each
pattern used is used both as training and test data. Cross-validation
is therefore especially useful where the amount of available data is
insufficient to form the usual training, validation and test partitions
required for split-sample training, each of which adequately rep-
resents the true distribution of patterns. The most extreme form of
cross-validation, where k is equal to the number of training patterns
is known as leave-one-out cross-validation, and has been widely
studied due to its mathematical simplicity (Efron & Tibshirani,
1997). In this proposed method total dataset is of 72 images are
used for leave one out cross validation (LOOCV) as shown in
Table A3. In this validation method one image is for testing and
others remaining images are used as training data at one time then
this process is repeated for whole data. If total images are n then (n-
1) images are used for training and one image for testing.

Table A4 presents the computational time for the various steps
involved in the proposed method. The average time for ROI seg-
mentation is around 2.5 s and the feature extraction in wavelet
domain is around 0.3 s. This table indicates that the proposed
method is also efficient and may suit real time applications.

3.2. Final remarks on experimental results

1. Cypermethrin residue analysis in fish tissue depicts a ppb (ng/g)
level accumulation status in gill as well as skin and tail, whereas
no accumulation is observed in the untreated fish. This finding
narrates the fact that cypermethrin is present in gill tissue and
considering the identical conditions maintained at control and
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experimental sets, cypermethrin is responsible as well as trig-
gers the subtle colour change recorded in the photography of
the gill tissue.

2. Trends of variation observed in gills are happened due to
cypermethrin exposure and these trends will be true for other
pesticides also with minor modifications depending on variety
in pesticide types.

3. The wavelet transformation based coefficients of the segmented
ROI using Haar filter gives discriminatory coefficients for clas-
sification between control and pesticide treated fish.

4. The reference levels defined for each range helps the algorithm
to classify an input sample for a given range.

5. The statistical feature extracted from segmented image of gills
in wavelet domain exhibits distinct discriminatory variation for
pesticide that makes it an efficient option for identification of
pesticidal presence in fish.

6. The experimental results have been accurately classified with
the samples of fish images by using SVM classifier at 95e100%
accuracy.

4. Conclusion

Pesticide is a major cause of water pollution and its non-target
effects in fish is a major threat to sustainable aquaculture. Assess-
ment of pesticide induced impacts in fish can be performed
through histological, haematological, enzymology as well as gene
Fig. A2. Automatic Segmentation of Fish Gill of untreated sample (a) Input RGB Image (b) Lab
1 (e) Cluster 2 (f) Cluster 3 (g) Red Channel of segmented ROI.
expression profiling, where image processing can be a novel addi-
tion. The image processing technique is easy, cheap and can assess
big sample size in quick time.

The proposed method is a non-destructive image processing
based method for automatic differentiation between untreated and
pesticide treated fish. The perceptible changes in the automatically
segmented gill tissues have been strategically used in wavelet
domain as discriminatory features. Classification between untreated
and treated fish samples have been performed by using SVM clas-
sifier through a Kernel Function (Polynomial Kernel with order- 1
and 2) at an accuracy of 95%e100%. The entire processing steps are
computationally efficient and accurate. This non-destructive image
processing technique can be used for testing of pesticide residue in
fish sample and can be functioned as guidelines for human con-
sumption. Computerized ‘bar coding’ system can be developed to
evaluate pesticides influencedgill colour variations infish. This novel
pesticide assessment and monitoring tool would help to promote
sustainable aquaculture and to provide a pesticide-free quality fish
for human consumption. The future research can be designed for
testing of pesticides presences at different fish species with the
application of this proposed image processing based framework.

Appendix A
Color Space Transformed Image (c) Clusters formed by Clustering algorithm (d) Cluster



Fig. A3. Automatic Segmentation of Fish Gill of treated sample (a) Input RGB Image (b) Lab Color Space Transformed Image (c) Clusters formed by Clustering algorithm (d) Cluster 1
(e) Cluster 2 (f) Cluster 3 (g) Red Channel of segmented ROI.

Fig. A4. Frequency Domain Representation of the DWT.

Fig. A5. Wavelet decomposition for two-dimensional images.
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Fig. A6. Discrete Wavelet Transform Decomposition.
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Fig. A9. SVM classification for testing samples (untreated) with polynomial of order 2
Kernel using wavelet domain features (0 for untreated fish class and 1 for treated fish
class).
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Fig. A10. SVM classification for testing samples (treated) with polynomial of order 2
Kernel using wavelet domain features (0 for untreated fish class and 1 for treated fish
class).
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Table A1
Statistical features of third level decomposition in wavelet domain for i) Untreated fish sample ii) Treated fish sample.

Feature Mean Standard d eviation Variance Feature Mean Standard d eviation Variance

Days Days

Fish sample 1 (untreated) Fish sample 2 (treated)
Day 1 76.3906 110.3927 12186.54 Day 1 81.6175 112.2955 12610.27
Day 2 63.0195 103.2433 10659.17 Day 2 76.1898 109.7364 12042.08
Day 3 60.9485 101.9772 10399.34 Day 3 67.0587 105.1364 11053.67
Day 4 61.3462 102.2269 10450.34 Day 4 62.4334 102.4465 10495.29
Day 5 59.0188 100.9086 10182.55 Day 5 59.9954 100.8016 10160.96
Day 6 58.5311 99.79202 10061.62 Day 6 59.4086 97.31254 9662.605
Fish Sample 3 (Untreated) Fish Sample 4 (Treated)
Day 1 55.868 105.1243 11051.11 Day 1 90.0078 117.4757 11866.98
Day 2 52.6218 95.92735 9202.056 Day 2 89.87832 116.3614 13539.99
Day 3 49.3104 93.136 8674.314 Day 3 75.51657 110.8343 12284.25
Day 4 48.3951 92.58325 8571.657 Day 4 71.69858 108.9277 11865.25
Day 5 47.1097 91.5819 8387.244 Day 5 68.47158 107.2089 11493.75
Day 6 46.3502 91.0579 8291.542 Day 6 68.40233 107.1346 11477.82

Table A2
Accuracy of classification using SVM Classifier.

Subject No. of samples used for training No. of samples used for testing No. of correctly classified samples Sensitivity (%) Specificity (%) Accuracy (%)

Setting Parameter (kernel function) for SVM classifier: Polynomial kernel with order 1
Untreated 24 12 12 91.66 100 95.83
Treated 24 12 11
Setting Parameter (Kernel Function) for SVM Classifier: Polynomial Kernel with order 2
Untreated 24 12 12 100 100 100
Treated 24 12 12

Table A3
Result of LOOCV.

No. of samples No of Accurately classified
testing samples

Sensitivity (%) Specificity (%) Accuracy (%)

Untreated Treated Untreated Treated

LOOCV result for SVM classifier: Polynomial kernel with order 1
36 36 35 33 91.66 97.22 94.44
LOOCV result for SVM classifier: Polynomial kernel with order 2
36 36 35 34 94.44 97.22 95.83

Table A4
Computation time for the image processing steps involved in the proposed method.

Samples Computation time for ROI segmentation (in sec) Computation time to extract wavelet coefficient (in sec)

Sample 1 2.45873 0.580401
Sample 2 2.12070 0.334672
Sample 3 2.47900 0.267901
Sample 4 2.32101 0.251739
Sample 5 2.08040 0.288660
Sample 6 2.85918 0.279286
Sample 7 2.75402 0.242215
Sample 8 2.98364 0.240521
Sample 9 2.24802 0.243880
Sample 10 2.49564 0.310674
Sample 11 2.19514 0.240926
Sample 12 2.63485 0.241521
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Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2015.11.059.
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a b s t r a c t

The feasibility of winemaking waste (WW) as source of active phenolic compounds against Campylo-
bacter was evaluated using a mixture of ethanol-water (50% v/v) as extraction solvent. The winemaking
waste extract (WWE) was active against all the strains tested, and most of them were inhibited at WWE
concentrations between 40 and 100 mg GAE/L. However, different lactic acid bacteria (LAB) strains were
practically unaffected by WWE, suggesting a selective antibacterial effect of WWE against Campylobacter.
The fractioning and phenolic characterization of WWE using HPLC-MS showed that catechins and
proanthocyanidins were the main compounds involved in the antibacterial effect. Among them, the
structural verification using pure phenolic standards showed that epicatechin gallate and resveratrol
were the most active compounds against Campylobacter. We conclude that the study of the main
mechanisms involved in the antibacterial activity against Campylobacter of epicatechin gallate, resver-
atrol, and other related compounds presenting gallate side-chain, can contribute for future design of
useful antibacterials against this pathogen.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Grapes used for the wine industry constitute around eighty
percent of the worldwide grape production, being Spain the main
producer (Fontana, Antoniolli, & Bottini, 2013). The largest fraction
of winery waste is the winemaking waste (WW), consisting of the
skins, seeds, and stems left after juice or wine is pressed. Red wine,
fermented on the skins and then pressed, is themain source ofWW.
It is a complex mixture of polysaccharides, fermentation by-
products, dietary fiber, and polyphenols amongst others (Yu &
Ahmedna, 2013). Grapes are particularly rich in bioactive poly-
phenols, especially flavonoids, stilbenes, and phenolic acids. How-
ever, even though some polyphenols are extracted into wine, the
majority remains in the WW, due to the poor extraction during the
winemaking process (Friedman, 2014). In this regard, it is estimated
that in Europe alone, 14.5 million tons of grape by-products are
produced annually (Chouchouli et al., 2013). The large amount of
waste produced after winemaking, in addition to being a great loss
of valuable materials, also raises serious management problems,
both from the economic and environmental point of view (Mateo&
inez-Rodriguez).
Maicas, 2015). For this reason, winery by-products arising from
industry generates the need to find alternative ways for their uti-
lization. The main industrial applications for WW include its use as
source of various products such as ethanol, alcoholic beverages,
tartaric and citric acid, fertilizer and dietary fiber (Teixeira et al.,
2014). However, some properties of WW are incompatible with
agricultural requirements and therefore WW must be conditioned
before use. For example, the high level of polyphenols in WW
generate some concerning when it is used as animal feed, due to its
low digestibility (Baumg€artel, Kluth, Epperlein, & Rodehutscord,
2007) or as fertilizer, causing inhibition in the germination of
crops (Negro, Tommasi, & Miceli, 2003). However, this disadvan-
tage may be turned to an advantage when WW is used as a source
of polyphenols enriched extracts, thus combining corporate prof-
itability with a significant advance in environmental protection
around the winemaking zones (Anastasiadi, Chorianopoulos,
Nychas, & Haroutounian, 2009). There is extensive information
available on the biological activities and potential health benefits of
WW phenolic compounds (Friedman, 2014; Teixeira et al., 2014).
Among their properties, the antibacterial character has gained in-
terest in the last years due to their promising use as an alternative
to traditional antibiotic and disinfectants (Friedman, 2014; Taylor,
2013). Between the foodborne bacterial pathogens affecting
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Table 1
Source of Campylobacter and lactic acid bacteria (LAB) strains obtained from clinical,
veterinary, chicken food chain and collection libraries.

Bacteria Strain Origin Source

C. jejuni 118 Clinical Hospital Carlos III, Madrid
CIII Clinical Hospital Carlos III, Madrid
LP1 Clinical Hospital La Paz, Madrid
CN1 Veterinary CIALa

11168 Collection NCTCb

11351 Collection NCTC
CIAL1 Chicken food chain CIAL
CIAL2 Chicken food chain CIAL

C. coli LP2 Clinical Hospital La Paz, Madrid
CIAL3 Chicken food chain CIAL
CIAL4 Chicken food chain CIAL
CIAL5 Clinical CIAL

L. casei Ha Food CIAL
CIAL1 Food CIAL
CIAL2 Food CIAL

L. plantarum 748 Reference CECTc

749 Reference CECT
L. salivarius IFa Food CIAL
L. paracasei LC01(Hansen) Food CIAL
L. rhamnosus 53103 Reference ATCCd

E. faecium BIFI58 Food CIAL
P. damnosus 20331 Reference DSMZe

a Collection from Institute of Food Science Research (CIAL).
b Bacterial cultures obtained from the National Collection of Types Cultures

(NCTC), UK.
c Bacterial cultures obtained from the Colecci�on Espa~nola de Cultivos Tipo (CECT),

Spain.
d Bacterial cultures obtained from the American Type Culture Collection (ATCC),

USA.
e Bacterial cultures obtained from the German Collection of Microorganisms and

Cell Cultures (DSMZ), Germany.
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humans, campylobacters are the leading cause of bacterial diar-
rheal disease worldwide (Ganan, Silvan, Carrascosa & Martinez-
Rodriguez, 2012). In the European Union, campylobacteriosis was
the most commonly reported zoonosis, with 214,268 confirmed
human cases in 2012 (EFSA Journal, 2014).

In the last years, the rise in the incidence of infections caused by
antibiotic-resistant strains of Campylobacter makes this illness
increasingly difficult to treat (Zhang & Plummer, 2008), and the
same applies to the emergence of Campylobacter strains resistant to
industrial disinfectants (Mavri, Kurin�ci�c, & Mo�zina, 2012). Accord-
ingly, the tendency for searching natural and sustainable strategies
to reduce the incidence of Campylobacter is rising (Ganan, Silv�an,
Carrascosa, & Martínez-Rodríguez, 2012). Some wine and grape
phenolic compounds have previously proved to be effective against
some Campylobacter strains (Ganan, Martinez-Rodriguez & Carra-
scosa, 2009; Silv�an et al., 2013). For this reason, themain purpose of
the present work was to evaluate the feasibility of WW as a source
of active phenolic compounds against Campylobacter, also assessing
its impact on probiotic lactic acid bacteria (LAB) and establishing a
relation between phenolic structure and antibacterial function.

2. Materials and methods

2.1. Extract preparation

The winemaking waste extract (WWE) was obtained from a
WW of Tempranillo variety, following the procedure described by
Pallauf, Rivas-Gonzalo, del Castillo, Cano & de Pascual-Teresa
(2008) with some modifications. Briefly, WW was homogenized
using an Ultra-Turrax T25 (IKA-Werke GmbH & Co., Staufen, Ger-
many) for 5 min to obtain 100 g of homogenate. 100 mL of ethanol-
water (50% v/v) was added to the homogenate and mixed for
15 min. Afterwards, it was centrifuged for 10 min at 4500� g and
the supernatant was collected. The extraction process was repeated
twice more. The extracts were combined, filtered through a Büch-
ner funnell and concentrated at 30 �C using a rotary evaporator
(BÜCHI Labortechnik GmbH, Essen, Germany). The extract obtained
was made up to 100 mL of MilliQ® water. The aqueous extract was
stored at �20 �C.

2.2. Bacterial strains, growth media and culture conditions

The microorganisms used in this study included 12 different
strains of Campylobacter (8 of Campylobacter jejuni and 4 of
Campylobacter coli) and 10 strains of LAB (3 Lactobacillus casei, 2
Lactobacillus plantarum, and 1 Lactobacillus salivarius, Lactobacillus
paracasei, Lactobacillus rhamnosus, Enterococcus faecium, and Ped-
iococcus damnosus). Strain specification and origin of the specimen
is provided in Table 1.

All strains were stored at �80 �C. Liquid growth medium for
Campylobacter strains consisted of Brucella Broth (BB) (Becton,
Dickinson, & Company, New Jersey, USA). The agar plating medium
consisted of Müeller-Hinton agar supplemented with 5% defibrin-
ated sheep blood (MHB) (Becton, Dickinson, & Company). The
frozen strains were reactivated by inoculation in MHB and incu-
bation under microaerophilic conditions (85% N2, 10% CO2, 5% O2)
using a Variable Atmosphere Incubator (VAIN) (MACS-VA500) (Don
Whitley Scientific, Shipley, UK) at 42 �C for 48 h. Isolated colonies
were inoculated into 50 mL of BB and incubated under stirring at
130 rpm on an orbital shaker (Elmi Ltd., Riga, Latvia) at 42 �C for
24 h in microaerophilic conditions in the VAIN. These bacterial
inocula cultures (~1 � 108 colony forming units (CFU/mL) were
used for the antibacterial activity assays.

For LAB, the liquid growth medium consisted of MRS broth
(Laboratorios Conda, Madrid, Spain), supplemented with 10% agar
for the plating medium. Cultures of LAB were prepared as follows:
the frozen strain were reactivated by plating in MRS agar and
incubated at 37 �C in a 5% CO2 humidified atmosphere (Inco 2,
Memmert, Schwabach, Germany) for 48 h. Isolated colonies were
then inoculated in MRS broth and incubated at 37 �C at 130 rpm in
an Infors HT Multitron humidified shaker (Infors HT, Bottmingen,
Switzerland) for 24 h. These bacterial inocula cultures
(~1 � 108 CFU/mL) were used for the assays.
2.3. Evaluation of the antibacterial activity of WWE

The antibacterial activity of WWE against Campylobacter and
LAB strains was determined as follows: 1 mL of WWE was trans-
ferred into different flasks containing 4mL of BB (for Campylobacter
assays) or MRS (for LAB assays). Bacterial inocula (50 mL with
~1 � 108 CFU/mL) were then inoculated into the flasks under
aseptic conditions. All cultures were prepared in triplicate and
incubated microaerobically at 42 �C for 24 h (130 rpm) in the VAIN
(for Campylobacter) or at 37 �C for 24 h (130 rpm) in the Infors
incubator (for LAB). Positive growth controls were prepared using
0.9% saline solutions instead WWE. Minimal inhibitory concentra-
tion (MIC) was defined as the lowest amount of extract that pro-
vokes a significant quantitative decrease (p < 0.05) in the viability
respect to the control growth after 24 h of treatment. Minimal
bactericidal concentration (MBC) was defined as the lowest
bactericidal concentration (detection limit 30 CFU per plate) of
extract after 24 h of treatment. After incubation, serial decimal
dilutions of mixtures were prepared in 0.9% saline solution and
plated (20 mL) onto fresh MHB agar and incubated microaerobically
at 42 �C in the VAIN. The CFU was assessed after 48 h of incubation.
Results were expressed as log CFU/mL.
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2.4. Characterization of the phenolic composition of WWE

The total phenolic content (TPC) in WWE was determined in
accordance with the Folin-Ciocalteu micromethod as previously
described by Silv�an et al. (2013). Results were expressed as milli-
gram of gallic acid equivalents per liter of extract (mg GAE/L). In-
dividual phenolic compounds were determined by HPLC analyses
and mass spectrometry detection (MS). All HPLC analyses were
carried out on a Hewlett Packard Agilent 1200 Series liquid chro-
matography system equipped with a quaternary pump and a
photodiode array detector (DAD) (Agilent Technologies, Waldrom,
Germany). The column used was a Phenomenex Luna C18 column
(4.6 � 150 mm, 5 mm) (Phenomenex, California, USA) which was
set thermostatically at 25 �C. Chromatographic data were acquired
and processed using an Agilent Chemstation for LC 3D system (Rev.
B.04.01) (Agilent Technologies). The HPLC method conditions were
as described by Silv�an et al. (2013). Briefly, the binary mobile phase
used for analyses were aqueous 4.5% formic acid (A) and HPLC-
grade acetonitrile (B) at a flow rate of 0.5 mL/min. The elution
was starting with 10% B, the gradient was 20% B from 0 to 20 min,
25% B from 20 to 30 min, and 35% B from 30 to 50 min. Detection
wavelengths were 280, 320, 440 and 520 nm and samples were
analyzed in triplicate. Peaks were identified by comparing their
retention time and UVevis spectra with the reference compounds,
and the data were quantified using the corresponding curves of the
reference compounds as standards. In order to confirm the identity
of the recorded compounds, additional analyses were performed by
using HPLC-MS. For MS analysis an Agilent 1100 series liquid
chromatograph/mass-selective detector equipped with a quadru-
pole (G1946D) mass spectrometer (Agilent Technologies) was used,
employing the same conditions described above for separation and
elution. Electrospray ionization in the positive mode was used. The
electrospray capillary voltage was set to 2500 V, with a nebulizing
gas flow rate of 12 L/min and a drying gas temperature of 150 �C.

2.5. Fractioning of WWE

The main phenolic compounds present in the WWE were frac-
tioned by semi-preparative reverse-phase high-performance liquid
chromatography (RP-HPLC) as previously reported Silv�an et al.
(2013). The fractions (F1, F2, F3 and F4) were collected automati-
cally with a fraction collector model II (Waters Corp., Milford,
Massachusetts, USA). The chromatographic run was repeated 20
times to obtain adequate sample volume to be used for the further
analyses. The collected fractions were rotary evaporated at 35 �C to
reduce the volume. After that, the concentrates obtained for each
fraction were completed to the total volume injected (5.5 mL) with
distilled water. Samples were filter sterilized (0.22 mm, Sarstedt,
Nümbrecht, Germany), and stored at�20 �C until use. The collected
fractions were used to determine the antibacterial activity against
C. jejuni 11168. Phenolic composition of collected fractions was
determined following the HPLC analyses and MS detection
described above.

2.6. Verification of antibacterial response using pure standards

The main phenolic compounds identified in F2 (active fraction)
were tested against C. jejuni 11168 viability as pure compounds. The
assayed compounds (quercetin 3-glucoside, syringic acid, gallic
acid, catechin, epicatechin, epicatechin-gallate, delphinidin-3-
glucoside, t-resveratrol and t-piceid) were purchased from Extra-
synthese (Lyon, France). Antibacterial resistance was determined
using the broth microdilution method. This was carried out in BB
and prepared in triplicate with an inocula of ~1� 106 CFU/mL using
96 well-microtitre plates (Sarstedt). Serial dilutions of each
phenolic standard (5e1000 mg/L) were prepared. The wells
without the addition of the phenolic standards were used as
experimental controls. After 48 h of incubation in the VAIN at 42 �C,
the CFU was assessed as described above. Antibacterial activity was
carried out in triplicate.

2.7. Statistical analysis

The results were reported as means ± standard deviation (SD).
The data was analyzed by analysis of variance (ANOVA) with a post
hoc Duncan test (p < 0.05). All statistical tests were performed with
IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk,
NY, USA).

3. Results and discussion

3.1. Antibacterial activity of the WWE against Campylobacter

The results of the antibacterial activity of WWE against
Campylobacter strains are presented in Table 2. In a similar way as
observed in previous works carried out using grape extracts or
grape seed extracts (Mingo, Carrascosa, de Pascual-Teresa, &
Martinez-Rodriguez, 2014; Silv�an et al., 2013), WWE was active
against all the strains studied. The grade of efficiency of the extract
was relatedwith the strain analyzed, being theMIC between 40 and
160 mg GAE/L and the MBC between 100 and 320 mg GAE/L. Most
of the studied strains were inhibited at WWE concentrations be-
tween 40 and 100mg GAE/L. These results demonstrate the efficacy
of WWE as inhibitor of Campylobacter growth, in spite of the
modifications in the phenolic fraction during winemaking
(Friedman, 2014).

In practical terms, the antibacterial activity of a phenolic extract
is very interesting in the case that it is observed at concentrations
below 100 mg/L (Ríos & Recio, 2005), because is not apparently
very difficult to get this concentration in most of the extraction
procedures to prepare natural extracts. In this work, the solvent
used for the extract preparation was a mixture of ethanol-water
(50% v/v). Several researchers have described that the presence of
water in the extraction solvent used for grape by-products
extraction increases the permeability of cell tissues, improving
the recovery of water soluble compounds (Fontana et al., 2013).
Although higher yields have been obtained using methanol as
unique solvent (Fontana et al., 2013; Mingo et al., 2014) these re-
sults indicate that the use of an economic and environmentally-
friendly solvent as ethanol can be enough to obtain an active
WWE against Campylobacter. This is consequent with the fact that
Campylobacter have proved to be more sensitive than others mi-
croorganisms to several phenolic compounds (Friedman, 2014).

3.2. Effect of WWE on probiotic lactic acid bacteria (LAB)

Different LAB species are integrated as part of human gut
microbiota, positively contributing to the health and wellbeing. In
the present work, we have evaluated the WWE effect on 10
potentially probiotic LAB strains. In Table 3 it is shown that the
inhibitory effect of WWE on LAB strains was significantly lower
than the observed for Campylobacter strains. The highest concen-
tration of the WWE used for Campylobacter studies (320 mg GAE/L,
bactericidal for all the Campylobacter strains), only inhibited 1.5 log
of LAB growth respect to experimental controls, while two strains
(L. casei Ha and L. casei CIAL2) were not affected by WWE. This
behavior suggests that WWE could have a selective effect on
Campylobacter growth. Previously, other researchers have observed
that LAB can be more resistant than other bacteria to phenolic
compounds. For example, Lee, Jenner, Lowa, and Lee (2006) found



Table 2
Antibacterial activity of WWE against Campylobacter strains.

Strains WWE concentration (mg GAE/L)

0 40 100 160 240 320

C. jejuni LP1 8.3a± 0.1 8.3a± 0.0 2.2b ± 0.1 >1.5*c >1.5*c >1.5*c

C. jejuni CIII 8.1a± 0.1 8.1a± 0.2 6.2b ± 0.1 >1.5*c >1.5*c >1.5*c

C. jejuni CN1 8.4a± 0.1 8.8a± 0.0 4.5b ± 0.3 >1.5*c >1.5*c >1.5*c

C. jejuni 118 8.6a± 0.1 5.0b ± 0.2 >1.5*c >1.5*c >1.5*c >1.5c

C. jejuni 11168 8.6a± 0.3 8.8a± 0.2 8.7a± 0.1 6.0b ± 0.1 4.3c± 0.3 >1.5*d

C. jejuni 11351 8.1a± 0.1 8.4a± 0.5 7.1b ± 0.1 3.5c± 0.3 >1.5*d >1.5*d

C. jejuni CIAL1 8.3a± 0.1 7.7b ± 0.3 6.9c± 0.1 2.2d ± 0.3 >1.5*e >1.5*e

C. jejuni CIAL2 9.0a± 0.2 8.8a± 0.2 7.1b ± 0.2 4.1c± 0.1 1.8d ± 0.2 >1.5*e

C. coli LP2 8.5a± 0.1 8.4a± 0.1 6.1b ± 0.2 3.1c± 0.1 >1.5*d >1.5*d

C. coli CIAL3 9.0a± 0.1 8.6b ± 0.2 7.2c± 0.2 6.1d ± 0.2 2.2e± 0.2 >1.5*f

C. coli CIAL4 8.1a± 0.2 8.1a± 0.2 7.1b ± 0.2 5.0c± 0.2 2.9d ± 0.2 >1.5*e

C. coli CIAL5 9.0a± 0.1 8.9a± 0.1 7.9b ± 0.2 5.2c± 0.3 2.7d ± 0.1 >1.5*e

Results are the mean ± standard deviation of three determinations. Values in the same rowmarked with the same superscript letter indicate absence of significant differences
(p < 0.05).
*Calculated log of detection limit (30 CFU per plate).

Table 3
Antibacterial activity of WWE against lactic acid bacteria (LAB) strains.

Strains Concentration WWE (mg GAE/L)

0 40 100 160 240 320

E. faecium BIFI58 8.2a± 0.1 8.2a± 0.3 8.3a± 0.1 8.2a± 0.1 8.3a± 0.1 7.9b ± 0.1
L. casei CIAL1 8.2a± 0.2 8.3a± 0.2 8.4a± 0.2 8.4a± 0.3 8.0b ± 0.2 8.0b ± 0.1
L. casei CIAL2 7.7a± 0.2 7.8a± 0.2 7.7a± 0.2 7.8a± 0.2 7.6a± 0.3 7.5a± 0.2
L. casei Ha 7.4a± 0.1 7.4a± 0.4 7.6a± 0.2 7.7a± 0.3 7.5a± 0.1 7.4a± 0.2
L. paracasei LC01 7.5a± 0.1 7.5a± 0.1 7.3a± 0.2 7.4a± 0.1 6.5b ± 0.2 6.0c± 0.1
L. plantarum 748 8.8a± 0.1 8.7a± 0.2 8.7a± 0.3 8.4b ± 0.2 8.3b ± 0.2 8.0c± 0.1
L. plantarum 749 9.2a± 0.1 9.1a± 0.2 9.3a± 0.2 9.1a± 0.2 9.2a± 0.1 8.5b ± 0.2
L. rhamnosus 53103 9.0a± 0.1 9.2a± 0.1 8.9a± 0.1 8.9a± 0.2 8.6b ± 0.2 8.4b ± 0.2
L. salivarius IFa 8.2b ± 0.1 8.3b ± 0.1 8.4b ± 0.2 8.6a± 0.1 8.6a± 0.1 8.7a± 0.1
P. damnosus 20331 8.2a± 0.2 8.0b ± 0.3 7.8b ± 0.2 7.3c± 0.2 7.1c± 0.2 7.1c± 0.3

Results are the mean ± standard deviation of three determinations. Values in the same rowmarked with the same superscript letter indicate absence of significant differences
by Duncan test (p < 0.05).
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that strains of probiotic LAB and bifidobacteriawere less affected by
tea polyphenols than other bacterial groups. In the same way,
HerveteHern�andez, Pintado, Rotger & Go~ni (2009) observed that
the polyphenols present in an extract of grape pomace did not
inhibit the growth of Lactobacillus acidophilus CECT 903, having a
stimulatory effect on the growth of this strain. In the present work,
we have observed a similar behavior for L. salivarius IFa strain. For
this strain, the growth increased proportionally with increasing
concentration of WWE (Table 3). Although there are significant
differences between the LAB strains, the global behavior indicates
that LAB growth was relatively unaffected by WWE.

3.3. Phenolic characterization of WWE

In Table 4 it is shown the composition in individual phenolic
compounds of the WWE. Flavanols (catechins and proanthocyani-
dins) were the major components, accounting for around the 75.4%
of the phenolic compounds in the extract. They were followed by
flavonols (32.4%). Anthocyanins, phenolic acids and stilbenes were
inminor proportion. Despite the effects of the fermentation and the
mildest process used for phenolic extraction, the distributions in
families of individual phenolic compounds were similar to those
obtained from the GSE (Silv�an et al., 2013) or grapes (Mingo et al.,
2014). Also, in the WWE, t-resveratrol and t-piceid were found
and quantified. The recovery of these compounds may be improved
when using by-products of fermentation due to the influence of
variables such as yeast strain, maceration time, use of enzymes,
aging, etc., during winemaking (Feij�oo, Moreno & Falque, 2008).
Within the catechins and proanthocyanidins, the most abundant
compound was epicatechin (156.7 mg/L), followed by proantho-
cyanidin B2 (110.2 mg/L). Among the flavonols, the most abundant
were quercetin-3-glucoside (94.4 mg/L) and quercetin-3-
rhamnoside (89.4 mg/L). Malvidin-3-glucoside was the major
anthocyanin, while the phenolic acids gallic and syringic acid were
identified and quantified in similar proportions. These phenolic
compounds have also been identified in others WWE (Jara-Palacios
et al., 2015; Melo et al., 2015; Yu & Ahmedna, 2013). The concen-
tration of these compounds tends to vary, among others, due to
variables such as grape variety and extraction process. Further,
WWE was fractioned by RP-HPLC obtaining four fractions. The
phenolic composition of these fractions is showed in Table 5.
Fraction 1 (F1) included only gallic acid and proanthocyanidin B1,
while fraction 2 (F2) was mainly formed by catechins and proan-
thocyanidins. In fraction 3 (F3) eluted the flavonols, anthocyanins,
and t-resveratrol, while no phenolic compounds were found in
fraction 4 (F4). The analysis of the antibacterial activity of each
fraction against the most resistant strain tested (C. jejuni 11168)
showed that the inhibitory effect observed in the whole WWE is
concentrated in the compounds eluting in F2 (Fig. 1). This result
links the catechins and proanthocyanidins with the antibacterial
effect of WWE. In addition to being the major phenolic compounds
constituting the extract, there are several reports describing the
antibacterial effect of catechins and proanthocyanidins against
different bacteria (Nakayama et al., 2013; Reygaert, 2014). More-
over, we have previously observed some antibacterial effect of pure
epicatechin on C. jejuni (Ganan et al., 2009; Mingo et al., 2014). The
fractioning of a commercial grape seed extract active against
Campylobacter also suggested that some catechins were involved in



Table 4
Individual phenolic composition of WWE (mg/L of extract).

Phenolic compound mg/L

Flavonols
Myricetin-3-glucoside 47.6 ± 0.4
Quercetin-3-rutinoside 24.0 ± 0.3
Quercetin-3-glucoside 94.4 ± 0.7
Quercetin-3-rhamnoside 89.4 ± 0.5
Quercetin-3-glucuronide 70.3 ± 0.6
Kaempferol-3-rutinoside 10.1 ± 0.1
Kaempferol-3-glucoside 28.0 ± 0.5
Quercetin 37.9 ± 1.1
Kampferol 15.2 ± 2.1

Phenolic acids
Syringic acid 20.4 ± 0.4
Gallic acid 26.0 ± 1.3

Flavanols
Catechin (CAT) 88.0 ± 6.6
Epicatechin (EC) 156.7 ± 12.2
B1 (EC-CAT) 83.3 ± 4.3
B2 (ECeEC) 110.2 ± 9.0
Procyanidin trimer 96.1 ± 10.4
Epicatechin gallate (ECG) 25.9 ± 1.5
Procyanidin dimmer gallate 18.1 ± 0.2

Anthocyanins
Delphinidin-3-glucoside 23.1 ± 0.3
Peonidin-3-glucoside 71.3 ± 0.6
Malvidin-3-glucoside 125.7 ± 0.8
Malvidin-3-glucoside-acetate 1.8 ± 0.1

Stilbenes
t-Resveratrol 7.2 ± 0.0
t-Piceid 27.9 ± 0.7

TPCa 2060.2 ± 104.3

Results are the mean ± standard deviation of three determinations.
a Total phenolic content is expressed as milligram of gallic acid equivalents

per liter (mg GAE/L extract).

Table 5
Phenolic composition of the WEE collected fractions (mg/L of extract) obtained by
RP-HPLC.

Compound F1 F2 F3 F4

Flavonols
Myricetin-3-glucoside 6.2 ± 0.1
Quercetin-3-rutinoside n.d. n.d. 18.4 ± 0.0 n.d.
Quercetin-3-glucoside n.d. n.d. 63.4 ± 0.2 n.d.
Quercetin-3-rhamnoside n.d. n.d. 7.0 ± 0.0 n.d.
Quercetin-3-glucuronide n.d. 21.6 ± 0.0 38.1 ± 0.1 n.d.
Kaempferol-3-rutinoside n.d. n.d. 5.4 ± 0.1 n.d.
Kaempferol-3-glucoside n.d. n.d. 16.0 ± 0.2 n.d.
Quercetin (302) n.d. n.d. 15.1 ± 0.1 n.d.
Kampferol n.d. n.d. 5.3 ± 0.2 n.d.

Phenolic acids
Syringic acid n.d. 12.7 ± 0.5 n.d. n.d.
Gallic acid 23.9 ± 1.6 0.7 ± 0.0 n.d. n.d.

Flavanols
Catechin (CAT) n.d. 9.8 ± 0.5 n.d. n.d.
Epicatechin (EC) n.d. 23.5 ± 0.8 n.d. n.d.
B1 (EC-CAT) 34.2 ± 3.9 17.5 ± 0.5 n.d. n.d.
B2 (ECeEC) n.d. 41.1 ± 0.2 n.d. n.d.
Procyanidin trimer n.d. 16.2 ± 0.5 n.d. n.d.
Epicatechin gallate (ECG) n.d. 11.2 ± 0.4 n.d. n.d.
Procyanidin dimmer gallate n.d. 13.6 ± 0.1 n.d. n.d.

Anthocyanins
Delfinidin-3-glucoside n.d. 12.7 ± 0.6 n.d. n.d.
Peonidin-3-glucoside n.d. 0.7 ± 0.0 36.9 ± 0.5 n.d.
Malvidin-3-glucoside n.d. 1.1 ± 0.1 85.6 ± 0.3 n.d.
Malvidin-3-glucoside-acetate n.d. n.d. 0.3 ± 0.0 n.d.

Stilbenes
t-Resveratrol n.d. 1.0 ± 0.0 3.9 ± 0.0 n.d.
t-Piceid n.d. 1.8 ± 0.0 17.3 ± 0.2 n.d.

Results are the mean ± standard deviation of three determinations.
n.d. ¼ non detected.
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the antibacterial effect of the whole extract (Silv�an et al., 2013),
however it was difficult to associate the effect to a specific com-
pound or family of compounds, because three of the four obtained
fractions had antibacterial activity against Campylobacter. Now,
having only an active fraction (F2), we checked the individual
response of each identified compound against C. jejuni using pure
phenolic standards.
3.4. Verification of antibacterial effect using pure phenolic
standards

The antibacterial activity of the selected phenolic standard
against C. jejuni is shown in Table 6. All the pure phenolic com-
pounds assayed were identified in the WWE and in the active
fraction F2. The results showed that epicatechin gallate (ECG) was
the most active compound, with a MIC of 10 mg/L and a MBC of
20 mg/L. In both cases, these values are lower than the concen-
tration of this compound in WWE (25.9 mg/L; Table 4), suggesting
its outstanding role in the antibacterial activity. ECG is one of the
main catechins in grapes and green tea, and it has shown anti-
bacterial activity against both gram-negative and gram positive
bacteria, also acting synergistically with other phenolic compounds
and antibiotics (Reygaert, 2014). This fact could be relevant taking
in account that this compound is part of an extract enriched in
phenolic compounds. The gallate side chain of this compound has
been associated with its antibacterial activity (Friedman et al.,
2006) and the main mechanisms of action described results from
the compound binding to the bacterial lipid bilayer cell membrane,
causing damage or dysfunction of the membrane (Cushnie & Lamb,
2011; Reygaert, 2014). Specifically in Campylobacter, the close
related compound epigallocatechin gallate (EGCG) modifies
Campylobacter multidrug efflux systems, restoring macrolide effi-
cacy in resistant strains (Kurin�ci�c, Klan�cnik&Mo�zina, 2012). Also as
part of a grape seed extract, epicatechin gallate was in the most
active fraction of phenolic compounds against Campylobacter
(Silv�an et al., 2013). Epicatechin, with a very low activity (MIC
1000 mg/L) and catechin (without antibacterial activity) were the
other catechins analyzed. No pure standard was available for the
dimer EC-ECG, but its similar structure, carrying a gallate side
chain, suggest that it can be also involved in the observed behavior.

Another compound with a high antibacterial activity against
C. jejuniwas t-resveratrol, with aMIC of 20mg/L andMBC of 50mg/
L. However, its concentration in the extract was much lower
(7.2 mg/L), which is consistent with the fact that the fraction with
higher content in t-resveratrol (F3) did not show antibacterial ac-
tivity against Campylobacter. Nevertheless, the high concentration
of glycosylated resveratrol (t-piceid) in the extract indicates that it
can be a potential source of active resveratrol against
Campylobacter.

The flavonol quercetin-3-glucuronide and the anthocyanin
delphinidin-3-glucoside were no active against C. jejuni. Gallic and
syringic acid had a similar behavior, with a MIC of 600 and 400 mg/
L, respectively. These values are higher than the concentrations of
these compounds in the extract (between 20 and 26mg/L) showing
that apparently they are not involved directly in the antibacterial
effect of WWE.



Fig. 1. Antibacterial activity of the WWE collected fractions against C. jejuni 11168. Results are the mean ± standard deviation of three determinations. Bars marked with the same
letter indicate absence of significant differences by Duncan test (p < 0.05).

Table 6
Antibacterial activity of pure standards of phenolic compounds identified in WWE collected fraction F2. Fraction was obtained from WWE by RP-HPLC.

Concentration (mg/L) Pure standards of phenolic compounds identified in fraction F2

Q3G SA GA CAT EC ECG D3G RV

0 8.8a± 0.2 9.8a± 0.6 9.4a± 0.8 9.2a± 0.4 9.5a± 0.4 8.9a± 0.3 8.6a± 0.2 9.2a± 0.4
5 8.6a± 0.4 9.6a± 0.4 9.2a± 0.4 9.4a± 0.3 9.7a± 0.2 8.8a± 0.5 8.4a± 0.4 8.9a± 0.3
10 8.7a± 0.2 9.5a± 0.3 9.4a± 0.6 9.2a± 0.5 9.3a± 0.5 3.6b ± 0.2 8.6a± 0.3 9.1a± 0.5
20 8.7a± 0.4 9.8a± 0.3 9.2a± 0.6 9.6a± 0.4 9.5a± 0.3 >1.5*c 8.3a± 0.6 6.3b ± 0.2
50 8.5a± 0.4 9.4a± 0.6 9.5a± 0.4 9.4a± 0.3 9.4a± 0.2 >1.5*c 8.4a± 0.2 >1.5*c

80 8.8a± 0.3 9.3a± 0.6 9.4a± 0.6 9.2a± 0.2 9.6a± 0.3 >1.5*c 8.5a± 0.4 >1.5*c

100 8.7a± 0.4 9.7a± 0.4 9.3a± 0.3 9.5a± 0.2 9.6a± 0.5 >1.5*c 8.6a± 0.3 >1.5*c

200 8.8a± 0.3 9.7a± 0.6 9.5a± 0.4 9.3a± 0.4 9.5a± 0.3 >1.5*c 8.6a± 0.2 >1.5*c

400 8.8a± 0.3 7.1b ± 0.6 9.3a± 0.2 9.3a± 0.3 9.6a± 0.2 >1.5*c 8.4a± 0.2 >1.5*c

600 8.6a± 0.4 6.4c ± 0.7 6.2b ± 0.2 9.2a± 0.5 9.5a± 0.4 >1.5*c 8.3a± 0.5 >1.5*c

800 8.4a± 0.4 4.1d ± 0.2 5.0c ± 0.6 9.5a± 0.5 9.6a± 0.2 >1.5*c 8.4a± 0.3 >1.5*c

1000 8.7a± 0.4 3.0e ± 0.4 4.8c ± 0.7 9.3a± 0.6 8.2b ± 0.3 >1.5*c 8.4a± 0.2 >1.5*c

Results are the mean ± standard deviation of three determinations. Values in the same column marked with the same superscript letter indicate absence of significant
differences by Duncan test (p < 0.05). Q3G (Quercetin-3-glucoside), SA (Syringic acid), GA (Gallic acid), CAT (Catechin), EC (Epicatechin), ECG (Epicatechin gallate), D3G
(Delphinidin-3-glucoside), RV (Resveratrol).
*Calculated log of detection limit (30 CFU per plate).
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4. Conclusions

The results obtained in this work evidences that WW can be a
good source to obtain active phenolic extracts against Campylo-
bacter. Phenolic compounds remaining in fermentation by-
products are active against Campylobacter and can be extracted
using mild procedures, probably due to the effect of enzymatic
activity and other previous winemaking procedures. Phenolic ex-
tracts active against Campylobacter have a smooth effect on pro-
biotic LAB, suggesting a selective character of the inhibitory effect.
Structureefunction relationships were stablished for WWE, indi-
cating that epicatechin gallate was the most active phenolic com-
pound against Campylobacter. Moreover, WWE was rich in t-piceid,
a potential source of resveratrol, also with high antibacterial ac-
tivity against Campylobacter. Future work should be directed to
know the mechanisms involved in the antibacterial activity against
Campylobacter of epicatechin gallate, resveratrol, and other related
compounds presenting gallate side-chain, contributing in this way
to design useful antibacterial against this pathogen. Antibacterials
based in phenolic compounds are potentially applicable in the
entire target sites of food chain were campylobacters remains, and
could be a cheaper and feasible tool to fight against this pathogen.
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a b s t r a c t

This study investigated the continuous dosing of chlorine to the wash water by means of a pump to
maintain antimicrobial levels of free chlorine in the wash water during the washing of 12 batches of
Pangasius fillets. In comparison to the control (no chlorination), total psychrotrophic bacteria were
reduced by between 2 and 4 log CFU/100 ml. After the final batch was washed, total chlorine and organic
matter in the water sampled had accumulated to 482.9 ± 17.0 ppm and 4447.5 ± 187.4 mg O2/L,
respectively. However, only 8.9 ± 1.3 mg/L of trihalomethanes was formed in the chlorinated wash water
whereas no trihalomethanes were detected in the washed Pangasius fillets after rinsing. It was concluded
that the Pangasius fillets washed in chlorinated water continuously dosed with chlorine were safe for
human consumption even after a throughput of 12 batches. However, the organoleptic properties of
Pangasius fillets washed in the final batch differed significantly from those washed earlier batches.

© 2015 Published by Elsevier Ltd.
1. Introduction

In the fishery industry, chlorinated water is used for different
purposes including disinfecting the facilities, equipment, utensils
(knives, cutting boards, baskets), workers’ protective clothing
(gloves and boots), hands and the fish surface. The dose of chlorine
used varies depending on the intended use i.e. 50e200 ppm for
washing floors, cleaning boxes and tables (Arbor, 2008),
50e100 ppm for disinfecting hands (Kanduri & Eckhardt, 2008),
50 ppm for disinfecting headless-shell shrimps (Arbor, 2008) and
2e80 ppm for washing fish surfaces (Anh, Kroeze, Bush, & Mol,
2010; Tong Thi et al., 2013). Over the last decade, only a few
ax: þ32 (0)9 264 55 10.
evlieghere).
studies have reported about the disinfection of artificially inocu-
lated pathogens onto seafood (salmon, shrimp) by chlorinated
water (Bremer & Osborne, 1998; Chaiyakosa, Charernjiratragul,
Umsakul, & Vuddhakul, 2007). To our knowledge, no studies have
been published regarding decontamination of the natural micro-
biota of fish by chlorine to date.

Although Pangasius is washed in chlorine water (2e10 ppm)
during processing in Vietnam (Anh et al., 2010); only a few studies
have been performed on its effectiveness (Tong Thi et al., 2014;
Tong Thi et al., 2013). Tong Thi et al. (2013) reported that no sig-
nificant difference occurred between the microbial evolution on
Pangasius fish treated with non-chlorinated and chlorinated
(50e80 ppm) water. A further study evaluating the microbial safety
and quality of Pangasius fish during processing reported no effec-
tive decontamination when the fish was manually washed in
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chlorinated water (50 ppm) (Tong Thi et al., 2014). Loss of the
bactericidal activity of chlorine during washing occurred as the
chlorine was added once at the start of the shift after which it was
reused for 239 min (Tong Thi et al., 2015). The accumulation of high
microbial loads in reusedwashwater directly impacts themicrobial
quality of the washed products due to the transmission of micro-
organisms from the water to the products (Allende, Selma, Lopez-
Galvez, Villaescusa, & Gil, 2008). On the other hand, chlorine de-
composes very rapidly as a result of its reactionwith organic matter
(i.e. soluble protein, suspended matter, etc.) (Mameri et al., 1996;
Suslow, 2008; Van Haute, Uyttendaele, & Sampers, 2013). There-
fore, in industrial processes, it is more realistic to maintain the
chlorine concentration in the washing bath at levels that prevent
cross contamination onto washed products. Cross contamination
has been reported to be controlled for up to 1 h by maintaining a
residual chlorine level of at least 1 ppm during the washing of
fresh-cut lettuce (Van Haute, Sampers, Holvoet, & Uyttendaele,
2013) whilst 7 ppm has been reported to keep wash water free
from pathogens for 1 h during the washing of fresh-cut spinach
(G�omez-L�opez, Lannoo, Gil, & Allende, 2014). However, the use of
chlorine may lead to the formation of disinfection by-products
when organic matter is present in the water (FAO/WHO, 2008;
Luo et al., 2011). These by-products include trihalomethanes
(THMs), haloacetic acids, haloketones, haloacetinitriles, chloral
hydrate and chloropicrin (COT., 2006). THMs (including chloroform,
bromodichloromethane, chlorodibromoethane and bromoform),
haloacetic acids (including trichloroacetic, dibromoacetic and
dichloroacetic acid) and trichloroacetaldehyde are possibly carci-
nogenic to humans (Gopal, Tripathy, Bersillon, & Dubey, 2007).
Hence, the concentration of trihalomethanes in drinking water is
limited to 80 mg/L in the U.S (USEPA., 2009) and 100 mg/L in the EU
(EU, 1998).

Some recent studies (mostly on fresh-cut vegetables) have also
evaluated the chemical safety of both washed products and the
washing water when disinfectants are used (G�omez-L�opez et al.,
2014; L�opez-G�alvez et al., 2010; Van Haute, Sampers, et al., 2013).
To date no study has been performed on the decontamination of
both the fish and wash water in a dynamic system. In this study, a
surface decontamination process for Pangasius products in Vietnam
was evaluated whereby successive batches were washed in a bath
where the chlorine concentration was maintained at antimicrobial
levels by continuously adding chlorine via a pump. The microbial
inactivation in both the wash water and on the fish was investi-
gated. In addition, the sensorial quality and chemical safety (THM
levels) of the treated fish were taken into consideration.

2. Materials and method

2.1. Continuous washing system

Frozen Pangasius hypophthalmus (Tra fish) fillets were pur-
chased from a Belgian supermarket. The weight of the fillets
including glazing (10%) ranged from 170 to 220 g. The shelf life of
fillets was 6 months and they had an initial pH of 6.5 ± 0.05. The
fillets were thawed by placing them at 2 �C for 48 ± 2 h. The thawed
fillets were washed in the laboratory in a dynamic system which
consisted of a water bath, a sodium hypochlorite pump, and a
sensor to measure the pH, temperature and redox potential of the
wash water. The fillets werewashed in chlorinated water and in tap
water as the control.

The ratio of fish to water was ca. 1/10 (one fillet/2 L water). The
fish was manually washed for 40 s in each batch. The waiting time
between batches was 30 s. This waiting time was equal to that
applied at a Pangasius processing company in Vietnam (Tong Thi
et al., 2015). In each experiment, 12 batches were washed in the
same water. The pH of the washing water was set at 6.5 (by means
of 1 M HCl) for every batch that was washed. Sodium hypochlorite
(24.5 g/l, Loda, Belgium) was continuously added to maintain the
level of free chlorine in the wash water at 10 ppm. In brief, the
concentration of free chlorine was monitored every 60 s to deter-
mine if it was still within the desired range. When the measured
concentration of free chlorine had exceeded or decreased below the
desired concentration, the flow rate of the pump was manually
adjusted until the free chlorine level returned to the desired value.

Tap water was added after every batch to compensate for the
water lost during washing. The temperature of the water was
maintained between 8 and 10 �C by placing ice underneath the
washing tank. Two independent repetitions were performed. As
control, tap water was used as wash water. The tap water was
stored in clean tanks for a week at 2e4 �C before use.

2.2. Physico-chemical analysis

The pH, temperature and oxidation reduction potential (ORP) of
the wash water were measured every 10 s using a portable digital
meter connected to a data logger (HACH HQ40D, Hach Lange,
Germany). The chemical oxygen demand (COD) level of the tap
water used in the control experiment was determined by means of
the small-scale sealed-tube method (LCI 400; Hach Lange,
Belgium). This was not performed for the chlorinatedwashwater as
chlorine can cause interference. Absorbance was measured at
249 nm with a UV visible (UVevis) spectrophotometer (UV 1601,
Shimadzu, Belgium) in quartz cuvettes with a 1-cm path length
(Hellma, Belgium) after filtration through a 0.45 mm polytetra-
fluorethylene filter (Macherey-Nagel, Belgium). In addition, free
chlorine and total chlorine were measured every one and 4 min,
respectively, according to the N,N-diethyl-p-phenylenediamine
(DPD) colorimetric method (Eaton, Clesceri, Rice, & Greenberg,
2005).

2.3. Microbiological analysis

Water samples were taken after washing batches 1, 3, 6, 9, and
12 while fish samples were taken after washing batches 1, 5 and 11.
For the fish samples, a 25 g composite samples was aseptically
collected from the fillets and transferred into sterile stomacher
bags after which 225 ml of buffered peptone water (Oxoid,
Hampshire, U.K.) supplemented with the sterile neutralizing agent
(0.1 M Na2S2O3) was added. Homogenization was then performed
in a stomacher for 60 s. Serial decimal dilutions of the homogenized
fish were then prepared in physiological saline solution (1 g
neutralized peptone and 8.5 g NaCl per L). The serial decimal di-
lutions were then pour plated on Plate Count Agar (PCA, Oxoid,
Hampshire, U.K.), de Man Rogosa Sharpe agar (MRS, Oxoid,
Hampshire, U.K) and spread plating on Rapid E. coli 2 Agar (Bio-Rad,
Marnes-La-Coquette, France). The PCA plates were incubated at
22 �C for 72 ± 4 h to determine the total aerobic psychrotrophic
counts (TPC). The MRS agar plates were incubated anaerobically at
22 �C for 72 ± 4 h to determine the lactic acid bacteria (LAB) counts.
The Rapid E. coli 2 Agar plates were incubated at 37 �C for 24 ± 4 h
to determine the counts of E. coli and coliforms.

For analysis of the water, 50 ml samples were aseptically taken
and transferred into sterile Falcon tubes containing sterile
neutralizing agent. For the chlorinated water samples, the TPC and
LAB counts were determined by distributing 10 ml of non-diluted
sample over 4 pour plates each of PCA and MRS. E. coli counts
were determined by spread plating 1 ml of sample over 4 plates of
Rapid E. coli 2 Agar. For the control experiment where tap water
was used, decimal dilutions of the water samples were then pre-
pared in physiological saline solution. The TPC, LAB and E. coli



A.N. Tong Thi et al. / LWT - Food Science and Technology 68 (2016) 425e431 427
counts in these samples were determined as described above for
the fish samples. Incubation of the plates before enumeration was
performed as described for the fish samples.

2.4. Sensory evaluation

Triangle tests were used to determine if washing in chlorinated
water has an influence on sensory quality of Pangasius fish. The
procedures followed were based on the ISO 4120:2004 Sensory
analysis-Methodology-Triangle test (ISO, 2004). Samples washed in
tap water were used as the reference. After washing in chlorinated
water, fillets from batches 2, 3, 4, 6, and 12 were rinsed for 40 s in
ordinary tap water as is performed industrially. Thereafter, the fil-
lets were cut into ca. 50 g pieces and randomly coded with three
digit numbers. Each panelist was presented with three randomly
coded samples, two of which had received the same treatment. The
assessors were asked to identify the odd sample based on color and
odor. The assessors were also asked to specify the samples they
preferred and if any of the samples were unacceptable for con-
sumption. 12e19 panelists participated in the tests. The number of
correct answers was tallied and statistically assessed to determine
if a significant difference (a ¼ 0.05) occurred between the samples
evaluated using the tables provided in the ISO protocol (ISO, 2004).

2.5. Disinfection by-products

The formation of halogenated by-products such as chloroform,
bromoform, dichlorobromomethane, and dibromochloromethane,
was determined bymeans of head space-gas chromatography/mass
spectrophotometry as described by L�opez-G�alvez et al. (2010).
THMs were analyzed in the water and fish samples collected from
the final batch (batch 12). The fish samples were rinsed in ordinary
tap water for 40 s before analyzing.

2.6. Statistical analysis

For each experiment two independent repetitions were per-
formed. Each repetition was analyzed in duplicate. The results of
themicrobiological analysis of thewater and fish were expressed as
log CFU/100ml and log CFU/g, respectively. The results are reported
as the mean value ± standard deviation. Cross-correlations were
tested by means of the non-parametric Spearman rank order cor-
relation coefficient (r) two tailed test (a ¼ 0.05) in SPSS version 20
(IBM Inc., Chicago, Ill., USA).

3. Results and discussion

3.1. Evolution of the physico-chemical properties of the wash water
during processing

As can be seen in Fig. 1, the initial oxidation-reduction potential
(ORP) of chlorinated water was 838.6 ± 23.1 mV and remained
between 860 and 880 mV through the first seven batches. There-
after, the ORP gradually decreased down to 681.0 ± 29.5 mV after
the final wash (batch 12). It can also be seen in Fig. 1 that the ORP of
the tap water (used in the control) was initially much lower
(383.6 ± 74.2 mV) and gradually decreased to 300.9 ± 0.1 mV after
the final batch was washed. Ordinary tap water had chlorine levels
which were lower than limit of detection (LOD ¼ 0.5 ppm) before
washing. As can be seen in Fig. 2A, the initial concentration of free
chlorine in the chlorinatedwashwater was 36.4 ppm and increased
to 58.6 ppm after the first batch was washed. Then, it remained at
this level up to batch 4. Thereafter, the free chlorine concentration
declined rapidly to 7.4 ppm after batch 7 was washed. The initial
free concentration of chlorine (11.1 ppm) in the wash water used in
the second repetition was much lower than that of the first repe-
tition. However, as observed in the first repetition, the free chlorine
concentration increased to 25.3 ppm after 2.5 min; followed by a
rapid decline to 12.4 ppm after 6 min of washing. Subsequently, the
free chlorine concentration rose up to 22.3 ppm after 7 min of
washing before further decreasing to 8.1 ppm as from 11 min of
washing (Fig. 2A). The pH of ordinary tap water before washing was
8.0 ± 0.2. During washing, the pH of tap water ranged from 7.3 to
7.7. The initial pH of chlorinated water was 6.5 ± 0.8 and ranged
from6.5 to 6.9 during thewashing. The temperature of the different
wash waters ranged from 7.2 to 8.2 �C during the washing process.

In this study, the residual amount of free chlorine in the wash
water could not be controlled sufficiently to ensure the desired
concentration of 10 ppm at all times. A combination of the short
contact time during washing (40 s) and short time between
washing of batches (30 s) during which the sampling and mea-
surement of the chlorine concentration caused this difficulty.
Chlorine is an easy to use, reasonably priced and relatively strong
disinfectant. However, chlorine rapidly decomposes in the presence
of organic matter. A laboratory study on the decontamination of
Pangasius fish by chlorinatedwater (product/chlorinatedwater¼ 1/
10 by weight) determined that 53e83% of chlorine was lost after a
single batch was treated (Tong Thi et al., 2015). Previously, a study
carried out at a Vietnamese Pangasius processing company showed
that high microbial counts in chlorinated wash water may result in
a high risk of cross contamination for the washed products as the
pH and chlorine concentration were not adjusted during the
washing of several batches (Tong Thi et al., 2014). Therefore,
washing processes utilizing chlorinated water can be improved by
establishing methods that can maintain residual levels of free
chlorine in the wash water with a significant level of antimicrobial
activity during the entire washing process. In difference to the
trend observed for the free chlorine, the concentration of total
chlorine increased steadily throughout the washing to 184.9, 331.9
and 495 ppm after 5, 10 and 15 min, respectively (Fig. 2B), from
initial values of 47.4 and 21.3 ppm in the first and second repeti-
tions, respectively.

The COD level increased gradually from 16.8 ± 3.9 (at t ¼ 0 min)
to 4735 ± 219.2 mg O2/L (at t ¼ 15 min, after washing of batch 12).
The absorbance (at 249 nm) of tap water was initially 0.04 ± 0.03
and increased gradually during washing to a maximum value of 3.1
as from 9 min of washing onwards (Fig. 3). Negative correlation
coefficients of �0.773 and �0.764 were also determined between
the ORP and COD and between the ORP and absorbance, respec-
tively. A relatively strong correlation of r ¼ 0.859 was observed
between the ORP and free chlorine. A recent study on fresh cut
lettuce also reported that the ORP and COD levels are inversely
related (G�omez-L�opez et al., 2014). It was also determined that the
ORP increases during treatment with chlorine while the COD levels
remain constant. Therefore, rapid ORP measurements can poten-
tially be used as an indicator of free chlorine levels in chlorinated
wash water. However, according to G�omez-L�opez et al. (2014), ORP
values cannot be used to accurately indicate the disinfection effi-
ciency. This was based on their observation that the inactivation of
E. coli O157:H7 after treatments with free chlorine levels of 1 and
3 ppm was significantly different whilst the ORP values were not
significantly different. Moreover, in this study, it was determined
that the easier and simpler measurement of UV at 249 nm could be
used to estimation COD levels in the wash water (correlation,
r ¼ 0.949). It is likely that the quantity of organic matter and resi-
dues of free chlorine in the wash water can be estimated more
rapidly and conveniently by UV spectrophotometer and oxidant
redox potential (or ORP), respectively. It is suggested that the re-
lationships between these values should be further investigated
and modeled to better monitor and adapt the process. Moreover, a



Fig. 1. Changes in ORP (oxidation-reduction potential) of wash water during treatment with chlorinated water (-) and non-chlorinated water (C) (mean value ± standard de-
viation of 2 repetitions).

Fig. 2. Concentration of free chlorine (A) and total chlorine (B) during treatment, 1st (:) and 2nd repetition (-) are reported.
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common concern among the workers who use chlorinated water in
washing processes is that exposure to chlorine vapor may irritate
the skin, eyes and respiratory tracts of humans (Abadias, Usall,
Oliveira, Alegre, & Vi~nas, 2008; White, 2010). Dosing chlorine by
pumps can ensure the safety of personnel working in the washing
areas.

3.2. Evolution of the microbiological quality during washing

The initial counts of LAB, TPC, E. coli and coliforms of the tap



Fig. 3. The profile of chemical oxygen demand (COD, :) and Absorbance (UV at
249 nm, C) of wash water during control treatment with tap water.
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water used in this study were all below the limit of quantification
(LOQ) for TPC and LAB (<3 log CFU/100 ml); and below the LOD for
coliforms and E. coli (<2 log CFU/100 ml). The counts of LAB, TPC
and coliforms in the tap water increased from the moment the fish
entered the washing bath during the washing process and stayed
high during the washing process. Specifically, the TPC rose sharply
up to 5.6 ± 0.8 log CFU/100 ml after the first batch was washed.
Thereafter, the TPC increased slightly to a maximum level of
6.5 ± 0.2 log CFU/100 ml after batch 9. The same trend was
observed for the counts of LAB and coliforms in the non-chlorinated
water during the washing process. In difference, the E. coli counts
remained below the LOD (<2 log CFU/100 ml) during washing in
non-chlorinated tap water (Fig. 4). These results are in agreement
with a study performed in a Vietnamese processing company,
where a gradual increase of the TPC was observed during washing
(Tong Thi et al., 2015). This is a result of microbial proliferation in
the wash water due to the presence of large amounts of nutrients
released from the suspended matter (Ragaert, Devlieghere, &
Debevere, 2007). However, the counts of coliforms and E. coli in
the non-chlorinated wash water used in this study were lower than
those observed in the non-chlorinated wash water at a Vietnamese
Pangasius processing company (Tong Thi et al., 2015). In the current
study, the E. coli counts were below the LOD throughout the
washing process whereas they reached a maximum of 4.6 log CFU/
Fig. 4. Profile of microbial counts of washing with tap water (control experiment), A tota
E. coli: no colonies were detected in 1 ml of non-diluted wash water samples (<2 log CFU/
100 ml in the non-chlorinated wash water of the Vietnamese
company (Tong Thi et al., 2015). The differences observed could be a
result of potentially higher E. coli counts on the fillets evaluated in
the Vietnamese processing company which were washed after the
trimming step in comparison to the E. coli counts that would be
found on the thawed frozen fillets used in this study.

In the experiment performed with chlorinated water, the initial
LAB, TPC, coliform and E. coli counts were all below their LOD (<1
log CFU/100 ml for TPC and LAB; and <2 log CFU/100 ml for co-
liforms and E. coli). The TPC rose to 3 log CFU/100 ml after three
batches of fillets had been washed in the chlorinated water in the
first repetition. Thereafter, the TPC reduced to below the LOD
during the rest of the washing process. The counts of LAB initially
increased to 2.4 log CFU/100 ml after three batches of fillets had
beenwashed and then decreased to below the LOD as from batch 6
onwards. Both coliforms and E. coli were less than the detection
limit (<2 log CFU/100 ml) (Table 1). During the second repetition,
the TPC of the chlorinated wash water was ca. 4 log CFU/100 ml
after the first batch was washed and thereafter gradually decreased
to 3 log CFU/100 ml after batch 9 was washed. Thereafter, the TPC
decreased to counts below the LOD. The LAB, coliform and E. coli
counts of the chlorinated water used in the second repetition fol-
lowed the same trend as that seen in the first repetition (Table 1). It
is clear that the microbial counts in the chlorinated water bath
decreased during the entire washing process (of 12 batches) due to
chlorine being added continuously. In contrast, the TPC in chlori-
nated water used for washing Pangasius products in Vietnam
ranged 6.5e8.5 log CFU/100 ml (Tong Thi et al., 2014) and 5.5e6.9
log CFU/100ml (Tong Thi et al., 2015). It is clear that the disinfection
efficacy of the wash water can be improved by compensating for
the lost free chlorine. Although the free chlorine levels in the wash
water during the last half of the washing process were only
10e20 ppm, ca. 300e500 ppm of total chlorine had accumulated
which could have contributed to the reduction of the bacterial
counts. The large difference in the concentrations of free and total
chlorine shows that a high turnover of chlorine into combined
chlorine (i.e. monochloramine, NH4Cl) can occur in the wash water
(White, 2010). Combined chlorine needs a longer time or a higher
concentration to inactivate bacteria than free chlorine due to its
slower disinfection action (Suslow, 2008).

Samples of Pangasius fillets were taken for microbiological
analysis at the beginning, middle and end of the washing process.
The initial counts of TPC, LAB, coliforms and E. coli were 6.0 ± 0.1,
4.8 ± 0.8, 4.1 ± 0.1 and <1 log CFU/g (LOD ¼ 1 log CFU/g),
l aerobic psychrotrophic counts (TPC), C lactic acid bacteria (LAB), and - coliforms.
100 ml).



Table 1
Microbial counts of chlorinated wash water used in the 1st and 2nd repetition.

Water tested after washing batch N# Experiment 1 Experiment 2

TPCc LABc E. colid Coliformsd TPC LAB E. coli Coliforms

1 3.1 2.4 <2.0b <2.0b 3.9 2.7 <2.0b <2.0b

3 3.0 2,1 <2.0b <2.0b 3.7 2.7 <2.0b <2.0b

6 <1.0a <1.0a <2.0b <2.0b 3.7 <1.0a <2.0b <2.0b

9 <1.0a <1.0a <2.0b <2.0b 3.1 <1.0a <2.0b <2.0b

12 <1.0a <1.0a <2.0b <2.0b <1.0a <1.0a <2.0b <2.0b

a No colonies were detected in 10 ml of non-diluted wash water samples.
b No colonies were detected in 1 ml of non-diluted wash water samples.
c TPC and LAB: Limit of quantification (LOQ) ¼ 2 log CFU/100 ml, limit of detection (LOD) ¼ 1 log CFU/100 ml.
d E. coli and coliforms: Limit of quantification (LOQ) ¼ 3 log CFU/100 ml, limit of detection (LOD) ¼ 2 log CFU/100 ml.
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respectively. No significant differences (p > 0.05) were found be-
tween the microbiological qualities of the fillets treated in non-
chlorinated and chlorinated water. In addition, no significant dif-
ferences (p > 0.05) were also found between the Pangasius fillets
sampled at the beginning, middle and end of the washing process.
The counts of TPC, LAB, coliforms and E. coli on the Pangasius fillets
washed in chlorinated water ranged between 5.9 and 6.0, 4.8e4.9,
3.9e4.0 and 1.2e1.5 log CFU/g, respectively whereas the same mi-
crobial parameters on Pangasius fillets washed in non-chlorinated
tap water ranged between 5.7 and 6.2, 4.2e5.0, 3.9e4.4 and
1.2e1.5 log CFU/g, respectively (data not shown). The results of this
study are in agreement with a previous study performed in a
Vietnamese processing company that showed no significant dif-
ferences (p > 0.05) between the microbial quality of Pangasius fish
processed on processing lines utilizing chlorinated and non-
chlorinated water (Tong Thi et al., 2013). This highlights the fact
that the purpose of using disinfectants in the wash water should
not be for decontamination of the fish but for avoiding cross
contamination during washing.
Table 3
Chlorine and HCl consumption and disinfection by-products production (detection
limit of THMs is 4.2 mg/L or mg/kg) in the washing process with chlorinated water
after washing 12 batches (n ¼ 2).

Dose Tap water Chlorinated watera

Cumulative NaOCl dose; mg/L e 807.05 ± 97.4
Cumulative HCl 1 M dose; ml/L e 7.3 ± 1.8
THMs (water); mg/L <4.2 8.9 ± 1.3
THMs (fish); mg/kg <4.2 <4.2

a Chlorinated water sampled for trihalomethanes (THMs) at the end of washing
process corresponded with COD of 4447.5 ± 187.4 mg O2/L and total chlorine of
482.9 ± 17.0 ppm in the water; (�): not determined.
3.3. Sensorial quality and chemical safety of Pangasius fillets
washed in chlorinated and non-chlorinated water

No significant differences (p > 0.05) were found between the
sensorial qualities of the fillets washed in chlorinated and non-
chlorinated water up the fourth batch (Table 2). A significant dif-
ference (p < 0.05) was found as from batch 6. The differences were
as a result of bleaching (whitening) and the presence of a chlorine
odor of the fillets treated in chlorinated water. To date, very few
studies have reported the impact of chlorine-based disinfection on
the sensory attributes of fresh fish. A slight discoloration (mela-
nosis) and chlorine odor were observed on shrimps whereas
discoloration of skin (lighter color), chocolate color in the gills and
changes in the color of the eyes occurred on whole salmon treated
in a brine with 100 and 200 ppm chlorine dioxide (product/brine
volume ratio¼ 1/4) for 5minwith continuous stirring (Kim, Huang,
Table 2
Sensory evaluation of Pangasius in a consecutive washing with chlorine.

Fish tested after washing in batch Number of assessors Number of correct respo

2a (1b) 12 5
3 (2) 13 7
4 (2) 17 9
6 (1) 12 10
6 (2) 19 12
12 (1) 12 11
12 (2) 13 8

a Sequence number of washing batch evaluated sensorially (12 batches in total in this
b Number in bracket indicated the repetition (1 or 2).
c Indicated whether a significant difference in sensory quality between fish washed w
Marshall, & Wei, 1999). Another study also pointed out that free
chlorine levels above 200 ppm induced sensory changes in fish
fillets, however, no specific sensory attributes were reported (FAO/
WHO, 2008).

Besides the adverse sensory impact of chlorine, excessive chlo-
rination can lead to greater levels of residues with potential health
risk. The chemical safety of the washing process was therefore
evaluated by determining THMs production on fish and chlorinated
water in samples collected after the final batch was washed. The
THMs in the fillets sampled in the last batches were lower than the
LOD (4.2 mg/kg) despite the observation that the total chlorine and
COD in the wash water had accumulated up to 482.9 ± 17.0 ppm
and 4447.5 ± 187.4 mg O2/L, respectively. In the chlorinated wash
water itself, 8.9 ± 1.3 mg/L THMs were measured (Table 3). The
THMs in the wash water were far below the maximum limits
adopted for drinking water in the European Union (EU,1998) and in
the U.S. (USEPA, 2009). Although the formation of THMs in the
water and products during the washing of vegetables has been
extensively studied (G�omez-L�opez et al., 2014; Klaiber, Baur, Wolf,
Hammes, & Carle, 2005; L�opez-G�alvez et al., 2010; Van Haute,
Sampers, et al., 2013), to our knowledge, no studies have yet been
performed concerning the chemical safety of fish treated with
chlorine.
nses Required number of correct responses Significant difference (p < 0.05)

8 Noc

8 No
10 No
9 Yes

11 Yes
8 Yes
8 Yes

study).

ith chlorine and without chlorine.
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4. Conclusion

Antimicrobial levels of free chlorine can be maintained in wash
water by means of continuous dosing. Chlorinated water wash did
not reduce the microbial load on the fish fillets. However, it may be
used to prevent cross contamination from water to the washed
products. Although the fillets were safe from the point of view of
the levels of the THMs, the color and odor of these fillets were
unacceptable after four batches had been washed in the same
water. The continuous dosing technique evaluated shows great
potential and further studies are required to optimize its
application.
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a b s t r a c t

The physiochemical properties of peanut oil bodies were studied, which was reflected in zeta potential,
particle size, and stability. Zeta potential of oil bodies changed from around þ37.23 mV at pH 3
to�21.83 mV at pH 7. High temperature (95 �C) did not influence zeta potential and particle size whereas
low temperature (�20 �C) lead to the increase in particle sizes of peanut oil body suspension at both pH 3
and 7. However, the effects of low temperature on the particle size were weakened by the addition of
gum arabic (GA). Thus, the peanut oil bodies were proved to be a new useful source of lipids for
application in emulsion system. The peanut oil bodies can be a food ingredient applied in food industry
and gum arabic (GA) could enhance the stability of peanut oil body under several environments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Triacylglycerols (TAGs), stored in densely packed lipid bodies
that are small spherical organelles called “oil bodies”, can be found
in the cytosol. These oil bodies are utilized in the seeds of higher
plants. Oil bodies have been found in the cytoplasm of several plant
tissues, such as leaves, roots, pollen grains, anthers, bulbs, and
seeds. Specifically, seeds are the most common sites for storage of
oil bodies which served as food reserves for germination and plant
growth (Huang, 1996; Murphy, Pinzόn, & Patel, 2001). Oil bodies
can be applied in emulsion and delivery system in food and other
industries. For example, oil bodies can encapsulate protein and
carry bioactive lipids, active agents or pharmaceutically active
ingredients.

Peanut is an important industrial and oilseed crops and also a
good source of protein, lipid, and fatty acid for human nutrient
(Grosso, Nepote, & Guzm�an, 2000; €Ozcan & Seven, 2003). Peanuts
are used in food including peanut butter, peanut oil, roasted pea-
nuts and other forms of ingredients, but more than 50 percentages
of peanut seeds are used for squeezing oil. Quality and stability of
the oil are very important for consumers. Peanut seeds contain
about 51.9% of oil, which was mainly composed of oleic acid
(37e55.6%), linoleic acid (25.2e39.7%), palmitic acid (8.2e13.8%)
and stearic acid (3.2%) (Wang, Raymer, Chinnan, & Pittman, 2012).
Moreover, it is rich in g-tocopherol which is major form of vitamin
E and antioxidants which are important to human health
(Azadmard-Damirchi, Emami, Hesari, Peighambardoust, & Nemati,
2011). Therefore, the extracted oil body from peanuts may be a new
source of lipids in food industry. However, the fact that oil bodies
become unstable at a pH close to the isoelectric point (IEP) limits
the utilization of oil body. Oil bodies are stable at pH 2 and pHs
above 6 but unstable within the pH range from 3 to 5. They are also
stable at NaCl concentrations below 25 mM (pH 7) and tempera-
tures from 30 �C to 90 �C (Iwanaga et al., 2007; Nantiyakul, Furse,
Fisk, Tucker, & Gray, 2013).

Gum arabic (acacia gum) is a natural polysaccharide derived
from exudates of Acacia senegal and Acacia seyal trees (William &
Phillips, 2009). Gum arabic forms a protective layer around oil
droplets which prevents them from aggregation. The complex
chemical structure of gum arabic is mainly composed of glyco-
protein, polysaccharides, calcium, magnesium and potassium salts.
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Polysaccharide side chains of gum arabic link D-galactose with
branches of L-arabinose, L-rhamnose and D-glucuronic acids.
Importantly, the proteinriched part, which has been identified as
arabinogalactan proteins, is rich in hydroxyproline. Gum arabic is a
mixture of hydrophilic carbohydrate and hydrophobic protein
components. Hydrophobic protein components adsorb onto the
surface of oil droplets while hydrophilic carbohydrate components
inhibit droplets from flocculation and coalescence through elec-
trostatic and steric repulsions between droplets thus promoting
their stability (Dauqan & Abdullah, 2013). Gum arabic can dissolve
both in cold and hot water in a concentration of 50% w/v. The pH of
the gum arabic solution is normally around 4.5e5.5. Gum arabic is
mainly used as emulsifier, thickener and stabilizer in food and
beverages. Gum arabic is also used for manufacturing pharma-
ceutical capsules and coating pills. Moreover, it can be used in the
sector of manufacturing vitamins, lotions, cosmetics, and so on
because of its high water solubility, low viscosity, and good emul-
sifying ability (Verbeken, Dierckx, & Dewettinck, 2003). Therefore,
many studies have shown the interests of applying gum arabic in
stabilizing emulsions. Wang, Wang, Li, Benu, and Shi (2011) re-
ported that the gum arabic adsorbed at soybean protein concen-
trate (SPC) stabilized oil-water interface at different NaCl
concentrations and high temperature. Gum arabic can decrease
interfacial tension via attractive electrostatic interactions (Bouyer
et al., 2011).

The aim of this study is to examine the physiochemical prop-
erties of peanut oil bodies under different environmental condi-
tions and to apply gum arabic in the peanut oil body suspension for
enhancing its stability, which is useful in the application of peanut
oil bodies in food industry.
Fig. 1. SDS-PAGE profile of molecular marker (line 1), the extracted peanut oil body
dispersion (line 2), and peanut oil bodies proteins (line 3).
2. Materials and methods

2.1. Materials

The raw peanuts were purchased from local market. NaOH was
from Sinopharm chemical reagent Co., Ltd. Gum arabic was pur-
chased from Xilong Chemicals (Shantou, Guangdong province,
China). HCl was purchased from Beijing Chemical Works. Distilled
water was used to prepare all solutions.
2.2. Extraction of peanut oil bodies

The extraction of peanut oil bodies was performed according to
the method of Iwanaga et al. (2007) with slight modification.
Peanuts (50 g) were soaked in 250 ml of Tris HCl buffer solution
(10mMpH 7.5) overnight at 4 �C. Swelled peanuts were blended for
2min by a blender (JOYOUNG, Beijing) with 250ml of 10mMpH 7.5
Tris-HCl buffer solution containing 3 mM MgCl2. The slurry was
filtered through three layers of gauze cloth. The filtrate was
centrifuged at 3800 rpm for 30 min (Anke LXJ-IIB, China). The
creamed layer on the surface was collected and dispersed in a
chilled buffer solution (10 mM Tris-HCl buffer, pH 7.5). The oil body
dispersion was centrifuged under the same condition as described
Fig. 2. Changes of the zeta potential (a) and the mean particle diameter (b) of the
peanut oil body suspensions at pH 3, 4, 5, 6, 7 and 8.



Fig. 3. Zeta potential (a) and the mean particle diameter (b) of the oil body suspen-
sions as a function of gum arabic concentration (0e2.5%) at pH 3 and 7 at temperature
22 ± 2 �C.
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above. The suspension collecting and centrifuging process were
repeated three times then the final cream was collected.

2.3. The preparation of the peanut oil body suspension at different
pHs

The influences of pH on the properties of peanut oil body sus-
pensions were examined. Oil body suspensions were diluted to the
concentration of 0.005 wt % oil. The oil bodies cream were sus-
pended with 10 mM sodium phosphate buffer in the different pHs
(using 0.3 M HCl or NaOH to adjust pH from 3 to 7) at 22 ± 2 �C.

2.4. The preparation of the oil body suspension with different
concentrations of gum arabic

The oil body suspension was prepared by dispersing oil body
sample in sodium phosphate buffer. Oil bodies were diluted with
10 mM sodium phosphate buffer at pH 3 and 7 (Iwanaga et al.,
2007), then stirred for 1 h. Sodium azide (0.01%) was added as
preservative. Oil body suspensions were mixed with different
amount of gum arabic to obtain concentrations from 0 to 2.5 wt. %,
and then the mixtures were stirred for 1 h at 22 ± 2 �C. The final
concentration of oil body suspensions was 0.005 wt % oil. The
samples were kept at 22 ± 2 �C for 24 h before analysis.

2.5. The preparation of the oil body suspension at different thermal
treatments and ionic strengths

For low temperature treatment, oil body suspensions with and
without the addition of gum arabic at pH 3 and 7were stored at low
temperatures,�20 and 4 �C, for 12 h and then kept at 22 ± 2 �C. For
High temperature treatments, the oil body suspensions were
heated at 95 �C for 5,10,15, and 20min and then cooled in icewater
to 22 ± 2 �C. To examine the effects of ionic strength, NaCl with
different concentrations (0e500 mM) was added to the oil body
suspensions with and without the addition of GA at pH 3 and 7,
then the mixtures were stirred for 1 h. The oil body suspensions
were stored at room temperature for 24 h prior to analysis.

2.6. Zeta potential and particle size analysis

The diluted oil bodies suspensions were measured with a laser
light scattering instrument (Zetasizer Nano-ZS90, Malvern., In-
struments Ltd., Malvern, U.K.). The zeta potential data were
expressed as the average values and standard deviation of triplicate
measurements. Simultaneously, the sizes of oil bodies were
measured and represented as the surface-weighted (d32 ¼ Snidi3/
Snidi

2) mean particle diameter, where ni is the number of droplets
of diameter di (Iwanaga et al., 2007).

2.7. Protein electrophoresis

The adsorbed to the oil body surface peanut protein was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) using 4 and 12.5% for the stacking gel and
separating gel, respectively (according to the method of Ren, Tang,
Zhang, and Guo (2009). SDS-PAGE in the presence of 2-ME was
carried out on a vertical slab gel of 1 mm thickness (BIO CRAFT
model BE-210N, Japan) using an alkaline discontinuous buffer. The
sample buffer for nonreducing SDS-PAGE contained 0.125 M Tris-
HCl (pH 6.8), 1% SDS, 6 M urea, 20% glycerol, and 1% bromophenol
blue, and that of reducing SDS-PAGE contained 0.125 M Tris-HCl
(pH 6.8), 1% SDS, 6 M urea, 20% glycerol, 2% 2-mercaptoethanol, and
1% bromophenol blue. Following heating of the solution at 95 �C for
5 min. Aliquots (5 ml) were then loaded to the gel. After the run, the
gels were stained with Coomassie brilliant blue G-250 in the gel.
Furthermore, the protein brands were scanned by an HP scan in-
strument (HP 1000).

2.8. Statistical analysis

Tests with the physicochemical properties of the oil body sus-
pension included three replicate samples per analysis. The possible,
mean comparisons were made using ANOVA at p < 0.05.

3. Results and discussion

3.1. The protein components of oil bodies and influence of pH on oil
body properties

The presence of proteins at the oil body surface showed in Fig. 1.
Line 3 presents the protein components adsorbed to the peanut oil
body surface layer. The band that corresponds to protein compo-
nents of molecular mass of 16 kDa could be attributed to protein
belonging to the peanut oleosin (Tzen, Lai, Chen, & Huang, 1990).
On the other hand, another bands corresponding to proteins of a
higher molecular mass than the peanut oleosin belong to the
extraneous protein which they were probably extracted and
dispersed with the oil bodies (line2).

The effect of different pH values on zeta potential and the mean
particle size of peanut oil bodies were shown in Fig. 2. At pH 3 and
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4, zeta potential was around þ37.23 and þ20.43 mV, respectively.
Subsequently, as the pH further increased, zeta potential was
decreased to 0 mV at around pH 5, and then continued to decrease
to around �21.83 mV at pH 8 (Fig. 2). Thus, isoelectric point (IEP) of
peanut oil bodies located between pH 4 to 5. The zeta potential of
oil bodies that is related to the net electric charge of protein on the
oil body surface depended on pH. And the net electric charge
changed from positive to negative values with increasing pH.When
the pH values of oil body suspension are far away from the iso-
electric point, electrostatic repulsion should be much greater than
that at IEP. When the charge on the emulsion droplet increases, the
stability against droplets aggregation will be enhanced
(McClements, 2005). The results were consistent with a previous
report for IEP of oil bodies from maize germ, soy beans and Oryza
sativa oil bodies where IEP was found at a pH between 3 and 5
(Iwanaga, Gray, Decker, Weiss, & McClements, 2008; Nantiyakul
et al., 2013; Nikiforidis and Kiosseoglou, 2009; Sukhotu et al., 2014).

The mean particle sizes of peanut oil bodies in different pH
values were shown in Fig. 2b. From pH 3 to 4, mean particle size
dropped from 1.45 to 0.65 mm. At pH 5, the particle size became
larger (about 5.41 mm) which was due to the fact that net surface
charge was close to zero at this point. The mean particle sizes of
peanut oil bodies at pH 7 was about 0.99 mm that was lower than
that in the previous study of Tzen, Cao, Laurent, Ratnayaka, and
Huang (1993), in which the particle sizes of peanut oil bodies was
Fig. 4. Photographs of the oil body suspensions in the absences and presences of gum
reported as 1.95 mm. It probably is attributed to the difference
extraction process used in the preparation of oil body. With further
increase in pH, the mean particle size decreased rapidly, and then
slightly decreased to 0.50 mm at pH 8. This suggested that pH of the
emulsion influenced the stability of oil bodies. When the electrical
charge of the oil body emulsions was next closer to zero, the
electrostatic repulsion among oil bodies became weaker and then
the aggregation occurred. On the other hand, at pH values far away
from the IEP, there was a strong electrostatic repulsion that pre-
vented the aggregation of oil bodies (White et al., 2008). It is well-
known that when the large oil droplets are formed by the aggre-
gation of small oil droplets and if the density of the droplets is
lower than that of the surrounding liquid, these droplets move
upward to form a creaming layer (Mcclement, 2010). Therefore, the
oil body suspensionwas stable at pH 3e4 and pH 6e8 but unstable
at pH around 4e5.

3.2. Influence of gum arabic concentration on oil body properties

With the increase of GA concentration, the absolute values of
zeta potential of the oil body emulsion containing GA decreased at
both pH 3 and 7 (Fig. 3). Zeta potential value of the emulsion at pH 3
changed from positive (30.70 mV) to negative (�13.27 mV) when
added to 0.5% of GA, and then as GA concentration exceeded 0.5% it
became constant. The results of zeta potential measurements had
arabic (2.5%) at both pH 3 (a and b, respectively) and 7 (c and d, respectively).
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confirmed that GA coated droplets had sufficient negative charges
to increase the electrostatic repulsion between droplets. Moreover,
the zeta potential of oil body emulsion in the presence of GA at pH 3
was close to that of pure GA when dispersed in sodium phosphate
buffer (�15.8 mV). This indicated the predominance of the GA was
due to its adsorption to protein so as to cover the oil body surfaces
till it was saturated. On the other hand, the absolute value of zeta
potential of oil body emulsion at pH 7 slightly decreased from the
initial value (�26.27mV) to�13.97mVwhen 0.5% of GAwas added.
GA had little effect on zeta potential of oil body emulsion at pH 7,
which might be attributed to the effect of GA in the continuous
phase. From these results, it was suggested that the formation of
GA-oil body is an electrostatic reaction, an anionic polysaccharide
(GA) forms a complex with proteins bearing positive charges below
its IEP (Evans, Ratcliffe, & Williams, 2013).

The mean particle size of oil body emulsion in the presence of
GA at pH 3 decreased rapidly from around 2.73 to around 0.60 mm
when 0.5% GA was added (Fig. 3b), and photographs also showed
the degree of oil body aggregates in the colloidal suspensions was a
lower in the presence of GA (Fig. 4). When the GA concentration
increased further from 0.5 to 2.5%, the particle size did not change
so much. In addition, the change in the mean particle size was
consistent with that of the zeta potential value of oil body sus-
pension in the presence of GA. After the addition of 0.5% GA, the
Fig. 5. Changes of the zeta potential (a) and the mean particle diameter (b) of the oil
body suspensions presence of 2.5% GA, at temperature 22 ± 2 �C with increasing NaCl
concentrations (0e500 mM) at pH 3 and 7.
particle size of oil bodies slightly decreased at pH 7, and almost kept
constant with further addition of GA. The mean particle size of oil
droplets at pH 7 was smaller than at pH 3 in the absence of GA. This
might because of electrostatic repulsion at neutral pH. It could be
attributed to both oil body suspension and GA which were repul-
sive at pH 7. GA and oil bodies carried negative charges at neutral
pH, hence, the decrease in the droplet size is not expected. In the
case of the oil body suspension in presence of GA at pH 3, the
decreasing of the droplet size with GA might be due to the fact that
hydrophobic protein of GA absorbed onto protein of oil body
interface while the hydrophilic carbohydrate protruded into the
aqueous solution. After the GA adsorbed onto the droplets surface,
the steric hindrance of polysaccharide moiety provided the strong
repulsive interaction between droplets so as to prevent aggregation
and coalescence (Aoki et al., 2007; Islam, Phillips, Sljivo, Snowden,
& Williams, 1997; Jayme, Dunstan, & Gee, 1999). Therefore, 2.5% of
GA tended to have a good emulsifying capacity in the acidic con-
dition, which agreed with the fact that GA is usually used in
beverage as emulsifier under acidic condition (Dickinson, 2003).
Besides, Bouyer et al. (2011) reported that GA with its concentra-
tions equal to or high than 2.5 (w/w) % and 0.5 (w/w) % b-lacto-
globulin were used in order to improve emulsion stability.
Fig. 6. Changes of the zeta potential (a) and the mean particle diameter (b) of the oil
body suspensions at 95 �C.



Fig. 7. Changes of the zeta potential (a) and the mean particle diameter (b) of the oil
body suspensions under low temperature.
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3.3. Influence of NaCl concentration on oil body properties

As shown in Fig. 5, with the increase of NaCl concentration from
0 to 500 mM, zeta potential of oil body suspension at pH 3 changed
from around 27.27 mV to around 4.17 mV and from �9.19 mV
to �5.03 mV in the absence and presence of GA respectively. Seen
from absolute values, zeta potentials of oil body suspension in the
absence of GA were much lower than that of emulsions in the
presence of GA. However, at pH 7, the absolute values of the zeta
potential of oil body suspension in the absence of GA were slightly
smaller than those of samples in the presence of GA. These results
indicated that the addition of NaCl to the oil body suspension had
only a slight effect on the charges of the oil body suspensions in the
NaCl concentration range examined.

When NaCl level ranged from 100 to 300 mM NaCl, the mean
particle sizes of the oil body emulsion at pH 3were almost constant,
but it became larger when the concentrations of NaCl exceeded
300 mM (around 4.34e4.51 mm). The addition of salt caused the
aggregation between oil body droplets. In the meanwhile, particle
size of oil body with GA addition did not change when salt con-
centration increased (around 0.57e0.89 mm, at pH3). It indicated
that the steric repulsion caused by GA is much stronger than the
screening effect of electrostatic repulsion by NaCl in the concen-
tration range examined. Therefore, GA contributed to the stability
to oil body, which agreed with the research regarding GA adsorp-
tion at SPC-stabilized oil-water interface (Wang et al., 2011).
Therefore, the NaCl added had no effect on the mean particle
diameter of the oil body emulsion in the presence of GA. At pH 7,
the salt had no effect on the mean particle diameter of oil bodies in
the absence and presence of GA (around 0.52e0.64 mm, and
0.39e0.61 mm, respectively). It was possible that at pH 7 GA had no
interaction with peanut oil bodies, and the amount of salt was not
enough to interact with peanut oil bodies.

3.4. Influence of high temperature on the mean particle diameter
and zeta potential of oil bodies

Zeta potential of the oil body emulsions heated at 95 �C for
0e20 min in the absence and presence of GA at pH 3 were constant
in the range of 26.53 mV to 27.3 mV and �9.21 to �10.27 mV
respectively. On the other hand, there was no significant difference
between the heated and unheated oil body emulsions in the
presence of GA at pH 3 (Fig. 6). The zeta potential of the oil body
emulsions at pH 7 in the absences and presence of GA after heating
showed no significant difference.

The mean particle diameter of oil body suspensions with and
without GA at pH 7 and without GA pH 3 remained fairly constant
as the heating time increased. Heating treatment did not cause a
significant increase in the protein-protein interaction via hydro-
phobic interactions on surface (Iwanaga et al., 2007). Similarly, the
soybean protein concentrate (SPC) stabilized emulsion in the
presence of gum arabic showed good stability at high temperature
(Wang et al., 2011).

3.5. Influence of low temperature on the mean particle diameter
and zeta potential of oil bodies

The zeta potential and the mean particle diameter of oil body
emulsions at pH 3 and 7 after stored at 4 and�20 �C were shown in
Fig. 7. At pH 3, the zeta potential of the oil body suspension in the
absence of GA after stored at 4 �C was 28.77 mV which was slightly
lower than that stored at 22 ± 2 �C. After the addition GA, it
decreased to�9.34 mV. On the other hand, the zeta potential of the
oil body suspensionwithout GA after stored at�20 �C was 25.6 mV
and reduced after the addition of GA to �9.21 mV. It is indicated
that GA had absorption capacity onto oil body surface at low
temperature. However, at pH7, the zeta potential of the oil body
suspension in the absence and presence of GA after stored at 4 and
�20 �C showed no significant difference. The mean particle diam-
eter of the oil body suspension in the presence of GA at pH 3 after
stored in 4 �C was smaller (1.89 mm) compared to that in the
absence of GA (3.66 mm). After stored at�20 �C the aggregates of oil
body were formed. On the other hand, the addition of GA tended to
inhibit the aggregation of oil body.

At pH 7, when stored at 4 �C, the particle diameter of oil body
emulsion in the absence and presence of GA was almost the same
(about 1.01e1.02 mm). However, particle size of the �20 �C stored
oil body emulsions was larger than that at 4 �C (3.30 and 1.03 mm,
respectively), and the addition of GA lead to a decrease of particle
size. Changes in the particle size at pH 3 and 7 indicated that GA
adsorbed to the interface even at low temperature.

4. Conclusions

Extraction of oil bodies frompeanuts has been proven to provide
a new material for application in emulsion system. The peanut oil
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bodies were stable against aggregation at pH far away from IEP,
which was attributed to the presence of proteins absorbed onto the
oil body surfaces. As for the effect of the NaCl, 100e300 mM NaCl
did not influence the particle diameter in the peanut oil body
emulsions. It was indicated that if salts were to be the applied in the
peanut oil body emulsions, the salt concentration should be care-
fully chosen to prevent the emulsion from aggregation. At low
temperature, the aggregation of peanut oil body easily occurred,
which decreased the stability of the suspension. The formation of
GA-oil body complex on the surface layer depended on the pH
values, GA concentration, and temperature. Changes in the particle
diameter and zeta potential of oil body emulsions at pH 3 could be
controlled by GA which could adsorb to the oil body surface.
Moreover, low temperature (�20 �C) induced GA to adsorb onto the
oil body at pH 7 so that aggregation of oil bodies was impaired. The
application of GA in the peanut oil body suspension as a stabilizer, it
only required a small amount of GA to interact with oil body
emulsion. GA provided good peanut oil body emulsion stability
under different environments. Thus, the GA-peanut oil body com-
plex would be useful in the food industry.
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a b s t r a c t

Extending vane pump-grinder systems by attaching a high-shear homogenizer enables the production of
finely emulsified meat batters. The integration of an injection nozzle between grinder and high-shear
homogenizer allows for a curing salt solution to be injected during meat emulsion production. In this
study, we examined the effects of substituting crushed ice by a curing salt solution. We postulated that
the injection of a salt solution instead of the addition of ice decreases the energy consumption of the size
reduction units, since forces required to comminute the raw material mixture may decrease. To this
purpose, the amount of crushed ice in the meat emulsion formulation was gradually substituted by a
curing salt solution injected via the nozzle. Results show that the complete substitution of ice by in-
jection of curing salt solution did not alter the product qualities, but that substantial energy savings of up
to 25% during the production of finely dispersed meat emulsions were achieved. Specifically, the power
consumption of the high-shear homogenizer decreased by up to 27%. Results should be of interest to
meat product manufacturers looking for new approaches to reduce costs.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The meat processing industry faces ever growing price pres-
sures. This, in turn, is leading to substantial structural changes. For
example, the number of small-scale meat processors in Germany
has decreased by about 30% over the past 10 years, whereas the
number of industrial manufacturers continues to grow (BVDF,
2014; DFV, 2014). Consequently, manufacturers are increasingly
demanding the development and application of continuous rather
than batch processes in meat product manufacture, since such
processes are often more efficient tan batch operations (Weiss,
Gibis, Schuh, & Salminen, 2010). The vane pump-grinder technol-
ogy meets this requirement by continuously converting a raw
material mixture into a meat batter and filling it directly into cas-
ings in a single processing step (Haack, 2001; Schmid, Reutter,
Baechtle, & Braig, 2008). In addition to the production of coarsely
ground dry-cured sausages, the manufacture of emulsion-type
ss).
sausages with a freely modifiable degree of dispersion has
recently become feasible via the implementation of a downstream
high-shear homogenizer (Braig, Baechtle, Reutter, & Mueller, 2011;
Irmscher et al., 2013; Irmscher, Gibis, Herrmann, Kohlus, & Weiss,
2016; Irmscher et al., 2015). There, an extended vane pump-
grinder system consisting of a vane pump, an attached grinder
component and a downstream homogenizer with a tooth-saw
rotor-stator cutting tool has been developed (Irmscher, Gibis,
Herrmann, Kohlus, & Weiss, unpublished results).

In extended vane pump-grinder systems, only small tempera-
ture increases occur during the comminution of the raw materials
due to the short residence times in the size reduction zone of the
grinder (Haack & Schnaeckel, 2004) derived via constantly
conveying pumps (Maile, Mantz, & Staudenrausch, 2008; Rose,
1993). Because of this, the vane pump-grinder technology may
potentially allow the substitution of ice by water during the
manufacture of meat batters for emulsion-type sausages, since ice
is typically only added to prevent overheating of the batter mass
during homogenization (Haack, Schnaeckel, & Haack, 2003).
Schnaeckel, Krickmeier, Schnaeckel, Micklisch, and Haack (2012)
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observed that the temperature increased by 9e10 K when 60% (w/
w) ice was substituted by water during meat batter production
using an extruder-grinder. The integration of an injector nozzle
between the grinder component and the homogenizer in an
extended vane pump-grinder system enables the continuous
addition of a liquid, such as water or curing salt solutions, during
the production of meat batters. In a previous study, we found that
the short mixing time of the curing salt with the comminuted meat
and fat mixture was sufficient to allow for high-quality emulsion-
type sausages to be manufactured. Incidentally, we observed that
power consumption decreased (Irmscher, Gibis et al., unpublished
results).

The objective of this study was therefore to investigate the in-
fluence of a substitution of ice by an injected curing salt solution
during the production of a meat batter using an extended vane
pump-grinder system more systematically. We hypothesized that
the torque acting on the motor of the grinder component and the
homogenizer decreases with the substitution of ice, resulting in
lower power consumption. This is because there are less forces
needed to homogenize the raw material mixture. As a result, the
meat batter may be exposed to higher temperatures, and thus
product properties may be altered. To this purpose, meat batters
with an increasing substitution of ice by a curing salt solution
injected (0e100%) were produced using an extended vane pump-
grinder system. All other process parameters were kept constant
and the microstructure, particle size distribution, color of products
and the power consumption of the system analyzed.

2. Materials and methods

2.1. Materials

Lean pork meat and pork fat from the shoulder and ham were
obtained from Mega eG (Stuttgart, Germany). Meat and fat were
ground to 5 mm using a grinder (Type W 114 T82 487-1, Sey-
delmann, Aalen, Germany) after standardizing materials to the
categories SIII and SIX, according to the GEHA meat classification
system (Hack et al., 2001). Curing salt was purchased from Zentrag
eG (Frankfurt, Germany). A spice mixture “Aufschnitt Delikatess”
was kindly provided by Tastemakers (Stuttgart, Germany). Tetra-
sodium pyrophosphate “Bullifos LL” and ascorbic acid were kindly
provided by Frutarom Savory Solutions (Korntal-Münchingen,
Germany). Casings (Type NaloBar APM, Ø 60mm) were supplied by
Kalle (Wiesbaden, Germany). Water-vapor permeability of casings
was 5 g/m2 d at 23 �C and 85% relative humidity, while permeability
to oxygen was 12 cm3/m2 d bar at 23 �C and 53% relative humidity.

2.2. Sample production

Emulsion-type sausages were produced according to a standard
formulation containing 500 g/kg lean pork meat, 270 g/kg pork fat,
230 g/kg ice/water, 18.0 g/kg curing salt, 5.0 g/kg spice mixture,
1.5 g/kg pyrophosphate and 0.5 g/kg ascorbic acid using an
extended vane pump-grinder system (vane pump VF616, grinder
unit GD 93-3 and a homogenizer prototype from Handtmann,
Biberach, Germany) having an injection nozzle inserted between
grinder and homogenizer (Fig. 1 A). The grinder was equipped with
a five-part knife-perforated plate assembly made of a standard pre-
cutting plate, a ring knife with eight blades, a perforated mid plate
with 4 mm hole diameter, a second ring knife with eight blade, and
a perforated end plate with 2 mm hole diameter (turbocut Jopp,
Bad Neustadt, Germany). The homogenization zone of the ho-
mogenizer consisted of two rotor-stator systems. The first rotor-
stator stage consisted of a rotor with a diameter of 150 mm and
22 bars and a stator with 28 blades, whereas the rotor diameter was
125 mm with 19 bars and the stator had 24 blades in the second
rotor-stator stage (Hempe, Wagenfeld, Germany). Meat, fat, ice,
spice mixture, pyrophosphate and ascorbic acid were mixed in a
MVZ 150 T-paddle mixer (Asgo, Ermesinde, Portugal) at 30 rpm for
10min. The amount of icewas substituted by various degrees (0, 20,
40, 60, 80 and 100%) with an injected curing salt solution with a
temperature of 1 �C. To that purpose, the volume flow rate of the
vane pump _Vvp and the cavity pump _Vcp was varied depending on
the amount of ice substituted (Table 1) in order to keep the total
volume flow rate _V constant at _Vvp þ _Vcp ¼ 40 L=min. The grinder's
knife rotational speed nknife was set to 236 rpm and the rotational
rotor speed of the homogenizer nrotor was set to 3000 rpm for all
samples. The processed meat batter was filled directly into
impermeable casings, heated in a water bath at 75 �C until a core
temperature of 72 �C had been reached, then cooled and stored at
1 �C until analysis. Fig. 1 B depicts the process flow chart of the
samples' production.
2.3. Machine parameter acquisition

Machine parameters of the extended vane pump-grinder sys-
tem were captured by internal sensors and recorded by the oper-
ating software of the vane pump-grinder system. The power
consumed by the vane pump Pvp, the grinder Pgrinder and the ho-
mogenizer Phomogenizer were recorded during the meat batter pro-
duction. The temperature of the raw material mixture wmixture and
the meat batter wbatter were measured with a thermometer (Type
926, Testo, Lenzkirch, Germany).
2.4. Photographic images

Photographic images of the sausage cross-sections were taken
using a digital single-lens reflex camera (Type K-5, Pentax Ricoh
Imaging, Hamburg, Germany). Ten images per sample were taken
under standardized conditions, i.e. lightness, distance to the sample
and camera settings (ISO-200, aperture: 7.1, exposure time: 5 ms).
The contrast of all images was enhanced equally using the open
source image processing software GIMP 2.8.10 (The GIMP Team) to
allow for a better differentiation of potential differences.
2.5. Visible lean meat particle size

The visible lean meat particle size of the sausage cross-sections
was determined via image analysis (ImageJ 1.49a, Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA). The photo-
graphic images were converted to grey scale images, and binary
black and white images were generated from the grey scale images
by applying an automated grey scale threshold procedure (method:
“triangle”) to the visible lean meat particles. The binary images
were subjected to particle size analysis. Mean diameter d10 and
mean volume-surface diameter d32 were calculated according to
Equations (1) and (2):

d10 ¼
P

ni � diP
ni

(1)

d32 ¼
P

ni � d3iP
ni � d2i

(2)

with the number of particles ni of the diameter di in each size class
of the population (McClements, 2005). Ten photographic images
were analyzed for each sample.



Fig. 1. (A) Extended vane pump-grinder system consisting of vane pump, grinder, injection nozzle and high-shear homogenizer (with permission from Handtmann, Biberach,
Germany) and (B) process flow chart of the sample production.

Table 1
Volume flow rate of the vane pump _Vvp and the cavity pump _Vcp and normalized torque of the vane pump motor Mvp, grinder motor Mgrinder and homogenizer motor
Mhomogenizer during the production of meat batter substituting ice by a curing salt solution.

Ice substitution xsol (%) Volume flow rate (L/min) Normalized torquea (%)

Vane pump _Vvp Cavity pump _Vcp Vane pump Mvp Grinder Mgrinder Homogenizer Mhomogenizer

0 40.0 n.a. 27.5 ± 1.9 28.6 ± 1.9 107.2 ± 1.1
20 38.2 1.8 27.8 ± 1.9 24.7 ± 1.6 104.8 ± 2.6
40 36.3 3.7 28.1 ± 1.7 23.7 ± 1.2 94.7 ± 1.6
60 34.5 5.5 28.0 ± 1.6 22.0 ± 1.1 90.8 ± 1.8
80 32.6 7.4 28.0 ± 1.5 21.8 ± 1.0 88.2 ± 2.0
100 30.8 9.2 29.5 ± 1.4 23.1 ± 0.9 78.6 ± 1.7

n.a.: not applicable.
a The torque was normalized by the maximal torque; vane pump: 24 Nm, grinder: 30 Nm and homogenizer: 54 Nm.
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2.6. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) images were taken
to visualize the microstructure of the emulsion-type sausages. The
protein matrix was stained with 17 mL Calcofluor White Stain
(SigmaeAldrich, Taufkirchen, Germany), and the fat was stained
with 17 mL Nile Red (SigmaeAldrich) diluted in acetone (c ¼ 0.2 g/
L). The sausages were cut into cylinders (20 mm diameter, 17 mm
high), placed into special microscope slides and covered with a
cover slip. Pictures were taken with a confocal laser scanning mi-
croscope (Eclipse-C1, Nikon, Düsseldorf, Germany) equipped with a
4 � objective (Type Plan Flour DL [NA 0.13], Nikon, Düsseldorf,
Germany). The microscope settings were controlled with the E-CZ1
(Nikon, Düsseldorf, Germany) software. Ten images per dye and
sample were taken with an image resolution of 512 � 512 pixels.
2.7. Color measurement

The color of the sausage cross-sections was measured in the
CIELAB color space with a chromameter (CR-200, Minolta,
Ahrensburg, Germany) calibrated against a white ceramic tile
(tristimulus values: Y ¼ 93.7, x ¼ 0.3159 and y ¼ 0.3321) at a D65
illumination and 0� standard observer with an 8 mm aperture. Ten
measurements were taken per sample, with direct contact at the
sausage surface.
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2.8. Texture analysis

Sample textures were determined using an Instron texture
analyzer (Model 1011, Instron Corporation Ltd., Canton, MA, USA)
equipped with a Kramer shear cell (10 blades; each 7.0 � 0.3 cm).
The emulsion-type sausage was sliced into cylinders having a
diameter of 4.5 cm and a height of 0.3 cm. Samples were packed
into plastic film (PVC, 7.5 mm thick) to prevent drying. The tem-
perature of all samples was adjusted to 1 �C before analysis.
Sausage cylinders were then placed in the Kramer shear cell,
compressed, penetrated and sheared by the blades at a speed of
1.7 mm/s. The force was recorded as a function of deformation to
obtain a characteristic yield force Fyield (N/100 g) as a firmness in-
dicator. Fifteen cylinders per sample were analyzed.

2.9. Statistical analysis

All analyses were conducted using duplicate samples, and
measurements were carried out at least in triplicate. Means and
standard deviations were calculated from these measurements
using Excel (Microsoft, Redmond, WA, USA). Further statistical
analysis was conducted with the statistical software SAS (Version
9.3, SAS Institute Inc., Cary, NC, USA). A one-way variance analysis,
the TukeyeKramer test (a ¼ 0.01), was carried out to distinguish
product properties. The data was subjected to the ShapiroeWilk
method (a ¼ 0.1) to test for normal distribution. If the data did not
fulfill this criterion, a nonparametric test, the KruskaleWallis test
(a ¼ 0.01), was used and Monte Carlo simulations were employed.

3. Results and discussion

3.1. Machine parameters

Fig. 2 shows the power consumed by the individual devices of
the extended vane pump-grinder system. The power consumed by
the vane pump Pvp decreased from 1.15 ± 0.08 to 0.95 ± 0.05 kW
with increasing substitution of ice, although the normalized torque
of the vane pump motor remained constant at ~28% (Table 1). The
power consumption decrease was attributed to the decreasing
volume flow rate of the vane pump substituting ice. While the vane
Fig. 2. Power consumption of the vane pump Pvp (C), grinder Pgrinder (▫) and ho-
mogenizer Phomogenizer (A) during the production of meat batter using an extended
vane pump-grinder system as a function of the ice substituted by a curing salt solution
xsol.
pump had tomaintain the total volume flow rate of 40 L/min during
the production of meat batter with ice, _Vvp decreased to 30.8 L/min
when 100% of the ice was substituted by injecting the curing salt
solution.

The power consumption of the grinder component Pgrinder and
the homogenizer Phomogenizer decreased when ice was substituted
(Fig. 2). Pgrinder decreased from 2.5 ± 0.2 kW for the standard pro-
cess using ice to 2.1 ± 0.1 kW for themodified process using 100% of
a salt solution. Correspondingly, Phomogenizer decreased by 27% from
19.9 ± 0.2 to 14.6 ± 0.3 kW. This constitutes a total energy reduction
of up to 25% for the conversion of the raw material mixture to a
meat batter. The variations of the power reduction of the grinder
and the homogenizer may be ascribed to the curing salt solution
being injected between the grinder and the homogenizer. Thus,
only meat and fat were comminuted in the grinder component at
100% ice substitution, with the final dispersion of meat, fat and
water being manufactured in the high-shear homogenizer. This
implies that the resistance of the raw material mixture against
comminution decreased due to the addition of water. However,
both decreases may also be due to the temperature increase arising
from the substitution of the ice. The temperature of the raw ma-
terial mixture prior to processing increased from �1.5 �C with no
ice substitution to 6.2 �C for the “ice-free” sample. After the size
reduction in the grinder when the salt solution was added, the
temperature for the no-ice substitution was �1.9 �C, whereas the
“ice-free” sample had a temperature of 12.4 �C (Table 2). A similar
decrease of the power consumption of the grinder component
could be observed during the production of dry-cured sausages
with a vane pump-grinder system. There, a decrease of the power
consumption of up to 42.1% was measured, when the raw material
mixture temperature increased from �3 to þ2 �C (Irmscher et al.,
2013). Furthermore, raising the temperature of the fat from �15
to �2 �C also resulted in energy savings of up to 25% (Irmscher,
Gibis, Herrmann, Kohlus, & Weiss, 2011). The forces required to
comminute raw materials depend on the rheological properties of
the product components. These are influenced by environmental
conditions, and there most noticeably temperature. Generally, both
elastic and viscous properties such as G0 and G00 decrease with
increasing raw material temperature, especially if materials tran-
sition from a frozen (solid) to an unfrozen (viscous or viscoelastic)
state. In consequence forces required for size reduction decrease
(Brown, James, & Purnell, 2005; Krickmeier, Schn€ackel,
Pongjanyanukul, Schn€ackel, & Micklisch, 2012). Because of this,
the normalized torque acting on the grinder and the homogenizer
motor, listed in Table 1, decreased with increasing raw material
temperature due to lower forces being exerted during
comminution.

3.2. Sausage structure

The photographic images in Fig. 3 A show that the structure of
the sausage cross-sections did not change with the different raw
material temperatures caused by the ice substitution. Although the
raw material had varying material properties during homogeniza-
tion, no statistical difference of the visible lean meat particle size
could be determined (p > 0.01). Image analysis revealed a mean
diameter d10 of approx. 360 mm and a mean volume-surface
diameter d32 of approx. 650 mm, regardless of the amount of ice
substituted (Table 3). This is in agreement with a previous study
where we had investigated the structure of an emulsified sausage
batter containing 1/3 of ice and 2/3 of a salt solution (Irmscher,
Lintner, et al., unpublished results). There, we found visible lean
meat particles having a mean diameter d10 of ~400 mm and mean
volume-surface diameter d32 of ~680 mm.

The CLSM images of the fat globules in Fig. 3 B and the protein



Table 2
Temperatures of the raw material mixture prior to processing wmixture, after injection of the solution winj, and of the meat batter after processing wbatter.

Ice substitution xsol (%) Temperature (�C)

Prior to processing wmixture After injection winj After processing wbatter

0 �1.5 �1.9 7.0
20 �0.7 �0.1 11.4
40 �0.6 3.1 10.3
60 �0.3 5.3 12.1
80 2.6 7.2 14.8
100 6.2 12.4 18.5

Fig. 3. (A) Contrast-enhanced photographic images and CLSM images (4� magnification) of (B) the protein matrix and (C) the distribution of fat globules of sausage cross-sections
produced with increasing amount of ice substituted by a curing salt solution xsol.

Table 3
Lean meat particle mean diameter d10 and volume-surface diameter d32, as well as L*a*b* color values in respect of the substitution of ice by a solution injected during meat
batter production using an extended vane pump-grinder system.

Ice substitution xsol (%) Visible lean meat particlemean
diameter (mm)

Color values

d10 d32 L* a* b*

0 358 ± 17A 637 ± 42A 68.7 ± 1.0A,B 10.6 ± 0.4A 8.2 ± 0.1A

20 362 ± 18A 657 ± 36A 68.8 ± 0.2A 10.6 ± 0.2A 8.0 ± 0.1B

40 353 ± 14A 649 ± 100A 68.5 ± 0.3A,B 10.6 ± 0.2A 7.9 ± 0.1B

60 364 ± 15A 649 ± 17A 68.2 ± 0.3B 10.8 ± 0.2A 8.0 ± 0.2B

80 365 ± 15A 659 ± 36A 68.3 ± 0.2B 10.8 ± 0.2A 8.0 ± 0.1B

100 360 ± 16A 650 ± 63A 68.4 ± 0.3B 10.6 ± 0.1A 8.4 ± 0.1A

Mean values with the same superscript in the same column are not significantly different (p > 0.01).
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network in Fig. 3 C revealed no significant differences in the
microstructure of the samples with ice substitution. However, the
fat globule size of the sausages was widely distributed. In addition
to a large number of extremely small <10 mm fat globules, large fat
globules with sizes around 100 mm could be found. Nevertheless, all
samples exhibited a similar size distribution. Furthermore, a fine-
meshed protein network enclosed the fat globules of all sausages.
A characteristic emulsion-type sausage microstructure was
therefore observed in all samples regardless of the temperature
variations during homogenization caused by the substitution of ice
(Lee, Carroll, & Abdollahi, 1981; Swasdee, Terrell, Dutson, & Lewis,
1982; Tornberg, 2005).

In addition, the photographic images of the sausage cross-
sections in Fig. 3 A show that no fat or water separation occurred
during the heat treatment. The temperature after processing did
not exceed 18.5 �C even if all the ice had been substituted. This
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temperature is still within the rangewhere stable meat batters may
be produced, since proteins are not yet subject to denaturation and
crosslinking (Ambrosiadis & Wirth, 1984; Colmenero, Carrascosa,
Barreto, Fernandez, & Carballo, 1996). Ambrosiadis and Wirth
(1984), for instance, recommended a temperature of up to
15e18 �C after comminution for meat batter formulations con-
taining phosphates.

3.3. Color and firmness

The L*a*b* color values of the sausage cross-sections are listed in
Table 3. All three color values of the samples differed only
marginally. The lightness L* varied from 68.2 ± 0.3 to 68.8 ± 0.2,
with only 20% ice substitution differing significantly (p < 0.01).
However, this sample was statistical equal to the samples with no
or 40% ice substitution. The red color value a* exhibited no signif-
icant differences upon ice substitution (p > 0.01), and featured
values between 10.6 ± 0.4 and 10.8 ± 0.2. Although the b* value
yielded significant differences, no correlation to the ice substitution
was observed. Furthermore, b* also varied in a very narrow range of
7.9 ± 0.1 to 8.4 ± 0.1. However, the variations of the L*a*b* color
values are not distinguishable by the naked eye (Mendoza, Dejmek,
& Aguilera, 2006).

Fig. 4 shows that the firmness of the sausages increased slightly
with increasing ice substitution. Thus, the normalized yield force
Fyield increased from 1630 ± 60 N/100 g without ice substitution to
1700 ± 50 N/100 g when 100% of the ice was substituted. However,
no statistical differences between the samples could be observed
(p > 0.01). The lack of statistical differences was not unexpected,
since the CLSM images confirmed that the structure and the
microstructure of the sausages remained unaltered.

4. Conclusion

The results of this study demonstrated that the production of
“ice-free” meat batters in an extended vane pump-grinder system
is feasible. The forces exerted during size reduction and homoge-
nization of the raw material mixtures decreased considerably with
increasing ice substitution. Short residence times in the extended
vane pump-grinder system during processing ensured that a crit-
ical temperature for the production of heat-stable meat batters was
not exceeded. Upon ice substitution, sausage properties, such as
Fig. 4. Normalized yield force Fyield of sausages prepared using an extended vane
pump-grinder system as a function of the ice substituted by a curing salt solution xsol.
structure, color and firmness, were not affected negatively. Beside
cost savings caused by reduced power consumption, additional
benefits may be derived from the lower acting torques possibly
decreasing maintenance requirements of the extended vane pump-
grinder system. Lower torques cause less abrasion of the motors
and the cutting tools and thus might have a beneficial effect on the
durability of the equipment. Furthermore, equipment to manu-
facture crushed ice have become expendable, leading to further
energy and cost savings. Additional investigations will have to focus
on the injection of not just salt solutions, but suspensions con-
taining spices, phosphate and ascorbic acid, and the effect on the
meat batter properties. In turn, recipe formulations could be
quickly and easily varied by simply altering the composition of the
suspension injected.
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a b s t r a c t

Aqueous-core microcapsules with sodium alginate (SA) hydrogel in membrane and xanthan gum (XG) in
core were prepared using ionotropic gelation method to encapsulate bacteriocin-producing lactic acid
bacteria (LAB). In this study LAB were immobilized in microcapsule membrane. XG was applied to
reinforce SA microcapsules. Molecular interaction between SA and XG in the microcapsules was inves-
tigated using FTIR spectroscopy. Microcapsules morphology and mechanical properties were examined.
The impact of an enrichment with nutrients of core (M17 broth supplemented with 0.5% glucose vs
physiological water) and physiological state of Lactococcus lactis during encapsulation step (exponential
vs stationary state) was studied on L. lactis survival, nisin release. Furthermore, the antimicrobial
effectiveness of the best system to preserve bacterial survival and permit nisin release was studied
against Listeria monocytogenes.

No differences were observed in terms of mechanical properties among studied systems. FTIR spec-
troscopy confirmed the establishment of possible hydrogen bonding between XG hydroxyls groups and
SA carboxylate groups which could modify microcapsules release properties. Microcapsules with L. lactis
in exponential state encapsulated in SA membrane and aqueous-core based on XG with nutrients gave
the best results. At 30 �C, a complete inhibition of L. monocytogenes growth throughout the storage
period was observed for these microcapsules.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Application of lactic acid bacteria (LAB) as a biopreservation
strategy has increasing interest in the last decades. LAB are
considered as GRAS (Generally Recognized As Safe) and can inhibit
the growth of different bacteria, yeasts and fungi, through the
production of organic acids, hydrogen peroxide, enzymes, defective
phages, lytic agents and antimicrobial peptides, or bacteriocins
(Alzamora, Tapia, & L�opez-Malo, 2000). Among pathogens present
in foodstuffs, Listeria monocytogenes remains one of the major
problems particularly in dairy products. Previous studies have
already proved the antilisterial efficacy of LAB in model systems
(Antwi, Theys, Bernaerts, Van Impe, & Geeraerd, 2008), in dairy
products (Liu, O'Conner, Cotter, Hill, & Ross, 2008), in sea-food
products (Concha-Meyer, Sch€obitz, Brito, & Fuentes, 2011), as well
as inmeat products (Maragkoudakis et al., 2009). To guarantee food
aine.fr (L. S�anchez-Gonz�alez).
safety, the incorporation of LAB into food packaging appears an
interesting novel approach. But some recent studies reported
problems of LAB viability (S�anchez-Gonz�alez, Saavedra-Quintero,&
Chiralt, 2013, 2014). The use of encapsulation techniques to protect
LAB before their addition in bioactive films could be an interesting
approach to limit this phenomenon. Indeed, microencapsulation
methods permit the entrapment of microbial cells within particles
based on different materials and their protection against non-
favorable external conditions (Champagne & Kailasapathy, 2008;
Zuidam & Shimoni, 2010). Different factors such as encapsulation
method, type and concentration of materials used, particle size and
porosity or type of microparticles (bead, capsule, composite,
coating layer.) affect effectiveness of the bacterial protection (Ding
& Shah, 2009). Several biopolymers were studied for encapsula-
tion: alginate, pectin, k-carrageenan, xanthan gum, gellan gum,
starch derivatives, cellulose acetate phthalate, casein, whey pro-
teins and gelatin. Alginate has been widely used as microencap-
sulation material as it is non-toxic, biocompatible, and cheap (Jen,
Wake, & Mikos, 1996; L�eonard et al., 2013, 2014). Sodium alginate
(SA) composition is variable and consists in homopolymeric and
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heteropolymeric blocks alternating 1,4-linked b-D-mannuronic acid
(M) and a-L guluronic acid (G) residues (Pawar & Edgar, 2012).
Physical properties of alginate are dependent of the composition,
sequence and molecular weight (Pawar & Edgar, 2012). Gel for-
mation is driven by interactions between G-blocks, which associate
to form firmly held junctions due to divalent cations. In addition to
G-blocks, MG blocks also participate by forming weaker junctions
(Pawar& Edgar, 2012). Some studies focus on the interest on design
composite systems on associating several biopolymers such as
alginate and xanthan gum to control active components release
(Wichchukit, Oztop, McCarthy, & McCarthy, 2013). Xanthan Gum
(XG) is an extracellular anionic polysaccharide secreted by Xan-
thomonas campestris. It is a complex polysaccharide consisted in a
primary chain of b-D-(1,4)-glucose backbone, which has a
branching tri-saccharide side chain comprised of b-D-(1,2)-
mannose, attached to b-D-(1,4)-glucuronic acid, and terminates in a
b-D-mannose (Elçin, 1995; Goddard & Gruber, 1999). Recently, XG
has been used to combinewith SA in beads to preserve LAB viability
andmodulate release properties. This could be due to themolecular
interaction between SA and XG, which led to the formation of a
complex matrix structure (Fareez, Meng Lim, Mishra, & Ramasamy,
2015; Pongjanyakul & Puttipipatkhachorn, 2007).

The aim of the present study was to develop novel SA-XG mi-
crospheres that can enhance stability of Lactococcus lactis and
release of nisin during storage for future food packaging applica-
tions. LAB were usually present inside beads or in the core of
capsules. One of the originalities of this study was to immobilize
bacteria in SA membrane of the capsule and to use the core as a
nutrient pool to permit a gradual bacterial growth. Physico-
chemical properties of microcapsules were studied. The effect of
bacteria physiological state during encapsulation step (exponential
or stationary phase) and a possible enrichment of aqueous-core
with nutrients (M17 supplemented with 0.5% glucose vs physio-
logical water) on bacterial survival, nisin release and antilisterial
activity was studied.

2. Materials and methods

2.1. Materials

Sodium alginate (SA) from brown algae (viscosity �0.02 Pa.s for
an aqueous solution of 1% wt at 20 �C) with anM/G ratio of 1.56 and
xanthan gum (XG) was purchased from SigmaeAldrich (France).
Calcium chloride dihydrate and sodium chloride were obtained
from VWR (International MgbH, Darmstadt, Germany), synthetic
medium M17 from Biokar diagnostics (Beauvais, France), D (þ)
Glucose monohydrate from Merck (Darmstadt, Germany) and
glycerol from VWR (AnalaR NORMAPUR, PROLABO, Fontenay-sous-
bois, France).

Stock cultures of L. lactis subsp. lactis ATCC 11454, Micrococcus
flavus DSM 1790 and L. monocytogenes CIP 82110 were kept frozen
(�80 �C) in synthetic media enriched with 30% glycerol (M17 broth
for the LAB and TSB broth (Biokar diagnostics, Beauvais, France) for
the others strains).

2.2. Microcapsules preparation

SA pure or with L. lactis composed the membrane of the mi-
crocapsules. SA (1.3% (w/w)) solution was prepared with sterile
physiological water (9% sodium chloride). L. lactis culture was re-
generated by transferring a loopful of the stock culture into 10 mL
of M17 broth and incubated at 30 �C overnight. A 10 mL aliquot from
overnight culture was again transferred into 10 mL of M17 broth
and grown at 30 �C to exponential or stationary phase of growth (6
and 48 h respectively). L. lactis cells were collected by
centrifugation (20 min, 4 �C, 5000 rpm), diluted and add to SA
solution to obtain a target inoculum in microspheres of
105 CFU.mg�1.

The core of the capsules was composed by XG (0.2% (w/w))
dissolved in sterile physiological water (9% sodium chloride) or
sterile M17 broth supplemented with 0.5% D (þ) glucose. Pre-
liminary studies indicated a positive effect of addition of 0.5%
glucose on L. lactis growth and nisin production (data not shown).

Microcapsules were made using the Encapsulator B-395 Pro
(BÜCHI Labortechnik, Flawil, Switzerland). The Buchi technology is
based on the principle that a laminar flowing liquid jet breaks up
into equal sized droplets by a superimposed nozzle vibration. The
vibration frequency determined the quantity of droplets produced
and was adjusted at 700 Hz to generate 700 droplets per second. A
diameter nozzle 200 mm for membrane and 80 mm for core were
used for the preparation of capsules. Droplets fell in a CaCl2 solution
(200 mM) to allow microparticles formation. Capsules were
maintained in the gelling bath for 15 min to complete the reticu-
lation process and then were filtered and washed with buffer so-
lution (9% sodium chloride).
2.3. Physico-chemical characterization of microcapsules

2.3.1. Size
The mean distribution of capsules was measured using a laser

light scattering particle size analyzer Mastersizer S (Malvern In-
struments Ltd. UK) equipped with a HeeNe laser, a beam of light of
360 nm. The systemwas able to determine particles in size ranging
from 0.05 up to 900 mm. The refractive index was constant for all
systems at 1.53. Measurements were achieved in ten replicates for
each system. Results were reported as the volume weighted mean
globule size D (4,3) in mm:

Dð4;3Þ ¼
X

nid
4
i

.X
nid

3
i (1)

Where ni was the number of particles; dί was the diameter of the
particle (mm). The D (4, 3) was chosen instead of D (3, 2) since it is
very sensitive to the presence of small amounts of large particles.
2.3.2. Morphology
Microcapsules were observed under an optical microscope

(Olympus AX70, Japan) with a magnification lens of 10X. The mi-
croscope was equipped with a camera (Olympus DP70). Dp
controller software (version 2.1.1) was used for taking pictures
(Fig. 1).

Capsules shape was also determined by using a QICPIC TM

analyzer (Sympatec MgbH, Clausthal-Zellerfeld, Germany). The
analyzer was directly connected to the reactor and made mea-
surements every 5min during 60min. The liquid with capsules was
pumped into the reactor, passed through the measuring cell, and
images were captured and recorded. The results analysis provided
2D, 3D particle, and then determine shape parameters. The diam-
eter of a circle of equal projection area (EQPC) was calculated. It
identified the diameter of a circle with the same area as the 2D
image of the particles. As different shaped particles may have the
same EQPC, other parameters were used to characterize the parti-
cles. The sphericity was defined as the ratio between the EQPC
perimeters with the real particle perimeter. The convexity provided
information about the harshness of the particle. A particle with
smooth edges had a convexity value of 1 whereas a particle with
irregular ones had a lower convexity (Burgain, Gaiani, Linder, &
Scher, 2011). All tests were run in triplicate.
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2.3.3. Mechanical stability
To investigate mechanical stability of alginate microcapsules,

individual capsules were compressed between two parallel plates.
A rotational rheometer Malvern Kinexus pro (Malvern Instruments,
Orsay, France) with a plate-and-plate (20 mm) geometry was used.
A force gap test was used to compress the microcapsules in a
droplet of water from 500 to 5 mmwith a linear compression speed
of 10 mm s�1. The gap and the normal force being imposed were
measured simultaneously at the upper plate. Three replicates were
considered for each type of microcapsules.

2.3.4. FTIR spectroscopy
Attenuated total reflectance Fourier transform infrared (ATR-

FTIR) spectra of freeze-dried microcapsules were acquired using a
Tensor 27 mid-FTIR Bruker spectrometer (Bruker, Karlsruhe, Ger-
many) equipped with an ATR accessory (128 scans, 4 cm�1 reso-
lution, wavenumber range 4000e550 cm�1) and a DTGS detector.
The spectral manipulations were performed using OPUS software
(Bruker, Karlsruhe, Germany). All tests were run in triplicate.

2.4. Encapsulation of L. lactis

2.4.1. L. lactis survival and nisin activity
L. lactis free and encapsulated in the different microcapsules was

placed in physiological water for 10 days at 30 �C. Periodically
during the storage period bacterial survival and nisin activity inside
and outside capsules were studied.

To analyze bacterial survival and nisin activity inside micro-
capsules, 1 g of capsules was placed in a 0.1 M citrate solution to
dissolved hydrogel microspheres by calcium chelation.

2.4.1.1. Bacterial survival. Serial dilutions were made from micro-
capsules dissolution and physiological water and then poured onto
M17 agar. Plates were incubated for 24 h at 30 �C before colonies
were counted. All tests were run six times.

2.4.1.2. Nisin activity. Micrococcus flavus DSM 1790 sensitive to
nisin was used to evaluate nisin activity. Two successive M. flavus
cultures in TSBYE medium (TSB: Biomerieux, Marcy l'�etoile, France;
YE: Biokar diagnostics, Beauvais, France) were made from cry-
otubes stored at - 80 �C. The optical density (OD) at 660 nm of the
culture was measured, then a dilution in TSAYE medium (TSAYE;
Bacteriological Agar Type A: Biokar diagnostics, Beauvais, France;
Tween 80: Merck Hohenbrunn, Germany) was performed to obtain
Fig. 1. Microscopic image of single alginate-xanthan gum microcapsule.
a final absorbance at 660 nm of 0.01. 12 mL of this medium were
poured and plates were placed at 4 �C for 2 h to allow agar solidi-
fication. Then, wells were hollowed in the agar using a Durham and
25 mL of liquefiedmicrocapsules and physiological water containing
L. lactis were deposited in the wells. In parallel, a negative control
(M17) was performed. Plates were incubated overnight at 4 �C, and
then for 24 h at 37 �C. The inhibition diameters were measured.
Results were expressed in cm and converted into nisin mg.mL�1

using a standard curve obtained from a commercial solution of
nisin (SigmaeAldrich, St Louis, USA). All tests were run six times.

2.4.2. Antimicrobial activity of microbeads
2.4.2.1. Bacterial strain. Culture of L. monocytogenes CIP 82110 was
regenerated by transferring a loopful of stock culture into 10 mL of
TSB and incubated at 37 �C overnight. A 10 mL aliquot from over-
night culture was again transferred into 10 mL of TSB and grown at
37 �C to the end of the exponential phase of growth. Subsequently,
this appropriately diluted culture was used for the inoculation of
the synthetic media containing L. lactis free or encapsulated in or-
der to obtain a target inoculum of 102 CFU.mL�1.

2.4.2.2. Antimicrobial activity. A synthetic media, TSBYE broth, was
inoculated with L. monocytogenes and L. lactis free or encapsulated
in exponential state in alginate-xanthan capsules enriched with
M17 supplemented with 0.5% glucose. Microcapsules used for this
assay were freshly prepared. Media was stored at 30 �C for 7 days.
L. monocytogenes and L. lactis counts were examined both imme-
diately after the inoculation and periodically during the storage
period. Serial dilutions were made and then poured onto PALCAM
agar (Biokar diagnostics, Beauvais, France) and M17 agar plates.
Plates were incubated for 48 h at 37 �C (PALCAM agar) or 24 h at
30 �C (M17 agar) before colonies were counted. All tests were run
six times.

2.5. Statistical analysis

A statistical analysis of data was performed through a one-way
analysis of variance using Statgraphics® Plus for Windows 5.1.
Homogeneous sample groups were obtained by using LSD test (95%
significance level).

3. Results and discussion

3.1. Physico-chemical characterization of microcapsules

3.1.1. Shape and size
Microscopic image of freshly prepared SA-XG microcapsules

was presented on Fig. 1. Capsule was fairly spherical and the
aqueous-core was centered.

Microcapsules size, sphericity and convexity at day 0 and after
10 days at 30 �C were reported on Table 1. For a given procedure of
capsule production (given nozzle diameter, vibration frequency,
extrusion flow rate), the average diameter was demonstrated
dependent of the viscosity of injected fluid (Cellesi, Weber,
Fussenegger, Hubbell, & Tirelli, 2004). In this study viscosity was
set to obtain rather spherical particles. Results of sphericity and
convexity were in accordance with microscopic observations and
indicated that just-prepared capsules were rather spherical and
with an irregular surface. Therefore, a sphericity value “1” corre-
spond to a perfect sphere and a particle with sphericity close to “0”
is highly irregular. Convexity provides information about the
roughness of the particle. Convexity values are between 0 and 1. A
particle with smooth edges has a convexity value of one whereas a
particle with irregular ones has a lower convexity (Burgain et al.,
2011). All parameters measured remained constant during the
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storage period. Microcapsules thus remained stable under condi-
tions tested in this study.

3.1.2. Mechanical stability
SA capsules are sensitive to deformations that may lead to their

rupture or to undesirable early release of their contents. In order to
evaluate the mechanical stability of the prepared systems, indi-
vidual microcapsule was compressed between two parallel plates.
Fig. 2 reports the plot of the normal force (N) versus the displace-
ment (mm) for SA-XG microcapsules prepared with physiological
water and M17 enriched with glucose. The microcapsules did not
show a rupture point (a maximum peak force followed by a dra-
matic force decrease), even when the capsules were compressed
down to a thickness of around 5 mm from an original diameter of
500 mm. The compression curves showed the same profiles which
means that the aqueous core composition of the microcapsules did
not influence the compression profile of the microcapsules. Under
compression, the alginate physical cross-links could restructure in a
more dense fashion, releasing the water in excess and resulting in a
volume reduction (Cellesi et al., 2004). The water expulsion could
be also accentuated due to the low speed used during the
compression experiments (10 mm s�1) which might be lower than
the water release kinetic from the squeezed microcapsules.

3.1.3. FTIR spectroscopy
The FTIR spectra of freeze-dried SA, XG solutions and micro-

capsules are shown in Fig. 3. All spectra displayed a band between
3000 and 3700 cm�1 (OH stretching) followed by a small band
(3000e2850) due to CH stretching.

FTIR spectra of SA (a) showed two characteristics peaks around
1595 and 1408 cm�1, indicating the stretching of COO� (asym-
metric) and COO� (symmetric), respectively. The band at
1020 cm�1 is an antisymmetric stretch (CeOeC) given by the
guluronics units (Pereira, Sousa, Coelho, Amado, & Ribeiro-Claro,
2003). The FTIR spectrum of XG (b) shows two carbonyl peaks
(CeO) at 1725 cm�1 corresponding to acetate groups of an inner
mannose unit and at 1600 cm�1, the characteristic band of
carboxylate of pyruvate group and glucuronic acid (Hamcerencu,
Desbrieres, Popa, Khoukh, & Riess, 2007).

The reticulation of SA with calcium cations caused a decrease in
intensity of COO� stretching peaks, and a decrease in intensity of
1031 cm�1 peak (c). This indicated that an ionic bonding between
calcium ion and carboxyl groups of SA and a partial covalent
bonding between calcium and oxygen atom of ether groups,
respectively. The incorporation of XG into calcium alginate micro-
capsules (d) did not show significant modifications. However, SA-
XG microcapsules spectra (d) showed a decrease of peak intensity
of the carboxylate bands. This observation could be related to po-
tential hydrogen bonding between SA carboxylate groups and XG
hydroxyls groups (Pongjanyakul & Puttipipatkhachorn, 2007;
Wanchoo & Sharma, 2003). Otherwise, the freeze-drying step of
microcapsules before the FTIR study could also initiate or reinforce
the hydrogen bonding between the two polymers.

As described in the literature, the barriers capsules could be
obtained by coating technique in which negative charge polymers,
Table 1
Size, sphericity and convexity of microcapsules at day 0 and after a storage period in
physiological water of 10 days at 30 �C. Mean values and standard deviations.

Time (days) Size D[4,3] (mm) Sphericity Convexity

0 413 ± 10a 0.6 ± 0.2a 0.23 ± 0.02a

10 419 ± 7a 0.6 ± 0.2a 0.27 ± 0.02a

a,b,c Different letters indicate significant differences between the various samples
among the same column (p < 0.05).
as “alginate”, are coated by positively charged polymers, such as
“chitosan”. Coating is used to enhance gel stability (Smidsrød, Skja,
& others, 1990; Kanekanian, 2013) and provide a better barrier to
cell release (Gugliuzza, 2014; Zhou, Martins, Groboillot,
Champagne, & Neufeld, 1998). The reaction of the biofunctional
molecule with the membrane resulted in bridge formation. The
length of the bridge depended on the type of cross-linking agent
(Hyndman, Groboillot, Poncelet, Champagne, & Neufeld, 1993).
Nevertheless, in the present study, FTIR spectra of SA-XG micro-
capsules did not exhibit the characteristics bands of XG which
could be related to potential ionic bonding formation between XG
and calcium ions. The low amount of XG compared to the SA con-
centration could explain this unapparent change in the FTIR
spectra.

3.2. Encapsulation of L. lactis

3.2.1. L. lactis survival
The survival of L. lactis inside and outside of two types of

microscapsules was studied in physiological water for 10 days at
30 �C (Fig. 4). The aim of this part was to study if a possible
enrichment of microcapsules core with nutrients (M17 supple-
mented with 0.5% glucose) and the physiological state of the strain
during microcapsule production were key factors to preserve
viability of L. lactis. Non-encapsulated L. lactis was used as control
(data not presented). During the storage period a significant
decrease of bacterial counts were observed for non-encapsulated
bacteria in exponential or in stationary state at the beginning of
the assay to achieve after 10 days at 30 �C 3 and 1.8 log CFU.mg�1

respectively. The lack of nutrients can certainly explain these re-
sults, since physiological water permit only to control osmotic
pressure and to avoid cellular lysis.

Immobilization of L. lactis in SA membrane seems to preserve
bacterial viability in physiological water (Fig 4). Although bacterial
population inside capsules decreased significantly after 3 days at
30 �C, at the end of the storage period microbial counts remains
above 3 log CFU.mg�1 regardless what physiological state of the
strain at the beginning of assay and core composition (Fig 4 a, b).
Addition of nutrients within microbeads led to little differences in
terms of L. lactis population. This is certainly due to a rapid release
of some nutrients (small molecules) to the storagemedium. Indeed,
recent studies reported that the pore size of hydrogel beads may
range from around 5 to 200 nm depending on their composition
Displacement (µm)

0 100 200 300 400 500

0.0

Fig. 2. Typical forceedisplacement curves of alginate-xanthan microcapsules prepared
with M17 and physiological water.
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and preparation (Zeeb, Saberi, Weiss, & McClements, 2015;
Gombotz & Wee, 1998). The combination of the supply of nutri-
ents in core and the encapsulation of LAB during exponential phase
gave the best results in terms of viability (Fig 4a); in these condi-
tions L. lactis counts were maintained to 5 log CFU.mg�1 after 10
days at 30 �C.

Concerning bacterial counts outside capsules, in physiological
water, a significant increase during the beginning of the storage
period was observed whatever the composition of the microcap-
sules. A maximum level of 4.5 log CFU mg�1 was achieved after 5
days of microcapsules storage at 30 �C. When capsules were placed
into physiological water, bacteria adsorb on surface or present on
alginate membrane were certainly progressively released to
external medium. From the 5th day of storage, L. lactis population
started to decrease significantly to achieve 3.5 log CFU.mg�1 at the
end of the storage period.

Polymers choice and structure of microcapsules were key fac-
tors but results of this study focused on the importance of two
supplementary parameters, physiological state of LAB during the
encapsulation step and the possible enrichment of capsules with
nutrients. These factors affect certainly cellular stress and therefore
bacterial survival. Microcapsules prepared with L. lactis in expo-
nential state and enriched with nutrients in core (M17 supple-
mented with 0.5% glucose) present best results to maintain L. lactis
counts inside and outside capsules.
3.2.2. Nisin activity
Nisin activity inside and outside microcapsules was determined

for different systems in physiological water at 30 �C for 10 days
(Table 2). As observed for bacterial survival, bacterial physiological
state as well as addition of nutrients in core were key factors to
optimize nisin activity and consequently antimicrobial properties
of microcapsules.

Maximum concentration of active nisin inside capsules was
detected after 1 day of storage at 30 �C independently of the
aqueous-core composition and bacterial physiological state. A sig-
nificant decrease in the amount of active nisin was then observed.
Addition of nutrients in core reduces this phenomenon, a slight
concentration of active bacteriocin was reported at the end of the
storage period. Previous studies reported equally changes in terms
of bacteriocin concentration with the composition of the nutrient
broth but for non-encapsulated bacteria (Parente& Ricciardi, 1999).

Bacterial physiological state of L. lactis during encapsulation step
appears equally as an important factor. When LAB was encapsu-
lated in stationary state, a small concentration of active nisin was
detected inside microcapsules at day 0 because nisin was already
produced by the bacteria before encapsulation. Conversely, when
L. lactis was encapsulated in exponential phase, no nisin was
detected initially in capsules. Therefore the physiological state of
the LAB at the time of encapsulation impacts the initial concen-
tration of active nisin in microcapsules.

Concerning release of active compound, it is necessary to wait
one day of storage to detect a significant concentration of active
nisin outside microcapsules, in physiological water. This amount
gradually increases to achieve a maximum after one or 3 day at
30 �C when L. lactiswas encapsulated in stationary and exponential
state respectively. Production of nisin occurs during bacterial
growth. When bacteria were encapsulated in stationary phase, cell
growth was completed. A high concentration of nisin has been
released but a significant part is certainly remained adsorbed on
the surface of bacterial cells. This fraction was encapsulated with
bacteria and quickly released outside microcapsules. After 10 days
at 30 �C the presence of active nisin in the solution of NaCl used for
the storage of microcapsules was detected only for one of the tested
systems: capsules with alginate membrane and aqueous-core
based on nutrients (M17 enriched with 0.5% glucose) prepared
using bacteria in exponential state.

To conclude with this part, to optimize an encapsulation system
it is necessary to take into account two parameters that influence
bacterial survival and production of bacteriocin, bacterial physio-
logical state during the encapsulation process and the possible
addition of nutrients in the system. These factors could be related
with nutritional or cellular stress-producing effects. Microcapsules
with L. lactis in exponential state encapsulated in alginate mem-
brane and aqueous-core based on xanthan gum with nutrients
(M17 enriched with 0.5% glucose) gave the best results.

3.2.3. Antimicrobial activity
As discussed above, the best system to preserve bacterial sur-

vival and permit nisin release was the use of microcapsules with
L. lactis in exponential state encapsulated in SA membrane and
aqueous-core based on XG with nutrients (M17 enriched with 0.5%
glucose). Antilisterial properties of this systemwere determined at
30 �C on synthetic medium, TSB (Fig. 5a). L. monocytogenes and
non-encapsulated L. lactis in presence of pathogen bacteria were
used as controls. In absence of L. lactis, L. monocytogenes population
increased from 2.8 to 7.9 log CFU.mL�1 at the end of the storage
period. A clear inhibition of L. monocytogenes growth was observed
in presence of L. lactis free or encapsulated. Antimicrobial proper-
ties of L. lactis were not limited by the system of encapsulation
developed in this study.

Moreover from the 3rd day of storage at 30 �C reduction of
L. monocytogenes counts was higher with L. lactis encapsulated than
with free L. lactis. These data can certainly be explained by a dif-
ference in LAB viability. As is shown in Fig. 5b, L. lactis population
grew immediately after the incorporation of the strain on TSB
medium. No differences between non-encapsulated bacteria and
encapsulated bacteriawere observed until 2nd day of storage. From
the 3rd day L. lactis counts decrease to achieve at the end of the
storage period 8.6 and 6.6 log CFU.mL�1 for encapsulated and free
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Fig. 4. Survival of Lactococcus lactis inside (a,b) and outside (c,d) microcapsules, during a storage period in physiological water of 10 days at 30 �C. Mean values and standard
deviations.

Table 2
Concentrations of active nisin for 10 days at 30 �C inside and outside alginate-xanthan microcapsules containing Lactococcus lactis encapsulated in stationary or exponential
state. Two internal compositions of microcapsules were tested: physiological water and M17 enriched with 0.5% glucose. Mean values and standard deviations.

Bacterial physiological
state

Core composition Active nisin (mg.mL�1)

Inside microcapsules Outside microcapsules

day 0 day 1 day 3 day 7 day 10 day
0

day 1 day 3 day 7 day 10

exponential physiological
water

e 1.4 ± 0.2aw 0.2 ± 0.2ax 0.01 ± 0.02ax e e 0.2 ± 0.2aw 0.6 ± 0.3aw e e

M17 enriched
with 0.5% glucose

e 2.0 ± 0.2bw 0.8 ± 0.3bx 0.6 ± 0.2bx 0.22 ± 0.03ay e 0.4 ± 0.2aw 0.9 ± 0.4aw 0.2 ± 0.2aw 0.05 ± 0.02ax

stationary physiological
water

0.3 ± 0.2aw 1.2 ± 0.2ax 0.2 ± 0.2aw e e e 0.3 ± 0.2aw 0.12 ± 0.08bx e e

M17 enriched
with 0.5% glucose

0.3 ± 0.2aw 1.5 ± 0.2ax 0.6 ± 0.2bw 0.14 ± 0.02cy 0.01 ± 0.02bz e 0.7 ± 0.3aw 0.6 ± 0.2aw e e

a, b,c Different letters in the same column indicate significant differences among samples (p < 0.05).
x,y,z Different letters in the same file indicate significant differences among time for a same sample (p < 0.05).
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Fig. 5. Growth of Listeria monocytogenes (a) and Lactococcus lactis free or encapsulated
(b) on TSB medium stored at 30 �C. Mean values and standard deviations.
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strain respectively. A loss of elementary nutrients in synthetic
media explains these results. Considering the effect of the size of
the capsule on antilisterial activity, the smaller beads were more
effective than larger beads due to higher surface/volume ratio, as
previously observed by Anal, Stevens, and Remunan-Lopez (2006)
for ampicilin/chitosan capsules.

4. Conclusion

SA/XG coreeshell microcapsules were developed for immobili-
zation of L. lactis on membrane. Microcapsules present a plastic
behavior and no differences were observed in terms of mechanical
properties among studied systems. The aqueous core composition
of the microcapsules did not affect SA network stability. Addition of
XG caused a change in matrix structure of microcapsules mem-
brane by establishment of potential hydrogen bonding between XG
hydroxyls groups and SA carboxylate groups. This certainly leads to
better LAB protection and change nisin release. The physiological
state of the bacteria during the encapsulation process and the
enrichment of aqueous-core with nutrients (M17 supplemented
with 0.5% glucose) were determining factors for both bacteria
viability and bacteriocin activity.
Microcapsules with L. lactis in exponential state encapsulated in

alginate membrane and aqueous-core based on xanthan gum with
nutrients (M17 enriched with 0.5% glucose) gave the best results in
terms of bacterial viability and nisin activity. These microcapsules
allow a complete inhibition of L. monocytogenes growth for 7 days
at 30 �C. Antimicrobial properties of L. lactiswere not limited by the
system of encapsulation developed in this study. It could be inter-
esting to design novel bioactive food packaging based on bio-
polymers films enriched with these SA/XG coreeshell
microcapsules.
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a b s t r a c t

Blend films with poly(lactide) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) were prepared
using a solvent-casting method to modify the property of PLA film, and their properties were evaluated.
FT-IR and DSC test results indicated that PLA is highly compatible with PBAT to form homogeneous blend
films. The flexibility of PLA films increased significantly by blending small amount of PBAT without
significant decrease in mechanical properties. Even the blend film with small amount of PBAT, 3.92 g of
PLA with 0.08 g of PBAT (PLA98/PBAT2), exhibited UV screening effect without sacrificing transparency.
The water vapor permeability and oxygen transfer rate of the blend films were varied depending on their
blending ratio. In the packaging application for potatoes and green onion, the blend films exhibited
preventing of greening of packaged potatoes and also showed antifogging effect with reduced quality
changes in the packaging of green onion. The blend films have high potential for being used as UV
screening or antifogging packaging films.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Increased concerns on the environment and depletion of fossile
fuels caused by nonbiodegradable plastic packaging materials have
attracted widespresd attention on the application of biodegradable
and bio-based plastic packaging materials such as poly(lactide)
(PLA), poly(glycolic acid) (PGA), poly(butylene succinate) (PBS),
poly(ε-caprolactone) (PCL), poly(butylene adipate-co-
terephthalate) (PBAT), and polyhydroxyalkanoates (PHA)
(Clarinval & Halleux, 2010; Rhim, Park, & Ha, 2013; Siracusa,
Rocculi, Romani, & Rossa, 2008). Among such biodegradable plas-
tics, PLA is one of the most promising polymers due to its versa-
tility, superior mechanical properties, optical clarity, and low cost.
Since PLA is a highly transparent and rigid plastics with high
modulus (3 GPa) and strength (50e70 MPa), it has been used for
fabrication of biaxially oriented films, thermoformed containers
and stretch-blown bottle (Delpouve, Stoclet, Saiter, Dargent, &
Marais, 2012; Dong, Zou, Yan, Ma, & Chen, 2013; Eslami & Kamal,
.

2013; Raquez, Habibi, Muraiu, & Dubois, 2013; Tawakkal, Cran,
Miltz, & Bigger, 2014). However, PLA has some weakness for food
packaging application since it has lower gas and water vapor bar-
rier properties compared with commodity packaging films such as
PE, PP, and PET. In addition, low glass transition temperature, weak
thermal stability, high rigidity, and low toughness and ductility of
PLA limit its applications (Harada et al., 2007).

Many research works have been performed to improve perfor-
mance properties such as impact strength, flexibility, stiffness, gas
barrier properties, and thermal stability, which included the addi-
tion of modifiers, blending, compatibilization and physical treat-
ments (Jamshidian, Tehrany, Imran, Jacquot, & Desobry, 2010).
Generally, blending of polymers is known to be the most effective
method to obtain polymeric materials with required properties
(Jain, Reddy, Mohanty, Misra, & Ghosh, 2010). Actually, blending of
PLA with other polymers such as PCL, PHB, PHBV, and PBAT have
been extensively studied to modify the mechanical and thermal
properties, degradation rate, and permeability of gases or vapors
(Jain et al., 2010; Kumar, Mohanty, Nayak, & Rahail, 2010; Rasal,
Janorkar, & Hirt, 2010; Sarazin, Li, Orts, & Davis, 2007; Wu, Yuan,
Laredo, Zhang, & Zhou, 2012; Yeh et al., 2010; Yokohara &
Yamaguchi, 2008; Zhao, Liu, Wu, & Ren, 2010). Among the
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blending biopolymers, PBAT is interesting since it is a completely
biodegradable, flexible and tough aliphatic-aromatic copolyester
with high compatibility with PLA, which makes it considered as a
good candidate for blending with PLA (Nofar, Maani, Sojoudi,
Heuzey, & Carreau, 2015; Siyamaket al., 2012).

Yeh et al. (2010) studied the compatibility, crystallization, and
tensile properties of PLA/PBAT blends in different proportions
produced by melt blending and found that PBAT effectively
toughened PLA. The carbonyl group of PBAT made it compatible or
partially compatible with PLA during the melt-blending process
(Ren, Fu, Ren, & Yuan, 2009). In addition, blending with PBAT
reduced the brittleness and slowed down the crystallization of PLA
(Jiang Wolcott, & Zhang et al., 2006; Ojijo, Ray, & Sadiku, 2012).
Kumar et al. (2010) used glycidyl methacrylate (GMA) as a reactive
compatibilizing agent for reactive extrusion of PLA with PBAT and
found that the toughness of PLA/PBAT blends was improved with
the addition of 3e5% of GMA. Furthermore, both PLA and PBAT are
soluble in chloroform, which can be used to prepare PLA/PBAT
blend using chloroform as a cosolvent (Li, Shankar, Rhim, & Oh,
2015). Most of the PLA/PBAT blends were prepared with using a
melt-mixing with extrusion method, which is the preferred
method for industrial production of films. To the best of our
knowledge, there was no report on the preparation and charac-
terization of PLA/PBAT blend films using a solvent casting method
even though it is more convenient to prepare blend films in a lab
scale to test the effect of preparation variables including blending
ratio.

The main objective of the present study was to prepare PLA/
PBAT blend films using a solvent casting method with different
blending ratio of PLA and PBAT and to test the effect of blending on
the improvement of property of PLA film by evaluating the film
properties such as optical, mechanical, water vapor barrier, and
thermal properties. Additonally, the applicability of the films were
tested through packaging test of green onion and potato.

2. Materials and methods

2.1. Materials

Poly(lactide) (PLA, Biomer® L9000; weight-average molecular
weight ¼ 200 kDa) was obtained from Biomer Inc. (Krailling, Ger-
many). PBAT (EnPol PBG7070; m.p. 125 �C, specific gravity of
1.20e1.25) was obtained from S-EnPol Co. Ltd. (Wonju, Korea). Both
PLA and PBAT resins were dried under vacuum at 60 �C for 24 h
before use. Chloroform was procured from Daejung Chemicals &
Metals Co., Ltd. (Siheung, Korea). Tryptic soy broth (TSB) and agar
powder were purchased from Duksan Pure Chemicals Co., Ltd
(Ansan, Gyonggi-do, Korea). Fresh potatoes and green onions for
packaging test were purchased from a local supermarket. Linear
low density polyethylene (LLDPE) film (thickness: 10 mm, 3 M Fresh
Wrap, Ilshin Chemical Co., Ltd., Ansan, Korea) was used as a control
film for the packaging application test.

2.2. Preparation of films

PLA, PBAT, and their blend films were prepared using a
solvent-cast method (Rhim, Mohanty, Singh, & Ng, 2006). For the
preparation of neat PLA and PBAT film forming solutions, 4 g of
PLA or PBAT resins were dissolved into 100 mL of chloroform with
stirring using a magnetic stirrer at room temperature (23 �C) for
6 h. Additionally, PLA/PBAT film forming solutions with different
mixing ratio of 3.96/0.04, 3.92/0.08, 3.6/0.2, and 3.6/0.4 g of PLA/
PBAT were dissolved into 100 mL of chloroform and followed the
same procedure as neat PLA or PBAT film solutions. The film
forming solutions were poured onto a leveled Teflon coated glass
plate (24 � 30 cm) (ColeeParmer Instrument Co., Chicago, IL),
spread evenly with a bent glass rod, and allowed to dry for about
24 h at room temperature. The resultant films were peeled intact
from the casting surface. In this way, six different types of film
were prepared and they were designated as PLA, PLA99/PBAT1,
PLA98/PBAT2, PLA95/PBAT5, PLA90/PBAT10, and PBAT film based on
the blending ratio of PLA and PBAT. All film samples were pre-
conditioned in a constant temperature humidity chamber at 25 �C
and 50% relative humidity (RH) for at least 48 h before further
test. Film thickness was measured using a hand-held micrometer
(Dial Thickness gauge 7301, Mitutoyo, Japan) with an accuracy of
0.01 mm.
2.3. Surface color and transparency of films

Surface color of the film was measured using a Chroma meter
(Konica Minolta, CR-400, and Tokyo, Japan). A white standard color
plate (L ¼ 97.75, a ¼�0.49, and b¼ 1.96) was used as a background
for color measurements. Hunter color (L, a, and b) values were
averaged from five readings from each sample. The total color dif-
ference (DE) was calculated as follows:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q
(1)

where DL, Da, and Db are difference between each color values of
standard color plate and film specimen, respectively.

The optical properties of the films were tested by measuring
transmission spectrum in the range of 200e700 nm using a UV/
visible spectrophotometer (Model 8451A, Hewlette Packard Co.,
and Santa Alara, CA, USA). The UV screening property and trans-
parency of the films were evaluated by measuring percent trans-
mittance at 280 nm (T280) and 660 nm (T660), respectively.
2.4. FT-IR analysis

Fourier transform infrared (FT-IR) spectra of film samples were
collected using a FT-IR spectroscopy (TENSOR 37 Spectrophotom-
eter with OPUS 6.0 software, Billerica, MA, USA) at a resolution of
4 cm�1 in the range of 4000e500 cm�1. The film samples were
placed directly on the ray exposing surfacewith diamond tip and 16
scans were recorded for individual sample.
2.5. Mechanical properties

Mechanical properties of the films were analyzed by measuring
the tensile strength (TS), elongation at break (E), and elastic
modulus (EM) according to the standard ASTM method D 882-88
using an Instron Universal Testing Machine (Model 5565, Instron
Engineering Corporation, Canton, MA, USA) equipped with a 0.5 kN
load cell. Rectangular strips (2.54 � 15 cm) were cut from indi-
vidually prepared film using a precision double blade cutter (model
LB.02/A, Metrotec, S.A., San Sebastian, Spain). Initial grip separation
was set at 50 mm and cross-head speed at 50 mm/min. The TS
(MPa) was determined by dividing the maximum load (N) by the
initial cross sectional area (m2) of the film sample, the E (%) was
determined by dividing the extension at rupture of the film by the
initial length of the film (50 mm) multiplied by 100, and the EM
(GPa) was determined from the slope of the initial linear portion of
the stressestrain curve obtained from the tensile test using a
tangent method.
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2.6. Water vapor permeability (WVP) and water contact angle
(WCA)

Water vapor transmission rate (WVTR) of film sample was
determined gravimetrically at 25 �C and 50% RH conditions using
water vapor transmission measuring cups in accordance with the
ASTM E96-95 standard method with a modification (Gennadios,
Weller, & Gooding, 1994). Then the WVP (g.m/m2.s.Pa) of the film
was calculated using the following equation:

WVP ¼ ðWVTR � LÞ=Dp (2)

where WVTR was the measured water vapor transmission rate (g/
m2 s) through a film, L was the mean film thickness (m) and Dp was
the partial water vapor pressure difference (Pa) across the two sides
of the film, which was calculated by the method of Gennadios et al.
(1994).

The water contact angle of water (WCA) on the film surface was
measured using a CA analyzer (Model Phoenix 150, Surface Electro
Optics Co., Ltd., Kunpo, Korea). Film samplewas cut into rectangular
piece (3 � 10 cm) and placed on the horizontal movable stage
(black Teflon coated steel, 7� 11 cm) of the CA analyzer. Then,10 mL
of water was dropped on the surface of film sample using a micro-
syringe and the WCA on both sides of the drop was measured to
assume symmetry and horizontal level.
2.7. Oxygen barrier property

Oxygen transmission rate (OTR, mL/m2 day) of film samples
were determined using an oxygen permeation analyzer (8001,
Systech Illinois Inc., Johnsburg, IL, USA) according to the standard
method D3985 of the American Society of Testing and Materials
(ASTM) at room temperature (23 �C) and 0% relative humidity
(1 atm) conditions. Each film was placed on a stainless steel cell
with an open area of 50 cm2. One side of the film was exposed to
flow of nitrogen gas (ultra-high purity, 99.99% with flow rate of
10 mL/min), and the other side was exposed to flow of oxygen gas
(ultra-high purity, 99.99% with flow rate of 10 mL/min) The system
was kept for 2 h to allow the films to achieve equilibrium with the
controlled temperature and RH.
2.8. Thermal property

The thermal properties of the films were tested using a differ-
ential scanning calorimeter (DSC Q100, TA Instruments, New Castle,
DE, USA). Film sample (5 mg) taken into an aluminium pan with
cover were heated from �50 to 200 �C at a 10 �C/min heating rate
under nitrogen atmosphere with a flow rate of 60 mL/min. The
glass-transition temperature (Tg), crystallization temperature (Tc),
and melting temperature (Tm) of film samples were determined
from the thermogram. The Tm and Tc were taken as the peak values
of the respective endotherms, and Tg was taken as the midpoint of
the heat capacity changes. The transition temperatures as well as
the enthalpy of crystallization (DHc) and enthalpy of fusion (DHm)
were calibrated with indium as the standard. The degree of crys-
tallinity in percentage (Xc) of the PLA/PBAT blend films was eval-
uated according to the following equation:

Xcð%Þ ¼ 100� DHm
��

f � DHc
m
�

(3)

where DHc
m is the enthalpy of fusion of purely crystalline PLA (i.e.,

93 J/g) and G is theweight fraction of PLA in the blend films. (Al-Itry,
Lamnawar, & Maazouz, 2012).
2.9. Packaging application

Green onion and potato were used for the packaging application
test. Green onions were washed with tap water and drained for 1 h,
then wiped off the remaining surface water using blotting papers,
and they were separated into two parts, white stalks and green
leaves, and they were cut into 5 cm pieces. About 100 g of white
bulb or 50 g of green leaves were packed in a polypropylene (PP)
tray (thickness: 200 mm; size: 11 cm � 9 cm � 5 cm) and sealed the
top of the tray in the air using a top heat sealer (HJ300-2, PACKT-
WON Co., LTD. Daegu, Korea) with different types of films including
LLDPE, PLA, PLA98PBAT2, PLA95PBAT5, and PBAT films. The packaged
green onion test samples were stored in a constant temperature
chamber at 25 �C for 4 days and changes in appearance and weight
loss during storage were evaluated. Surface of the covered filmwas
observed to check the antifogging effect, and then the green onions
were weighed to determine the weight loss after storage. Microbial
growth on the surface of the green onionwas determined by a total
colony countmethod. For this, the stored green onion samples were
transferred to a sterilized beaker with 500 mL of sterile distlled
water, and 100 mL of the water suspension was taken out and
diluted serially (10 fold serial dilution for 3 times). Then, 100 mL of
each diluted sample was spread on the agar plate with TSB broth
and incubated at 37 �C for 16 h to count growth of colonies.

Potato storage test was performed to test the UV light screening
effect of PLA/PBAT blend films. Potato samples with medium size
(about 75 g) were washed with tap water and dried in the air, then
four bulbs of potato were packed into a white colored opaque
polypropylene (PP) tray (size: 19 cm � 12 cm � 5 cm) and covered
top with different types of films including PLA, PLA98/PBAT2, PLA95/
PBAT5, and PBAT films using the same heat sealing method as the
packaging of green onions. In addition, potato sample without
cover film was used for comparison.

The packaged potato samples were stored in a room exposed to
day light for 4 days. Surface color of potato samples were measured
using a Chroma meter (Konica Minolta, CR-400, Tokyo, Japan) and
weight loss of potatoes during storage was determined by the dif-
ference in weight before and after storage.

2.10. Statistical analysis

Film properties weremeasured with individually prepared films
in triplicate, as the replicated experimental units and the results
were provided with mean ± SD (standard deviation) values. One-
way analysis of variance (ANOVA) was performed, and the signifi-
cance of each mean property value was determined (p < 0.05) with
the Duncan's multiple range test of the statistical analysis system
using the SPSS computer program (SPSS Inc., Chicago, IL, USA).

3. Results and discussion

3.1. Apparent color and optical properties of film

The films prepared with the solvent casting method were uni-
form and free standing. Apparently, the PLA film was brittle and
transparent like PS or PET films, on the contrary the PBAT film was
flexible and translucent, and the apparent properties of PLA/PBAT
blend films were varied depending the blending ratio. The optical
properties of the PLA, PBAT and their blend films are shown in
Table 1. Both PLA and PBAT films exhibited high Hunter L-value
(lightness) of 93.44 and 94.64, respectively. Lightness of PBAT film
was significantly (p < 0.05) higher tha that of PLA film. The PLA/
PBAT blend films exhibit slight increase in lightness with increase
in PBATcontent. Except that, therewas no distinctive changes in the
color values between single polymeric film and blend film.



Table 1
Surface color and transmittance values of PLA/PBAT films.1)

Films L a b DE T660 (%) T280 (%)

PLA 93.44 ± 0.15a �0.25 ± 0.03d 3.23 ± 0.03b 1.19 ± 0.13b 90.7 ± 0.9f 82.0 ± 1.2c

PLA99/PBAT1 93.89 ± 0.03b �0.46 ± 0.03b 2.98 ± 0.03a 0.72 ± 0.04a 80.7 ± 1.6e 9.7 ± 2.8b

PLA98/PBAT2 93.91 ± 0.16b �0.40 ± 0.02c 2.95 ± 0.04a 0.68 ± 0.16a 69.1 ± 2.4d 2.3 ± 0.9a

PLA95/PBAT5 94.48 ± 0.04c �0.53 ± 0.01a 3.39 ± 0.03c 0.85 ± 0.55ab 48.4 ± 6.0c 0.2 ± 0.1a

PLA90/PBAT10 94.51 ± 0.08c �0.55 ± 0.02a 3.63 ± 0.04e 0.74 ± 0.04a 24.7 ± 5.5b 0.1 ± 0.0a

PBAT 94.64 ± 0.03c �0.49 ± 0.02b 3.48 ± 0.04d 0.58 ± 0.04a 7.6 ± 0.9a 0.0 ± 0.0a

1)Each value is themean of three replicates with the standard deviation. Any twomeans in thesame column followed by the same letter are not significantly (p> 0.05) different
by Duncan's multiple range tests.
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On the other hand, the transparency of PLA film was greatly
influenced by blending with PBAT. Light transmission spectra of
film samples tested using a UVevis spectrophotometer were
shown in Fig 1. The neat PLA films exhibited high transmittance at
both UV and visible wavelength ranges, however, light trans-
mission of PBAT film was prevented almost completely in the UV
region and it increased slightly in the visible light ranges. Light
transmission properties of PLA/PBAT blend films were varied
depending on the blending ratio of PLA and PBAT. Light trans-
mittance of films determined at 660 nm (T660) and 280 nm (T280)
indicating film transparency and UV light screening properties of
the film, respectively, were also shown in Table 1. The results
indicated that PLA film was very transparent with high T660 of
90.7%, on the contrary, PBAT filmwas not transparent with low T660
of 7.6%. The transparency of PLA film decreased by blending with
PBAT, which decreased linearly with increase in the blending ratio
of PBAT up to 0.4 g (PLA90/PBAT10). It is interesting to note that a
dramatic reduction in the UV light transmission of PLA film was
observed through blending with PBAT. The neat PLA film trans-
mitted 82% of UV light (T280), which decreased profoundly by
blending with PBAT. The T280 decreased down to 0.2% when PLA
was blended with 0.2 g of PBAT (PLA95/PBAT5), which indicated the
high UV light screening capacity of the PLA/PBAT film. The UV
screening capacity of the PBAT films is attributed to the functional
groups involved in the chemical structure of PBAT such as benzene,
benzoic acid and benzoic acid methyl ester chemical groups with
the p electron (Cockell & Knowland, 1999). In addition, the pres-
ence of carbonyl groups is also responsible for the UV-light ab-
sorption and stability of PBAT structure. The carbonyl groups in the
ester linkages absorb UV energy and act as an energy sink by
dissipating the UV energy via electron delocalization
(Kijchavengkul et al., 2011). The results on transmittance (T660 and
Fig. 1. Transmittance of PLA/PBAT films.
T280) of PLA/PBAT blend films revealed that the blending of PLA
with small amount of PBAT endowed UV light absorption function
with slight sacrifice of the transparency.
3.2. FT-IR analysis

FT-IR analysis of the PLA/PBAT blend films was performed to
study the interactions between PLA and PBAT, the resulting FT-IR
spectra were shown in Fig. 2. In the PLA film, the peak at the
wavenumber of 3502 cm�1 represents OeH stretching vibration.
The peaks at 2995 and 2945 cm�1 clearly are associated with the
antisymmetric and symmetric stretching vibrations of CH3 of
saturated hydrocarbons, respectively (Al-Itry, Lamnawar, &
Maazouz, 2014). Meanwhile, the intensive peak at 1750 cm�1

originates from the stretching vibration of carbonyl (C]O), as the
a-hydrogen atoms and carbonyl group in PLA molecules generate a
hyper-conjugated system, and the hyper-conjugation effect ele-
vates the stretching vibration frequency of the carbonyl group to
1750 cm�1 (Weng et al., 2013). The peak at 1457 cm�1 is charac-
terized by the CH3 antisymmetric bending vibration. CH deforma-
tion and symmetric bending vibration appear at 1386 cm�1,
1365 cm�1, respectively. The bands at 1315 and 1303 cm�1 are due
to the CH bending mode. The peaks at 1186, 1083, and 1045 cm�1

represent the CeOeC stretching vibration, because CeO can form
bond with different atoms and groups, so the vibration absorptions
are more complex. The peak at 869 cm�1 can be assigned to the
amorphous phase and the one at 757 cm�1 to the crystalline phase
of PLA (Auras, Harte, & Selke, 2004).

In the PBAT film, the peak at 2983 cm�1 represents the asym-
metric stretching vibration of CH2, 1718 cm�1 represents the
stretching vibration of CeO in the ester linkage (Siyamak et al.,
Fig. 2. FT-IR spectra of PLA/PBAT films.
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2012), and 1500 cm�1 represents the skeleton vibration of the
benzene ring. Further, peaks at 1409 and 1395 cm�1 represent the
trans eCH2- plane bending vibration, 1271 cm�1 represents the
symmetric stretching vibration of CeO, 1104 cm�1 represents the
CeO left-right symmetric stretching vibration absorption,
1019 cm�1 represents the bending vibration absorption at the
surface of adjacent hydrogen atoms on the phenyl ring, 955 cm�1

represents the trans CeO symmetric stretching vibration, and
731 cm�1 represents the bending vibration absorption of CH-plane
of the benzene ring (Siyamak et al., 2012; Weng et al., 2013).

In the PLA/PBAT blend films, peaks with low intensity which
revealed the stretching vibration of CeO at 1718 cm�1, the sym-
metric stretching vibration of CeO at 1271 cm�1, and the bending
vibration absorption of CH-plane of the benzene ring at 729 cm�1 of
PBAT were found in addition to the peaks of PLA. The peaks posi-
tions of PBAT and PLA did not change after blending, which in-
dicates that there was no chemical interaction between these two
polymers.
3.3. Mechanical properties

Mechanical properties such as tensile strength (TS), elongation
at break (E), and elastic modulus (EM) of PLA, PBAT, and PLA/PBAT
blend films were determined and the results are summarized in
Table 2. There was no significant difference in the film thickness
among tested films. This is mainly due to the same amount of
polymers used for the preparation of films. Generally, it is known
that the thickness of a film is mainly determined by the solid
content (Wang & Rhim, 2015). Interestingly, the thickness of blend
films was also in the same range as neat PLA or PBAT films, which
indirectly suggests that both polymers are compatible with each
other to form awell blended film. The neat PLA film formed a strong
filmwith high TS of 62.0MPa, however, the neat PBAT film formed a
mechanically weak film with TS of 9.4 MPa. Generally, PLA film
exhibited higher strength, while PBAT possessed lower strength
compared to those of commodity plastic films such as high density
polyethylene (22e23 MPa), low-density polyethylene
(19e44 MPa), and polypropylene (31e38 MPa) (Hernandez, Selke,
& Culter, 2000). The TS of PLA/PBAT blend film displayed in-
between values depending on the blending ratio, in the way that
the TS of PLA/PBAT blend films decreased significantly (p < 0.05)
with increase in PBAT content. The decrease in mechanical strength
of the blend film was mainly attributed to the elastic properties of
PBAT, in which the dispersed PBAT acted as stress concentrator
under tensile stress (Jiang, Wolcott, & Zhang, 2006). Since there
was not sufficient interfacial adhesion between PBAT and PLA, as
shown in the FT-IR analysis, interfacial debonding took place under
the stress (Al-Itry et al., 2012). As the debonding progressed, PLA
strands between PBAT deformed more easily to the shear yielding.
This toughening mechanism is in agreement with the findings in
other systems (Chiu et al., 2013; Jiang, Liu,& Zhang, 2009; Yeh et al.,
Table 2
Mechanical properties of PLA/PBAT films.1)

Films Thickness (mm) TS (MPa) E (%) EM (GPa)

PLA 53.6 ± 6.7a 62.0 ± 4.5d 5.0 ± 0.7a 2.45 ± 0.17d

PLA99/PBAT1 59.8 ± 7.6a 58.7 ± 2.8cd 5.2 ± 0.8a 2.33 ± 0.12cd

PLA98/PBAT2 59.0 ± 3.2a 55.1 ± 7.5c 5.9 ± 0.9a 2.28 ± 0.22bc

PLA95/PBAT5 54.9 ± 5.6a 54.0 ± 2.8c 9.8 ± 2.0b 2.14 ± 0.24bc

PLA90/PBAT10 58.8 ± 4.3a 48.3 ± 3.2b 12.0 ± 3.3b 2.12 ± 0.15b

PBAT 53.6 ± 2.0a 9.4 ± 0.5a 137.0 ± 5.9c 0.10 ± 0.00a

1)Each value is the mean of three replicates with the standard deviation. Any two
means in the same column followed by the same letter are not significantly
(p > 0.05) different by Duncan's multiple range tests.
2010). The stiffness of the PLA/PBAT films, determined by the elastic
modulus (EM), showed a similar trend as the TS. On the contrary,
the elongation at break (E) of PLA filmwas 5%, which indicates that
PLA film is brittle with low flexibility, and that od PBAT film was
137% indicating that PBAT film is resilient with high flexibility. The
E of PLA/PBAT blend films showed that the flexibility of PLA film has
increased by blending with PBAT, and it also showed that the
flexibility of PLA/PBAT blend films increased with the increase in
the PBAT content. The mechanical test results showed that the
brittleness of PLA film, one of the major problem of PLA film for
industrial use, could be reduced by blending with PBAT.

3.4. Water vapor permeability (WVP), water contact angle (WCA),
and oxygen transmission rate (OTR)

TheWVP, WCA, and OTR of PLA, PBAT, and PLA/PBAT blend films
are presented in Table 3. The WVP of neat PLA and PBAT films were
2.11 ± 0.15 � 10�11 and 6.12 ± 0.22 � 10�11 g m/m2.Pa.s, respec-
tively. The WVP of PLA film increased by blending with PBAT,
however, the WVP of the PLA/PBAT blended films was significantly
(p < 0.05) lower than that of neat PBAT film. TheWCA, a measure of
surface hydrophilicity or hydrophobicity of film, of neat PLA and
PBAT films were 93.5 and 72.9�, respectively, which indicates both
films have hydrophobic surfaces since they were greater than 65�

(Vogler, 1998). The WCA of PLA/PBAT blended films was also
decreased with increase in the content of PBAT. The OTR of PLA and
PBAT films were 25.6 ± 2.22 and 52.24 ± 2.78 mL/m2 day, respec-
tively. Similar to the WVP, the OTR of PLA/PBAT blended films
increased with increase in PBAT content. The results indicates that
the water vapor and gas barrier properties as well as film hydro-
philicity of PLA film cane be tuned by blending with PBAT.

3.5. Thermal property

The thermal properties of PLA/PBAT blend films were investi-
gated by DSC. The second heating curves for melt-quenched sam-
ples were chosen in order to remove previous thermal history and
to observe Tg (glass transition temperature) of films more clearly.
The determined data are listed in Table 4 and typical DSC ther-
mograms of neat PLA, PBAT, and PLA/PBAT blend films are shown in
Fig. 3. The Tc (cold crystallization temperature) and Tm (melting
temperature) of the films were determined from the thermograms.
There were glass transition platforms at 61.2 �C corresponding to Tg
of PLA component on all the curves except that DSC trace was
presented for Tg of neat PBAT at �34 �C. Tg was not changed with
PBAT contents in the PLA/PBAT blend films which suggests that the
PLA and PBATare not thermos-compatible. If theywere compatible,
both Tg of PLA and PBAT will move to combine with each other, and
Tg peaks should be weaker and wider after they were blended
(Zhao et al., 2010). Neat PLA film displayed a cold crystallization
exotherm at 113.3 �C. The incorporation of PBAT decreased the cold
Table 3
Water vapor permeability (WVP) values, water contact angle (WCA), and oxygen
transmission rate (OTR) of PLA/PBAT films.1)

Films WVP (�10�11 g m/m2 s Pa) WCA (deg.) OTR (mL/m2 day)

PLA 2.11 ± 0.15a 93.5 ± 2.1e 25.60 ± 2.22a

PLA99/PBAT1 2.27 ± 0.16a 88.7 ± 1.3d ND
PLA98/PBAT2 2.35 ± 0.08a 81.3 ± 1.8c 28.98 ± 1.38b

PLA95/PBAT5 2.59 ± 0.22ab 77.0 ± 2.3bc 43.66 ± 3.39bc

PLA90/PBAT10 3.19 ± 0.81b 75.3 ± 3.0ab ND
PBAT 6.12 ± 0.22c 72.9 ± 2.7a 52.24 ± 2.78d

1)Each value is the mean of three replicates with the standard deviation. Any two
means in the same column followed by the same letter are not significantly
(p > 0.05) different by Duncan's multiple range tests.



Table 4
Thermal properties of PLA/PBAT films.

Film Tg (�C) Tc (�C) Tm (�C) DHm (J/g) Xc (%)

PLA 61.2 113.3 164.8 11.79 12.68a

PLA98/PBAT2 61.2 96.1 164.8 12.12 13.3
PLA95/PBAT5 61.2 96 164.9 12.41 14.05
PBAT �34.1 e 130.5 10.3 9.03a

a The crystallinity(Xc) of neat PLA and PBAT films were calculated by dividing the
observed DHm by the theoretical value for 100% crystalline PLA (93 J/g) and PBAT
(114 J/g), respectively.

Fig. 3. DSC thermograms of PLA/PBAT films.

Fig. 4. Weight loss of green onion packaged with PLA/PBAT films for 7 days.
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crystallization temperature approximately 17 �C and narrowed the
peak width, which suggests that blending of PBAT has an influence
on crystallizability of PLA and this might be due to the higher
crystallizable property of PLA. The data of crystallinity degree (Xc)
(Table 4) showed same trend as DHm that with the increase of PBAT
content, the degree of crystallinity of blend films increased.
Moreover, Tm of blend films (about 164 �C) was not changed
compared to that of neat PLA film, which indicates that low amount
addition of PBAT into PLA has no effect on Tm of PLA (Chiu et al.,
2013; Xiao, Lu, & Yeh, 2009).

3.6. Packaging application for fresh green onion

Two parts of fresh green onion, white bulb and green leaf,
packaged into PP trays and covered with LLDPE, PLA, PBAT as well
as PLA/PBAT blend films were stored for 7 days and appearance of
package and green onion samples were observed. Usually, the
water drop is formed on the surface of packaged film of fresh fruit
and vegetable during storage at low temperature due to the
condensation of water vapor produced through the respiration of
the packaged plant foods. Apparently, LLDPE covered package
showed condensed water on the surface of inside of packaging film,
however, all the other films did not show any trace of condensed
water. This is mainly due to the difference in WVP between LLDPE
film and the other films, ie., the WVP of LLDPE film is two orders of
magnitude lower than those of PLA and PBAT films (Rhim et al.,
2006). Since LLDPE film was not so permeable to water vapor
that the water vapor produced and entrapped inside package was
condensed on the surface of the film. On the contrary, the PLA,
PBAT, and PLA/PBAT blend films was so permeable to water vapor
thus thewater vapor formed inside the packagewas permeated out
through the films without forming condensed water on the surface
of the films. The condensed water on the surface of the packaging
films would provide the condition for growing microorganisms to
accelerate the degradation of quality of packaged foods. After
packaging test for 7 days, all the packaged green onions were
deteriorated in the apparent color, and green leaves were degraded
more than white bulb, however, the degree of degradation was
varied depending on the type of the cover film. Green onions
packaged with the neat PBAT and PLA/PBAT blend films were
degraded more than the other groups. Since enzymatic discolor-
ation of fresh fruits and vegetables are generally influenced by the
environmental oxygen (Ghidelli, Mateos, Rojas-Argudo, & P�erez-
Gago, 2014), the difference in apparent color of packaged green
onion might be explained by the difference in the OTR of the cover
films. Theweight change of green onionwas also greatly influenced
by the packaging film as shown in Fig. 4. Except LLDPE covered one,
all the packaged green onion showed significant amount of weight
loss from 3.45% to 15.94% depending on the part of green onion and
type of cover film. The loss of green leaves were higher than white
bulb since the metabolic activity (respiration) of green leaves are
more active, and weight loss of PBAT covered green onion was the
highest among the tested films. The difference in weight loss
among the cover films can be explained by the difference in their
water vapor permeability. The microbial growth in the samples
after 7 days of storage was determined using total colony count
method and the results are presented in Fig 5. Microbial growth in
green leaves was higher than that of white bulb part, and the de-
gree of microbial growth was different depending on the type of
packaging film. Interestingly, the degree of microbial growth of
green onions packaged with test films showed reversed trend with
their WVP and weight loss test results. Namely microbial growth
was the least when packaged with the neat PBAT film, and followed
by PLA/PBAT blend films, PLA film, and LLDPE film. Presumably, the
water vapor or condensed water inside the package promoted the
growth of microorganism. This results indicates that the blend film
with antifogging as well as controlled gas barrier properties can be
used for packaging of highly respiring fresh fruits and vegetables
for maintaining quality and extending shelf-life of packaged foods.

3.7. Packaging application for fresh potatoes

UV light screening property of the PLA/PBAT blend films was
tested by packaging of fresh potatoes, inwhich surface color change
of potato (green coloration or not) was used to test the UV
screening effect of the films. After storage for 4 days at ambient



Fig. 5. Total colony counts of green onion packaged with PLA/PBAT films for 4days.
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atmosphere under day light, apparent green color on the surface of
potatoes were observed in groups of potatoes including without
cover film and PLA, PLA/PBAT blend films, however, the degree of
color change was varied depending on the type of packaging film.
Apparently, darkening and greening was most significant in the
samples without cover, and followed by PLA film group. In the case
of PLA/PBAT blend film groups, darkening was not significant but
slight greening was observed. Between the blend film groups, the
higher content of PBAT (PLA95/PBAT5) film was more effective to
prevent greening of potato. The surface color of test potatoes
measured using a colorimeter are shown in Table 5. Hunter L, a, and
b-values of potato samples before storagewere 56.92, 0.1, and 19.16,
respectively. Though b-values were not changed significantly after
storage, L and a-values decreased significantly depending on the
packaging film, which indicates that lightness of potatoes
decreased and greenness of potatoes increased. Greening of potato
tubers is due to the formation of chlorophyll produced by pro-
longed exposure to light especially under red-yellow light
(Jakuczun & Zimnoch-Guzowska, 2006). Though the green color
itself is not harmful to human beings except decreasing market-
ability and consumer acceptance, one of the most serious concerns
on green colored potatoes is the existence of a glycoalkaloid, sola-
nine, that synthesized at the same time as chlorophyll formation
and it can cause allergenic and illness (Liljemark & Widoff, 1960).
Fluorescent light in the market shelf induce more greening than
incandescent, UV and visible light in the blue-violet region and
promotes the formation of solanine in the potato tuber (Conner,
1937). Therefore, use of packaging films which can prevent trans-
mission of UV and blue-violet visible light would help to prevent
greening and formation of the glycoalkaloid in potato. The
Table 5
Surface color of fresh potatoes covered with PLA/PBAT films for 4days.1)

Packaging film L a b DE

Initial potato 56.92 ± 3.73c 0.10 ± 0.84d 19.16 ± 1.50a 41.09 ± 2.85a

Without cover 48.56 ± 1.70a �6.03 ± 0.63a 18.49 ± 0.82ab 48.94 ± 1.29b

PLA 48.91 ± 1.56a �6.30 ± 0.83a 17.76 ± 1.04a 48.27 ± 1.29b

PLA98/PBAT2 47.78 ± 2.48a �5.05 ± 0.56b 18.62 ± 1.91ab 49.38 ± 1.28b

PLA95/PBAT5 54.74 ± 2.30b �2.47 ± 0.93c 19.68 ± 0.54b 43.30 ± 2.05a

PBAT 54.89 ± 2.35b �1.57 ± 0.34c 19.83 ± 1.48b 43.21 ± 1.61a

1)Each value is the mean of three replicates with the standard deviation. Any two
means in the same column followed by the same letter are not significantly
(p > 0.05) different by Duncan's multiple range tests.
packaging test results showed that the PLA/PBAT blend films was
effective in preventing greening of packaged potato, which was
mainly due to the UV screening effect of the blend films as evi-
denced with the transmittance test results.

4. Conclusion

PLA, PBAT, and their blend films were prepared using a solvent
casting method. Blending with PBAT reduced the brittleness and
improved the flexibility of PLA. The neat PBAT and PLA/PBAT blend
films exhibited high UV screening function. Packaging test results
with fresh green onion revealed that PBAT containing films main-
tain the freshness effectively and prevent fogging on the surface of
packaging film due to their high water vapor permeability. The
packaging test using fresh potato showed that the PBAT and PLA/
PBAT blend films were effective to prevent greening of potato due
to their UV light screening ability. The property of PLA/PBAT blend
films can be tuned by changing blending ratio of PLA and PBAT, and
the blend film designed as such can be produced in an industrial
scale using an extrusion technology. The blend films with modified
properties have a high potential for the food packaging application
of fresh fruits and vegetable to extend their shel-life.
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a b s t r a c t

Fruit quality is one of the main factors that influence the sorbets’ quality. The aim of this study was to
evaluate the effects of two different cultivars of five fruits (mandarin, lemon, melon and mango) or origin
(strawberries) on the overall quality of sorbets, right after being produced and after being preserved for
21 days at �18 �C. Total soluble solids (TSS), titratable acidity (TA) and firmness were used to characterize
the fruits. Colour, pH, antioxidant capacity (AC) and total phenolic content (TPC), as well as sensory
attributes, were evaluated on fruits and respective sorbets. Fruit processing led to a loss of TPC and AC.
Nevertheless, no significant changes were observed on sorbets over storage time. In spite of chemical,
physical and sensorial differences registered among fruits from different cultivars or origin, the sensory
profiles of sorbets from the same pair of studied fruits are very similar.

Multivariate analysis clearly shows that the sorbets produced maintain the same sensorial quality
regardless of the cultivar or the origin of the fruits.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sorbets are frozen desserts essentially made of water and sugar,
with a fruit content of at least 25%. No fat substances should be
added (Goff& Hartel, 2013), or any chemical agent that increases or
accelerates the production process. The cultivar, origin and ripeness
degree of fruits are the factors that most influence the fruit quality
and derivative products, such as sorbets. There are several exam-
ples of such influence on pears (Markowski, Zbrzezniak,
Mieszczakowska-Frac, Rutkowski, & Popinska, 2012), mandarins
(Sim�on-Grao et al., 2014), mangos (Ngamchuachit, Sivertsen,
Mitcham, & Barrett, 2015) and melons (Botia, Navarro, Cerd�a, &
Martınez, 2005).

The processing of sorbets is characterized by the incorporation
of small amounts of air, making it a dispersion of ice crystals
randomly distributed in a freeze-concentrated liquid phase
(Corvitto, 2005). Small ice crystals are desired to deliver a product
with a smooth texture and good palatability (Arellano, Benkhelifa,
@isa.ulisboa.pt (M. Mold~ao-
Flick, & Alvarez, 2012; Corvitto, 2005).
Representing approximately 90% of the final product, fruit takes

the role of main ingredient, being crucial to ensure the highest
quality of this raw material. Its availability depends on the season,
thus cultivar/origin used will not always be the same, which may
influence the physical, chemical and sensory parameters of sorbets.
Likewise, storage conditions of fruits, mainly time and temperature,
are very important to achieve high quality sorbets (Corvitto, 2005).
At the reception, fruits should be at an ideal ripening stage and
must not have any injury.

Mango (Mangifera indica L.) is a popular and economically
important tropical fruit throughout the world, due to its excellent
eating quality (bright colour, sweet taste and luscious flavour) and
nutritional composition (vitamins, minerals, fibres, and phyto-
chemicals) (Kim, Lounds-Singleton, & Talcott, 2009). Mango is
considered to be a source of antioxidants including ascorbic acid
(mangos provide about 50% of the recommended daily intake of
vitamin C) and carotenoids. The best quality of mango fruits should
be achieved with a 50% green and 50% red colouration and its
“shoulders” ought to be above the insertion of the stalk region and
its “cheeks” rounded.

Melon (Cucumis melo L.) is one of the most consumed and
appreciated fruits. The quality attributes of melonmainly depend on
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the genotype, maturity stage and storage temperature. Cantaloupe
melons are low in energy but excellent sources of nutrients, in
particular provitaminA andvitamin C (Lester, 2006). Cantaloupe and
Ogeon (commonly designated by G�alia) melons, belonging to Can-
taloupensis group, are climacteric and fast senescing fruits and are
very aromatic. Due to its highly appreciated sensory attributes, G�alia
melonsare currentlyapotential rawmaterial for the freshcutorother
fruit derivatives (Aguayo, Escalona, & Art�es, 2004), such as sorbets.
Maturemelons shouldpresentahardandbrightgreenpeel andafirm
and proper colouration of flesh at the moment of reception.

Strawberries (Fragaria x ananassa Duch.) are widely consumed
both fresh and processed. The overall quality of strawberries is
mainly dependent on the genetic and environmental factors,
ripeness and storage conditions (Tulipani et al., 2011; Shin, Ryu, Liu,
Nock, & Watkins, 2008). Harvesting at the right maturity stage is
crucial for keeping optimal quality during storage and handling
(Sturm, Koron, & Stampar, 2003). In order to produce high quality
sorbets, strawberries should have a medium size, firm texture and
intense red colour.

Citrus fruits are non-climacteric fruits with low respiration and
ethylene production rates and do not undergo any major softening
or compositional changes after harvest (Kader, 1985). Citrus fruits
are a good source of nutrients, including flavonoids, citric acid,
vitamin C andminerals. In these fruits, colour is themost important
parameter at reception, therefore orange and mandarin must have
an intense orange colour, and lemon an intense yellow, both of all
with a thin peel.

The present work was developed at a worthy artisanal industry
of ice creams, the sorbets being premium products of the company.
Having in mind that: (i) an ideal sorbet should maintain all the
fresh fruit flavour characteristics, (ii) it is important to maintain the
sorbet quality throughout the year, (iii) the fruit production is
seasonal making it necessary to use different sources or cultivars of
the fruits and (iv) the sorbets are stored at least for 21 days
at �18 �C; the main objective of the present work was to study the
effect of cultivar and/or origin and storage time on the overall
quality of the sorbets.

2. Material and methods

2.1. Fruits

Six fruits from two different cultivars or origins, available in the
Portuguese market, were selected as raw materials for sorbet
manufacture: Mandarin (Citrus reticulate)eEncore (E) and Ortani-
que (O); lemon (Citrus lmon)e Eureka(Eu) and Lun�ario (Lu); orange
(Citrus sinensis) eNavelate (N) and Lanelate (L); melon (Cucumis
melo L. var. cantaloupensis Naud.)eG�alia (G), and Cantaloupe (C);
mango (Mangifera indica L.)ePalmer (P) and Haden (H) and Straw-
berry (Fragaria x ananassa Duch) e Spain (Sp) and Portugal (Pt).

All fruits were purchased from a local market at the commercial
ripening stage. Fruits were selected according to external skin
colour, uniform size and absence of any physical damage. Sampling
of fruits occurred randomly upon reception.

2.2. Sorbet production

Sorbets processing operations were carried out according to
Fig. 1. The processing operations were the same for every fruits. The
recipe was adjusted according to each fruit category independently
of cultivar or origin, taking into account the TSS, defined by the
company's (Santini) quality department.

Temperature lowering is one of the most important steps. At this
stage temperature is lowered from 4 �C to�11 �C, under stirring and
cooling by contact, over 20 min, approximately. From this moment,
the stirring system allows an incorporation of air and the distribu-
tion of small air bubbles throughout the mixture is observed. The
cooling process is fast until the temperature reaches -6 �C, lowering
thereafter, once the freezing temperature is becoming lower due to
the rise of soluble solids concentration. Since the sorbet is an un-
stable product as it contains a considerable amount of freewater, the
stabilizing step must performed as quickly as possible. As such,
sorbet is stored in a cold storage room for the thermal centre to
reach temperatures about �18 �C as soon as possible, in order to
prevent the formation of ice crystals, achieving its stabilization.

2.3. Analytical procedures

Analytical procedures were carried out at least in triplicate, on
two sampling dates e after processing (day 1) and after 21 days of
storage at �18 �C (day 21).

2.3.1. Total soluble solids, titratable acidity and pH
Total soluble solids (TSS) of fruits were determined by using a

refractometer (Pocket Refractometer Pal-1 Atago).
Titratable acidity (TA) was measured by titration method with a

standard solution of sodium hydroxide (NaOH), by using an alco-
holic solution of 1.0% phenolphthalein as indicator (ISO 750:1998).
Results were expressed in % citric acid by the conversation factor in
citric acid (vol. NaOH (mL) x 0.07). Sampling fruits was carried out
in triplicate and acidity determination was carried out in duplicate.

A potentiometer (Denver Instrument Model 220) previously
calibrated at 20 �C with standard solution at pH 4.01 and 7.0 was
used to determined pH of fruits and sorbets samples.

2.3.2. Firmness
Firmness of fruits was measured with a penetrometer (Force

Gauge PCE-FM 200). Sampling was carried out in triplicate and
results were expressed in Newton (N).

2.3.3. Colour
Colour measurements were performed with a colorimeter

(Minolta Chroma Metre CR 300) by measuring the CIE L*a*b* pa-
rameters. The instrument was calibrated using a standardwhite tile
(L* ¼ 97.10, a* ¼ 0.19, b* ¼ 1.95). Data was converted to C (Chro-
maticity) and ºh (hue angle) according to the follow equations:

C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

q
; ºh ¼ arctg

�b�

a�
�

if a � >0; b*>0 ;

ºh ¼ 180þ arctg
�b�

a�
�

if a � <0; b*>0; ºh ¼ 270þ arctg
�b�

a�
�
, if

a � <0; b*<0 and ºh ¼ 360þ arctg
�b�

a�
�
if a � >0; b*<0 (Hunt,

2004; Sahin & Sumnu, 2006).

2.4. Total phenolic content

Total phenolic content (TPC) was determined using the
FolineCiocalteu reagent (Swain & Hillis, 1959). Samples (5 g) were
homogenized with methanol (20 mL) and left in the dark overnight
at 4 �C. Homogenates were centrifuged at 29000 g for 15min at 4 �C
and the clear supernatant (methanolic extract) was used for total
phenolic content determination according to the method described
by Swain and Hillis (1959). Methanolic extracts (150 mL) were
diluted with nanopure water (2400 mL) in test tubes, followed by
the addition of 0.25 N Folin-Ciocalteu reagent (150 mL). The mixture
was incubated for 3 min, and then, 1 N Na2CO3 (300 mL) was added.
The final mixture was incubated for 2 h in darkness conditions at
room temperature. Spectrophotometric readings at 725 nm were
collected using an ATI Unicam UV/VIS 4 spectrophotometer (Uni-
cam Sistemas Analíticos, Lisboa, Portugal). The extraction was
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Table 1
Physicochemical characteristics of the fruits.

Mandarin Lemon Orange Melon Mango Strawberry

E O Eu Lu N L G C P H Sp Pt

TSS 11.9 ± 0.4a 15.0 ± 0.5b 6.5 ± 0.3a 6.9 ± 0.2a 12.8 ± 0.6a 11.4 ± 0.5b 9.4 ± 0.8a 10.7 ± 0.3b 14.8 ± 0.3a 9.1 ± 0.4b 6.4 ± 0.2a 7.6 ± 0.5b
TA 0.5 ± 0.0a 1.1 ± 0.0b 5.2 ± 0.1a 5.4 ± 0.1b 0.7 ± 0.2a 0.7 ± 0.2a 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a 0.2 ± 0.0b 0.5 ± 0.2a 0.5 ± 0.1a
TSS/TA 26.3 ± 2.1a 11.4 ± 2.6b 1.3 ± 0.0a 1.3 ± 0.1a 20.3 ± 5.3a 16.6 ± 0.8b 150.9 ± 73.7a 157.1 ± 26.1a 119.2 ± 14.4a 51.3 ± 2.4b 14.7 ± 4.9a 15.7 ± 2.0 a
Firmness 4.5 ± 1.0a 13.7 ± 3.0b 48.2 ± 3.9a 48.7 ± 2.6a 14.0 ± 2.9a 8.6 ± 4.6b 78.7 ± 10.6a 62.2 ± 21.9a 5.4 ± 0.7a 7.2 ± 1.6b 3.0 ± 0.4a 3.6 ± 0.4a
pH 4.2 ± 0.0a 3.7 ± 0.0b 2.6 ± 0.0a 2.7 ± 0.0a 4.0 ± 0.0a 3.9 ± 0.0b 6.3 ± 0.0a 6.5 ± 0.0b 5.0 ± 0.0a 4.7 ± 0.0b 3.4 ± 0.0a 3.5 ± 0.0b
Moisture 83.9 ± 0.0a 81.7 ± 0.0a 93.6 ± 0.1a 85.1 ± 5.3a 78.3 ± 0.0a 86.4 ± 0.0b 92.0 ± 0.1a 77.7 ± 1.3b 86.0 ± 0.2a 87.1 ± 0.2a 91.9 ± 0.2a 90.7 ± 0.4a
TPC 198.0 ± 14.4a 195.5 ± 21.5a 764.8 ± 90.8a 675.6 ± 30.4a 228.0 ± 25.6a 236.1 ± 6.8a 55.1 ± 6.4a 52.9 ± 8.1a 810.7 ± 28.2a 712.4 ± 115.5a 1043.0 ± 44.0a 1014.3 ± 32.9a
AC 336.7 ± 51.7a 434.4 ± 15.6a 591.0 ± 17.9a 520.0 ± 28.6a 735.0 ± 102.0 a 656.8 ± 90.9b 87.5 ± 14.6a 100.9 ± 14.2a 693.9 ± 48.3a 633.5 ± 11.4a 877.0 ± 18.0a 897.5 ± 2.8a
Pulp L* 58.1 ± 13.6a 70.9 ± 7.1a 56.2 ± 7.2a 69.9 ± 5.2b 70.1 ± 14.0a 66.2 ± 13.4a 64.6 ± 10.6a 47.2 ± 2.8b 55.3 ± 0.9a 65.7 ± 1.6a 49.7 ± 5.7a 52.5 ± 4.4a

C 38.0 ± 9.6a 39.9 ± 10.0a 17.7 ± 1.2a 12.4 ± 1.5b 33.1 ± 8.7a 35.6 ± 6.5a 18.1 ± 3.4a 23.0 ± 5.7b 64.5 ± 1.6a 67.3 ± 1.9b 53.5 ± 2.0a 61.4 ± 2.6b
ºh 91.1 ± 4.3a 98.0 ± 3.6b 100.1 ± 2.2a 107.5 ± 2.5b 100.5 ± 4.2a 98.2 ± 2.1a 108.5 ± 13.2a 85.0 ± 1.1b 91.7 ± 0.3a 88.0 ± 0.7b 57.8 ± 3.1a 62.0 ± 1.9b

Peel L* 65.5 ± 4.2a 55.9 ± 16.7a 71.4 ± 3.1a 74.8 ± 1.2b 68.5 ± 3.5a 70.5 ± 2.9a 66.9 ± 2.5a 69.3 ± 3.6b e e 38.6 ± 3.1a 32.3 ± 2.9b
C 60.6 ± 4.4a 58.0 ± 11.5a 57.9 ± 5.1a 50.5 ± 4.1b 69.0 ± 2.6a 73.7 ± 3.2b 34.3 ± 7.1a 16.4 ± 1.7b e e 35.3 ± 4.2a 31.9 ± 3.4b
ºh 78.9 ± 6.4a 64.9 ± 18.7b 93.3 ± 2.4a 98.2 ± 1.2b 79.2 ± 2.9a 80.6 ± 2.7a 93.2 ± 1.5a 101.0 ± 2.8b 83.0 ± 7.59a 54.5 ± 3.7b 37.4 ± 5.6a 33.0 ± 4.0b

Legend: E � Encore Mandarin; O - OrtaniqueMandarin; Eu - Eureka Lemon; Lu -Lun�ario Lemon; N - Navelate Orange; L - Lanelate Orange; G - G�alia Melon; C - CantaloupeMelon; P - Palmer Mango; H - Haden Mango; Sp -
SpanishStrawberry; Pt - Portuguese Strawberry. In the same line, for each two fruits (cultivars or origins) different letters represent significant differences at p< 0.05 (Scheffe test).
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Table 2
Sensory Classifications of fruits by expert panel.

FA FT At BT ST AST

E 2.5 ± 0.6 a 2.5 ± 0.6 a 1.3 ± 0.5 a 1.0 ± 0.0 a 2.7 ± 0.5 a 1.0 ± 0.0 a
O 3.0 ± 0.8 a 3.0 ± 0.8 a 2.3 ± 1.3 a 1.5 ± 0.6 a 3.5 ± 0.8 b 1.5 ± 0.6 a
Eu 3.8 ± 1.7 a 3.8 ± 1.7 a 3.5 ± 1.0 a 1.0 ± 0.0 a 2.3 ± 1.5 a 1.0 ± 0.0 a
Lu 3.0 ± 0.0 a 3.0 ± 0.0 a 5.5 ± 0.6 a 1.0 ± 0.0 a 1.5 ± 1.0 a 1.0 ± 0.0 a
N 2.8 ± 0.5 a 2.8 ± 0.5 a 1.5 ± 1.0 a 1.3 ± 0.5 a 3.5 ± 0.6 a 1.3 ± 0.5 a
L 2.5 ± 0.6 a 2.5 ± 0.6 a 1.8 ± 1.0 a 1.3 ± 0.5 a 2.5 ± 0.6 a 1.3 ± 0.5 a
G 2.8 ± 1.0 a 2.8 ± 1.0 a 1.3 ± 0.5 a 1.0 ± 0.0 a 4.0 ± 0.8 a 1.0 ± 0.0 a
C 3.5 ± 1.3 a 3.5 ± 1.3 a 1.3 ± 0.5 a 1.0 ± 0.0 a 3.0 ± 1.2 a 1.0 ± 0.0 a
P 4.5 ± 1.3 a 4.5 ± 1.3 a 2.0 ± 0.8 a 1.0 ± 0.0 a 5.0 ± 0.8 a 1.0 ± 0.0 a
H 2.5 ± 0.6 b 2.5 ± 0.6b 2.8 ± 1.3 a 1.0 ± 0.0 a 2.5 ± 1.0 b 1.0 ± 0.0 a
Sp 3.8 ± 1.0 a 3.8 ± 1.0 a 2.8 ± 1.5 a 1.0 ± 0.0 a 3.0 ± 1.4 a 1.0 ± 0.0 a
Pt 4.5 ± 1.3 a 4.5 ± 1.3 a 4.5 ± 0.6 a 1.0 ± 0.0 a 4.3 ± 1.0 a 1.0 ± 0.0 a

Legend: E � Encore Mandarin; O - Ortanique Mandarin; Eu - Eureka Lemon; Lu
-Lun�ario Lemon; N - Navelate Orange; L - Lanelate Orange; G - G�alia Melon; C -
Cantaloupe Melon; P - Palmer Mango; H - Haden Mango; Sp - Spanish Strawberry;
Pt e Portuguatese Strawberry. In the same column, for each two fruits (cultivars or
origins) different letters represent significant differences at p< 0.05 (Friedmen test).
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as explained for TPC. After taking an aliquot of the supernatant
(150 mL), it is mixed with 2850 mL of DPPH diary solution. This
mixture was then placed in the dark over 40 min, after which the
absorbance at 517 nmwasmeasured (Unicam, UV/Vis Spectrometer
e UV4. The measurements were performed in triplicate. From the
values of absorbance, the Radical Scavenging Activity (RSA) was
measured, expressed in percentage, Eq. (1).

RSA ð%Þ ¼ ½ððA initial � A finalÞ=A initialÞ�100� (1)

A calibration curve using Trolox (Sigma Aldrich) as standard was
established, in order to convert the values of RSA to Trolox (M). To
perform this curve, Trolox solutions with 50 mM, 100 mM, 200 mM,
300 mM, 400 mM, 500 mM, 600 mM and 800 mM were prepared,
which were made to react with the DPPH radical in the same
conditions as the samples. The final results of antioxidant activity of
the compounds are expressed as Trolox Equivalent Antioxidant
Capacity (TEAC) Eq. (2), defined as the antioxidant capacity of the
sample, relative to 1 mmol basis of Trolox (Berg et al., 1999). Thus, as
higher the TEAC value, higher is the sample's antioxidant activity.

TEAC ¼ mmol Trolox=100 g of fruit (2)
Table 3
Total phenolic content (TPC) (mg EAG/100 g fruit) and antioxidant capacity (AC) (mmolTro
at �18 �C.

TPC

Fruit S1 S21

E 198.0 ± 14.4a 110.1 ± 6.2b 105.6 ± 5.3b
O 195.5 ± 21.5a 101.5 ± 5.4b 112.6 ± 12.7b
Eu 764.8 ± 90.8a 69.7 ± 3.7b 78.1 ± 5.6b
Lu 675.6 ± 30.4a 73.4 ± 4.2b 71.4 ± 1.7b
N 228.0 ± 25.6a 129.2 ± 9.9b 121.2 ± 6.4b
L 236.1 ± 6.8a 126.2 ± 7.6b 107.4 ± 7.1b
G 55.0 ± 6.4a 23.4 ± 4.6b 27.3 ± 0.8b
C 52.9 ± 8.1a 38.5 ± 1.4b 37.5 ± 2.0b
P 810.7 ± 28.2a 95.2 ± 5.1b 71.3 ± 6.2b
H 712.4 ± 115.5a 97.9 ± 28.0b 67.0 ± 6.2b
Sp 1043.0 ± 44.4a 373.2 ± 56.7b 316.0 ± 20.9b
Pt 1014.3 ± 32.9a 404.8 ± 25.6b 294.7 ± 61.2b

Legend: E � Encore Mandarin; O -Ortanique Mandarin; Eu - Eureka Lemon; Lu -Lun�ario
Melon; P - Palmer Mango; H - Haden Mango; Sp - Spanish Strawberry; Pt - Portuguese St
different letters represent significant differences at p< 0.05 (Scheffe test).
2.6. Sensory analyses

Sensory evaluation of fruits and sorbets was assessed by an
expert panel of 4 trained assessors (ISO 8586:2012). Sensory
descriptive analysis was performed to characterized samples (fruits
and sorbets). The first phase of training consisted in the language
development followed by evaluation of samples in selected attri-
butes: intensity of fruit aroma (FA), intensity of taste (Fruit taste -
TF, acid taste - AT, bitter taste - BT, sweet taste - ST) and astringency
(AST). Ratings were based on a seven-point numerical unipolar
category scale (0- absent, 1- rather weak, 2- weak, 3- moderate, 4-
strong, 5- rather strong, 6 very strong). The samples were presented
to assessors monadicaly.

A hedonic analysis was performed by 20 consumers of sorbets,
usual costumers of the industry. A six-point hedonic scale (1-
dislike very much, 2-dislike moderately, 3-dislike slightly, 4- like
slightly, 5-like moderately, 6-like very much) was used to evaluate
the degree of liking of the products. The neutral response category
(“neither like nor dislike”) was not included in the scale with the
intention, in the case of a neutral sensation, to force the consumers
for a positive or negative evaluation of sample. The consumers were
also asked about the intention of buy the products. Purchase
intention was evaluated in a four-point scale (1- certainly not
purchase, 2- maybe not purchase, 3- maybe purchase, 4- certainly
purchase).

Fruits for the sensorial analysis were at environmental tem-
perature and the sorbets were at13±1 �C.
2.7. Statistical analyses

Data from the analytical trials was subjected to analysis of
variance (One-way ANOVA). Statistically significant differences
(p < 0.05) between samples were determined according to Scheff�e
test.

Sensory data from consumers were evaluated based on non-
parametric tests. Friedman test was used firstly and a Wilcoxon
test were used next to comparing two related samples t.

Multivariate analysis (Principal component analysis-PCA and
Cluster analysis-CA) were applied to the sensory attributes to
obtain an overview of the fruit effect on the sorbets quality.

All the statistical analysis was carried out using the software
Statistica™v.7 from Statsoft (StatSoft Inc., 2007).
lox/100 g of fruit) of fruits and respective sorbets at day 1 and after 21 days of storage

AC

Fruit S1 S21

336.7 ± 51.7a 97.6 ± 0.3b 97.4 ± 0.4b
434.4 ± 15.6a 99.1 ± 0.9b 98.8 ± 00.4b
591.0 ± 17.9a 109.5 ± 0.9b 109.7 ± 0.8b
520.0 ± 28.6a 111.5 ± 1.1b 112.4 ± 0.9b
736.0 ± 102.0a 100.6 ± 7.3b 102.1 ± 0.3b
656.8 ± 90.9a 102.9 ± 3.3b 103.7 ± 0.3b
87.5 ± 14.6a 109.7 ± 0.3b 109.2 ± 0.2b

100.9 ± 14.2a 83.1 ± 0.6b 82.2 ± 0.6b
693.9 ± 48.3a 91.5 ± 0.2b 92.0 ± 0.6b
633.5 ± 11.4a 95.2 ± 0.1b 94.4 ± 0.3b
877.0 ± 18.0a 46.5 ± 0.6b 46.3 ± 0.7b
897.5 ± 2.8a 49.1 ± 1.0b 50.0 ± 0.9b

Lemon; N -Navelate Orange; L - Lanelate Orange; G - G�alia Melon; C - Cantaloupe
rawberry; S1 - Sorbet at Day1; S21 - Sorbet at Day 21. In the same line, for TPC and AC



Fig. 2. Sensory profile of fruits and sorbets at day 1 and after 21 days of storage at �18 �C. Legend: FA - Fruity Aroma; FT - Fruity Taste; AT - Acid Taste; BT - Bitter Taste; ST - Sweet
Taste; AST - Astringency; E � Encore Mandarin; O -Ortanique Mandarin; Eu - Eureka Lemon; Lu -Lun�ario Lemon; N -Navelate Orange; L - Lanelate Orange; G - G�alia Melon; C -
Cantaloupe Melon; P - Palmer Mango; H - Haden Mango; Sp - Spanish Strawberry; Pt - Portuguese Strawberry; 1 - Sorbet at Day1; 21 - Sorbet at Day 21.
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Fig. 3. Global assessment and purchase intent of sorbets at day 1 at day 1 and after 21
days of storage at �18 �C. Legend: E � Encore Mandarin; O -Ortanique Mandarin; Eu -
Eureka Lemon; Lu -Lun�ario Lemon; N -Navelate Orange; L - Lanelate Orange; G - G�alia
Melon; C - Cantaloupe Melon; P - Palmer Mango; H - Haden Mango; Sp - Spanish
Strawberry; Pt - Portuguese Strawberry; 1 - Sorbet at Day1; 21 - Sorbet at Day 21.
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3. Results & discussion

3.1. Characterization of the fruits

3.1.1. Physical-chemical characterization
The physicalechemical characterization of fruits used as raw
Fig. 4. PCA biplots of variable coordinates of sensory profile of fruits and sorbets at day 1 an
Acid Taste; BT - Bitter Taste; ST - Sweet Taste; AST - Astringency; E � Encore Mandarin; O -
Lanelate Orange; G - G�alia Melon; C - Cantaloupe Melon; P - Palmer Mango; H - Haden Mang
at Day 21.
materials for the sorbets production is presented in Table 1.
The results show that fruits from different cultivars or origins

are different regarding the physical and chemical parameters that
most influence the sensory characteristics: TSS, TA and colour
parameter ºh. Although lemons showed a quite similarity in all
analysed parameters.

Most chemical parameters (acidity, TSS, firmness and peel and
pulp colour - ºh) of the Encore and Ortanique mandarins are
significantly different being Ortaniques sweeter and more acid. The
results are not in agreement with Roussos, Paziodimou, and
Kafkaletou (2011) who concluded that most of the chemical pa-
rameters of Encore were similar to those of the Ortanique fruits.
This can be explained by different cultural practices, including
fertilization as well as soil and climate conditions.

Lun�ario lemons exhibit a significant different colour parameters
of pulp and peel. Peel hue angle is lower than the one reported to
Siciliano cultivar in colour-break stage, characterized by the loss of
the green colour (Jacomino, Mendonça, & Kluge, 2003). Hue angle
and pH of Lun�ario fresh pulp are in accordance to those found on
‘Lisbon’ lemons by Art�es-Hern�andez, Rivera-Cabrera, & Kader,
2007.

Navelate and Lanelate oranges exhibit the same acidity, but
significantly different TSS, being Navelate oranges sweeter. The
colour of the both orange cultivars (for peel and pulp) exhibit no
significant differences (p < 0.05). It was observed that the values of
peel hue are similar to the ones described by Arpaia (2008) for the
same varieties. Current results for Lanelate pH are similar to
Washington Navel cultivar and the TSS is equivalent to the NewHall
and closer to Washington Navel fruits, while Navelate orange's TSS
and pH are higher (Roussos et al., 2011). Navelate fruits exhibit a
high phenolic content and a high AC.

Regardingmelons, the main difference between both cultivars is
the pulp and peel colour. As expected, hue angle is significantly
different. Cantaloupe fruits exhibit an orange pulp, characterized by
a high content of carotenoids, which justified the slightly higher AC,
despite the lower TPC. Nevertheless, TPC and AC exhibited no sig-
nificant (p < 0.05) differences in both fruits. It was also verified that
Cantaloupe melon is sweeter than G�alia and shows less acidity and
moisture. Based on the TA, pH, firmness and TSS, it was noted that
G�alia melons were near the minimum levels of acceptance (10
ºBrix) (Morais, 2009), suggesting that the ripeness stage of fruits
would not be the most suitable for sorbets production.
d after 21 days of storage at �18 �C. Legend: FA - Fruity Aroma; FT - Fruity Taste; AT -
Ortanique Mandarin; Eu - Eureka Lemon; Lu -Lun�ario Lemon; N - Navelate Orange; L -
o; Sp - Spanish Strawberry; Pt - Portuguese Strawberry; 1 - Sorbet at Day1; 21 - Sorbet
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Mango cultivars are significantly different in the studied pa-
rameters. Palmer mango is sweeter and less acid. Haden TSS/AT is
similar to Kent varieties (Okoth et al., 2013). AC of both cultivars
was in accordance with Percival et al., 2006, whereas TPC was
higher than the ones reported. It is important to be mentioned that
both cultivars exhibited signs of a correct mature stage at the
harvesting. Palmer and Haden showed significantly different pulp
colours (p < 0.05), the Palmer being more orange and Haden
slightly yellowwhich is in conformity with Bender, Brecht, Sargent,
& Huber, 2000.

According to Table 1, the TSS, pH, firmness and colour of pulp
and peel of strawberries from two origins are significantly different
(p < 0.05).The Portuguese strawberries are harder and sweeter. The
TSS of Portuguese strawberries are in good agreement with
Antunes, Ristow, Krolow, Carpenedo, & Júnior, 2010.The TSS of
Spanish strawberries are comparable to Galexia (Antunes et al.,
2010) and Camino Real cultivar (Pineli, Moretti, & Chiarello,
2012). Even though the present results the pH values are in good
agreement with Kafkas, Kosar, Paydas, Kafkas, & Baser, 2007 and
Antunes et al., 2010, for Portuguese strawberries and Spanish fruits
they were comparable to Osogrande cultivars (Pineli et al., 2012).
The parameters of colour are significantly different (p < 0.05), due
to the more intense red colour presented by Portuguese fruits, with
a hue angle nearest to zero (red), in accordance with Wszelaki &
Mitcham, 2000. Firmness and TA of both origins are also in good
agreement with the same author.

3.2. Sensory evaluation

Table 2 shows the evaluation of the different fruits, in the
selected attributes, by the expert assessors. According to analysis,
no significant difference (p < 0.05) were found on sensory attri-
butes of lemon, orange, melon and strawberry fruits from different
cultivars or origin for all the attributes tested. In what concerns
mandarin, the Ortanique cultivar is significantly sweeter then
Encore, what is in agreement with the chemical characterization
(15 ºBrix and 12 ºBrix respectively). Palmer mangos are more aro-
matic, with a more pronounced fruit taste, and sweeter than Haden
mangos.

3.3. Characterization of sorbets at day 1 and after 21 days of
storage at �18 �C

3.3.1. Total phenolic content and antioxidant capacity
According to Table 3 processing fruits into sorbets leads to a loss

of TPC, being this fact more pronounced in mango and lemon
(z90%) and strawberry (60e65%). The other fruits registered a loss
about of 50% of the phenolic content. In general, no significant
(p < 0.05) changes were noticed in sorbets along the 21 days of
storage. Consequently, a similar behaviour was observed for anti-
oxidant capacity.

3.4. Sensory analysis

Fig. 2 shows the sensory profile of fruits and sorbet at day 1 and
after 21 days of storage at �18 �C. In general, the sensory profile of
sorbets are very similar to the one of the fruit used as raw material.
This pattern is quite prominent in strawberry sorbets were no
differences were noted also after 21 days of storage at �18 �C.

After storage, citric sorbets from Encore mandarin and Lanelate
orange showed a slightly increase of the astringency. Galia melon
and Palmer mango showed to be varieties that allowed the pro-
duction of more aromatic sorbets.

Based on consumers evaluation (Fig. 3) all the tested sorbets
were well accepted after processing (day 1) showing average
ratings up to 4. Melon, mango and strawberry sorbets were well
classified with average ratings above 5. Citrus sorbets were not so
well accepted by consumers mainly due to the astringency and
acidic taste. Few variations were noted, in sorbets acceptance, along
the storage time, with exception of the mandarin sorbets that
presented a notorious decrease of its classifications. Overall,
different cultivar or origins did not influence the global assessment
and purchase intention of sorbets. Just for the melon sorbets these
differences are noticed, being the G�alia sorbets the best classified
ones.

3.5. Principal component analysis

According to PCA analysis the two first principal components
(PC1 and PC2) accounted for 84% of total variability (Fig. 4.). PC1 is
related to fruit aroma, fruit taste and sweet taste while PC2 is
explained by the bitter taste and astringency.

Cluster analysis shows that three homogeneous clusters are
formed at a Euclidian linkage distance of 5. One cluster gather
lemon fruit and respective sorbets and is mainly related with the
bitter taste and astringency characteristics which justified the
worse acceptance of these sorbets. Mangos and strawberries, as
well as respective sorbets plus melon sorbets, form another cluster
related, with fruit aroma and taste and sweet taste. Mandarins and
oranges and respective sorbets formed a dispersed cluster that also
includes the melons, of more undefined characteristics.

Multivariate analysis allows to verifiy that the sorbets produced
by Santini maintain quite similar sensorial characteristics regard-
less the cultivar or origin of the fruits and are quite stable during 21
days of storage at �18 �C.

4. Conclusions

It was possible to conclude that fruits cultivar or origin does not
influence sensory characteristics of sorbets in a significant way over
21 days of storage. The exception is sorbets from the encore man-
darins that show a significant decrease on global assessment and
purchase intent after 21 days stored at �18 �C. It was also observed
that processing fruits leads to a loss of TPC and AC. Nevertheless, no
significant changes were seen over storage time.
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The objective of this study was to investigate the effect of acid concentration and hydrolysis time on the
release of free amino acids from Boarfish protein hydrolysates. Second order polynomial models were
developed to investigate the effect of acid concentration (0e6 M HCl) and hydrolysis time (0e18 h) on
the level of free amino acids and taurine for Alcalase and Protease pre-treated samples. The polynomial
models developed were found to be significant (P < 0.0001) and showed a good fit with the experimental
data (R2 > 0.85). HCl concentration a negative effect on the yield of free amino acids irrespective of
enzymatic pre-treatment. The highest concentration of taurine (7.23 mg/g) in the case of the control was
found to degrade with an increase in acid concentration and hydrolysis time. HP-SEC analysis showed a
significant reduction in the average molecular weight of protein hydrolysates obtained after acid hy-
drolysis indicating the release of amino acids and/or the degradation of proteins into smaller peptides.
This study demonstrates that the use of enzymatic pre-treatment followed by acid hydrolysis results in a
high yield of free amino acids and low molecular weight peptides.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fishing bycatches or discards are a common problem in marine
capture fisheries which can account for up to 70% of the total catch
in the case of the Portuguese crustacean-trawl fishery (Fonseca,
Campos, Larsen, Borges, & Erzini, 2005). Fish bycatch usually
comprises of non-target species with low commercial value.
Generally, fish bycatches are not retained and are returned to the
seawhich can cause significant environmental problems. In Europe,
boarfish are a significant source of fish discards due to the increase
in the population of boarfish which may be due to climate change
(Blanchard & Vandermeirsch, 2005). Boarfish along with other
bycatches were typically considered as a nuisance in the mackerel,
horse mackerel and crustacean trawl fishing sectors, however they
have recently become the target of a directed commercial fishery
for fishmeal production (White et al., 2011).

With the introduction of landing obligations under new
ari).
Common Fishing (Regulation no 2371/2002) in the EU, European
fisheries are under pressure to develop and implement strategies to
reduce unwanted by-catches and eliminate discards. Fish discards
along with fish processing by-products are utilised in many appli-
cations in the agri-food, feed, pharmaceutical and cosmetics in-
dustries. Specially fish discards and by-products have been
investigated for the production of fishmeal, proteins, fish oil, amino
acids, silage and fine chemicals for pharmaceutical and cosmetic
applications (Alonso, Antelo, Otero-Muras, & P�erez-G�alvez, 2010;
Ord�o~nez-Del Pazo et al., 2014).

Enzymatic hydrolysis has been shown to be an effective and
convenient way to obtain protein hydrolysates from fish processing
by-products. Several proteolytic enzymes including Alcalase, Pro-
teases, Papain or Bromelain are commonly employed to hydrolyse
fish proteins for the production of protein hydrolysates
(Chalamaiah, Dinesh kumar, Hemalatha, & Jyothirmayi, 2012).
Recently, García-Moreno, Batista, Pires, Bandarra, Espejo-Carpio,
Guadix, et al. (2014) demonstrated the feasibility of producing
fish protein hydrolysates with antioxidant activities obtained from
discarded Mediterranean fish species namely sardine, horse
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mackerel, axillary seabream, bogue and small-spotted catshark.
Protein hydrolysates or proteins from fish bycatches can be

employed for the production of amino acids. Extracts rich in amino
acids can be used as food additives in the food and animal feed
industries, as well as in pharmaceutical applications
(Ramakrishnan, Ghaly, Brooks,& Budge, 2013). Production of amino
acids is generally carried out using acid, alkali or enzymatic hy-
drolysis of proteins to release and recover amino acids without
degrading their properties (H G. Kristinsson & Rasco, 2000b).
Enzymatic methods are preferred over chemical hydrolysis tech-
niques because chemical hydrolysis involves the use of strong acid
or alkali which can degrade amino acids. However, enzymatic
processes usually yield low amounts of free amino acids depending
on the enzyme (Ghaly, Ramakrishnan, Brooks, Budge, & Dave,
2013), and therefore acid or alkaline assisted hydrolysis methods
are preferred. While there are several studies demonstrating the
use of enzymes for the production of amino acids from various by-
products, there are no studies investigating the potential of boar-
fish for the production of free amino acid rich extract. The objective
of this study was to investigate the effect of enzyme hydrolysis and
acid hydrolysis on the amino acid profile of protein hydrolysates
obtained from boarfish using second order polynomial regression
models.

2. Material and methods

2.1. Materials

Boarfish were supplied by Bord Iascaigh Mhara (Clonakilty, Co.
Cork, Ireland). Alcalase 2.4 L-FG and Protease ATFG were supplied
by Novozymes (Krogshoejvej, Denmark) and EnzymeSupplies (John
Eccles House, Oxford, UK) respectively. Acetic acid, carbonate
buffer, phosphate buffer, hydrochloric acid, sodium hydroxide, tri-
chloroacetic acid (TCA), borontrifluoride (BF3), sodium citrate
buffer, norleucine, albumin, carbonic anhydrase, cytochrome c,
aprotinin, angiotensin II, leucine encephalin, sodium hydroxide and
methanol were purchased from SigmaeAldrich (Wicklow, Ireland).

2.2. Hydrolysis of proteins

Protein hydrolysates used in this experiment were obtained by
enzymatic hydrolysis of whole boarfish. Briefly, 8 kg of boarfish was
mixedwith 8 L of phosphate buffer, pH 8.0, 0.3M in a 50 L STEPHAN
Universal Machine (Stephan Machinery GmbH, Germany) to pro-
duce a paste. The Boarfish paste was heated to 95 �C for 10 min to
inactivate endogenous enzymes. Alcalase enzyme was then added
at an enzyme:protein ratio of 1:100 after attaining the optimum
temperature of 55 �C. A hydrolysis time of 4 h was selected which
allowed the release of bound proteins and create a homogeneous
mixture to facilitate the separation of undesired scales, bones and
lipid fractions from proteins. Selection of enzyme concentration
and other processing conditions were selected based on pre-
liminary studies carried out and the optimum conditions for the
selected enzymes. Alcalase was inactivated by heating the sample
at 95 �C for 10 min, followed by filtering using a muslin cloth and
freeze drying to obtain a yield of 1.8 kg with a protein content of
49.92 g/100 g. Freeze dried protein hydrolysates were vacuum
packed (Model C100, MULTIVAC, UK) and stored at 4 �C until
further analysis.

Five grams of freeze dried protein samples were added to 50 mL
of phosphate buffer (0.3 M) for enzymatic hydrolysis using Alcalase
or Protease enzymes. A enzyme:protein ratio of 1:100 was
employed. Hydrolysis was carried out employing Alcalase or Pro-
tease for 24 h at 55 �C using an orbital shaker operating at 150 rpm,
followed by acid hydrolysis using 2, 4 and 6 M HCl at 80 �C for 18 h.
Samples were withdrawn at 0, 3, 6 and 18 h and subsequently
neutralised to pH 7 using NaOH followed by freeze drying. Freeze
dried samples were analysed for amino acid profile and molecular
weight of peptides.
2.3. Proximate composition of protein hydrolysates

Moisture, ash and lipid content of protein hydrolysates were
estimated using standard AOAC methods (AOAC, 2000). Total pro-
tein content of protein hydrolysates was measured using a LECO
FP628 protein analyser (LECO Corp, Michigan, USA).
2.4. Molecular weight analysis

High Performance Size Exclusion Chromatography (HP-SEC) for
each sample was carried out using a Waters Alliance 2795 Chro-
matography Separations Module (Waters Corp., Milford, USA)
coupled to a Waters 2996 PDA detector at a wavelength of 254 nm.
Separation was achieved using TriseHCl 0.1 M as a mobile phase
(0.85 mL/min) and serially connected Zorbax GF-450
(9.4 � 250 mm, 6 mm) and Zorbax GF-250 (4.6 � 250 mm, 4 mm)
columns. A calibration curve was developed using albumin
(66 kDa), carbonic anhydrase (29 kDa), cytochrome c (12.4 kDa),
aprotinin (6.5 kDa), angiotensin II acetate (Asp-Arg-Val-Tyr-Ile-His-
Pro-Phe, 1.046 kDa) and leucine enkephalin (Tyr-Gly-Gly-Phe-Leu,
0.555 kDa).
2.5. Amino acid profile

Free (FFA) and total amino acid (TAA) analysis of hydrolysed
Boarfish protein samples was carried out as described by
O'Loughlin, Kelly, Murray, FitzGerald, and Brodkorb (2015) with
slight modification. Free and total amino acid analysis was per-
formed using a JEOL JLC-500/V AminoTac™ amino acid analyser
(JEOL Ltd., Herts, UK) fitted with a Jeol Naþ high-performance
cation-exchange column. For free amino acid analysis, samples
were deproteinised by mixing with equal volumes of 240 g/L tri-
chloroacetic acid for 10 min followed by centrifuging at 14,400 � g
for 10 min. Supernatants were removed and diluted with 0.2 M-
sodium citrate buffer (pH 2.2) to give approximately 250 nmol of
each amino acid residue. The samples were then diluted 1:2 with
an internal standard (Norleucine) to give a final concentration of
approximately 125 nmol of each amino acid residue per 50 mL of
injection volume. Amino acids were detected at 570 nm, with the
exception of proline, which was detected at 440 nm, and results
were recorded using a Minichrom© data handling system. For total
amino acid analysis, samples were hydrolysed using 6 M HCl at
110 �C for 23 h before analysis.
2.6. Mathematical modelling and statistical analysis

Eq. (1) is the general form of the quadratic polynomial model
regression which was employed to describe the effects of the two
independent variables namely acid concentration (X1, M) and hy-
drolysis time (X2, h) on the concentration of free amino acid (FAA,
mg/g), taurine (mg/g) and ammonia (mg/g) during acid hydrolysis.
Using Eq. (1), linear (X1, X2), quadratic (X1

2, X2
2) and interactive

(X1X2) effects of independent variables of acid concentration (X1,
M) and hydrolysis time (X2, h) on dependent variables (Y) were
determined.



Table 1
Free amino acid profile (mg/g) of samples after 24 h of enzymatic hydrolysis
compared to control.

Amino acids Alcalase Protease Control MSD*

Cysteic acid 0.42a 0.45a 0.55a 0.193
Asp 1.05a 0.77ab 0.42b 0.349
Thre 1.15b 1.97a 0.09c 0.311
Ser 2.75a 2.39a 1.04b 0.474
Glu 8.25a 6.63b 4.64c 1.240
Gly 1.26a 1.49a 0.48b 0.342
Ala 3.80a 3.22b 1.52c 0.512
Cys 6.90a 7.07a 4.87b 1.438
Val 4.42a 1.69b 1.30b 0.639
Met 0.74a 0.62a 0.92a 1.675
Ile 0.93a 0.87a 0.29a 2.240
Leu 8.22a 6.51b 4.77c 1.112
Tyr 3.59a 3.84a 2.25a 1.951
Phe 6.57a 6.61a 6.27a 1.930
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Y ¼ b0 þ
X2

i¼1

biXi þ
X2

i¼1

biiX
2
i þ

X2

i;j¼1

bijXiXj (1)

Where Y is the predicted response; b0 the constant (intercept); bi
the linear coefficient; bii the quadratic coefficient and bij is the cross
product coefficient, Xi and Xj are independent variables.

The PROC RSREG procedure (, SAS Vr. 9.3) was used to analyse
the experimental data. Three dimensional plots were developed
using Design Expert (V. 7.1.6). Fitting accuracy of the models was
evaluated using the coefficient of multiple determinations (R2).
Analysis of variance (ANOVA) and separation of means was carried
out using the Proc ANOVA procedure (SAS V.9.1, SAS Institute, NC,
USA). Treatment means were separated using Tukeys' test and
considered significantly different at P < 0.05.
His 12.28ab 13.25a 10.34b 1.977
Lysine 2.39a 1.98a 0.77b 0.537
Arginine 2.95a 2.19b 1.38c 0.481
Proline 0.14b 0.19a 0.00c 0.00
Total 67.81a 61.72a 41.91b 12.884
Taurine 6.07b 5.37c 7.23a 0.217
NH3 0.19a 0.27a 0.38a 0.236

abc Letters followed by same alphabet within a row are not significantly different
(P < 0.05).
*MSD: Minimum Significant Difference.
3. Results and discussion

3.1. Raw material characteristics

The protein content of hydrolysates obtained from whole
boarfish samples after the first step of enzymatic hydrolysis was
found to be 49.92 g/100 g. Total and free amino acid profiles of the
protein hydrolysates are shown in Fig. 1. The total amount of amino
acids in the protein hydrolysates was 332.77 mg/g (excluding
taurine) of which 12.6% comprised free amino acids. The taurine
content of protein hydrolysates was 9.75 mg/g, whereas 7.23 mg/g
was found in free form. The taurine content of fish varies depending
on fish species, ranging from 0.06 to 1.76 mg/g on a fresh weight
basis (Gormley, Neumann, Fagan, & Brunton, 2007). Taurine (2-
aminoethanesulfonic acid) is a simple sulphur-containing b-amino
acid and is one of themost abundant free amino acids found in food
of animal origin (Wang et al., 2015). The beneficial health effect of
fish consumption is partly associated with taurine content. Taurine
has been reported to have a positive effect on cardiovascular health
(Zulli, 2011).
3.2. Effect of enzymatic hydrolysis on free amino acids

The FAA content following 24 h of enzymatic hydrolysis using
Alcalase and Protease is shown in Table 1. Total FAA contents of
67.81 and 61.72 mg/g were obtained after 24 h hydrolysis using
Alcalase and Protease enzyme, which is significantly (P < 0.05)
higher compared to control (41.91 mg/g). However, no significant
difference in TAA was observed between Alcalase and Protease
treatments. No significant differences were observed in the case of
ammonia production, most likely due to limited amino acid
degradation during enzymatic hydrolysis. Variation in the TAA
profile of enzymatically hydrolysed samples may be due to enzyme
specificity. Proteolytic hydrolysis of protein is dependent upon the
Fig. 1. Total (▫, TAA) and free (-, FAA) amino acid profile
properties and type of enzyme used in the process (Hill & Schmidt,
1962). Alcalase is reported to achieve a higher degree of hydrolysis
compared to other enzymes such as Pepsin and Chymotrypsin
(Sukan & Andrews, 1982). Moreover, alkaline Protease including
Alcalase exhibit higher hydrolytic activities compared to acidic or
neutral Proteases (Klompong, Benjakul, Kantachote, & Shahidi,
2007; H G. Kristinsson & Rasco, 2000a). Use of enzymatic hydro-
lysis for 18e24 h has been reported as an alternative method to
hydrolyse proteins without addition of acid and/or alkali to
enhance amino acid yield without causing racemization and
degradation of amino acids (Ramakrishnan et al., 2013). Extended
enzymatic hydrolysis (over 24 h) can lead to a change in pH due to
release of acidic amino acids and the production of amino terminals
which have a pKa value close to 3.5 (Margot, Flaschel, & Renken,
1994) (e.g. Aspartate, Glutamate, Asparagine, Glutamine) which
may reduce the activity of enzymes. Hence, maximum release of
amino acids can be achieved within 18e24 h of enzymatic hydro-
lysis (Church, Swaisgood, & Catignani, 1984).

3.3. Effect of acid hydrolysis on free amino acids

The effects of independent variables of acid concentration
(0e6M) and hydrolysis time (0e18 h) on total free amino acid (FAA,
mg/g) and taurine content were fitted to second order polynomial
models. From the experimental data and Eq. (1), the second-order
of protein hydrolysates obtained from whole Boarfish.



Table 2
Analysis of variance of the regression coefficients of the fitted quadratic equation for the taurine and total free amino acid content.

Coefficient Taurine (mg/g) FAA (mg/g)

Alcalase Protease No enzyme Alcalase Protease No enzyme

b0 (intercept) 6.19 5.44 7.08 68.58 62.6 68.58
Linear
b1 (HCL) �1.26b �1.32d �1.91d �13.54a �10.32b �18.89d
b 2 (Time) �1.07 � 10�1ns �9.75 � 10�2a �5.73 � 10�2ns 1.87ns 2.56a 4.27c
Quadratic
b 11 1.04 � 10�1a 1.18 � 10�1d 1.67 � 10�1d 1.16ns 7.25 � 10�1a 1.61c
b 22 8.75 � 10�3ns 2.92 � 10�3ns 1.24 � 10�3ns 2.42 � 10�2ns �6.98 � 10�2ns �1.36 � 10�1a
Cross product
b 12 �1.65 � 10�2ns 4.22 � 10�3ns 6.52 � 10�3ns �2.39 � 10�1ns �3.76 � 10�2ns 7.14 � 10�3ns
R2 0.8863 0.9878 0.9889 0.8535 0.8806 0.9338
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

a Significant at p � 0.05; b Significant at p � 0.01; c Significant at p � 0.001; d Significant at p � 0.0001; ns Not significant.
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response functions were expressed as a function of the indepen-
dent variables as shown in Eq. (2). The regression coefficients are
listed in Table 2.

Yi ¼ b0 þ b1X1 þ b2X2 þ b12X12 þ b11X
2
1 þ b22X

2
2 (2)
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Fig. 2. The effect of acid concentration and hydrolysis time on the concentration of fr
Figs. 2 and 3 illustrate the linear and quadratic effects of the
independent variables on taurine content and FAA. The significance
of experimental factors which affect the treatment process may be
quantified from the model coefficients, multiple determinations
and probabilities generated from the PROC RSREG procedure of SAS
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Fig. 3. The effect of acid concentration and hydrolysis time on the concentration of taurine (mg/g) for Alkalase (a) and Protease (b) pre-treated samples.
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software. The predicted response models were found to fit well
with the experimental data with low standard error and high
regression coefficients (R2) of >0.88 in the case of taurine and >0.85
for FAA. Response models were found to be significant for both
taurine and FFA at P < 0.0001. Table 2 shows the analysis of variance
of the regression parameters of the predicted response surface
quadratic models for taurine content and the FAA of Alcalase and
Protease pre-treated samples. The models presented had high
regression coefficients (R2 ¼ 0.88 and 0.98) for taurine content in
Alcalase and Protease pre-treated samples respectively. Similarly,
models developed showed high regression coefficients (R2 ¼ 0.85
and 0.88) for FAA content of Alcalase and Protease pre-treated
samples respectively. The cross product or interaction effect of in-
dependent variables for the models developed was not significant
(P < 0.05) in all cases. Thus, only linear and quadratic effects of the
independent factors were the major determining conditions that
caused significant effects on the responses, HCl concentration (X1)
significantly affected taurine content and FAA for Alcalase and
Protease pre-treated samples. Hydrolysis time had a significant
effect on the taurine content of Protease pre-treated samples only.

The use of acid, even at mild temperatures, can degrade amino
acids (�Alvarez, Rendueles, & Díaz, 2013; Fountoulakis & Lahm,
1998). Under certain conditions, some amino acids (e.g. serine,
threonine, methionine, cysteine and tryptophan) may degrade
partially or completely depending on acid concentration, hydrolysis
time and temperature. Asparagine and glutamine are converted to
aspartic acid and glutamic acid respectively, whereas certain amino
acids are preserved under strong acidic conditions. Analysis of
amino acid profiles presented in this study shows that amino acids
were either accumulated, transformed and/or degraded depending
upon the acid concentration and hydrolysis time. For example
glycine, serine, isoleucine and leucine were released and their
concentrations were found to increase with an increase in hydro-
lysis time (h). On the other hand, asparagine and glutamine were
converted into aspartic and glutamic acid which is evident at longer
hydrolysis times. Other amino acids as taurine, cysteine, histidine,
or phenylalanine were slowly degraded during acid hydrolysis.

Results presented in this study show that the degradation of
amino acids increases with an increase in hydrolysis time at higher
acid concentration. Nevertheless, it was found that the percentage
of FAA increased under such extreme conditions probably due to
the degradation of amino acids resulting in a decrease of TAA. The
ratio between TAA and FAA varies significantly between the
different acid hydrolysis treatments. In the case of Alcalase pre-



Table 3
Average molecular weight (kDa) of the hydrolysates obtained after the acid hydro-
lysis (18 h) for both Alcalase and Protease pre-treated samples.

Acid concentration Molecular weight (kDa)

Alcalase pre-treatment Protease pre-treatment

0 M HCl (Control) 50.36 38.72
2 M HCl 2.03 2.08
4 M HCl 1.34 4.28
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treated samples, the initial ratio of FAA was 23%; after 3 h of using
2 M HCl it was 31% and it increased up to 62% after 18 h using 6 M
HCl. After Protease pre-treatment these values were 21, 31 and 60%
respectively. This indicates that amino acids are released during
acid hydrolysis from the peptides generated during enzymatic hy-
drolysis. Results demonstrate that for both enzymes employed, 2 M
HCl for 18 h yielded the highest level of FAA, while using 6 M for
18 h yielded the highest level of FAA.
6 M HCl 2.01 2.56
3.4. Molecular weight analysis

Chromatograms obtained fromHP-SEC for Alcalase and Protease
pre-treated samples showed a peak corresponding to a molecular
size around 250 kDa, which is in the size range of collagen b, a1 and
a2 (250 and 120 kDa) (H G Kristinsson & Hultin, 2003), repre-
senting 19% and 15% of the total peak area for Alcalase (Fig. 4. 1A)
and Protease (Fig. 4. 2A) pre-treated samples respectively. These
peaks were not visible in acid hydrolysed samples, possibly because
higher molecular weight proteins are broken down into small
peptides and free amino acids. Average molecular weights of the
final hydrolysates after 18 h of acid hydrolysis were found to be in
the range of 1e4 kDa depending on the acid concentration
(Table 3). Ozols (1989) reported that certain peptidic bonds such as
ValeVal or IleeIle are not susceptible to acid hydrolysis; this ex-
plains why some large peptides still remained after 18 h of acid
hydrolysis. This data hydrolysis of porcine haemoglobin using HCl
at similar concentrations (Alvarez, Rendueles,& Diaz, 2012); where
after 24 h of hydrolysis at 6 M HCL concentration high molecular
peptides were still observed.
Fig. 4. Size exclusion chromatograms from hydrolysates obtained after Alcalase (1) and P
obtained after 18 h of hydrolysis for control (A), 2 M (B), 4 M (C) and 6 M (D) HCl. The mo
4. Conclusions

This study demonstrates that the use of enzymatic pre-
treatment followed by acid hydrolysis may be employed to obtain
a high yield of free amino acids and lowmolecular weight peptides
from Boarfish. Second order polynomial models developed to
investigate the effect of acid concentration (M) and hydrolysis time
(h) on the concentration of FAA and taurine showed good fit with
the experimental data with R2 > 0.85. Models developed for both
Alcalase and Protease pre-treated samples were found to be sig-
nificant (P < 0.0001). Alcalase pre-treated samples showed higher
concentrations of FAA compared to Protease pre-treated samples.
The concentration of FAA varied during acid hydrolysis, indicating
release, conversion and/or degradation of amino acids depending
on acid concentration and hydrolysis time. HPLC-SEC analysis
showed a significant reduction in the molecular weight of protein
hydrolysates after acid hydrolysis indicating the release of amino
acids and degradation of proteins into smaller peptides.
rotease (2) pre-treatments. Chromatogram represents the molecular size distribution
lecular size of the main peaks is also shown.
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a b s t r a c t

Cookie is a baked product with significant amount of fat and the development of well aerated short
dough is the initial step for preparation of cookies with commonly accepted textural properties. The
objective of this study was to investigate the potential application of two different oleogels that contain
Carnauba wax (CRW) and Candelilla wax (CDW) to replace shortening in cookie. Incorporation 2.5 g/
100 g and 5 g/100 g wax into sunflower oil (SFO) resulted in self-standing oleogels of which rheological
characterization revealed highly shear dependent behavior.CRW or CDW oleogels produced softer
cookies when compared to SFO, resulting in a better spread ratio and appearance. However, texture
measurements showed that CRW and CDW oleogels were not able to form short dough as good as
commercial shortening with higher solid fat content (SFC). Therefore cookies prepared with CRWor CDW
oleogels had slightly harder texture and higher spread ratio than the samples prepared with commercial
shortening. Although utilization of oleogels in short dough cookies provided significant improvement
over utilization of liquid oil, further optimization is required to match quality characteristics of com-
mercial shortening containing cookies.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Shortening is an edible fat and one of the important ingredients
in bakery products such as cakes, cookies and pastries. It assists
entrapment of air during creaming process, leading to aeration and
leavening essential for the structure and geometry of the products.
Shortening plays a critical role in providing softer texture and
desirable flavor of the final products because it prevents the
cohesion of gluten strands during mixing (Ghotra, Dyal, & Narine,
2002). Furthermore, it is known to delay gelatinization by delay-
ing the transport of water into the starch granule because of the
formation of complexes between the lipid and amylose during
baking (Larsson, 1980). It also imparts other functional character-
istics such as tenderness and moisture and improves shelf life of
products (Ghotra et al., 2002). Although shortening offers the
functional characteristics in improving the overall quality of the
product, due to the suspected deleterious health effects of trans and
saturated fatty acids, it has become the subject of some health
concerns. The recent nutritional guidelines by different govern-
ment agencies have recommended a decrease in dietary saturated
fat and also the reduction of trans fatty acids with replacement
from unsaturated sources (Stortz, Zetzl, Barbut, Cattaruzza, &
Marangoni, 2012). Therefore, fat/shortening replacers have been a
commonly studied research topic. For this purpose, researchers
have tried to use of vegetable oil instead of saturated fat but the use
of vegetable oil produces some quality problems in bakery prod-
ucts. The low viscosity of the oil creates handling and shaping
problems. Vegetable oil also provides more greasy and less crispy
texture to the bakery products. It also decreases flavor stability and
shelf life of the products because of oil oxidation. Therefore, direct
replacement of shortening with vegetable sources in bakery
products has been presented a challenge (Stortz et al., 2012).
Consequently, rather than the replacement of solid fats with liquid
oils, it has generally been accepted by the food industry that
modification or structuring of the oils is essential to create a plastic
fat having solid-like properties but also possesses a healthier fatty
acid profile. Researchers have focused on creating novel structuring
methods (the formation of structured emulsions, interester-
ification, and organogelation) must be utilized to impart solid-like
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qualities to vegetable oils, thus improving both functionality and
health characteristics of products (Marangoni & Garti, 2011; Stortz
et al., 2012).

Organogelation is a novel technique, inwhich the entrapment of
an organic liquid within a thermo-reversible and three-
dimensional gel network is created. Recently, the use of organo-
gel, which is also called as oleogel when the organic phase is edible
oil, has gained use in cosmetic and pharmaceutical industries due
to its specific consistency and firmness without chemical modifi-
cations. The potential use of this molecule as a vegetable oil
structuring and food ingredient began to be realized after the late
1990's (Stortz et al., 2012).In literature, there are very limited
number of studies on the utilization of oleogels in food (Doan, Van
de Walle, Dewettinck, & Patel, 2015; €O�gütcü, Arifo�glu, & Yılmaz,
2015; Patel & Dewettinck, 2015; Patel et al. 2014a; Patel, Cludts,
Sintang, Lesaffer, & Dewettinck, 2014b; Yılmaz & €O�gütcü, 2015;
Zetzl, Marangoni, & Barbut, 2012; Zulim Botega, Marangoni,
Smith, & Goff, 2013). In food processing, oleogel has been applied
for the production of creams in order to prevent oil migration and
also for the production of cream filled cookies in order to restrict fat
bloom and cracking of the chocolate surface and hence prevent
texture defects. Furthermore, it has been used for the production of
comminuted meat products and ground meat products to provide
emulsion stability and to replace saturated fat and trans fat and
hence to improve the fatty acid profile (Stortz et al., 2012). Although
production and characterization of oleogels have become popular
topic of research, there is still the lack of understanding in their
functionality in food products such as high saturated fat containing
cookies (Jang, Bae, Hwang, Lee, & Lee, 2015; Yılmaz & €O�gütcü,
2015). Yılmaz and €O�gütcü (2015) used sunflower wax and
beeswax oleogels of hazelnut oil in cookie formulation and quality
characteristics of cookies (textural, sensory and stability) were
determined. Jang et al. (2015) utilized the oleogels of canola oil with
candelilla wax as a shortening alternative in cookie formulations
and both rheological properties of oleogels and cookie dough and
quality characteristics of cookies were studied. In recent studies,
carnauba and candelilla waxes have been identified as efficient
organogelators in the forming of strong gels at relatively low con-
centrations (Blake & Marangoni, 2014, 2015a, 2015b; Hwang, Kim,
Evans, Koga, & Lee, 2012). Therefore, the aim of this study was to
form the oleogels of sunflower oil (SFO)with Carnauba wax (CRW)
and Candelilla wax (CDW) at two different concentrations (2.5 g/
100 g and 5 g/100 g) and to utilize of them in cookies as a short-
ening replacer. More specifically, the rheological properties (tem-
perature and frequency sweep)and the physicochemical
characteristics (fatty acid distribution and solid fat content) of the
oleogels and commercial shortening were characterized. Then, the
effects of oleogels, commercial shortening and SFO on the rheo-
logical properties of cookie dough (biaxial extensional viscosity,
hardness and extensibility) and quality parameters (dimensional
characteristics, moisture content, texture) of resulted products
were evaluated.

2. Materials and methods

2.1. Materials

Wheat flour (in g/100 g dry weight) having 11.4 g moisture, 10.5
gprotein content, 0.44 g ash content, 1.2 g lipid content, 7.3 g gluten
content and 54.1 g. Farinograph water absorption was supplied
from commercial producer (Ulker, Ankara, Turkey). Skimmed milk
powder (Pinar, Izmir, Turkey), shortening (Becel, Unilever, _Istanbul,
Turkey), sugar, salt and sodium bicarbonate (NaHCO3) were pur-
chased from local markets. High-fructose corn syrup (HFCS-42) was
supplied from Pendik Nişasta (Istanbul, Turkey). Ammonium
bicarbonate (NH4HCO3) was obtained from SigmaeAldrich (Stein-
heim, Germany). The vegetable oil, sunflower oil (SFO) (ELITA,
Adana, Turkey), was obtained from the producer and then stored
at �18 �C. One week prior to experimental use, the oil was thawed
at 4 �C. Carnauba (CRW) and candelilla (CDW)waxwere received as
gift samples (Kalhwax GmbH & Co. KG, Trittau, Germany).

2.2. Methods

2.2.1. Preparation of oleogels
Oleogels were formed by adding CRW and CDW to SFOat two

different levels and were named as following: 2.5 g/100 g CRW
(2.5 g CRW þ 97.5 g SFO), 5 g/100 g CRW (5 g CRW þ 95 g SFO),
2.5 g/100 g CDW (2.5 g CDW þ 97.5 g SFO), 5 g/100 g CDW (5 g
CDW þ 95 g SFO).Then, the samples were heated at 150 �C under
gentle agitation for 15 min until clear mixtures were obtained.
Then, dispersions were kept at room temperature overnight to
form the oleogel samples.

2.2.2. Analysis of oleogels
2.2.2.1. Rheological properties of oleogels. Temperature and fre-
quency sweep experiments of test samples were measured using a
rheometer (TA AR 2000 EX, Sussex, UK) with parallel-serrated plate
geometry having 20 mm diameter and 2 mm gap. After running
series of strain sweep experiments at various temperatures, 0.1%
was determined as the most suitable strain rate for the linear
regime viscoelastic measurements and used for the temperature
sweep and frequency sweep experiments. In the case of tempera-
ture sweep test, completely melted test samples were placed in a
Peltier controlled stage and viscoelastic properties were measured
while temperature was being reduced from 80 �C to 20 �C at a rate
of 0.5 �C/min. The frequency sweep experiments were conducted
between 0.1 and 20 Hz. Then, elastic (G0) and loss (G00) moduli were
obtained. All the rheological experiments were performed in trip-
licate and their averages were reported in the study.

2.2.2.2. Fatty acid analysis of oleogels. Themethyl esters of the fatty
acids were prepared according to IUPAC and then analyzed using a
Shimadzu GC-2010 gas chromatograph equipped with a DB-23
column (60 m � 0.25 mm i.d. x 0.25 mm film thickness). Injector,
column and detector temperatures were 230, 190 and 240 �C,
respectively. The split ratiowas 1/100. The carrier gas was helium at
a rate of 0.3 mL/min. The measurements were performed in trip-
licate and their averages were reported in the study.

2.2.2.3. Solid fat content (SFC) of oleogels. The SFC of CRW, CDWand
the shortening was measured by low-resolution pulsed NMR using
a Maran SFC instrument at 5, 10, 20, 30 and 40 �C (Resonance In-
strument Ltd., Witney, UK) according to AOCS Official Method Cd
(no: 16b-93,1989).

2.2.3. Cookie making procedure
The cookies were prepared by modifying method of AACC

(Method no: 10e54, 2000). Cookie dough recipe on 100 g flour
basis contained 45 g sugar, 40 g shortening, 1.5 g skimmilk powder,
1.5 g salt, 1 g sodium bicarbonate, 0.5 g ammonium bicarbonate,
1.5 g of high fructose corn syrup (HFCS) and 9 g distilled water.
Firstly, sugar, salt, ammonium bicarbonate, sodium bicarbonate and
skimmed milk powder were mixed by using a mixer (Kitchen Aid,
USA) for 3 min at 85 rpm. Then, shortening or oleogel samples were
added and mixed for additional 2 min at 85 rpm and 1 min at
140 rpm. In a separate container, high-fructose corn syrup and
water mixed and then this mixture added into the resulting mass
and mixed again at 85 rpm for 2 min. Finally, flour was also added
and mixed for 4 min at 85 rpm and for 2 min at 150 rpm and
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kneaded by hand for 2 min. The kneaded dough was divided into
equal portions and then the dough pieces were sheeted to a
thickness of 5 mm by using a pilot scale dough sheeter and cut
using a circular die of 65 mm diameter. Finally, cookie dough were
baked in a conventional oven (Susler, Istanbul) at 205 �C for 11 min.
Baked cookies were removed from the oven and their dimensions
were measured after cooling for 60 min.

2.2.4. Analysis of cookies
2.2.4.1. Cookie dough rheological properties. Biaxial extensional
viscosity of the cookie dough samples was also characterized using
the lubricated squeezing technique as described by Campanella and
Peleg (1987). The dough samples having 3 cm diameter and 1 cm
height was placed in a Texture Analyzer (TA.XT Plus, Stable Micro
Systems, UK) at 25 �C. Both sides of dough were lubricated with a
silicon oil and allowed to rest until the normal force reading
minimized and stabilized. Samples were compressed to 60% of their
initial height with a cylindrical probe at test speed of 100 mm/s and
300 mm/s.

For the dough hardness measurement cylindrical dough sam-
ples of 50 mm diameter and 5 mm thickness were prepared with a
circular shape cutter. Then, samples were compressed to 50% of
their initial height using a cylindrical probe with 75 mm diameter
at test speed of 1 mm/s.

Extensibility of the dough samples was measured using a Kieffer
probe attached to the texture analyzer. Initially, 20 g of dough
sample was sheeted to 5 mm thickness and rolled. After resting for
10 min, the rolled sample was fixed using the clamps and stretched
with the probe. The maximum distance values before rupture were
reported. All the rheological experiments were performed in trip-
licate and their averages were reported in the study.

2.2.4.2. Determination moisture content of cookies. The moisture
content of cookie samples was examined by drying of samples in an
oven at 105 �C until constant weight was obtained (approved
method 44-15, AACC, 2000). Results were expressed on a wet
weight basis. The measurements were done in triplicate.

2.2.4.3. Dimensional characteristics of cookies. The dimensional
properties of cookies were evaluated in terms of thickness, width
and spread ratio according to AACC approved method (10e54,
AACC, 2000). After cooling of the cookies for 60 min, the average
width (W, cm) of the cookies was measured by placing six cookies
edge-to-edge which were rotated 90� four times. Thickness (T, cm)
was also measured by stacking six cookies which were re-stacked
thrice using a caliper (Mitutyo IP67, Japan). The spread ratio (W/
T) was calculated by dividing the width by the thickness.

2.2.4.4. Texture analysis of cookies. Texture profiles of the cookie
samples were determined using a Texture Analyser (TA.XT Plus,
Stable Micro Systems, UK). Hardness of cookies was measured by
determining the breaking force using a 3-point bending attach-
ment (TA-92 Stable Micro Systems, UK). Cookie samples were
placed on an adjustable gap on the base set at 60 mm and a blade
attachment (70 mmwide and 3 mm thick rounded-edge) was used
to break samples. Test parameters were adjusted as; Pre-test speed:
6.0 mm/s, test speed: 5.0 mm/s, and post-test speed: 6.0 mm/s. The
maximum peak force required to break the cookies was recorded as
cookie hardness. Textural analyses were conducted 24 h after the
baking. Five measurements were done for each formulation.

2.2.5. Statistical analysis
In order to examine whether there were significant differences

between dough and resulted cookie types, ANOVA (analysis of
variance) was performed (p � 0.05). If significant differences were
found, means were compared by Tukey multiple comparison test
(p � 0.05) using MINITAB (Version 16) software.

3. Results and discussion

Typical fatty acid analysis, usually employed for edible fats and
oils, is given in Table 1. Since palm oil fractions are generally utilized
to formulate shortenings, palmitic acid was the main fatty acid
component. On the other hand, SFO had typical seed oil fatty acid
composition rich in unsaturated fatty acids. When CRW or CDW
were incorporated into SFO, certain increases in the amount of
saturated fatty acids were observed. Although waxes are usually
defined by long chain fatty acids, which are esterified to fatty al-
cohols, they also contain many other substances such as very long
chain hydrocarbons, acyl-glycerols, sterol esters etc. Therefore,
slight increases in saturated fatty acids in CRW and CDW oleogels
were predictable. Considering the saturated and unsaturated fatty
acids, the oleogels had clearly higher levels of unsaturated fatty
acids compared to the shortening hence they can be considered as a
healthier alternative for bakery shortenings.

The SFC (% solid fat content) values of the oleogels and short-
ening used in the cookie production are presented in Fig. 1. SFC of
edible oils and fats is the feature that defines the percentage of the
solid parts of fats at certain temperature and hence reflecting the
changes in consistency and plasticity of food products at different
temperatures (Yılmaz & €O�gütcü, 2015). For the bakery products,
relatively high SFC values are required during the mixing process
because solid fat is crucial for a well-aerated, tender, lubricated and
processable viscoelastic dough structure(Ghotra et al., 2002).
Although oleogels, especially the ones preparedwith 5 g/100 gwax,
had comparable rheological characteristics with shortening, com-
mercial cookie shortening had significantly higher SFC values at
temperatures usually employed during dough mixing (20e30 �C).
This was an expected observation when the gelation mechanism of
waxes is considered because in oleogels liquid oil is trapped in the
crystal particle network formed bywaxes (Doan et al., 2015). On the
other hand, SFC values of both oleogel types were found to increase
with the increase of wax contents and CDW oleogels had slightly
higher SFC than CRW oleogels. Despite the fact that oleogels had
significantly lower SFC values, they were able to form self-standing
structures as shown in Fig. 2.

Complex modulus values of the oleogel samples made with
CRW or CDW at different levels (2.5 g/100 g and 5 g/100 g) and
shortening are plotted as a function of temperature during constant
ratecooling crystallization (Fig. 3). At the beginning of the crystal-
lization, all the samples were in a fully melted state and elastic
modulus values of the samples were very low. Loss modulus values
were higher than elastic modulus values reflecting their liquid like
structures. Upon cooling, at the onset temperature relatively small
number of crystals formed resulting in slight increases in the
complex modulus values of the samples. The onset temperature
was the highest for the commercial cookie shortening and lowest
for the CDW oleogels. CRW oleogels (at both concentrations) had
onset temperature close to the shortening. When the onset tem-
peratures were passed, all samples started to form crystals and
hence the samples started to display more solid like structures
leading to rapidly increasing moduli values. At the end of the
observed period, the complex moduli values of the samples were in
the following increasing order; CRW oleogel (2.5 g/100 g),CDW
oleogel (2.5 g/100 g), shortening, CRW oleogel (5 g/100 g), CDW
oleogel (5 g/100 g). Since the crystallization processes occurred
within the rheometer plate and the measurements were conducted
at very low strain amplitude (0.001), the particulate gels formed
with wax gelators were unperturbed. It is known that the oleogel
network structure formed by the crystal particles can be very



Table 1
Fatty acid composition of oleogel, shortening and sunflower oil (SFO).

SFOa Shortening 2.5 g/100 g CRWb 5 g/100 g CRWc 2.5 g/100 g CDWd 5 g/100 g CDWe

C12:0 e 2.5 ± 0.1 e e e e

C14:0 0.1 ± 0.0 1.9 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
C16:0 6.2 ± 0.1 43.5 ± 0.1 6.2 ± 0.1 6.0 ± 0.3 6.0 ± 0.4 5.9 ± 0.5
C16:1 0.2 ± 0.0 0.4 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.0
C18:0 4.2 ± 0.1 7.0 ± 0.1 4.3 ± 0.3 4.4 ± 0.2 4.6 ± 0.5 4.6 ± 0.3
C18:1 25.5 ± 0.2 30.8 ± 0.2 24.7 ± 1.5 24.6 ± 1.3 24.1 ± 1.2 23.5 ± 1.1
C18:2 61.6 ± 0.4 12.4 ± 0.3 60.8 ± 1.3 59.5 ± 2.1 61.2 ± 1.8 60.1 ± 1.9
C18:3 0.2 ± 0.0 0.6 ± 0.2 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
C20:0 0.3 ± 0.0 0.5 ± 0.0 0.8 ± 0.2 1.2 ± 0.3 0.9 ± 0.2 1.3 ± 0.3
C20:1 1.1 ± 0.0 0.2 ± 0.1 1.1 ± 0.3 1.0 ± 0.3 1.1 ± 0.3 1.5 ± 0.3
C22:0 0.2 ± 0.0 0.1 ± 0.1 0.8 ± 0.2 1.1 ± 0.2 0.7 ± 0.3 1.1 ± 0.3
C23:0 e e 0.7 ± 0.2 1.4 ± 0.3 0.6 ± 0.2 0.9 ± 0.3
C24:0 0.4 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.4 ± 0.1 0.4 ± 0.2 0.7 ± 0.2
Saturated 11.4 ± 0.1 53.1 ± 0.1 14.2 ± 0.6 15.6 ± 0.7 14.4 ± 0.8 16.1 ± 0.5
Unsaturated 88.6 ± 0.1 46.9 ± 0.1 85.8 ± 0.6 84.4 ± 0.7 85.6 ± 0.8 83.9 ± 0.5

Data are expressed as means ± standard deviations of triplicate determinations.
a Sunflower oil.
b Carnauba wax oleogel containing 2.5 g CRW and 97.5 g SFO.
c Carnauba wax oleogel containing 5 g CRW and 95 g SFO.
d Candelilla wax oleogel containing 2.5 g CDW and 97.5 g SFO.
e Candelilla wax oleogel containing 5 g CDW and 95 g SFO.

Fig. 1. SFC values of shortening (solid triangle), 5 g/100 g CDW oleogel (solid
square),5 g/100 g CRW oleogel (solid circle), 2.5 g/100 g CDW oleogel (open square),
2.5 g/100 g CRW oleogel (open circle).

Fig. 2. Visual appearance of 2.5 g/100 g CDW oleogel (A),5 g/100 g CDW oleogel (B),
2.5 g/100 g CRW oleogel (C), 5 g/100 g CRW oleogel (D).

Fig. 3. Complex modulus values of shortening (solid triangle), 5 g/100 gCDW oleogel
(solid square),5 g/100 g CRW oleogel (solid circle), 2.5 g/100 g CDW oleogel (open
square), 2.5 g/100 g CRW oleogel (open circle) and shortening (triangle) during con-
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susceptible to shear which leads to formation of smaller aggregates
(Zulim Botega et al., 2013). As shown in Fig. 2,5 g/100 g CDWor 5 g/
100 g CRW oleogel had higher complex modulus values compared
to commercial shortening with their unperturbed structure. How-
ever, under dough mixing conditions oleogels may quickly lose
their solid like structure as a result of shear forces and may become
much softer than shortening. Wax based oleogels exhibit complex
rheological characteristics due to their high shear and time
dependent natures. They usually form space-filling network of
fractal aggregates and these gels display significantly high elastic
properties and high viscosities in the linear regime. However, their
rheological properties were substantially changed as a result of
structural breakdown when they were deformed. The comparison
stant rate cooling crystallization. Solid line represents temperature.



Table 2
Hardness and extensibility distance values of cookie dough samples containing
oleogel, shortening and sunflower oil (SFO).

Sample Hardness (N) Distance (mm)

5 g/100 g CDWa 49 ± 4h 15 ± 2i

5 g/100 g CRWb 47 ± 4h 15 ± 3i

2.5 g/100 g CDWc 39 ± 3i 19 ± 3gh

2.5 g/100 g CRWd 38 ± 2i 18 ± 3hi

Shorteninge 58 ± 3g 9 ± 3j

SFOf 35 ± 2i 22 ± 3g

Means with different superscripts (g, h, i and j) in columns are significantly different
(p � 0.05).
Data are expressed as means ± standard deviations of triplicate determinations.

a Cookie dough samples preparedwith candelilla wax oleogel containing 5 g CDW
and 95 g SFO.

b Cookie dough samples prepared with carnauba wax oleogel containing 5 g CRW
and 95 g SFO.

c Cookie dough samples prepared with candelilla wax oleogel containing 2.5 g
CDW and 97.5 g SFO.

d Cookie dough samples prepared with carnauba wax oleogel containing 2.5 g
CRW and 97.5 g SFO.

e Cookie dough samples prepared with only shortening.
f Cookie dough samples prepared with only SFO.
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of frequency sweep experiment of perturbed and unperturbed
oleogels is given in Fig. 4. Perturbed oleogels and shortening were
obtained by applying shear forces encountered during dough
mixing. In order to mimic dough mixing conditions, 200 g of the
unperturbed gel or shortening was placed separately in the dough
mixer and mixed at same speeds and durations used in dough
mixing procedure as mentioned in cookie making procedure. It is
clearly indicated that unperturbed oleogels had solid like structures
with relatively low tan d (unreported values equal to G0 0/G0) values.
On the other hand, shearing caused not only significant increases in
tan d values of oleogels but also noticeable decreases in both elastic
and viscous moduli.

Fat plays a critical role in the formation of three-dimensional
gluten structure in bakery products. The desired strength of the
gluten network depends on the type of the products. While certain
bakery goods, such as bread, require extensive gluten network
formation, some other products such as the ones made with short
dough need limited gluten network formation. Because the cookie
prepared in this study categorized as short dough product, strong
gluten network is not desired, therefore they are made with
restricted amount of water and high amount of shortening. Short-
ening is a crucial ingredient in cookie dough because duringmixing
fat crystals form a barrier film around the gluten strands and pre-
vents extensive crosslinking in the gluten network. Extensibility
(max distance before dough ruptures) was determined in order to
measure the degree of gluten network formation (Mamat & Hill,
2014). As shown in Table 2, dough prepared with shortening had
Fig. 4. Frequency sweep elastic (G0) and viscos (G00) modulus values of perturbed (B and D
square),5 g/100 g CRW oleogel (solid circle), 2.5 g/100 g CDW oleogel (open square), 2.5 g/
the lowest extensibility indicating with the minimum stretching
distance which is a characteristic property of short dough. In a
cookie dough system if fat is poorly distributed throughout flour
particles, which remain accessible to water leading to development
) and unperturbed (A and C) shortening (solid triangle), 5 g/100 g CDW oleogel (solid
100 g CRW oleogel (open circle).
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of gluten proteins. Therefore, the distribution of fat andwater in the
system significantly affects the physical properties of cookie dough
and the quality of resulted products. When liquid oil is used in a
dough system, small droplets of oil dispersed throughout the
dough during mixing. Unfortunately, minute liquid oil droplets are
far less effective in shortening (preventing cross-link formation
within gluten network) and in aerative actions than a conventional
shortening. Furthermore, during mixing shortenings can entrap air
bubbles, which are important for dough density and final product
texture and dimension (Jacob & Leelavathi, 2007). As depicted in
Table 2, although dough samples prepared with the oleogels had
higher extensibility values than shortening containing dough, they
had shorter structure compared to SFO containing samples. When
the amount of the waxes used in the oleogel was increased the
extensibility values decreased showing reduced gluten network
formation by crystals. Although incorporation of waxes raised solid
fat content and allowed formation of gels, CDWor CRWoleogel still
contained significant amount of liquid oil that was not as effective
as solid fat in forming short dough.

Hardness values, defined as the force required for compressing a
dough sample, are also given in Table 2. As expected, the dough
sample prepared with SFO had the lowest hardness value and ones
prepared with shortening resulted in the highest hardness values.
Hardness and SFC values of fat strongly influences the overall
texture of the dough, usually harder fats with high SFC values
provide firmer dough texture(Jacob & Leelavathi, 2007). CDW and
CRW oleogels significantly increased the hardness values of dough
samples compared to the SFO containing sample but they were still
softer than the dough prepared with shortening. Dough samples
containing the CRW or CDW oleogel (2.5 g/100 g) had similar
textural properties that were marginally harder than that con-
taining SFO. The utilization of higher levels of wax in oleogelled to
firmer dough texture, but their hardness values were still lower
than shortening containing dough. As shown in Fig. 3, CDWor CRW
oleogel can form solid like structures having modulus values higher
than shortening. On the other hand, CDW or CRW oleogel may fail
tomaintain their solid like structure when exposed to shear (Fig. 4).
Therefore, dough samples prepared with CRW or CDW oleogel had
lower hardness values than shortening containing dough. For the
same reason, biaxial extensional viscosity values, reported in Fig. 5,
had the similar trend with hardness values. Biaxial extensional
viscosity of dough is an important property, which is often con-
ducted at strain rates at same order of magnitude of those
encountered during baking. The highest biaxial viscosity values
were observed in cookie doughs prepared with shortening, while
Fig. 5. Biaxial extensional viscosity values of cookie dough samples containing shortening (s
2.5 g/100 g CDW oleogel (open square), 2.5 g/100 g CRW oleogel (open circle) and SFO (op
the lowest biaxial viscosity values were obtained from SFO con-
taining cookie dough samples. As compared to SFO containing
cookie dough, the use of oleogels led to increases in biaxial viscosity
values of dough. Furthermore, the use of higher levels of oleogel
resulted in increases in biaxial extensional viscosity values indi-
cating higher force requirement to deform dough samples. It has
been reported that biaxial extensional viscosity values are closely
correlated to the spread ratio of the cookies (Sharif, Butt, Anjum, &
Nawaz, 2009). When SFO, shortening and oleogel containing dough
samples were baked resulting cookie samples had dimensionally
and texturally different characteristics as depicted in Table 3. The
results showed that cookies prepared with SFO had relatively
higher spread values than those prepared with shortening and
oleogels. It has been reported that dough prepared with fat having
lower SFC resulted in increase in the density of the products
(Baltsavias, Jurgens, & Van Vliet, 1997). The variations in the
dimensional properties of cookies might be related to the differ-
ence in their SFC values of CRW, CDW, SFO and shortening. O'brien
(2008) stated that low SFC shortenings do not have the ability for
the entrapment of the air until mixing is complete. Therefore, the
use of liquid oil causes formation of cookies with relatively lower
thickness with wider diameter. When CRW or CDW were used
instead of SFO, significant improvements in dimensions were
observed. However, oleogel containing cookies had higher spread
ratios than commercial shortening containing cookies. Impact of
oleogels on breaking strength of the samples is also given in Table 3.
The breaking strength results indicated that cookies containing SFO
were the hardest, whereas commercial shortening yielded the
lowest strength. This observation was different from the results
given in the study of Jang et al. (2015), in which the softest cookies
were obtained by using oleogels. The utilization of oleogels pro-
vided softer texture to the cookies compared to SFO containing
cookies. Furthermore, the incorporation of higher levels of the
oleogels resulted in softener texture. Jacob and Leelavathi (2007)
stated that hardness of the dough did not necessarily control the
texture of the cookies. Similar result were also observed in the
present study(Tables 2 and 3). It has been also reported that a
satisfactorily creamed mass, which is required for the entrapment
of adequate amount of air, cannot be obtained by the use of liquid
oil in dough system (Abboud, Rubenthaler, & Hoseney, 1985; Jacob
& Leelavathi, 2007). On the other hand, Kamel (1994) stated that
even though sufficient amounts of air can be incorporated into
liquid oil, it cannot be retained in the system resulting in harder
texture of the cookies. Thus, more plastic and smooth textured the
fat and hence plasticity in fats is necessary during the creaming
olid triangle), 5 g/100 gCDW oleogel (solid square),5 g/100 g CRWoleogel (solid circle),
en triangle) at two different cross head speeds (A:100 mm/s and B: 300 mm/s).



Table 3
Breaking force, dimensional characteristics and moisture content values of cookie samples containing oleogel, shortening and sunflower oil (SFO).

Sample (g/100 g) Breaking force (N) Width (mm) Thickness (mm) Spread ratio Moisture % (w/w)

5 g/100 g CDWa 59 ± 6jk 77 ± 2ij 10.9 ± 0.3h 7.0 ± 0.4i 6.2 ± 0.2g

5 g/100 g CRWb 64 ± 6ij 75 ± 3jk 10.7 ± 0.2h 7.1 ± 0.6i 6.1 ± 0.2g

2.5 g/100 g CDWc 74 ± 5h 79 ± 1h 10.5 ± 0.2h 7.6 ± 0.5h 6.1 ± 0.1g

2.5 g/100 g CRWd 71 ± 5hi 78 ± 1hi 10.5 ± 0.2h 7.5 ± 0.3hi 6.1 ± 0.2g

Shorteninge 42 ± 4k 73 ± 1k 11.3 ± 0.2g 6.5 ± 0.2j 6.2 ± 0.2g

SFOf 84 ± 3g 84 ± 2g 10.1 ± 0.2i 8.2 ± 0.6g 6.0 ± 0.2g

Means with different superscripts (g, h, i, j and k) in columns are significantly different (p� 0.05). Data are expressed asmeans ± standard deviations. Five measurements were
taken to determine the breaking force and dimensional characteristics of cookies. Moisture content experiment was performed in triplicate.

a Cookie samples prepared with candelilla wax oleogel containing 5 g CDW and 95 g SFO.
b Cookie samples prepared with carnauba wax oleogel containing 5 g CRW and 95 g SFO.
c Cookie samples prepared with candelilla wax oleogel containing 2.5 g CDW and 97.5 g SFO.
d Cookie samples prepared with carnauba wax oleogel containing 2.5 g CRW and 97.5 g SFO.
e Cookie samples prepared with only shortening.
f Cookie samples prepared with only SFO.
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process for the entrapment and retaining of considerable amount of
air and hence to obtain softer texture from the cookies (Jacob &
Leelavathi, 2007). Incorporation of wax into liquid oil causes sig-
nificant changes in structure and certain increases in SFC, which in
turn improves air amount in dough system. Therefore, cookie
samples containing CRW or CDW oleogels had softer texture than
SFO containing samples. For the similar reason, higher amount wax
incorporation resulted in softer cookies. On the other hand, type of
wax used in oleogels didn't cause any significant changes in cookie
breaking strength.
4. Conclusion

Oleogels of SFO with Carnauba wax (CRW) and Candelilla wax
(CDW) at two different concentrations (2.5 g/100 g and 5 g/100 g)
were formed and their potential applications as an alternative to
shortening in cookie products were studied. Fatty acid analysis
showed that the oleogels had clearly higher levels of unsaturated
fatty acids compared to the shortening indicating their potential to
be a healthier alternative for bakery shortenings. Oleogels had
significantly lower SFC values, but they were able to form self-
standing structures. Temperature sweep experiment showed that
5 g/100 g CDW or 5 g/100 g CRW oleogels had higher complex
modulus values compared to commercial shortening with their
unperturbed structure, but under dough mixing conditions oleo-
gels may quickly lose their solid like structure leading to noticeable
decreases in both elastic and viscous moduli. The oleogels had
higher extensibility values than shortening containing dough and
when the amount of the waxes used in the oleogel was increased
the extensibility values decreased showing reduced gluten network
formation by crystals. However, CDW or CRW oleogels still con-
tained significant amount of liquid oil that was not as effective as
solid fat in forming short dough.CDWor CRWoleogels significantly
increased the hardness values of dough samples compared to the
SFO containing sample but they were still softer than the dough
prepared with shortening which showed the loss of solid like
structure of the oleogels when exposed to shear. The similar trend
was also observed for biaxial extensional viscosity values of cookie
dough samples. The significant improvements in spread ratio of
cookies were observed when oleogels were used instead of SFO.
The breaking strength results indicated that incorporation of wax
into SFO led to significant changes in structure and certain in-
creases in SFC, which in turn improves air holding ability of dough
system resulting in softening of the texture. Although a compre-
hensive sensory analysis was not conducted on the cookie samples,
characteristic smell of the waxes were noticeable during baking.
Especially CDW containing samples had a distinct smell just after
baking. However, during tasting of the cooled samples no signifi-
cant flavor and aroma difference was sensed between SFO and wax
containing samples. The results of study indicated that the utili-
zation of oleogels enhanced the cookie quality compared to SFO
containing cookies. However, the functionality of the oleogels was
not sufficient to obtain the similar quality with shortening con-
taining ones. Further research for addressing the optimization of
oleogels to match quality characteristics of commercial shortening
containing cookies can provide the successful application of oleo-
gels in bakery products.
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a b s t r a c t

Alpha-tocopherol (a-TOC) has low stability, poor water solubility, and variable bioavailability that could
limit its application in food products. In this study, a-TOC was entrapped in nanofibers and films con-
taining soluble dietary fiber (SDF) to protect the compound from undesirable conditions and maintain its
bioactivity. The stability of a-TOC in soluble dietary fiber (SDF) based nanofiber (SDF-nanofibers) and film
(SDF-film) was investigated after exposure to heat and UV irradiation, as well as during storage at room
temperature. It was found that retention of a-TOC in SDF-nanofibers and SDF-film was higher (p < 0.05)
than in nanofibers and film without SDF (NoSDF-nanofibers and NoSDF-film, respectively) after heating,
exposing to UV irradiation, and storing at room temperature. The highest of a-TOC retention after heating
was found in SDF-film (87.85 mg/100 mg), while SDF-nanofibers showed highest a-TOC retention when
they were under UV irradiation (85.21 mg/100 mg) and during storage (73.29 mg/100 mg). The degradation
of a-TOC in both nanofiber and film treatments at 40 �C and under UV irradiation could be described by
the second order kinetics, while the second and zero order kinetic models could be used to predict the
degradation of a-TOC in nanofibers and films during storage, respectively.

© 2015 Published by Elsevier Ltd.
1. Introduction

Vitamin E as an essential micronutrient is widely used as
functional ingredients in food and pharmaceutical products (Yang
& McClements, 2013). It plays an important role in maintaining
human health. Vitamin E protects membrane lipids from oxidation
by capturing free radicals in cell membranes and breaking lipid
peroxidation chain reactions (Khayata, Abdelwahed, Chehna,
Charcosset, & Fessi, 2012). As the result, vitamin E inhibits effects
of oxidative stress, reduces the risk of chronic diseases, such as
cancers, cardiovascular diseases, and diabetes, and delays aging
(Herrera & Barbas, 2001).

Alpha-tocopherol (a-TOC) is the main biologically active form of
vitamin E, commonly applied in food and beverage products and
used as supplements (McClements, Decker, Park, & Weiss, 2009;
Yang & Huffman, 2011). However, use of a-TOC has some limita-
tions such as low stability, poor water solubility, and variable
bioavailability (Cheong, Tan, Man, & Misran, 2008). Alpha-TOC is
od Sciences, 220 H.D. Wilson,
.
ivel).
highly sensitive to oxygen and light, leading to loss of its bioactivity
(Gawrysiak-Witulska, Siger, & Nogala-Kalucka, 2009; Yoon & Choe,
2009). High temperature also influences a-TOC degradation (Shin,
Godber, Martin, & Wells, 1997). Alpha-tocopherol in olive oil de-
grades faster at 100 �C versus 60 �C (Nissiotis & Tasioula-Margari,
2002). Photooxidation is also one of the reasons causing a-TOC
degradation. Under artificial light (l > 290 nm), fifty percent of a-
TOC in olive oil was degraded after 500 min exposure and only 17%
of a-TOC remained after exposure to the artificial light for 2500min
(Pirisi et al., 1998). In addition, as a-TOC is highly lipophilic, it has
poor water solubility and cannot be directly used in aqueous media
(Sagalowicz, Leser, Watzke,&Michel, 2006; Velikov& Pelan, 2008).
Therefore, to overcome these limitations, development of a-TOC
carriers has gained attention. Ideal carriers/vehicles of a-TOC
should be able to not only protect the compound from physical and
chemical degradations, but also maintain its bioactivity during
processing and storage.

Electrospinning is a new nanoencapsulation technique used to
protect bioactive compounds from unfavorable conditions and
maintain their bioavailability. A polymer solution is flowed through
a high voltage capillary tip, and the solution is then spun to obtain
nanofiber (Hamori et al., 2014). Anu Bhushani and
Anandharamakrishnan (2014) have revealed that electrospinning
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techniques provided high encapsulation efficiency, sustained
release of encapsulated material, greater thermal, light and storage
stability, and enhanced protection of bioactive compounds from
chemical degradation. Bioactive food compounds, such as vitamins,
probiotics, proteins and functional lipids, have been successfully
encapsulated into nanofibers and exhibited better bioactivity
compared with non-encapsulated components (Chen et al., 2010;
Fernandez, Torres-Giner, & Lagaron, 2009; Lopez-Rubio, Sanchez,
Sanz, & Lagaron, 2009; Opanasopit et al., 2008). Nanofibers also
have been reported to have potential for thermal protection of the
encapsulated probiotic Lactobacillus acidophilus (Fung, Yuen, &
Liong, 2011).

Soluble dietary fibers (SDF) are well known for their beneficial
functional properties. They are antioxidants, hypocholestrolemic
agents, immune-modulators, and anticancer agents (Anderson
et al., 2009; Daou & Zhang, 2011; Lattimer & Haub, 2010). Wan,
Bankston, Bechtel, & Sathivel (2011) have suggested that SDF
extracted from rice bran helps reduce lipid oxidation of menhaden
oil during the spray drying process. Coatings or films made from
hemicellulose, a major component of SDF, were reported to func-
tion as oxygen barriers (Hartman, Albertsson, Lindblad, & Sj€oberg,
2006; Krawczyk, Persson, Andersson, & J€onsson, 2008). Therefore,
incorporating SDF in nanofibers may reduce degradation of a-TOC
caused by oxidation process and allow its bioactivity to be main-
tained during processing and storage. The objective of this study
was to investigate the stability of a-TOC entrapped in SDF nano-
fibers after exposing to heat and UV light and during storage,
compared to SDF films containing a-TOC.

2. Materials and methods

2.1. Chemicals and materials

Zein (Mw: 14e24 kDa), polyethylene oxide (PEO; Mw: 400 kDa),
and a-TOC were purchased from SigmaeAldrich (St. Louis, MO,
USA). Soluble dietary fibers (SDF) were extracted from purple rice
bran according to our previous work (Wan et al., 2011).

2.2. Production of nanofibers and films loaded with a-TOC

The production of nanofibers and films loaded with a-TOC was
composed of two main steps: 1) preparation of spinning and film
casting solutions and 2) electrospinning and film casting. The for-
mulations of spinning and film casting solutions are shown in
Table 1, which were selected based on our preliminary study on
forming uniform nanofibers with encapsulated a-TOC.

2.2.1. Production of SDF-nanofibers and NoSDF-nanofibers loaded
with a-TOC
2.2.1.1. Preparation of spinning solutions loaded with a-TOC. As
shown in Table 1, spinning solutions were prepared for SDF-
nanofibers loaded with a-TOC (SDF-nanofibers) and a-TOC loaded
nanofibers without SDF (NoSDF-nanofibers). First, stock solutions
of zein (30 g/100 g) and a-TOC (50 g/100 g) were prepared by
dissolving in 75 g/100 g ethanol solution and in absolute ethanol,
Table 1
Composition of solutions.

Solutions SDF (g/100g) PEO (g/100 g) Z

a-TOC SDF-nanofibers spinning solution 3 5 6
a-TOC NoSDF-nanofibers spinning solution 0 5 6
a-TOC SDF-film casting solution 3 5 6
a-TOC NoSDF-film casting solution 0 5 0

a The weight was calculated relatively to zein mass.
respectively. SDF (10 g/100 g) and PEO (20 g/100 g) solutions were
separately prepared by dissolving in deionized water. The zein-TOC
solution was obtained when 0.6 g of a-TOC stock solution was
gradually added into 2 g of zein solution with mild stirring for
30 min. The zein-TOC solution was then mixed with 0.5 g of 10 g/
100 g Tween 80 and stirred for 30 min. Subsequently, PEO solution
(2.5 g) was vigorously mixed with the mixture for 1 h. SDF solution
(3 g) and deionized water(1.4 g) were then added, and the solution
was stirred for another 30min to obtain SDF-nanofibers with a-TOC
spinning solution. Spinning solution a-TOC NoSDF-nanofibers was
prepared as a-TOC SDF-nanofibers without the addition of SDF.
2.2.1.2. Electrospinning. The laboratory scale electrospinning set-
up consisted of a high DC voltage power supply (Model: FC30R4,
Glassman High Voltage, INC., High Bridge, NJ, USA), a KDS-100 sy-
ringe pump (KD Scientific, Hayward, CA, USA), and a 3 mL syringe
with a 23 gauge (0.35 mm) needle. Aluminum foil was used as a
collector. The electrospinning was set at 20 kV. The spinning so-
lutions were separately fed at 0.2 mL/h flow rate and the distance
between the needle tip and the collector was 15 cm. The electro-
spinning was stopped when the thickness of nanofiber mat was
0.3 mm. After that, the obtained SDF-nanofibers and NoSDF-
nanofibers loaded with a-TOC were dried overnight in a vacuum
oven at 25 �C and stored at �20 �C.
2.2.2. Production of SDF-film and NoSDF-film loaded with a-TOC

2.2.2.1. Preparation of film casting solutions loaded with a-TOC.
Alpha -TOC SDF-film and a-TOC NoSDF-film casting solutions were
prepared as described in Table 1. Alpha -TOC SDF-film casting so-
lution was prepared with the same method as a-TOC SDF-
nanofibers spinning solution (see Section 2.2.1). For a-TOC
NoSDF- film casting solution, 10 g/100g of a-TOC solution and 10 g/
100 g of PEO solution were prepared. One gram of the a-TOC so-
lution was then mixed with 5 g of the PEO solution and 4 g of
deionized water.

Alpha -TOC SDF-film and a-TOC NoSDF-film casting solutions
were separately placed in 70 mm aluminum plates and left at room
temperature until the film thickness became 0.30 mm to obtain
SDF-film and NoSDF-film (control films) containing a-TOC,
respectively. Both films were then dried in a vacuum oven at 25 �C
overnight and stored at �20 �C.
2.3. Stability of a-TOC in nanofibers and films after exposing heat
and UV irradiation and during storage

2.3.1. Effects of heat on a-TOC stability
The SDF-nanofibers, NoSDF-nanofibers, SDF-film and NoSDF-

film were separately transferred in a sealed amber bottle and
placed in a preheated incubator (model 3525, LAB-LINE In-
struments Inc., Melrose Park, IL) for accelerated storage study at
40 �C under atmospheric pressure. Samples were removed at in-
terval times 0, 12, 24, 36, 48, 60 and 72 h. Alpha-TOC content was
then analyzed as described in Section 2.4.
ein (g/100 g) a-TOC (g/100 g) Tween 80 (g/100 g) Nanofibers/films

50a 0.5 SDF-nanofibers
50a 0.5 NoSDF-nanofibers
50a 0.5 SDF-film
1 0 NoSDF-film



Fig. 1. Retention of a-TOC in nanofibers and films during exposure to heat at 40 �C
(A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers; : ¼ SDF-film; C ¼ NoSDF-film). a,b

Means with different letters in the different symbol within a certain period of incu-
bation time are significantly different (p < 0.05). AeD Means with different letters of the
same symbol in different incubation time are significantly different (p < 0.05).

Fig. 2. Second order kinetic plots of a-TOC degradation in nanofibers and films during
exposure to heat at 40 �C (A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers; : ¼ SDF-
film; C ¼ NoSDF-film; CA ¼ the concentration of a-TOC at time t).
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2.3.2. Effects of UV irradiation on a-TOC stability
The SDF-nanofibers, NoSDF-nanofibers, SDF-film and NoSDF-

film were placed to uncovered petri dishes storing in a light proof
cabinet (SG 403A, Baker, Sanford, Maine, USA). The samples were
exposed to UV light (253.7 nm, 40 W) for 8 h at room temperature.
The samples werewithdrawn after exposure times of 0, 0.5, 1.0, 2.0,
4.0, 6.0 and 8.0 h for a-TOC content analysis.

2.3.3. Stability of a-TOC during storage
The stability of a-TOC during storage was investigated. The SDF-

nanofibers, NoSDF-nanofibers, SDF-film and NoSDF-film were
placed into sealed amber bottles and kept at room temperature for
15 days. The changes of a-TOC content in each sample was
measured at day 0, 1, 3, 5, 7, 9, 11, 13 and 15.

2.4. Determination of a-TOC contents

Alpha-TOC contents were determined by a modified method
described by Wang, Tian, and Chen (2011). Ten microgram of
nanofibers and film samples were mixed with 2 mL of distilled
water. The mixture was stirred on a magnetic stirrer (IKA® C-MAG
HS7, Wilmington, NC, USA) for 5 min and then mixed with 6 mL of
absolute ethanol. The mixture was vigorously shaken on a vortex
mixer (Mini vortexer MV1, VWR Scientific, IKA® Works, INC., Wil-
mington, NC, USA) for 5 min. Five milliliter of hexane was subse-
quently added, vigorously shaken for 30 min at 1000 rpm, and
centrifuged at 800 g at 4 �C for 5 min (Beckman J2-HC centrifuge,
GMI, Inc., Ramsey, MN, USA). The absorbance of the top layer
(hexane layer) that contained a-TOC was measured by a UV/vis
spectrophotometer (Genesys 2, Thermo Fisher Scientific Inc.,
Rochester, NY) at 297 nm. Concentrations of a-TOC were deter-
mined from a standard curve prepared with pure a-TOC in hexane
(R2 ¼ 0.9998). The retention of a-TOC was calculated by Eq. (1).

Retention ðmg=100 mgÞ ¼ CA=CA0 (1)

where, CA is the a-TOC content in each sample after time t (mg/mg
sample), and CA0 is the initial a-TOC content in each sample (mg/mg
sample).

2.5. Kinetic models of a-TOC degradation

Zero order (Eq. (2)) and second order kinetic models (Eq. (3))
were used to describe the a-TOC degradation kinetics under
different treatments.

CA ¼ CA0 � kt (2)

where CA is the concentration of a-TOC at time t, CA0 is the initial
concentration of a-TOC, t is the degradation time, and k is the
degradation rate constant.

The degradation rate constant k was obtained by plotting
(CA e CA0) versus time.

�dCA
dt

¼ kC2
A (3)

The integrated rate equation was obtained by integrating the
above equation between t ¼ 0 and t, and was rearranged to obtain
Eq. (4):

1
cA

¼ 1
cA0

þ kt (4)

The degradation rate constant was determined by plotting 1/cA
versus t.
2.6. Statistical analysis

All experiments were conducted in triplicate. The results were
reported as mean values and their standard deviations. Analysis of
variance was conducted by SAS software (Version 9.4, SAS Inst. Inc.,
Cary, NC, USA.) to test the difference of a-TOC retention in each
sample and the difference between treatment times.

3. Results and discussion

3.1. Stability of a-TOC in nanofibers and films after exposing heat
and UV irradiation and during storage

3.1.1. Effects of heat on a-TOC stability
Alpha-TOC retention in both nanofibers and films was signifi-

cantly (p < 0.05) decreased after heating at 40 �C for 12 h (Fig. 1)
while the retention of a-TOC in each treatment was not signifi-
cantly different after heating for 12 h. After 72 h heating, the
highest a-TOC retention was found in SDF-films (87.85 mg/100 mg)



Table 2
Second order kinetics of a-TOC degradation in nanofibers and films during exposure to heat at 40 �C.

SDF-nanofibers NoSDF-nanofibers SDF-film NoSDF-film

Degradation rate constant (k) (�10�3 mg h/mg) 0.03 ± 0.00B 0.04 ± 0.00A 0.02 ± 0.00C 0.02 ± 0.00C

R2 0.93 0.94 0.93 0.90

AeC Means ± standard deviation with different letters within the same row are significantly different (p < 0.05).

Fig. 3. Retention of a-TOC in nanofibers and films during exposure to UV irradiation
(A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers; : ¼ SDF-film; C ¼ NoSDF-film). aed

Means with different letters in the different symbol within a certain period of incu-
bation time are significantly different (p < 0.05). AeF Means with different letters of the
same symbol in different incubation time are significantly different (p < 0.05).

Fig. 4. Second order kinetic plots of a-TOC degradation in nanofibers and films during
exposure to UV irradiation (A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers; : ¼ SDF-
film; C ¼ NoSDF-film; CA ¼ the concentration of a-TOC at time t).

Fig. 5. Retention of a-TOC in nanofibers and films during storage at room temperature
(A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers; : ¼ SDF-film; C ¼ NoSDF-film). aed

Means with different letters in the different symbol within a certain period of incu-
bation time are significantly different (p < 0.05). AeH Means with different letters of the
same symbol in different incubation time are significantly different (p < 0.05).
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followed by SDF-nanofibers (84.01 mg/100 mg). NoSDF-nanofibers
had significantly (p < 0.05) lower a-TOC retention (77.16 mg/
100 mg) than SDF-nanofibers and films. The results indicated that
SDF minimized the a-TOC degradation. SDF extracted from rice
bran is known to have antioxidant activity. It scavenges superoxide
radicals and hydroxyl free radicals and reduces lipid peroxidation
Table 3
Second order kinetics of a-TOC degradation in nanofibers and films during exposure to U

SDF-nanofibers

Degradation rate constant (k) (�10�3 mg h/mg) 0.1 ± 0.00D

R2 0.56

AeD Means ± standard deviation with different letters within the same row are significa
propagation (Rivas, Conde, Moure, Dominguez, & Parajo, 2013; Zha
et al., 2009). Addition of SDF into wall materials reduces the lipid
oxidation in encapsulated fish oils (A Wan et al., 2011). Moreover,
we found that a-TOC retentions in SDF-nanofibers and SDF-film
were higher than the results reported for vitamin E in liposome
system by Zhao et al. (2011) after 72 h storage at 40 �C. This indi-
cated that nanofibers and film incorporated with SDF had better
efficiency in protection of a-TOC than the liposome system.

The degradation of a-TOC caused by heating (40 �C) fit the
second order kinetic model as shown in Fig. 2. The R2 for the second
order kinetics model was 0.94, 0.93, 0.90, and 0.93 for SDF-
nanofibers, NoSDF-nanofibers, SDF-film, and NoSDF-film, respec-
tively (Table 2). NoSDF-nanofibers had the highest degradation rate
(k ¼ 0.04 � 10�3), while SDF-film and NoSDF-film showed the
lowest degradation (k ¼ 0.02 � 10�3). Possible explanation might
be due to the absence of antioxidant compound SDF in NoSDF-
nanofibers. Nanofiber has increased surface area to volume ratio
compared with film (Zhu, Huang, Peng, Qian, & Zhou, 2010),
without the protection of SDF, a-TOC might degrade quicker in
NoSDF-nanofibers than in SDF-film and NoSDF-film.

3.1.2. Effect of UV irradiation on a-TOC stability
As shown in Fig. 3, a-TOC retentions of all samples except SDF-

film significantly (p < 0.05) decreased after exposed to UV light for
0.5 h. SDF-film had the highest retention of a-TOC when exposed to
UV light over 2 h, followed by SDF-nanofibers, NoSDF-nanofibers,
V irradiation.

NoSDF-nanofibers SDF-film NoSDF-film

0.4 ± 0.00B 0.2 ± 0.00C 0.5 ± 0.00A

0.82 0.75 0.68

ntly different (p < 0.05).



Fig. 6. Zero order kinetic plots of a-TOC degradation in nanofibers and films during
storage at room temperature (A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers;
: ¼ SDF-film; C ¼ NoSDF-film; CA ¼ the concentration of a-TOC at time t; CA0 ¼ the
initial concentration of a-TOC).

Fig. 7. Second order kinetic plots of a-TOC degradation in nanofibers and films during
storage at room temperature (A ¼ SDF-nanofibers; - ¼ NoSDF-nanofibers;
: ¼ SDF-film; C ¼ NoSDF-film; CA ¼ the concentration of a-TOC at time t).
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and NoSDF-film. After 8 h, no significant difference of a-TOC
retention was observed in SDF-nanofibers (85.21 mg/100 mg) and
SDF-film (83.20 mg/100 mg). NoSDF-film (59.53 mg/100 mg) showed
the lowest a-TOC retention, followed by NoSDF-nanofibers
(73.00 mg/100 mg). This confirmed that SDF prevented the degra-
dation of a-TOC during UV treatment. The retention of a-TOC in
SDF-nanofibers and SDF-film after 8 h of UV exposure was higher
than previously reported, which was 62.05 mg/100 mg after 60 min
(Zhao et al., 2011) and less than 10 mg/100 mg after 90 min in
Table 4
Zero order kinetics of a-TOC degradation in nanofibers and films during storage at room

SDF-nanofibers

Degradation rate constant (k) (mg.d/mg) 1.35 ± 0.00D

R2 0.90

AeD Means ± standard deviation with different letters within the same row are significa

Table 5
Second order kinetics of a-TOC degradation in nanofibers and films during storage at ro

SDF-nanofibers

Degradation rate constant (k) (�10�3 mg d/mg) 0.2 ± 0.00C

R2 0.92

AeC Means ± standard deviation with different letters within the same row are significa
irradiated liposomes (Kramer & Liebler, 1997). This indicated that
a-TOC degradation from UV irradiation was successfully inhibited
by adding SDF into nanofibers and films. Nanofibers and film with
the addition of SDF would be ideal carriers for protecting a-TOC
from degradation during processing and storage.

The degradation of a-TOC under UV irradiation fit the second
order kinetics model (Fig. 4). NoSDF-film had the highest rate
constant with k of 0.5 � 10�3, while SDF-nanofibers had the lowest
k of 0.1 � 10�3 (Table 3). This confirmed that nanofiber with SDF
could effectively protect a-TOC from degradation under UV irradi-
ation. This may be due to the free radical scavenging capability of
SDF, which is expected to inhibit the UV-induced a-TOC oxidation.
3.1.3. Stability of a-TOC during storage
The stability of a-TOC during storage was examined under room

temperature and shown in Fig. 5. It was found that no a-TOC
degradation occurred in NoSDF-film after 1 day storage; the a-TOC
retention of NoSDF-film was 100.35 mg/100 mg, followed by SDF-
film (95.19 mg/100 mg), SDF-nanofibers (91.31 mg/100 mg), and
NoSDF-nanofibers (65.90 mg/100 mg). The bulk form of a-TOC that
existed in NoSDF-film could positively affect its retention. In the
film casting solution of NoSDF-film, a-TOC agglomerated and
formed oil droplets due to the immiscibility with PEO solution.
Taepaiboon, Rungsardthong, and Supaphol (2007) have found that
after casting, a bumpy surface structure forms on the surface of the
film during drying. This bulk a-TOC was more stable compared to
that in nanofibers which resulted in no degradation during a short
storage period. As mentioned, NoSDF-nanofibers had the lowest
retention of a-TOC after storage at room temperature for 1 day. This
could be due to the oxidation of a-TOC that existed on the surface of
NoSDF-nanofibers. NoSDF-nanofibers had a higher surface area to
volume ratio and was more accessible for oxygen, thus the inter-
action between surface a-TOC and oxygen was higher than that in
the film treatments. Furthermore, without presence of SDF,
oxidation could happen on the surface of a-TOC in NoSDF-
nanofibers, causing a-TOC to degrade.

a-TOC retention was gradually decreased after storage for 13
days. The highest retention of a-TOC was found in SDF-nanofibers
(77.57 mg/100 mg), followed by SDF-film (65.57 mg/100 mg),
NoSDF-film (52.61 mg/100 mg), and NoSDF-nanofibers (50.30 mg/
100 mg). SDF in the nanofibers and in the film served as an anti-
oxidant and inhibited a-TOC degradation. Moreover, a bumpy sur-
face structure might form on the surface of the filmwith a-TOC due
to the phase separation during the drying process (Taepaiboon
et al., 2007), and then caused SDF in the film matrix to not be
uniformly coated on a-TOC, which might inhibit SDF prevent a-TOC
oxidation. Due to this reason, higher degradation of a-TOC occurred
in SDF-film versus SDF-nanofibers. Regarding the samples without
temperature.

NoSDF-nanofibers SDF-film NoSDF-film

3.33 ± 0.04B 2.55 ± 0.01C 4.44 ± 0.06A

0.62 0.91 0.92

ntly different (p < 0.05).

om temperature.

NoSDF-nanofibers SDF-film NoSDF-film

0.4 ± 0.00B 0.7 ± 0.00A 0.7 ± 0.00A

0.82 0.75 0.83

ntly different (p < 0.05).
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SDF, because of the bulk form of a-TOC in NoSDF-film, degradation
of a-TOC in the filmwas slower than that in NoSDF-nanofibers with
nano-scale.

After 15 day storage, the retention of a-TOC, 73.29 mg/100 mg,
was highest in SDF-nanofibers. This retention is higher than that in
a liposome system suggested by Zhao et al. (2011), they reported
that 65 mg/100 mg of vitamin E was retained in a liposome carrier
after storage at 25 �C for 15 days. In our study, a-TOC retention of
NoSDF-nanofibers (45.86 mg/100 mg) and SDF-film (44.86 mg/
100 mg) was not significantly different, while NoSDF-film (37.99 mg/
100 mg) showed the lowest a-TOC retention.

Alpha-TOC degradation rates were determined by linear
regression of (CAeCA0) and 1/CA against storage time, respectively.
The degradation of a-TOC fit with both zero (Fig. 6) and second
(Fig. 7) order kinetic models. Both of the models showed that a-TOC
had the highest degradation rate in NoSDF-film, and had the lowest
degradation rate in SDF-nanofibers. The R2 of zero order kinetic
models were 0.90, 0.62, 0.91 and 0.92 for SDF-nanofibers, NoSDF-
nanofibers, SDF-film and NoSDF-film (Table 4), respectively, while
the R2 for second order kinetic models were 0.92, 0.82, 0.75 and
0.83 (Table 5), respectively. This suggested that zero order kinetic
model could be used to describe the degradation of a-TOC during
storage in the film treatments, while second order kinetic model
could illustrate the degradation of a-TOC in the nanofiber samples.

4. Conclusions

SDF based nanofiber and film successfully reduced degradation
of a-TOC after exposure to heat and UV irradiation, and during
storage. The degradation of a-TOC in both nanofibers and films
followed second order kinetics at 40 �C and with UV irradiation,
while the a-TOC degradation in films and nanofibers was described
by zero and second order kinetics during storage, respectively.
Furthermore, these kinetic models could be used to predict the
degradation of a-TOC during processing and storage. The protection
SDF based nanofiber provided encapsulated a-TOC, suggests potent
potential as a novel delivery system for a-TOC supplements or
additives and a concomitant supplementation of dietary fiber.
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a b s t r a c t

The presence of Al, As, Ba, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Se, and Zn in 30 samples of tea (Camellia sinensis)
purchased from markets in southeastern Brazil were evaluated by ICP-MS. This study was performed for
both tea leaves and their infusions. The results provide data that permits an evaluation of the exposure or
dietary intake of these trace elements. For some samples, the levels in the tea leaves were above the
standards established by the Brazilian and MERCOSUL regulatory bodies. For example, As was detected in
33% of the red oolong tea samples and Pb was detected in 67% and 100% of the white and red oolong
samples, respectively. Although some of these tea leave samples possessed high toxic elements levels,
the concentrations of the trace elements in the infusions were measured to be at safe levels. An eval-
uation of dietary intake demonstrated the remarkable importance of tea in achieving the daily intake of
manganese. Indeed, a single cup of green tea may provide 16% of the daily value established by FDA.
Principal component analysis classified the tea into three distinct groups on the basis of the inorganic
constituents in the tea leaves.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Tea is one of the most consumed non-alcoholic beverages in the
world and is a traditional drink in some countries, for example, the
United Kingdom and China. Its origin dates back 10,000 years to
China, appearing in England only in the nineteenth century.
Currently, China remains the only country where all types of tea are
produced and consumed (Dattner, 2011).

Essentially, the types of tea consist of black, green, oolong and
white, each with different sensorial characteristics. These charac-
teristics are achieved by subjecting the leaves of Camellia sinensis to
procedures that include fermentation (for black and oolong tea) or
harvesting the leaves at different stages of their development;
usually, young leaves are used to obtain green tea, whereas older
leaves are used for black tea (Dattner, 2011).

The Food and Agriculture Organization (FAO) estimated that
approximately three million tons of black tea were consumed
worldwide in 2011, with almost 130million tons of tea consumed in
countries from North and South America: Brazil (5.8 mil tons),
Argentina (5.5 mil tons), United States (103 mil tons) and Canada
gano).
(12.5 mil tons) (FAO, 2012). Motivated by its unique nutritional
composition, the consumption of tea has increased in recent years;
indeed, tea is an excellent source of several minerals, vitamins,
polyphenolic compounds and antioxidants, such as catechins and
flavonoids (Karak & Bhagat, 2010; Kumar, Nair, Reddy, & Garg,
2005; Szymczycha-Madeja, Welna, & Pohl, 2012). Several health
benefits are related to tea intake, including the prevention of dis-
eases such as cancer, neurological disorders, myocardial infarction
(Han, Shi, Ma, & Ruan, 2005; Jin et al., 2005), and reductions in the
risk for type 2 diabetes and cholesterol blood levels (Pinto, 2013).

Nevertheless, the inorganic composition of a tea may not
include only essential elements, such as Cu, Fe, Mn, and Zn, but also
some non-essential minerals or contaminants, such as As, Cd, and
Pb, (Malik et al., 2013). The main sources of contaminants in tea
leaves are related to the environment or anthropic activities.
Polluted air, soil and industrial equipment used for leaf processing
are related to lead accumulation in the leaves (Yuan, Jiang, & He,
2005), whereas cadmium and arsenic may be found in additives,
fertilizers, and wastewater sediments used in the growth process
(Liu et al., 2013).

Accumulation of trace elements in tea leaves is attributable to
the acidophilic nature of these plants because metal dissolution is
greater in acidic soils than in neutral or alkaline soils (Karak,
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Abollino, Bhattacharyya, Das, & Paul, 2011). Aluminum absorption
occurs via passive diffusion from the soil to the leaves during the
plant's life (Hayacibara, Queiroz, Tabchoury, & Cury, 2004) and can
have toxic effects in humans, particularly those with chronic renal
diseases (Malik et al., 2013).

In this respect, some studies of trace elements have recently
been conducted. Jin et al. (2005) studied several samples from
Zhejiang Province (China) and reported Pb levels of
0.11e4.55 mg kg�1, and Yuan et al. (2005) observed high concen-
trations of As in terrestrial plants (>90 mg kg�1 in rice).
Mandiwana, Panichev, and Panicheva (2011) evaluated chromium
levels in tea samples from South Africa and reported values up to
10.30 mg kg�1 for black tea. Finally, Seenivasan, Manikandan,
Muraleedharan, and Selvasundaram (2008) verified high Cr
values in their study, ranging from 1.1 to 21.2 mg kg�1, in one
hundred samples from India.

Despite these advancements, a comprehensive investigation of
trace elements from tea leaves acquired from markets in south-
eastern Brazil and their extraction in infusion procedure is not
available in the literature. In our previous work (Milani, Morgano,
Saron, Silva, & Cadore, 2015), the applicability of the direct anal-
ysis method for assessment of trace elements in tea and herbal
beverages by ICP-MS was evaluated. The method provided a reli-
able response, high sensitivity, low time of analysis and agreedwith
the “green chemistry” principles. The direct method was validated
and applied to few samples of beverages (infusions and soft drinks)
marketed in southeastern Brazil. Nevertheless, the analysis in the
tea leaves, the evaluation of the extraction of elements from the
leaves to the beverages prepared by infusion and the classification
of the tea types through multivariate analysis was not performed.

For this reason, and with a view to inform all who may be
exposed to these products, the aims of this studywere to i) evaluate
the extraction of Al, As, Ba, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Se, and Zn from
tea leaves commercialized in Brazil and in beverages prepared by
infusion; ii) estimate the dietary exposure and daily intake of these
trace elements; and iii) classify the tea types using their trace ele-
ments composition through multivariate analysis. To provide these
data, thirty tea samples of black, green, white and red oolong tea
were acquired in southeastern Brazil and the trace elements levels
were determined using inductively coupled plasma-mass spec-
trometry (ICP-MS) both in the leaves and the beverages.

2. Materials and methods

2.1. Reagents and solutions

Nitric acid (sub-boiling distilled acid, Berghof, Eningen, Ger-
many) and reverse osmosis-purified water (18.2 MU cm) were used
for the analyses. Analytical curves (0.1e100 mg L�1 for As, Cd, Cr, Cu,
Ni, Pb and Se and 10e2000 mg L�1 for Al, Ba, Fe, Mn and Zn) and
internal standard solutions were obtained by successive dilutions
of 1.000 mg L�1 (Merck, Darmstadt, Germany) and 100 mg L�1

standard solutions (Specsol, S~ao Paulo, Brazil) in 2.5% (v/v) iso-
propyl alcohol for As and in 0.2% (v/v) nitric acid for the other
elements.

2.2. Instrumentation

Trace elements were determined using ICP-MS (7700�, Agilent
Technologies, Tokyo, Japan). Optimized operational conditions
were used: RF power, 1500W; Ar and auxiliary gas flow rate, 15 and
0.9 Lmin�1, respectively; He gas flow, 5 and 10 Lmin�1; double pass
spray chamber and micro-mist nebulizer gas flow rate, 1.1 L min�1

and 3 replicates with 0.3e1.0 s for integration time. The internal
standards (45Sc, 72Ge, 89Y) and the isotopes monitored (27Al, 52Cr,
55Mn, 56Fe, 60Ni, 63Cu, 66Zn, 75As, 80Se, 111Cd, 138Ba, 206Pb) were used
in conditions that minimize isobaric and polyatomic interferences.

2.3. Samples and analytical procedure

Thirty samples of the four most commonly consumed types of
tea leaves (black, n ¼ 9; green, n ¼ 9; red oolong, n ¼ 3 and white,
n ¼ 9) were purchased from markets in southeastern Brazil. Data
concerning the origin or age (i.e., young or old) of the tea leaves
were unavailable. Beverages were prepared by infusion of the tea
leaves: the proportion of 1 bag (approximately 1.5 g) for a 200-mL
cup was used, and the leaves were kept in contact with boiling
reverse osmosis-purified water for 3 min. Beverages were filtrated
through a 250 mm polymeric membrane and acidified to obtain a
0.2% (v/v) acid concentration.

2.3.1. Determination of trace elements in tea leaves
Sample digestion was performed in a closed microwave diges-

tion system (Start D, Milestone, Sorisole, Italy). Approximately
200 mg of sample (composed for 3e4 bags of each package and
homogenized in a stainless steel mill (M-20, IKA, Staufen, Germany)
was transferred to a PTFE digestion vessel, and 3 mL of water and
5 mL of concentrated HNO3 were added. Sample decomposition
was performed at a maximum temperature of 170 �C for 32 min.
The final solutions were transferred to 25 mL volumetric flasks
using purified water.

2.3.2. Determination of trace elements in beverages
Previously acidified infusions were directly analyzed using a

discrete sampling introduction system (ISIS-DS, Agilent Technolo-
gies, Tokyo, Japan). A sample loop of 150 mL, an uptake time and
acquisition delay of 20 s and a rinse during data acquisition was
applied for trace elements determination (Milani et al., 2015).

2.4. Quality control

Analysis was performed in triplicate, and the experiments with
the analytical blanks followed the same procedure used for the
samples. Analytical methods were validated according to INMETRO
(2011) using certified reference materials SRM 1547 Peach leaves
(NIST, Maryland, USA) and INCT-TL-1 Tea leaves (Instytut Chemii i
Techniki Jądrowej, Warszawa, Poland) and spiked samples. Limits
of detection and quantification were calculated as 3 and 10 times
the standard deviation of 10 blank experiments.

2.5. Statistical analysis

Mean concentrations of the trace elements were evaluated for
significance using Tukey's test and one-way analysis of variance
(ANOVA) using the XLSTAT software (Addinsoft, Paris, France). PCA
was performed using the Pirouette software (Infometrix, Woodin-
ville, WA, USA).

3. Results and discussion

3.1. Trace element levels in tea leaves

The results obtained for the method validation are shown in
Table 1.

Low values of limit of quantificationwere observed, often below
0.20 mg L�1, except for Al, Fe and Zn. Recoveries between 77 and
118% were obtained for all analytes in the certified references ma-
terials. The results of the trace element analysis in tea leaves are
presented in Table 2.

According to the ANOVA and Tukey's test results, there was low



Table 1
Results of the method validation for tea leaves analysis.

Element LOD
(mg L�1)

LOQ
(mg L�1)

CRM Peach leaves CRM Tea leaves

Certified value
(mg kg�1)

Measured value
(mg kg�1)

Recovery
(%)

CV
(%)

Certified value
(mg kg�1)

Measured value
(mg kg�1)

Recovery
(%)

CV
(%)

Al 2.0 6.7 249 ± 8 268 ± 27 108 ± 11 10% 2290 ± 28 2196 ± 62 96 ± 3 3%
As 0.005 0.018 0.060 ± 0.018 0.071 ± 0.002 118 ± 3 3% 0.106 ± 0.021 0.125 ± 0.013 118 ± 13 10%
Ba 0.042 0.14 124 ± 4 127 ± 5 102 ± 4 4% 43.2 ± 3.9 44.8 ± 1.6 104 ± 4 4%
Cd 0.001 0.004 0.026 ± 0.003 0.025 ± 0.001 97 ± 5 4% 0.0302 ± 0.0040 0.0242 ± 0.0011 80 ± 4 4%
Cr 0.031 0.10 1a 0.84 ± 0.09 84 ± 9 11% 1.94 ± 0.22 1.48 ± 0.04 77 ± 2 3%
Cu 0.051 0.17 3.7 ± 0.4 3.6 ± 0.2 98 ± 5 5% 20.4 ± 1.5 21.9 ± 1.4 107 ± 7 6%
Fe 1.1 3.7 218 ± 4 191 ± 5 88 ± 2 3% 432a 418 ± 6 97 ± 1 1%
Pb 0.013 0.042 0.87 ± 0.03 0.89 ± 0.03 102 ± 4 3% 1.78 ± 0.24 1.42 ± 0.15 80 ± 8 11%
Mn 0.032 0.11 98 ± 3 82 ± 4 83 ± 4 5% 1570 ± 11 1482 ± 57 94 ± 4 4%
Ni 0.019 0.064 0.69 ± 0.09 0.63 ± 0.03 92 ± 4 5% 6.12 ± 0.52 4.87 ± 0.16 80 ± 3 3%
Se 0.006 0.021 0.120 ± 0.009 0.112 ± 0.007 93 ± 6 6% 0.076d 0.087 ± 0.006 114 ± 8 7%
Zn 1.4 4.8 17.9 ± 0.4 15.3 ± 1.4 86 ± 8 9% 34.7 ± 2.7 27.3 ± 1.8 79 ± 5 7%

a Reference value. LOD ¼ Limit of detection; LOQ ¼ Limit of quantification; CRM ¼ Certified Reference Material; CV ¼ Coefficient of variation.

Table 2
Determination of elements (mean, standard deviation and range) in tea leaves acquired from markets in southeastern Brazil.

Element Tea leaves levels (mg kg�1)

Black tea (n ¼ 9) Green tea (n ¼ 9) Oolong red tea (n ¼ 3) White tea (n ¼ 9)

Al 1872 ± 1079a (750e3937) 2219 ± 572a (1613e3468) 2045 ± 78a (1997e2135) 1702 ± 251a (1305e2063)
As 0.021 ± 0.019a (<0.018e0.048) 0.042 ± 0.014a (0.029e0.063) 0.56 ± 0.09b (0.50e0.67) 0.15 ± 0.07c (0.09e0.27)
Ba 57 ± 23a (29e87) 68 ± 18a (54e101) 35 ± 5b (32e41) 38 ± 6b (25e49)
Cd 0.013 ± 0.003a (0.010e0.020) 0.013 ± 0.006a (<0.004e0.019) 0.066 ± 0.008b (0.061e0.075) 0.054 ± 0.028b (0.020e0.089)
Cr 1.46 ± 1.20a (0.16e3.38) 1.67 ± 0.47a (1.02e2.33) 5.61 ± 2.27b (4.20e8.23) 1.19 ± 0.77a (0.35e2.92)
Cu 12 ± 1a (11e13) 12 ± 2a (11e16) 24 ± 2b (22e27) 19 ± 6b (14e34)
Fe 94 ± 23a (72e136) 151 ± 72ab (61e252) 867 ± 182c (657e987) 231 ± 103b (134e426)
Mn 1123 ± 784a (108e1960) 1323 ± 174a (1118e1642) 932 ± 120a (800e1036) 1169 ± 74a (1007e1264)
Ni 3.53 ± 2.07a (0.88e6.04) 4.64 ± 1.72a (3.09e8.02) 5.30 ± 0.45a (4.81e5.69) 4.22 ± 0.38a (3.65e4.72)
Pb 0.16 ± 0.02a (0.13e0.20) 0.20 ± 0.12a (0.05e0.37) 2.05 ± 0.45b (1.54e2.41) 1.45 ± 0.94ab (0.29e2.85)
Se 0.075 ± 0.031a (0.046e0.14) 0.069 ± 0.020a (0.051e0.11) 0.10 ± 0.02a (0.074e0.11) 0.10 ± 0.05a (0.040e0.18)
Zn 21 ± 2a (17e25) 20 ± 2a (17e23) 44 ± 3b (41e46) 30 ± 2c (25e34)

a, b, c Mean values between different columns with the same letter are not significantly different at p > 0.05, according to Tukey's test.
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variability between the trace elements present in the black and
green tea. However, a significant statistical variation was observed
for some tea leaves: Ba levels in the green and white teas; high Cr,
Cu and Pb levels in the red oolong tea; and high levels of Zn in both
the white and red oolong teas.

The concentration of Al ranged from 750 to 3937 mg kg�1 in the
tea samples analyzed, which is similar to the findings of the study
by McKenzie, Jurado, and de Pablos (2010). The highest levels of Al
were found in green (3468 mg kg�1) and black tea (3937 mg kg�1),
and these levels were not statistically significantly different
(p < 0.05). Al has been the subject of numerous studies because of
its potential contribution to the development of Alzheimer's dis-
ease (WHO, 2011). Cao, Qiao, Zhang, and Chen (2010) studied Puerh
tea samples from China and reported Al levels between 390 and
980 mg kg�1. In their study of C. sinensis, Mehra and Baker (2007)
also found low levels of Al in teas from India (458e605 mg kg�1),
Sri Lanka (712e1092 mg kg�1) and China (1053e1307 mg kg�1).

The nickel levels from this study were comparable to those in
samples from the Czech Republic obtained by Malik, Szakova,
Drabek, Balik, and Kokoska (2008). For iron and manganese, how-
ever, high levels were observed in samples from Brazil, ranging
from 61 to 987 mg kg�1 and 108e1960 mg kg�1, respectively.

The barium levels were slightly higher than those found by
Nookabkaew, Rangkadilok, and Satayavivad (2006), with mean
values ranging from 35.3 to 68.0 mg kg�1. However, the Se levels
determined in this study were lower (ranging from 0.040 to
0.18 mg kg�1) than the values reported by the same group.

For the Cu and Zn levels, the samples acquired in Brazil showed
the following trend: black ~ green < white < oolong. This trend is
unlikely to be associated with the tea production. That is, green tea
that is not fermented has a similar composition to a fermented
black tea (Szymczycha-Madeja et al., 2012), which indicates that
these tea leaves may come from different regions or countries.
Notably, McKenzie et al. (2010) observed a similar behavior for
green and black teas.

The observed differences in the trace element levels for samples
purchased from Brazil and the other countries may be due to the
age of the leaves when collected (young or old), soil nutrients,
rainfall incidence or altitude (Malik et al., 2008). Unfortunately, the
origin of most tea leaves is often unknown because commercial
samples consist of a pool of tea leaves from different locations.

Regarding the toxic elements (contaminants) levels, Brazilian
and MERCOSUL regulations have established maximum limits for
some elements, including As (0.6 mg kg�1), Cd (0.4 mg kg�1), and
Pb (0.6 mg kg�1) in tea, yerba mate, and other infused vegetables
(Brasil, 2013). As shown in Table 2, the concentration levels of some
elements were above these maximum limits for some samples in
this study.

High levels of lead were detected in red oolong tea (100% of the
samples) and white tea (67%). The results obtained by Nookabkaew
et al. (2006) for C. sinensis samples from Thailand, China, Japan, Sri
Lanka, India and Indonesia found Pb levels up to 53.89 mg kg�1. The
levels determined in this study are similar to the levels reported by
Seenivasan et al. (2008) for black tea samples from India (i.e.,
0.04e1.36 mg kg�1).

For arsenic, only 33% of the red oolong tea possessed levels
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above the maximum allowed by Brazilian and MERCOSUL regula-
tions (Brasil, 2013). The As levels determined in this study (with a
maximum of 0.238 mg kg�1 in C. sinensis teas) were higher than
those found by Nookabkaew et al. (2006).

Cadmium was not detected in high levels in the samples we
investigated (0.002e0.100 mg kg�1), which is lower than the re-
sults obtained by Seenivasan et al. (2008), who reported black tea
samples with Cd levels of 0.69 mg kg�1.

According to Canadian regulations, the maximum limit for Cr is
2 mg kg�1. In this study, high levels of Cr in black and green (18%),
white (11%) and red oolong (100%) tea were observed. In some
countries, including Canada, China, Malaysia, Singapore, and
Thailand, the limits for As (2e5 mg kg�1), Cd (0.3e1 mg kg�1), and
Pb (10e20 mg kg�1) in herbal medicines and products are often
higher than the limits established by Brazilian and European reg-
ulations (WHO, 2007). Mandiwana et al. (2011) found low Cr levels
in green and white tea, with maxima of 0.95 and 0.61 mg kg�1,
respectively. For black tea, however, Cr levels up to 10.30 mg kg�1

were reported.
3.2. Trace element levels in tea infusions

Trace element analysis was performed in the thirty tea infusions
prepared using the tea leaves (item 3.1) and analyses were per-
formed in analytical triplicates. In our previous study, the direct
analysis method was validated according to INMETRO, 2011 rec-
ommendations (Milani et al., 2015). Briefly, limits of quantification
obtainedwere below 2.2 mg L�1, except for Al and Zn, and recoveries
between 82 and 120% were obtained for all analytes in spiked ex-
periments. The results of the trace element analysis in the bever-
ages are presented in Table 3.

In general, the results obtained in this study are in agreement
with analyses prepared with samples from the Czech Republic
(Malik et al., 2008) and Spain (Fern�andez, Pablos, Martín, &
Gonz�alez, 2002). However, an exception was found for Cu and Zn.
In these cases, the levels reported from the samples from the Czech
Republic were higher than those found in this study by a factor of
approximately 10. The present study also detected higher values
than those reported for black tea samples from Turkey (G€orür,
Keser, Akçay, Dizman, & Okumuşo�glu, 2011), with values up to
368.57 and 9.17 mg kg�1 for Mn and Cu, respectively.

These differences are possibly the result of different local tea
cultivation practices or because of different processing habits for
the beverages (i.e., brew or infusion and the ratio and contact time
between tea leaves and boiling water). This study considered the
infusion procedure according to the recommendation by Brazilian
government agencies and manufacturers, which consists of
Table 3
Determination of elements (mean, standard deviation and range) in tea beverages prepa

Element Tea beverages levels (mg L�1)

Black tea (n ¼ 9) Green tea (n ¼ 9)

Al 5085 ± 2739a (2061e9647) 5103 ± 794a (3823e622
As <0.46a <0.46a

Ba 36 ± 22a (8e62) 32 ± 11a (20e54)
Cd <0.053a <0.053a

Cr 4.0 ± 3.5a (<0.3e10.6) 3.9 ± 1.6a (2.0e6.7)
Cu 22 ± 4a (17e28) 17 ± 5ab (10e27)
Fe 8.1 ± 1.3a (6.1e10.0) 22.6 ± 8.1b (11.0e34.0)
Mn 1651 ± 1150ab (173e3111) 2409 ± 609a (1612e322
Ni 18 ± 13a (2e42) 33 ± 14b (20e57)
Pb 0.35 ± 0.28ab (<0.39e0.70) <0.39a

Se <0.50a <0.50a

Zn 22 ± 26a (<35e50) 45 ± 19ab (<35e62)

a, b, c, d Mean values between different columns with the same letter are not significantl
exposing tea leaves to boiling water for 3 min (Brasil, 2010). The
adopted procedure is consistent with the findings of Szymczycha-
Madeja et al. (2012), who determined that the highest extraction
of trace elements occurs in the first fiveminutes of contact between
boiling water and tea leaves.

High levels of manganese and aluminum were observed for all
types of tea, especially for the black, green and white teas. The
values ranged between 2061 and 6222 mg L�1 for Al and
173e3111 mg L�1 for Mn. As seen in Table 4, these elements had one
of the highest percentages of extractions, except for Ni in green and
white tea, which exhibited a mean extraction of 95 and 92%,
respectively. Szymczycha-Madeja et al. (2012) verified better
leaching of some elements (such as nickel and zinc) in green tea
than in black and oolong teas. The results obtained in this study
support this observation.

For copper and iron, low extraction percentages were observed,
especially for red oolong tea. The use of boiling water is usually
associated with low extractions of these elements from the leaves
because phenolic compounds containing Fe and Cu are insoluble at
this temperature (Szymczycha-Madeja et al. 2012). Values obtained
in this study are in agreement with those obtained by Nookabkaew
et al. (2006), who reported extraction percentages of 2.39% and
12.96% for Fe and Cu, respectively.

The extraction of aluminumwas similar to that found by Mehra
and Baker (2007), who reported 29.7% in the first tea infusion.
Moderate extractions (of 20e55%) were reported by Szymczycha-
Madeja et al. (2012) for Al, Cr, Cu, Mn and Zn. This group also
noted that tannins strongly bind with Al, Cr, Cu and Fe. We
observed low extraction values for these elements in red oolong
tea, possibly because of a high content of tannins in this type of tea.
Additionally, poor extraction of As, Cd and Pb was found in this
study; indeed, these elements were often found at low levels or
even below quantification limits.

Regarding the contaminant levels, Brazilian and MERCOSUL
regulations established maximum limits for As (0.05 mg kg�1), Cd
(0.02 mg kg�1), and Pb (0.05 mg kg�1) in non-alcoholic beverages,
excluding juices (Brasil, 2013). From the data in Table 3, it is possible
to see that none of the investigated samples possessed concentra-
tions above these limits.
3.3. Dietary intake and an evaluation of exposure

Presently, the estimate for dietary intake and exposure consid-
ered a daily consumption of a cup of tea (200 mL) by a 70 kg
(bw ¼ body weight) adult. The data are presented in Tables 5 and 6.
This assumption is consistent with the study performed by
Camargo and Toledo (2002), who determined an average daily
red using tea leaves acquired from markets in southeastern Brazil.

Oolong red tea (n ¼ 3) White tea (n ¼ 9)

2) 954 ± 76b (882e1033) 3216 ± 829ab (2168e4468)
1.17 ± 1.01b (<0.46e1.79) <0.46a

15 ± 4b (13e20) 17 ± 5b (10e24)
<0.053a <0.053a

0.7 ± 0.1b (0.6e0.7) 1.1 ± 0.9b (0.4e2.5)
6 ± 3b (4e10) 32 ± 12c (19e48)
64.6 ± 16.9c (47.2e80.9) 35.8 ± 10.7d (21.8e54.6)

3) 1020 ± 97b (951e1131) 1828 ± 378ab (1433e2464)
18 ± 3ac (16e22) 29 ± 3bc (24e35)
0.78 ± 0.69b (<0.39e1.27) 0.61 ± 0.60b (<0.39e1.50)
<0.50a <0.50a

30 ± 26ab (<35e45) 70 ± 7b (61e79)

y different at p > 0.05, according to Tukey's test.



Table 4
Percentage of extraction (mean, standard deviation and range) of Al, As, Ba, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Se and Zn during the preparation of tea beverages.

Element Extraction (%)

Black tea (n ¼ 9) Green tea (n ¼ 9) Oolong red tea (n ¼ 3) White tea (n ¼ 9)

Al 37 ± 6a (24e45) 32 ± 9ab (20e51) 6.2 ± 0.6c (5.9e6.9) 23 ± 10bc (0e37)
As 0a 0a 27 ± 24b (0e45) 0a

Ba 7.7 ± 3.1a (3.7e13) 6.3 ± 1.0a (4.3e7.1) 5.9 ± 2.0a (4.2e8.0) 5.9 ± 1.4a (3.8e8.2)
Cd 0a 0a 0a 0a

Cr 27 ± 22a (0e55) 31 ± 6a (24e38) 1.7 ± 0.4b (1.2e2.1) 17 ± 14ab (2.2e41)
Cu 24 ± 5a (18e34) 18 ± 4b (11e23) 3.6 ± 1.8c (2.3e5.7) 22 ± 6ab (15e30)
Fe 1.2 ± 0.3a (0.8e1.9) 2.2 ± 0.8b (1.2e3.4) 1.0 ± 0.1a (0.9e1.1) 2.3 ± 0.9b (1.1e4.0)
Mn 21 ± 4ab (14e26) 24 ± 6a (16e33) 15 ± 1b (14e16) 21 ± 4ab (17e27)
Ni 61 ± 19a (38e93) 95 ± 17b (65e111) 47 ± 12a (37e60) 92 ± 9b (77e105)
Pb 31 ± 24a (0e53) 0b 5.9 ± 5.5ab (0e11) 3.8 ± 3.2b (0e8.7)
Se 0a 0a 0a 0a

Zn 14 ± 17a (0e35) 30 ± 12a (0e43) 9.2 ± 8.0a (0e14) 31 ± 2a (28e34)

a, b, c Mean values between different columns with the same letter are not significantly different at p > 0.05, according to Tukey's test.

Table 5
An evaluation of trace element exposure for the daily consumption of one cup of tea (200 mL) by an adult (body weight, bw, 70 kg) (WHO, 2005, 2014).

Element Black tea Green tea Oolong red tea White tea

Monthly estimated intake
Cd Mean (range), mg kg�1 bw <0.023 <0.023 <0.023 <0.023

% PTMI <0.09 <0.09 <0.09 <0.09
Weekly estimated intake
Al Mean (range), mg kg�1 509 (206e965) 510 (382e622) 95.4 (88.2e103) 322 (217e447)

% PTWI 25 (10e48) 26 (19e31) 4.8 (4.4e5.2) 16 (11e22)
Ba Mean (range), mg kg�1 3.6 (0.8e6.2) 3.3 (2.0e5.4) 1.5 (1.3e2.0) 1.7 (1.0e2.4)

% PTWI e e e e

Pb Mean (range), mg kg�1 0.035 (<0.039e0.070) <0.039 0.078 (<0.039e0.13) 0.061 (<0.039e0.15)
% PTWI e e e e

Daily estimated intake
As Mean (range), mg kg�1 <0.007 <0.007 0.011 (<0.007e0.026) 0.001 (<0.007e0.007)

% BMDL 0.5 <0.22 <0.22 0.36 (<0.22e0.85) 0.03 (<0.22e0.24)
Ni Mean (range), mg kg�1 0.26 (0.04e0.60) 0.47 (0.28e0.82) 0.26 (0.23e0.31) 0.41 (0.35e0.49)

% TDI 2.2 (0.3e5.0) 3.9 (2.4e6.8) 2.2 (1.9e2.6) 3.4 (2.9e4.1)
Cu Mean (range), mg kg�1 0.31 (0.24e0.40) 0.24 (0.14e0.39) 0.09 (0.06e0.14) 0.45 (0.27e0.68)

% PMTDI 0.06 (0.05e0.08) 0.05 (0.03e0.08) 0.02 (0.01e0.03) 0.09 (0.05e0.14)
Fe Mean (range), mg kg�1 0.12 (0.09e0.14) 0.32 (0.16e0.49) 0.92 (0.67e1.16) 0.51 (0.31e0.78)

% PMTDI 0.01 (0.01e0.02) 0.04 (0.02e0.06) 0.12 (0.08e0.14) 0.06 (0.04e0.10)
Zn Mean (range), mg kg�1 0.31 (<0.50e0.71) 0.64 (<0.50e0.89) 043 (<0.50e0.64) 1.00 (0.87e1.13)

% PMTDI 0.03 (<0.05e0.07) 0.06 (<0.05e0.09) 0.04 (<0.05e0.06) 0.10 (0.09e0.11)

PTMI (Provisional Tolerable Monthly Intake): Cd ¼ 25 mg kg�1 bw; PTWI (Provisional Tolerable Weekly Intake): Al ¼ 2 mg kg�1 bw; Pb ¼ withdrawn in 2010; Ba: not
established; PTMDI (Provisional Maximum Tolerable Daily Intake): Cu¼ 0.5mg kg�1 bw; Fe¼ 0.8mg kg�1 bw; Zn¼ 1.0mg kg�1 bw; BMDL0.5 (Benchmark Dose Lower Limit):
As ¼ 3.0 mg kg�1 bw (for inorganic arsenic); TDI (Tolerable Daily Intake): Ni ¼ 12 mg kg�1 bw.

Table 6
Estimated intake of trace elements for the daily consumption of one cup of tea (200 mL) based on a caloric intake of 2000 calories*.

Element Black tea Green tea Oolong red tea White tea

Cr Mean (range), mg kg�1 4.0 (0.3e10.6) 3.9 (2.0e6.7) 0.66 (0.58e0.74) 1.11 (0.40e2.49)
% DRI 1.15 (0.08e3.03) 1.13 (0.57e1.90) 0.19 (0.17e0.21) 0.32 (0.11e0.71)
% DV 0.33 (0.02e0.88) 0.33 (0.17e0.55) 0.06 (0.05e0.06) 0.09 (0.03e0.21)

Cu Mean (range), mg kg�1 21.5 (16.8e28.3) 16.8 (9.5e27.3) 6.3 (4.5e9.7) 31.8 (18.8e47.7)
% DRI 0.24 (0.19e0.31) 0.19 (0.11e0.30) 0.07 (0.05e0.11) 0.35 (0.21e0.53)
% DV 0.11 (0.08e0.14) 0.08 (0.05e0.14) 0.03 (0.02e0.05) 0.16 (0.09e0.24)

Fe Mean (range), mg kg�1 8.1 (6.1e10.0) 22.6 (11.0e34.0) 64.6 (47.2e80.9) 35.8 (21.8e54.6)
% DRI 0.006 (0.004e0.007) 0.02 (0.01e0.02) 0.05 (0.03e0.06) 0.03 (0.02e0.04)
% DV 0.005 (0.003e0.006) 0.01 (0.01e0.02) 0.04 (0.03e0.04) 0.02 (0.01e0.03)

Mn Mean (range), mg kg�1 1651 (173e3111) 2409 (1612e3223) 1020 (951e1131) 1828 (1433e2464)
% DRI 7.2 (0.8e13.5) 10.5 (7.0e14.0) 4.4 (4.1e4.9) 7.9 (6.2e10.7)
% DV 8.3 (0.9e15.6) 12.0 (8.1e16.1) 5.1 (4.8e5.7) 9.1 (7.2e12.3)

Se Mean (range), mg kg�1 <0.50 <0.50 <0.50 <0.50
% DRI <0.15 <0.15 <0.15 <0.15
% DV <0.07 <0.07 <0.07 <0.07

Zn Mean (range), mg kg�1 22.0 (<35.0e50.0) 45.0 (<35.0e62.0) 30.0 (<35.0e45.0) 70.0 (61.0e79.0)
% DRI 0.03 (<0.05e0.07) 0.06 (<0.05e0.09) 0.04 (<0.05e0.06) 0.10 (0.09e0.11)
% DV 0.01 (<0.02e0.03) 0.03 (<0.02e0.04) 0.02 (<0.02e0.03) 0.05 (0.04e0.05)

* DRI ¼ Daily recommend intake (Brasil, 2003): Cr ¼ 35 mg/100 g; Cu ¼ 900 mg/100 g; Fe ¼ 14 mg/100 g; Mn ¼ 2.3 mg/100 g; Se ¼ 34 mg/100 g and Zn ¼ 7 mg/100 g.
* DV ¼ Daily value (FDA, 2013): Cr ¼ 120mg/100 g; Cu ¼ 2 mg/100 g; Fe ¼ 18 mg/100 g; Mn ¼ 2 mg/100 g; Se ¼ 70 mg/100 g and Zn ¼ 15 mg/100 g.
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Fig. 1. Score (a) and loading (b) plots for tea samples marketed in southeastern Brazil. Different letters indicate tea variety (B ¼ black, G ¼ green, W ¼ white, O ¼ red oolong) and
different numbers indicate brands (1e3 ¼ brand “A”, 4e5 ¼ brand “B”, 7e9 ¼ brand “C”).
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consumption of 263.34mL of tea by the population of Campinas, SP,
Brazil.

An evaluation of the exposure to this amount of tea is presented
in Table 5. The results were compared to the threshold values
established by the WHO (2014). Overall, most of the trace elements
were within safe levels. For aluminum, our evaluation suggested
that the consumption of a single cup of black tea per day may
contribute up to 48% of the provisional weekly intake (PTWI) of
aluminum. Although this value represents almost half of the Al
PTWI, Villa, Peixoto, and Cadore (2014) noted that an exposure
analysis should also consider the bioaccessibility and bioavailability
of a contaminant. A recent study of lettuce and cole samples from
Brazil by Silva et al. (2015) reported that the bioaccessibility of Al is
less than 11% of the total Al content in these vegetables.

Regarding the nickel content in the tea infusions, its
contribution to the tolerable daily intake (TDI) ranged between 0.3
and 6.8%. The highest contribution of nickel was found in green tea
(mean value ¼ 3.9%). Inorganic arsenic levels were used as the
benchmark dose lower limit (BMDL ¼ 0.5) to evaluate the total
arsenic levels, which is consistent with the results described by
Yuan, Gao, He, and Jiang (2007), who verified that inorganic As
species were predominant in both tea leaves and beverages.
Although copper, iron and zinc are micronutrients, FAO/WHO have
defined limits for these elements to prevent high dosage. The
measured levels of these species were not relevant. For example, a
maximum contribution of 0.14% to the provisional maximum
tolerable daily intake (PMTDI) was measured for Fe in red oolong
tea.

Table 6 contains information regarding the intake estimates for
the daily consumption of a cup of tea based on a caloric intake of
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2000 calories. For Fe, Se and Zn, low contributions (<0.12%) for the
daily intake of these nutrients was observed relative to both of the
Brazilian and Food and Drug Administration (FDA) recommended
values (Brasil, 2003; FDA, 2013).

For Cr and Cu, contributions ranging from 0.02 to 0.88% of the
daily value (DV) and 0.08e3.03% of the daily recommended intake
(DRI) were measured in the tea infusions. The beneficial influence
of tea consumption is verified for manganese, a well-known
essential micronutrient also present in some cereals, grains and
nuts. Values of 16.1% for the DV of Mn and 14.0% of its DRI can be
reached by the daily consumption of one cup of green tea.

3.4. Multivariate analysis

Principal component analysis (PCA) was applied to interpret and
to classify the samples on the basis of their trace elements
composition. Fig. 1 presents the score and loading plots for the
thirty samples of tea leaves investigated in this study. The three
brands were identified by numbers: 1 to 3 correspond to brand “A”,
4 to 6 correspond to brand “B” and 7 to 9 correspond to brand “C”.
The tea varieties were identified by their initial name: “B” for black,
“G” for green, “W” for white and “O” for red oolong tea.

Auto escalated pre-processing was chosen to provide the same
weight for the loadings (i.e., trace elements) and no trans-
formations of the data were applied. PCA was applied to the data
matrix (30� 12) such that each line and column corresponds to the
mean value of the tea samples and trace elements, respectively. No
samples were considered outliers.

Two principal components can explain 74.14% of the variance
(PC1 ¼ 49.10% and PC2 ¼ 25.04%) and, for this reason, were chosen
for further analysis. The first principal component is related to the
trace elements As (0.3925), Cd (0.3631), Cu (0.3439), Fe (0.3719), Pb
(0.3769) and Zn (0.3790), whereas the second principal component
is related to Al (0.4650), Ba (0.4405), Mn (0.5092) and Ni (0.4722).
The values in the parentheses correspond to the loading values.

Three groups could be recognized from this analysis:

- Group 1 constituted by the red oolong tea samples, associated
with the levels of As, Cd, Cu, Fe, Pb and Zn (trace elements with
high loading values in PC1);

- Group 2 consisting of black and green tea samples that pre-
sented low variability in their composition (see Table 2). This
group is characteristic because of its content of Al, Ba and Mn
(trace elements with low loading values in PC1);

- Group 3 constituted only by white tea samples. Because these
samples were located near the origin of PC1 and PC2, this group
cannot be assigned on the basis of a predominance of select
trace elements.

Although the tea leaves acquired in markets in southeastern
Brazil may be a mixture of tea leaves derived from different
countries, PCA successfully classified them into three groups based
on similarities in their trace elements composition.

4. Conclusion

In this study, twelve trace elements were determine in tea
samples and their beverages prepared by an infusion procedure.
Some samples of tea leaves exhibited trace element levels above
the maximum limits allowed by Brazilian and MERCOSUL regula-
tions: As (33% in red oolong tea) and Pb (67% and 100% inwhite and
red oolong, respectively). However, safe levels were found in the
infusions. Moreover, the alleged benefits of a daily consumption of
a single cup of tea were supported for the intake of manganese,
with values of up to 16% for the DV established by the FDA.
Although a lack of information regarding the age, origin or use of
a pool of tea leaves (i.e., mixture of tea leaves from different
countries), multivariate analysis presented reasonable results.
Principal component analysis allowed classifying the tea leaves into
three groups based on only similarities of their trace elements
composition.
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a b s t r a c t

A modified parboiling method was developed to parboil Korean glutinous rice and the physical char-
acteristics of partially milled parboiled rice (PMPR) were investigated before and after cooking. The
modified parboiling method involved tumbling to replace soaking the rice grains, tempering the wet
grains, and retorting and drying were applied to prepare the PMPR. The conventional parboiling method
included soaking at room temperature for 24 h, steaming, and drying the rice. PMPR made by the
conventional method was prepared as a control. The modified parboiling method successfully produced
PMPR with a higher hardness and thousand-grain weight by taking less processing time and less energy
for soaking, which resulted in higher milled rice yield and head rice yield. However, no significant dif-
ference was observed in the PMPR bulk density. Rice kernel size tended to be longer and less thick due to
parboiling. The color of the PMPR tended to be darker, as higher temperature was applied for processing.
However, the color of the PMPR after cooking was lighter than that of PMPR before cooking. Cook-
modified PMPR was as hard as cooked conventional PMPR but was less sticky compared to that of
conventional cooked PMPR.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Rice is a main staple food in many parts of the world, particu-
larly Asia. Most people consume>50% of the energy they need from
carbohydrates (starch). In Korea, the energy obtained from carbo-
hydrates was about 64.3% of the total energy intake in 2006, which
was a significant decrease from 78.5% in 1970. Rice consumption
per capita reached 69.8 kg in 2012 and fell by 1.4 kg during the
previous year and has decreased by 17.2 kg since 2002. Moreover,
rice consumption in farming households (111.2 kg) is 1.66 times
higher than that in non-farming households (67 kg) (Anonymous,
2012). A kind of processed rice called Olbyeossal is available in
Korea. During the Korean food shortage era, Olbyeossal was pre-
pared from premature glutinous rice that was consumed as a snack
or table food. Olbyeossal is made by soaking, steaming, sun-drying,
and partial milling. This process is commonly called parboiling
(Park, Choi, Kum, & Lee, 2007). Olbyeossal is commonly consumed
by elderly people as a snack, and some companies recommend that
consumers mix parboiled rice and regular white rice proportionally
ail.com (J.-B. Eun).
to make cooked rice with the high nutritional value of parboiled
rice. Some studies have reported that parboiling retains some
phytochemical compounds (Bhattacharya, 2011; Manful, Swetman,
Coker, & Drunis, 2007; Heinemann, Fagundes, Pinto, Penteado, &
Lanfer-Marquez, 2005).

Parboiling is an old process in parts of Asia, particularly India,
Africa, and to a limited extent in some European countries and the
United States (Ali & Ojha, 1976). Parboiling is a hydrothermal
treatment given to paddy rice to improve storage stability and in-
volves soaking or steeping, steaming, and drying. This process
improves milling recovery of paddy rice, salvages poor quality
spoiled paddy rice, and meets the demand of some consumers.
Along with the traditional way, a number of modern processes have
been developed using new or existing technologies to improve
product quality in different countries (Chattopadhyay & Kunze,
1986; Igathinathane, Chattopadhyay, & Pordesimo, 2005). The
severity of parboiling, particularly that related to starch gelatini-
zation, may be responsible for many of the attributes of parboiled
rice, such as milling quality and physicochemical characteristics
(Dutta & Mahanta, 2012, 2013).

Soaking rice at room temperature is widely practiced but a long
time is required to reach amoisture content of about 30 g/100 g wb.
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Warm- or hot-water soaking is a common method to shorten
soaking time because increasing temperature increases hydration
rate. A soaking temperature below that of starch gelatinization is
recommended to minimize kernel splitting and subsequent
leaching of solids and phytochemicals (Subba Rao & Bhattacharya,
1966). Several parboiling rice plants use the conventional way to
make parboiled rice to avoid high solid leaching by warm-water
soaking, in which cold-water soaking and steaming at 100 �C are
used. However, a problem arises when cracks occur in the final
product. These cracks possibly occur due to steaming in a big cy-
lindrical tank, which causes rice at the bottom to split.

Furthermore, excess water absorption could cause rice kernels
to split. Thus, parboiling requires a shorter soaking time to prevent
excess water absorption and shelves to prevent excess pressure on
the rice during steaming. Therefore, tumbling, tempering, and
retorting were introduced in this study. Tumbling is a process in
which paddy rice and water roll together inside a tumbler for 4, 5
and 6 h to force water into the rice kernels. Tumbling replaced
soaking. Tempering is a process in which wet paddy rice is kept at
room temperature for 2, 4, 5 and 6 h to equalize moisture content
inside the rice kernels. A decrease in the moisture gradient inside
the rice kernel during tempering has been observed objectively by
magnetic resonance imaging (Hwang, Cheng, Chang, Lur, & Lin,
2009). The moisture content of wet paddy rice prior to retorting
was about 31 g/100 g wb (data not shown). Retorting is a high
temperature and high pressure heating process that replaces
steaming. Although the moisture content of wet paddy rice prior to
retorting was slightly lower than that of paddy rice prior to
steaming, the presence of high temperature and high pressure
forced water to penetrate the rice kernel more quickly and effec-
tively. It was agreed with results of reported by Unnikhrisnan and
Bhattacharya (1987). Consequently, we investigated the effect of a
modified parboiling treatment, including tumbling, tempering, and
retorting, on the physical characteristics of partially milled par-
boiled rice (PMPR) prepared with Korean glutinous rice
(Sinseonchalbyeo).

2. Materials and methods

2.1. Materials

Paddy rice of the early harvested Korean glutinous rice variety
(Sinseonchalbyeo)was obtained fromUngchi, Boseong, South Korea,
harvested in early autumn 2012. This paddy rice was vacuum-
packaged in plastic bags laminated with polyethylene and nylon
and stored at 4 �C before treatment. The initial moisture content of
this paddy rice prior to storage was 13e14 g/100 g.

2.2. Conventional parboiling process

Parboiled rice is conventionally made in Korea by soaking at
room temperature for 1e1.5 days followed by steaming at 100 �C for
1 h. Parboiling was done on a lab scale to compare the product with
modified-parboiled rice. Paddy rice (500 g) was washed and
separated from foreign material and dehydration before soaking.
Soaking was done at room temperature (25 �C) for 24 h in a labo-
ratory incubator (LABTECH, Daihan, Korea). Themoisture content of
the wet paddy rice after soaking was about 33 g/100 g wb (data not
shown). Hereafter, the soaked paddy rice was steamed at 100 �C for
30 min to gelatinize the rice starch. After steaming, the paddy rice
was dried prior to milling. Drying was done using a hot-air dryer
(DSD-060, Daesungenertec, Seoul, Korea) at 38 �C for 4 h. Finally,
the dried paddy rice was milled using a small scale rice mill (FS-
3000, Misul Brown Rice System, Seoul, Korea) to produce partially
milled parboiled rice. A 7.5% degree of milling was used. The degree
of milling was calculated using the method described by Marshall
(1992).

2.3. Modified parboiling process

First, 500 g of paddy rice was washed and separated from
foreign material and dried. After washing, the rice was tumbled in a
tumbler for 4, 5 and 6 h to increase moisture content, drained, and
allowed to stand at 25 �C in a laboratory incubator for 2, 4, 5 and 6 h
to equalize moisture prior to retorting. Tumbling is a process in
which paddy rice and excess water (1 kg per 5 L) are rolled together
inside a tumbler to force thewater to permeate the rice kernels. The
tumbler was a V-shaped mixer that moved counter clockwise with
a rotation speed of 21 rpm. Tempering was a process in which the
wet paddy rice after tumbling was put in sealed pouch at 25 �C for
2, 4, 5 and 6 h to equalize the moisture content inside the rice
kernels. Tumbling and tempering were done as the moisture con-
tent of the paddy rice reached about 31 g/100 g wb (data not
shown). High-moisture paddy rice was steamed by retort (STERI-
ACE, KRS-300/Touch Sc. Type, Seoul, Korea) for 5 min at 120 �C
(14.71 N/cm2) to gelatinize the starch. High temperature and high
pressure during retorting pressurizes the water to penetrate the
rice kernels more quickly and effectively so that it could gelatinize
the rice faster compared to steaming. The paddy ricewas dried after
retorting. Direct drying at high temperature tended to increase
breakage during milling, so low temperature air drying was
applied. The retorted paddy rice was placed on a metal basket to
facilitate drying and dried using a hot-air dryer (DSD-060) at 30 �C
for 5 h, then allowed to stand overnight at 25 �C before milling.
Finally, the dried paddy rice was milled using a small scale rice mill
(FS-3000, Misul Brown Rice System) with 7.5% degree of milling.
The degree of millingwas calculated using themethod described by
Marshall (1992). The conditions for tumbling, tempering, and
retorting are shown in Table 1.

2.4. Cooking method

PMPR (14 g/100 g wb moisture content) was placed in an elec-
tric rice cooker (WM-0641, MD Consumer Electric Mfg. co. Ltd,
Guangzhou, China) with a 1 kg per 1.5 L ratio of rice and water, and
the cooking process was completed automatically. The rice was not
washed before cooking, although much powder remained from
milling.

2.5. Milled rice yield and head rice yield

Head rice yield (HRY) was defined as themass percentage of rice
kernels that were at least three-quarters their original kernel
length after milling. Rough rice is processed into several different
fractions throughout the milling process. Rough rice becomes
brown rice as hulls are removed; milling removes the bran from
brown rice, resulting in milled rice; milled rice can be separated
into head rice and broken kernels. Milled rice yield (MRY) includes
head rice and broken kernels. All kernels in the sample; head rice
and broken kernels, whereas HRY includes all kernels that are at
least three-quarters of their original length after milling. MRY and
HRY were calculated as follows:

MRYð%Þ ¼ Mass of milled rice
Mass of rough rice

� 100

HRYð%Þ ¼ Mass of head rice
Mass of rough rice

� 100



Table 1
Soaking, steaming, tumbling, tempering, and retorting conditions of partially milled parboiled rice using a modified method and conventional method.

Samples Tumbling time (hour) Tempering time (hour) Retorting temperature (oC) Retorting pressure (N/cm2) Retorting time (min) Soaking (h) Steaming (min)

PMR e e e e e e e

24S e e e e e 24 30
4H14H2 4 4 120 14.71 5 e e

4H15H2 4 5 120 14.71 5 e e

4H16H2 4 6 120 14.71 5 e e

5H14H2 5 4 120 14.71 5 e e

6H12H2 6 2 120 14.71 5 e e

H1 represents tumbling time using a rotating steeper and H2 represents tempering time at 25 �C.
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2.6. Size characteristics

The length, thickness, and width of PMPR were measured after
parboiling using a 0e150 mm digital caliper (NA 500-150S, Blue
Bird, Beijing China). The size of the partially milled rice (10 grains)
was compared to the size of the manually peeled rice to determine
the reduction in rice kernel size due to milling. The measurements
were repeated 10 times for each sample.

2.7. Thousand grain weight

Thousand-grain weight (TGW) was determined by counting
1000 grains of PMPR and weighed.

2.8. Bulk density

The bulk density of the PMPR was determined using the sand
displacement method described by Doehlert andMcMullen (2008).
A 30-g PMPR sample was used for analysis. The sample did not
exceed one-third the volume of the measuring cup. A cup with a
particular volume was filled to overflow with sand and was tapped
slightly to uniformly pack the sand. A straight edge was used to
level the sand in the cup. The sand was emptied into another
holding container, while the rice was introduced into the cup. After
introducing the rice to the cup, the sand was introduced back into
themeasuring cup until the cupwas about half full. The rice and the
sand were mixed thoroughly and the cup was tapped to eliminate
air pockets. The remaining sand in the holding container was
introduced back into the cup up to the straight-edge level deter-
mined previously. The mass of sand displaced by the rice was
measured. The rice was separated from the sand by hand-sieving.
The number of rice grains (n) was obtained by physically count-
ing the grains by hand. The bulk density of the sand was 1.65 g/cm3.

(1) Rice volume (cm3) ¼ displaced sand mass (g)/sand bulk
density (g/cm3)

(2) Mean rice grain volume (cm3) ¼ rice volume (cm3)/number
of grains (n)

(3) Mean rice mass (g) ¼ rice mass (g)/number of grains (n)
(4) Rice bulk density (g/cm3) ¼ mean rice mass (g)/mean rice

volume (cm3)
2.9. Texture of raw rice

Maximum force which is a measure of hardness of PMPR
(4.9e5.6 mm in length, 1.7e1.9 mm in thickness, and 2.8e3 mm in
width) was measured using a texture analyzer (TA-XT2, Stable
Micro Systems Ltd., Godalming, United Kingdom) with a 6-mm
diameter cylinder stainless steel probe. A single-compression
force vs. time program was used. The program was set to move
the probe at 1.00 mm/s during the pre-test, at 10 mm/s during the
post-test phases, and at 0.5 mm/s during the test phase with a 50%
strain in distance. The measurements were repeated five times for
each sample.

2.10. Textural properties of cooked rice

Textural properties of the cooked PMPR were determined
immediately after it was cooked and cooled to approximately 30 �C
using a texture analyzer (TA-XT2, Stable Micro Systems Ltd., God-
alming, United Kingdom). A standard TPA program and a 36-mm
cylindrical probe with a flat end were used to compress the
cooked rice at a 2 mm/min test speed. The cooked rice (28 ± 0.02 g)
was fully packed in a round dish with diameter and height of
60 mm and 15 mm, respectively.

Themeasurements were repeated six times for each sample. The
texture parameters of hardness, adhesiveness, springiness, cohe-
siveness, and chewiness were derived from the instrument
software.

2.11. Color measurement

The color of the PMPR before and after cooking was determined
using a colorimeter (CM-3500d,Minolta Co., Ltd., Tokyo, Japan). The
results are expressed as L*, a*, and b* values.

2.12. Statistical analysis

All experiments were conducted twice and all measurements
were performed in triplicate and presented as mean ± standard
deviation. Differences in the data were detected by one-way anal-
ysis of variance followed by Duncan's multiple-range test using
SPSS ver. 18.0 software (SPSS Inc., Chicago, IL, USA) in 2009. A
p < 0.05 was considered significant.

3. Result and discussion

3.1. Moisture absorption

As a preliminary experiment, moisture absorption during
soaking, tumbling, and tempering were investigated before per-
forming conventional parboiling and modified parboiling (data not
shown). As conventional parboiling requires at least 24 h of soaking
at room temperature, the increase in moisture content of the paddy
rice during 24 h of soaking was checked. Moisture content of the
paddy rice increased drastically from 14 g/100 ge27 g/100 g wb
during the first hour of soaking and increased gradually every hour
thereafter up to 33 g/100 gwb in 24 h. The highmoisture paddy rice
was subjected to steaming. Tumbling was done at room tempera-
ture, and the increase in moisture content of the paddy rice was
checked every hour. The first 1 h of tumbling also significantly
increasedmoisture content of the paddy rice. Tumbling for 4, 5, and
6 h was chosen, as moisture content of about 30 g/100 g wb is
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required inside paddy rice to facilitate gelatinization during
steaming or heating. The moisture content of the paddy rice after
tumbling for 4, 5, and 6 h was similar (30.37e30.55 g/100 g wb).
After tumbling, the paddy rice was quickly withdrawn and trans-
ferred to a sealed container andmaintained at room 25 �C for 2, 4, 5
and 6 h. This is called tempering. The tempering process is applied
to equalize and fix the moisture content inside the paddy rice
(Tirawanichakul, Bualuang,& Tirawanichakul, 2012; Bello, Aguerre,
Tolaba, & Suarez, 2012). Bello et al. (2012) reported that rice
tempered before steaming has an increased translucence index (TI
%) of up to 98% compared to that of non-tempered rice. TI% was
highly correlated with gelatinization and HRY. In this study,
tempering up to 5 h increased moisture content 1e2 g/100 g in
paddy rice after tumbling. Tumbling for 4, 5, and 6 h followed by
tempering for 2, 4, 5, and 6 h (4H14H2, 4H15H2, 4H16H2, 5H14H2,
and 6H12H2) were chosen, and the samples reached a moisture
content of about 31 g/100 g wb prior to retorting. Although a lower
moisture content was obtained by tumbling and tempering,
retorting was the key to facilitate rice starch gelatinization.
3.2. Milled rice yield and head rice yield

Milled rice yield (MRY) and head rice yield (HRY) of paddy rice
prepared using the modified method are shown in Table 2. Both
conventional parboiling and modified parboiling produced signif-
icantly higher MRY and HRY compared to those of untreated
partially milled rice (PMR). But, no significant differences were
observed in MRYand HRYamong the rice samples treated using the
modified method. A greater HRY, as the most important goal of
parboiling, was achieved using the modified method. Using the
modified method on all five treatments produced a stronger rice
structure than that by the conventional method.

The hull (or husk) represents approximately 20% of themass of a
rough rice kernel, whereas bran represents approximately 10% of
the original rough rice mass. This means that maximum MRY of
dehusked rice could reach approximately 80%, and HRY of partially
milled rice could reach �80%. According to this hull (or husk)
percentage of rough rice mass, the effectiveness of the modified
parboiling process was proven due to the potency of producing rice
with a HRY range of 75e77%. Broken kernels produced during
milling are generally the result of immature, chalky, or fissured
kernels, all of which are weak and typically break during milling
due to the substantial forces imparted to kernels to remove the
Table 2
Milling yield of partially milled parboiled rice.

Samples1 MRY (%)2 HRY (%)3

PMR 68.68 ± 0.18d 52.57 ± 0.01c

24S 75.02 ± 0.56c 63.27 ± 1.41b

4H14H2 78.50 ± 0.01ab 75.99 ± 0.56a

4H15H2 79.24 ± 0.81a 77.20 ± 0.96a

4H16H2 78.78 ± 0.77ab 77.31 ± 0.48a

5H14H2 77.84 ± 0.03b 76.09 ± 0.26a

6H12H2 77.81 ± 0.14b 75.50 ± 0.59a

Values are means ± standard deviations.
aed Means followed by different letters in each column are significantly different
among different parboiling treatments (p < 0.05).
1 PMR, partially milled untreated rice; 24S, rice soaked for 24 h and steamed for
30 min; 4H14H2, rice tumbled for 4 h, tempered for 4 h and retorted at 120 �C for
5 min; 4H15H2, rice tumbled for 4 h, tempered for 5 h and retorted at 120 �C for
5 min; 4H16H2, rice tumbled for 4 h, tempered for 6 h and retorted at 120 �C for
5 min; 5H14H2, rice tumbled for 5 h, tempered for 4 h and retorted at 120 �C for
5 min; and 6H12H2, rice tumbled for 6 h, tempered for 2 h and retorted at 120 �C for
5 min. Tumbling and tempering were done at room temperature.
2MRY, milled rice yield.
3HRY, head rice yield.
bran. Parboiling is applied to rice to harden the kernel to minimize
breakage loss and maximize HRY (Gariboldi, 1974; Sareepuang,
Siriamornpun, Wiset, & Meeso, 2008). Milling yields of parboiled
rice is higher because the process of pre-gelatinization mends fis-
sures in the grain and parboiling hardens the grains and makes
them withstand breakages during the milling process better. Mill-
ing yields of parboiled rice is higher because the process of pre-
gelatinization mends fissures in the grain and parboiling hardens
the grains and makes themwithstand breakages during the milling
process better.

Starch granules swell due to water absorption by the rice kernel
during soaking. However, the hull and bran act as an initial barrier
to water penetration, so a long soaking time is needed to achieve
sufficientmoisture content (Bello, Tolaba,& Suarez, 2007; Thakur&
Gupta, 2006). Soaking at room temperature is slow, whereas hot
soaking requires precise control because a moisture gradient de-
velops at high steep temperatures and may cause sloughing-off of
the surfaces before hydration to the kernel core is achieved
(Bhattacharya, 2004). Thus, tumbling, tempering, and retorting are
ways to increase moisture content of rice and gelatinize the starch
in a shorter time. Moisture at the kernel center may be lower than
that on the surface if moisture is not equilibrated after soaking or
tumbling; thus, it would be more difficult to completely gelatinize
during steaming or retorting. As a result, parboiled rice grains with
a translucent outer layer and an opaque or white center, called
“white bellies”, are obtained. White belly rice is more susceptible to
breakage (Buggenhout, Brijs, Celus, & Delcour, 2013). Thus,
tempering for hours was implemented to equalize the moisture
content inside the rice kernels after tumbling. Besides equalizing
the moisture inside the rice kernels, tempering up to 5 h increased
moisture content about 1e2% in rice after tumbling (data not
shown). Tumbling and tempering resulted in sufficient moisture
content to support starch gelatinization, which requires 30e31 g/
100 g (wb) moisture content as reported by Unnikhrisnan and
Bhattacharya (1987). Although the moisture content of paddy rice
provided by tumbling and tempering (about 31 g/100 g wb) was
lower than that by soaking (about 34 g/100 g wb), retorting played
an important role to gelatinize the starch in a shorter time due to
high temperature and high pressure. Retorted paddy rice has
gelatinized starch and a hardened endosperm, so it can tolerate the
force applied during milling. Pressure parboiling usually produces
very hard rice called “iron rice”. However, pressure parboiling of
lower amylose rice does not yield as hard a rice as that of high
amylose content (Unnikhrisnan and Bhattacharya, 1987). Retorting
at high temperature and high pressure for a short time was suffi-
cient to harden the rice kernels instead of steaming for a longer
time. Therefore, the modified method produced rice with higher
MRY and HRY compared to those of the conventional method.

3.3. Size characteristics, thousand grain weight (TGW), and bulk
density

The size characteristics and TGW of rice produced with the
modified method are shown in Table 3. Both conventional par-
boiling and modified parboiling produced longer but slender rice
compared to untreated rice. However, no trend in width of the
parboiled and untreated rice was observed. The higher length
expansion may be attributed to expansion of a greater number of
cells present along the grain length. Juliano and Bechtel (1985)
reported that cellular architecture of the grain and the total num-
ber of endosperm cells found along the length was 10e15-fold
greater than the number in any radial direction, so swelling along
the length would be expected to be greater.

The lowest TGW was found in rice prepared using the conven-
tional parboiling method, whereas the highest TGW was found in



Table 3
Size characteristics, thousand grain weight, and bulk density of partially milled parboiled rice.

Samples1 Length (mm) Thickness (mm) Width (mm) TGW (g) Bulk density (g/cm3)

PMR 4.90 ± 0.15c 1.91 ± 0.05a 2.79 ± 0.14b 18.24 ± 0.04b 1.23 ± 0.07a

24S 5.46 ± 0.17b 1.71 ± 015b 2.81 ± 0.13b 17.74 ± 0.17c 1.15 ± 0.12a

4H14H2 5.59 ± 0.11ab 1.72 ± 0.09b 2.90 ± 0.07ab 18.64 ± 0.11a 1.17 ± 0.05a

4H15H2 5.58 ± 0.20ab 1.72 ± 0.12b 2.99 ± 0.10a 18.46 ± 0.09ab 1.15 ± 0.07a

4H16H2 5.64 ± 0.18a 1.66 ± 0.09b 2.87 ± 0.12b 18.49 ± 0.23a 1.15 ± 0.02a

5H14H2 5.48 ± 0.18ab 1.77 ± 0.14b 2.90 ± 0.10ab 18.46 ± 0.07ab 1.20 ± 0.06a

6H12H2 5.53 ± 0.16ab 1.75 ± 0.16b 2.84 ± 0.14b 18.69 ± 0.20a 1.22 ± 0.12a

Values are means ± standard deviations.
aec Means followed by different letters in each column are significantly different among different parboiling treatments (p < 0.05).
1 PMR, partially milled untreated rice; 24S, rice soaked for 24 h and steamed for 30 min; 4H14H2, rice tumbled for 4 h, tempered for 4 h and retorted at 120 �C for 5 min;
4H15H2, rice tumbled for 4 h, tempered for 5 h and retorted at 120 �C for 5 min; 4H16H2, rice tumbled for 4 h, tempered for 6 h and retorted at 120 �C for 5 min; 5H14H2, rice
tumbled for 5 h, tempered for 4 h and retorted at 120 �C for 5min; and 6H12H2, rice tumbled for 6 h, tempered for 2 h and retorted at 120 �C for 5min. Tumbling and tempering
were done at room temperature.
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rice prepared using themodifiedmethod. No significant differences
were observed in TGW of rice prepared using the modified method
for different tumbling and tempering times. According to these
results, parboiling did not always increase or decrease TGW of rice.
Saeed, Pasha, Anjum, Suleria, & Farooq (2011) reported that par-
boiling reduces TGW of brown rice, but did not show a significant
effect on TGW of milled rice. TGW can be related with the milling
properties of rice as reported by Karim, Ali, Ali, Anwar, and Majid
(2002). This could be attributed to the weaker structure of
conventionally parboiled rice, which increases the probability of
grain damage during milling. Data shows that TGW of all parboiled
and untreated rice was <20 g (Table 3). According to Luh (1991),
TGW values < 20 g indicate the presence of immature, damaged, or
unfilled grains. This agrees with the fact that the rice used for
parboiling was early harvested rice.

The statistical data revealed that parboiling had no significant
effect on bulk rice density. This finding agrees with Saeed et al.
(2011), who reported that parboiling does not significantly affect
rice bulk density. The more round the kernel the greater the bulk
density (Bhattacharya, Sowbhagya, & Indudhara, 1972). Untreated
rice was rounder than parboiled rice, so it had slightly higher bulk
density than that of parboiled rice. Although the modified par-
boiling method used here was conducted in a shorter time, it
produced rice with physical characteristics similar to or even better
than the conventional parboiling method.

3.4. Texture of raw rice

Maximum force representing the hardness was defined as the
force necessary to attain given deformation of the product. Table 4
showed that parboiling significantly increased the hardness of rice
Table 4
Textural properties of partially milled parboiled rice before and after cooking.

Samples1 PMPR Cooked PMPR

Hardness (N/cm2) Hardness (N/cm2) Adhesivene

PMR 6016 ± 817d 4899 ± 1410a (�)346 ± 39
24S 9475 ± 2357c 5384 ± 990a (�)348 ± 25
4H14H2 9945 ± 1736bc 4005 ± 1155a (�)288 ± 38
4H15H2 11746 ± 822ab 3734 ± 932a (�)321 ± 6a

4H16H2 12809 ± 1416a 4523 ± 1474a (�)313 ± 13
5H14H2 11518 ± 896ab 4229 ± 1179a (�)318 ± 11
6H12H2 11027 ± 639abc 4931 ± 1539a (�)316 ± 11

Values are means ± standard deviations.
aed Means followed by different letters in each column are significantly different among
1 PMR, partially milled untreated rice; 24S, rice soaked for 24 h and steamed for 30 min
4H15H2, rice tumbled for 4 h, tempered for 5 h and retorted at 120 �C for 5 min; 4H16H2,
tumbled for 5 h, tempered for 4 h and retorted at 120 �C for 5min; and 6H12H2, rice tumbl
were done at room temperature.
kernels, and modified parboiling in particular produced rice with
higher hardness, except for 4H14H2, in which showed a hardness
value similar to 24S. This result suggests that a soaking or tumbling
period in conjunction with steaming or retorting makes the kernel
harder by binding internal cracks to produce more head rice during
milling. The greater hardness of rice prepared using the modified
parboiling method may have been caused by the high pressure
during retorting. Hardening of rice kernels was strongly related to
gelatinization and retrogradation of rice starch during parboiling.
Ahromrit, Ledward, & Niranjan (2007) reported that gelatinization
does not occur in Thai glutinous rice at pressures < 300 MPa, and
temperatures of 20 and 50 �C. In contrast, complete gelatinization
was observed at 500 and 600 MPa, temperature of 70 �C, and
soaking time of 120 min. Glutinous rice is not as readily gelatinized
as other non-glutinous rice varieties but an appropriate combina-
tion of pressure and temperature can be used to facilitate gelati-
nization. Pressure parboiling usually produces very hard rice called
“iron rice”. However, pressure parboiling of low amylose rice did
not yield as hard rice as that of high amylose content rice
(Unnikhrisnan and Bhattacharya, 1987). This result was agreement
with Villareal, Juliano, and Hizukuri (1993) who reported that
Sinseonchalbyeo has less amylopectin staling (i.e., increased hard-
ness) after heat treatment. Therefore, pressure-parboiling using a
retort facilitated high gelatinization in waxy rice and produced
harder PMPR than that by steaming.

3.5. Textural properties of the cooked PMPR

The hardness values of all samples were not significantly
different (Table 4). PMPR produced using the modified method was
harder than that produced by conventional methods before
ss (g.s) Springiness (mm) Cohesiveness Chewiness (g)

ab 0.27 ± 0.06a 0.35 ± 0.04b 548 ± 123a
a 0.22 ± 0.03b 0.34 ± 0.03b 477 ± 96ab
d 0.26 ± 0.04ab 0.36 ± 0.03ab 402 ± 79b
bc 0.27 ± 0.03a 0.39 ± 0.03a 380 ± 83b
cd 0.24 ± 0.02ab 0.39 ± 0.04a 411 ± 102ab
abcd 0.25 ± 0.01ab 0.40 ± 0.03a 426 ± 120ab
bcd 0.25 ± 0.03ab 0.39 ± 0.02a 469 ± 143ab

different parboiling treatments (p < 0.05).
; 4H14H2, rice tumbled for 4 h, tempered for 4 h and retorted at 120 �C for 5 min;
rice tumbled for 4 h, tempered for 6 h and retorted at 120 �C for 5 min; 5H14H2, rice
ed for 6 h, tempered for 2 h and retorted at 120 �C for 5min. Tumbling and tempering
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cooking, but they had the same hardness value after cooking. This
result agrees with Islam, Roy, Shimizu, and Kimura (2001), who
reported that parboiling does not significantly affect the hardness
of cooked rice.

The highest adhesiveness was found in cooked PMR and 24S but
was lower in cooked 4H14H2, 4H15H2, 4H16H2, 5H14H2 and
6H12H2. Adhesiveness or stickiness is related to the amount of
starch and starch gelatinization. Our results indicate that severe
parboiling produced cooked rice with less stickiness than that of
untreated rice. Severe parboiling may reduce solid content in the
cooking gruel. Parboiling produces a more compact arrangement of
starch in the kernel and greater cohesion between starch granules
and protein bodies (Kato, Ohta, Tsugita, & Hosaka, 1983). The
reduced solid content in the parboiled rice cooking gruel is
responsible for the less stickiness of cooked parboiled rice (Islam
et al., 2001).

No significant difference was observed in springiness among
samples Cohesiveness is an indicator of how the rice holds together
upon cooking (Table 4). Table 4 shows that the cohesiveness of
cooked, modified parboiled rice (4H14H2; 4H15H2; 4H16H2; 5H14H2,
and 6H12H2) was higher than that of cooked, conventionally
parboiled rice and untreated rice (24S and PMR), suggesting that the
severity of parboiling affected the cohesiveness of cooked, parboiled
rice. Cooked, parboiled rice is more cohesive and less sticky
than cooked, untreated rice (Kato et al. 1983). A highly negative
correlation is observed between total solid in cooking gruel and
cohesiveness of cooked rice (Batcher, Deary, & Dawson, 1957). The
stronger kernel structure of parboiled rice prevented loss of solid
during cooking, resulting in higher cohesiveness of cooked rice. The
higher cohesiveness of cooked, modified parboiled rice suggests
that the modified parboiling method produces rice with stronger
structure, which was able to hold structure as cooking proceeded.

Chewiness tended to be related to the hardness of cooked rice.
Both the conventional and modified parboiling method produced
rice with no significant differences in chewiness after cooking.
3.6. Color

The conventional and modified parboiling methods increased
darkness, redness, and yellowness of rice kernels as shown in L*, a*,
and b* values (Table 5). The degree of color change depended on
time and temperature of soaking, heating, and drying, but the
majority of color change occurred during steaming or retorting. The
modified parboiling method produced rice with a darker color and
higher redness, but similar yellowness compared to those of the
conventional method. Yellowness was usually prominently
Table 5
Color of partially milled parboiled rice before and after cooking.

Samples1 PMPR

L* a* b*

PMR 68.00 ± 0.57a 1.49 ± 0.03d 17.29 ± 0.22
24S 58.67 ± 0.14b 4.85 ± 0.01c 25.24 ± 0.08
4H14H2 54.66 ± 0.17d 5.61 ± 0.22a 25.40 ± 0.43
4H15H2 55.66 ± 0.17c 5.18 ± 0.04b 25.72 ± 0.33
4H16H2 54.34 ± 0.59d 5.60 ± 0.10a 25.48 ± 0.30
5H14H2 55.88 ± 0.56c 5.21 ± 0.09b 25.38 ± 0.06
6H12H2 54.64 ± 0.56d 5.16 ± 0.07b 25.05 ± 0.17

Values are means ± standard deviations.
aed Means followed by different letters in each column are significantly different among
1 PMR, partially milled untreated rice; 24S, rice soaked for 24 h and steamed for 30 min
4H15H2, rice tumbled for 4 h, tempered for 5 h and retorted at 120 �C for 5 min; 4H16H2,
tumbled for 5 h, tempered for 4 h and retorted at 120 �C for 5min; and 6H12H2, rice tumbl
were done at room temperature.
L*, lightness value; a*, redness value; and b*, yellowness value.
produced if rice was parboiled for a longer time, as reported by
Bhattacharya (1996). The conventional method required longer
steaming time than the modified method. Therefore, although the
conventional method used a lower steaming temperature, it pro-
duced rice with a yellowness value similar to rice produced by the
modified method. Bhattacharya (1996) reported that increasing
pressure and temperature decreases the L-value of rice at a faster
rate and enhancing pressure increases the a-value. As soaking and
tumbling were done at room temperature, there was no effect of
soaking and tumbling temperature on parboiled rice color. Un-
treated rice (PMR) was lighter in color than that of parboiled rice.
The bran layer of the untreated rice was removed easily during
milling, whereas the yellow and red pigments are concentrated in
the bran and outer endosperm, as reported by Lamberts and
Delcour (2008). Color changes during parboiling are caused by
diffusion of husk and bran pigments and non-enzymatic Maillard
browning reaction products. Moreover, rice bran or rice hull pig-
ments can affect parboiled rice color as they leach out during
soaking in excess water and diffuse into the endosperm during
steaming. Color changes increase with the severity of parboiling.
The Maillard browning reaction might be caused by degradation of
starch to produce reducing sugars that react with proteins to pro-
duce the brown color in parboiled rice. This finding agreed with
Lamberts, Brijs, Mohamed, Verhelst, and Delcour (2006) who re-
ported that Maillard browning reactions are related to the presence
of free a-amino nitrogen and reducing sugars.

Cooked PMPR had similar lightness values, and cooked, un-
treated rice was the lightest (Table 5). The color of cooked PMPR
was brighter compared to that of the uncooked, partially milled
parboiled rice, whereas the color of cooked, untreated rice was
darker compared to that of uncooked, untreated rice. This result
may be explained by the Maillard browning reaction of untreated
rice during cooking.
4. Conclusions

The physical characteristics of PMPR before and after cooking
were investigated in this study. The modified parboiling method
successfully produced rice with higher hardness, TGW, MRY, and
HRY. Rice kernel size tended to be longer and less thick after par-
boiling. The color of PMPR after cooking became lighter than that of
PMPR before cooking. In conclusion, the modified parboiling
method minimized processing time and produced PMPR with less
breakage and higher HRY compared to those of the conventional
method which can be applied to industries for improving economic
efficiently.
Cooked PMPR

L* a* b*

d 55.02 ± 0.09a 1.50 ± 0.53e 17.12 ± 0.36d
bc 54.06 ± 0.76ab 3.28 ± 0.30d 20.26 ± 0.81c
abc 52.95 ± 0.41b 3.55 ± 0.04cd 20.72 ± 0.27c
a 52.99 ± 1.37b 4.10 ± 0.15b 21.77 ± 0.62b
ab 52.53 ± 1.76b 4.47 ± 0.03a 22.41 ± 0.31a
abc 52.59 ± 1.81b 3.83 ± 0.46bc 21.65 ± 0.54b
c 52.53 ± 2.24b 3.86 ± 0.28bc 21.80 ± 0.37b

different parboiling treatments (p < 0.05).
; 4H14H2, rice tumbled for 4 h, tempered for 4 h and retorted at 120 �C for 5 min;
rice tumbled for 4 h, tempered for 6 h and retorted at 120 �C for 5 min; 5H14H2, rice
ed for 6 h, tempered for 2 h and retorted at 120 �C for 5min. Tumbling and tempering
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a b s t r a c t

The aim of this work was to evaluate the possibility of using capillary electrophoresis for rapid and
sensitive detection of microorganisms, such as yeasts, in order to propose it as an alternative to tradi-
tional microbiology methods both in manufacturing and research areas. After optimization of condition
for the electrophoretic separation, three Saccharomyces cerevisiae strains, cultured in YPD medium, were
analyzed by capillary electrophoresis at different growth times (3, 7, 24 and 48 h). The analysis was
carried out on undamaged and non-pretreated cells. For all the strains, the electrophoretic profile was
characterised by two distinct peaks, at each time of growth. Nevertheless some differences in the
electropherograms of each strain were evident, probably in consequence of changing in the surface
charge of yeasts at various stage of growth. The results demonstrated the high efficacy of capillary
electrophoresis for intact cells separation of yeast and support the application of this technique for the
evaluation of the viability of cultured cells.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, much effort has been made to develop fast,
high efficiency separation techniques and detection methods for
the identification and quantification of microorganisms.
Currently, typical procedures used for microorganism character-
ization, identification and quantification, require long analysis
time (time-consuming for microbial culturing), high laboratory
costs and requirements of complicated maintenance and skilled
operators (L�opez-Campos, Martínez-Su�arez, Aguado-Urda, &
L�opez-Alonso, 2012). An ideal analytical technique for the analysis
of microorganisms should be fast, highly efficient, broadly appli-
cable and reproducible. Sophisticated instrumental techniques for
the analysis and characterization of microorganisms are becoming
more common. In particular, methods based on capillary elec-
trophoresis (CE) seem to be very promising. Since the surface of
microorganisms is charged, electrokinetic approaches could
e).
provide an interesting and potentially effective alternative
(Armstrong, Schulte, Schneiderheinze, & Westenberg, 1999). CE
was originally developed for the analysis of ions (and this is its
predominant use today) and it is well known to produce rapid,
high efficiency separations of biologically important molecules
with minimum sample preparation and consumption. These ad-
vantages may also be realized for the analysis of microorganisms,
alone and in mixture, giving encouraging results in terms of
reproducibility (Armstrong et al., 2002; Hoerr, Stich, & Holzgrabe,
2004; Petr, Ryparov�a, Znaleziona, Maier, & �Sev�cík, 2009; Shen,
Berger, & Smith, 2000; Szumski, Klodzinska, & Buszewski, 2005)
and sensitivity (Lantz, Bao, & Armstrong, 2007). However, even
the largest molecules are much smaller and less complex than any
microorganism. Size is just one characteristic of microorganisms
which can make separation via microanalytical methods chal-
lenging. Several other factors must be considered and controlled if
a successful CE separation is to be accomplished. The microbial
cells, in consequence of their size and charged surface, can be
considered as charged colloids (Desai & Armstrong, 2003;
Kremser, Blaas, & Kenndler, 2004; Radko & Chrambach, 2002;
Rodriguez & Armstrong, 2004). The microbial charged surface
usually is generated by the ionization of molecules composing the
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cell wall, such as aminoacid residues, organophosphates, acid
carbohydrate groups and sulphates, or the adsorption of ions from
the surrounding solution to the surface of the cell (Kenndler &
Blaas, 2001). Thereby, changing the composition and pH of the
surrounding solution will affect the electrophoretic mobility of
microbial cells (Kłodzi�nska & Buszewski, 2009). Every microbial
species has own morphological and structural features, therefore
they move in the electric field with different migration rates, ac-
cording to cell nature (Moon, Lee, Kang,& Kim, 2003). On the basis
of different behaviour of microorganisms submitted to an electric
field, it is possible to identify and characterize several microbial
species. However it is important to bear in mind that many factors
can influence the electrophoretic profile of microorganisms. Mi-
crobes in their growth media can change with time depending on
the age of the microbial population. In addition, many microor-
ganisms can aggregate to form long chains or clusters, which can
alter the results. They can attach to other microbes and surfaces
such as the walls of capillaries. Moreover, there are few available
microbial standards for capillary electrophoresis, making identi-
fication difficult. Microbes can also secrete substances that result
in unwanted peaks or altered mobilities. Microbes are highly
sensitive to the environment that can determine cell lysis (Desai&
Armstrong, 2003). Sample preparation is critical for high-
efficiency microbial separations. The preparation and separation
of microbial cells must be done under mild, carefully controlled
conditions. Small changes in buffer concentration, pH, and envi-
ronmental conditions can contribute to irreproducible results
(Desai & Armstrong, 2003).

In this work, the electrophoretic behaviour of Saccharomyces
cerevisiae cells was studied. S. cerevisiae is the best model of
eukaryotic cell to test the capillary electrophoresis method in
consequence of small size of cells and composition of cell wall. The
yeast cell wall is a dynamic structure with different functions such
as stabilization of internal osmotic conditions, protection of cell
against physical stress, maintenance of cell shape, limitation of
permeability for macromolecules (Klis, Mol, Hellingwerf, & Brul,
2002). The cell wall of this yeast is composed by two layered
structure in closely contact. Mannoproteins, located in the outer-
most layer of yeast cell wall, determine the wall's porosity and
thereby regulate leakage of proteins from the periplasmic space
and entrance of macromolecules from the environment. In
S. cerevisiae, the glycan portion of mannoproteins is composed not
only of neutral oligosaccharides containing mannose and N-ace-
tylglucosamine, but also of acidic oligosaccharides containing
mannosylphosphate. Themannosylphosphate residues confer a net
negative charge on the cell wall. However, the composition and
architecture of yeast cell wall depend greatly on the environmental
conditions and the cell growth phase (Aguilar-Uscanga & François,
2003; Corbacho, Olivero, & Hern�andez, 2005; Klis, Boorsma, & De
Groot, 2006). The dynamic structure of cell surface might affect
the electrophoretic behaviour of yeasts under an applied electric
field, as the modification of the wall composition affects the net
charge of yeast cell.

In this study, the optimal conditions for efficiently separation
of living cells of S. cerevisiae strains by capillary zone electro-
phoresis (CZE) were investigated. CZE is the simplest CE method,
in which the separation mechanism of the analytes is based on
their difference in charge-to-size ratio. Under optimized condi-
tions, it was possible to observe the electrophoretic profile of
S. cerevisiae cells composed by two main peaks, one of which
could be related to yeast viable cells. The availability of a high-
efficiency method for detection of viable cells of S. cerevisiae,
frequently used as starter culture for food fermentations, repre-
sents an interesting tool for the microbiological control of
fermentative process.
2. Materials and methods

2.1. Yeast strains and growth media

The S. cerevisiae strains used were the following: Type 2, a
commercial strain, purchased from Sigma Aldrich as freeze-dried;
S288C, a widely used laboratory strain, and 4LB, a wild strain iso-
lated from spontaneously fermented grapes (Capece et al., 2011).
The yeasts were grown on YPD medium (1% (w/v) yeast extract; 2%
(w/v) peptone; 2% (w/v) glucose) and maintained at 4 �C onto YPD
agar medium.

2.2. Optimization of electrophoretic separation of S. cerevisiae

The CZE separations of microbial samples were performed with
a Beckman Coulter P/ACE MDQ capillary electrophoresis system
equipped with a diode array detector (DAD). An uncoated fused-
silica capillary (effective length ¼ 21 cm, inner
diameter ¼ 100 mm) was used for the electrophoretic separations.
Prior to sample injection, a pre-running washing procedure was
carried out by using sequentially the following solutions:
0.5 M H3PO4, 0.1 M KOH, deionized water and running buffer. Two
different running buffers were used for CZE separation, one con-
taining the polymer poly(ethylene oxide) (PEO; Mr ¼ 600 000) (BE
buffer), and the other without PEO (TMD buffer). Both the running
buffers were prepared starting from an aqueous stock buffer solu-
tion, containing 4.5 mM TRIZMA base, 4.5 mM boric acid and
0.1 mM EDTA, pH 8.4. TMD buffer was obtained diluting the stock
buffer solution in water (ratio 8:1, v/v). The BE running buffer was
obtained by adding the PEO solution with TMD buffer to a final
polymer concentration of 0.0125% (v/v). The PEO solution was
prepared dissolving 0.2 g of polymer in 40 mL of the diluted TMD
buffer and leaving the solution stirring overnight at room tem-
perature. The buffers and polymer solution were prepared fresh
daily. Mesityl oxide was used as electroosmotic flow (EOF) marker.
The yeast samples and the marker were injected in the capillary
applying a pressure of 0.5 psi for 8 s. The separationwas performed
at a constant voltage of 10 kV and at the temperature of 25 �C. The
samples were detected at 214 nm.

2.3. Preparation of samples for CZE analysis

The commercial yeast strain (Type 2) sample was prepared
suspending the yeast powder in the CE running buffer to a final
concentration of 1 mg/mL. The cells were centrifuged at
3400 rpm at 25 �C in order to eliminate impurities. The supernatant
was discarded and fresh CE running buffer was added to the pellet.
This washing step of the pellet was repeated twice. As regards the
living cells, a loopful of fresh S. cerevisiae cells were inoculated in
YPD medium and incubated for 48 h. At different sampling time (3,
7, 24 and 48 h), 4 mL of liquid culturewere centrifuged at 3400 rpm
for 15 min . The pellet was washed twice with 4 mL of CE running
buffer and dispersed in 4 mL of CE running buffer. Before the in-
jection in the capillary, the sample was shaken thoroughly.

2.4. Determination of cell number in the sample

Total cell number for each strainwas determined by measuring
the absorbance of the culture at 660 nm (O.D.660) at four incu-
bation times (3, 7, 24 and 48 h). At same incubation times, the
viable cell numbers were determined by the plate count method.
Cell viability was determined by serial dilution of samples in
sterile saline solution (0.85% sodium chloride, pH 7.2) and plating
onto YPD agar medium. After incubation at 25 �C for 48 h, the
plates were counted. All the experiments and determinations
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were repeated at least twice.

2.5. Thermal inactivation of yeast

The 4LB strainwas submitted to thermal inactivation. The strain,
grown in YPD medium for 24 h, was exposed to 100 �C for 20 min.
The pellet was recovered by centrifugation and used as sample for
the CZE analysis. After the treatment, the viable yeast count was
determined as above described.

2.6. Data analysis

The electropherograms were acquired and processed with the
software 32 Karat™ 5.0 (Beckman Coulter Inc., USA); this software
was used also for the peak analysis (i.e. peak area, migration time).
The plots for comparison of O.D.660 value and viability of yeast
strains with electrophoretic peak areas were elaborated with the
software SigmaPlot 11.0 (Systat Software Inc., USA). The correlation
index by Pearson coefficient between O.D.660 value and peak areas
were calculated by using the software SigmaPlot 11.0.

3. Results and discussion

3.1. Optimization of S. cerevisiae separation by CZE

Developing an efficient and effective strategy to separate intact
microorganisms is an attractive tool in food microbiology and
capillary electrophoresis might represent a powerful approach. In
order to optimize the technique and obtain the most reproducible
results, the choice of the right separation conditions is a crucial step
for the application of this technique in the rapid analysis of
S. cerevisiae. In order to set-up the optimal conditions for separation
of S. cerevisiae by CE, it was used a yeast commercial formulation
(Type 2 strain). The freeze-dried cells were dissolved directly in the
running buffer BE, without revitalization. Electropherogram ob-
tained by S. cerevisiae Type 2 is reported in Fig. 1. The electrophe-
rogram was almost complex, although it was referred to a single
microorganism; in fact, it showed a big peak, with a migration time
around 5 min, and a hairy baseline with bad resolved peaks. The
Fig. 1. Electropherogram of S. cerevisiae Type 2 freeze-dried in
major peak at about 5 minwas eluted 2 min after mesityl oxide, the
neutral reference used in this work, suggesting a negatively
charged analyte. Indeed, the isoelectric point value of S. cerevisiae is
comprised in the range from 5.2 to 6.4, depending on the growth
phase of the yeast culture (Shen et al., 2000), and it was expected
that all the cells had surface negative charge when suspended into
the running buffer with pH 8.4.

In order to characterize the major peak in the yeast electro-
pherogram, the spectrum of the highest electrophoretic peak, ob-
tained by the DAD of the instrument, was compared with the
typical UVevis spectrum of pure culture of S. cerevisiae and the
results confirmed the assumption that the peak relative to negative
particles represented yeast cells. The several unresolved peaks in
the yeast electropheroretic profile could be explained considering
the natural trend of microbial cells to self-aggregate and form
irregular clusters in aqueous solution. In fact, the microscopic
observation of Type 2 strain showed the co-presence of cellular
aggregates and single cells in the injected sample (data not shown).
As previously reported (Armstrong et al., 1999), the presence of cell
aggregates decreases the efficiency of the analyses and the reso-
lution of the electropherogram. In order to optimize the electro-
phoretic separation of S. cerevisiae, the PEO was eliminated from
the running buffer. Although many authors performed the CZE
separation of microbes in PEO electrolytes (Armstrong &
Schneiderheinze, 2000; Armstrong, Schneiderheinze, Kullman, &
He, 2001; Hoerr et al., 2004; Szumski, Kłodzi�nska, & Buszewski,
2005), in order to avoid cellular adsorption on capillary walls and
improve the separation efficiency, it was chosen to use a running
buffer without such a dynamic coating agent. The electrophero-
gram, obtained with the new buffer, showed a high well-defined
peak, with a small tail, and no noisy baseline (Fig. 2). Indeed, the
PEO system caused the random formation of spikes (Haugg, Kaiser,
Schmidtkunz, & Welsch, 2009), whereas its absence improved
significantly the reproducibility of the electrophoretic experiments.
The migration time of the yeast peak is considerably decreased
(1 min) and it was very close the EOF band, whereas the other
peaks, observed in the previous electropherograms (Fig. 1), were
completely disappeared. In addition, spikes before or after the
characteristic yeast peak, which are typical of a “memory effect” of
BE buffer containing 0.0125% PEO. AU ¼ Absorbance Units.



Fig. 2. Electropherogram of S. cerevisiae Type 2 freeze-dried in TMD buffer without PEO. AU ¼ Absorbance Units.
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the un-coated capillary, were absent. This might be related to the
effectiveness of pre-running washing, which avoids the microbial
adsorption on the inner walls of the capillary, after numerous
consecutive analyses.
3.2. CZE separation of living S. cerevisiae cells

The conditions assessed during the first step were applied for
the separation of living S. cerevisiae cells. For this purpose, three
S. cerevisiae strains were tested: the commercial strain Type 2, the
laboratory strain S288C and a wild strain (4LB). The three strains
were separated by capillary electrophoresis after 3, 7, 24 and 48 h of
incubation in YPD. For all the time samplings, the strains showed a
similar electropherogram, characterized by two peaks, one repre-
sents neutral molecules and one related to negative particles. In
Fig. 3(AeC) are reported the electropherograms of 24 h cultures.
The first peak, narrow and symmetrical, eluted together the EOF
reference, with a migration time of about 1 min, indicating the
presence of neutral particles in the sample. The second peak, more
broad that the first one, was characteristic of negatively charged
particles because it eluted after the EOF reference with a migration
time of about 1.4 min. Probably, this peak might correspond to the
tail in the electropherogram of no revitalized Type 2 strain (Fig. 2).
The spectrum analysis indicated that both the electrophoretic
peaks, found in the electropherograms of all analyzed strains, were
yeast cells. The self-aggregation of cells was excluded because
microscopic observations of yeast cells in injected sample revealed
the absence of cellular clusters (data not shown), which was typical
of sample prepared in the buffer with PEO. Furthermore, also the
presence of impurities in the injected sample, which might deter-
mine the existence of two peaks in the electropherogam, has to be
excluded as in this study pure yeast cultures were used and sur-
natant did not show any peaks due to medium impurities. There-
fore, the presence of more than one peak in the electrophoretic
profile of the living yeast cells could be related to the coexistence in
the same sample of cells in different growth phases with differ-
ences in the surface charge. In fact, it is well known that during the
microbial growth the cellular population changes in size as well as
in the composition of cell surface as a consequence of modifications
in the inner and external surface of microbial cells.
3.3. Relationship between yeast electrophoretic profile and cell
viability

Although the electropherograms of all the strains herewith
studied were composed by two peaks, some differences in their
relative peak heights among the profiles of the three strains were
found (Fig. 3). The relative heights, and consequently the peak
areas, were different in electropherograms of each analyzed strain,
suggesting a potential correlation between the electrophoretic
profile and yeast growth. The strain S288C showed the lowest
peaks (Fig. 3B). Different O.D.660 values after 48 h of incubation of
the three analyzed strains were found. In particular, 4LB showed
the highest O.D.660 value (9.35), while Type 2 and S288C have a
similar O.D.660 value (7.96 and 7.63, respectively). These results
suggest that the intensity (expressed as peak area) of electropho-
retic peaks might be related to the cell number present in the
injected sample.

In order to find a correspondence between area of peaks and cell
number, expressed as O.D.660 value, the O.D.660 value of each strain
was measured at different incubation times (3, 7 24, and 48 h). The
OD660 values were plotted against the sum of the area of both peaks
of CZE profile (Fig. 4). A strict correlation (Pearson coefficient
ranged from 0.96 to 0.99; P < 0.001) between the OD660 values and
CZE signal, expressed as peak area, was found for all the strains,
confirming that both the CZE peaks were representative of yeast
cells.

Another relevant difference in the electrophoretic profiles of the
analyzed strains was the area of peaks attributed to no-charged
cells (first peak) and negatively charged cells (second peak). In
fact, the area of the second peak, attributed to negatively charged
cells, for the Type 2 profile (Fig. 3A) was much lower than the
corresponding peaks detected in the electropherograms of the
S288C and 4LB strains (Fig. 3B and C, respectively); conversely, the
area of the first peak, attributed to no-charged cells, was higher for
Type 2 strain than the equivalent peaks in S288C and 4LB electro-
pherograms. The analysis of strain viability, calculated by viable
yeast count on YPD medium at different incubation times (3, 7, 24



Fig. 3. Electropherograms of three S. cerevisiae strains after 24 h of incubation in YPD medium: (A) Type 2; (B) S288C; (C) 4LB. AU ¼ Absorbance Units.
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and 48 h), revealed that the three strains were characterized by
different level of viability (Fig. 5AeC). The lowest level of viability
was exhibited by Type 2 strain, which was also the strain showing
the less intense electrophoretic second peak. As a consequence, we
supposed that the negative surface charged cells might be repre-
sentative of the viable cells in the sample. In order to confirm this
hypothesis, the area of the second peak was compared with the
strain viability, expressed as Colony-Forming Unit (CFU)/mL at
different incubation times, and it was showed in the plots in Fig. 5.
A regular relationship was found between the area of the second
peak and yeast strain viability. These results could indicate that the
viable cells in the sample are characterized by a significant negative
charged surface. On the contrary, the yeast cells characterized by
neutral surface charge could represent non-viable cells, which
could be represented by both ‘viable-but-nonculturable’ and death
cells.

In order to confirm the assignment of neutral peak of the elec-
trophoretic profile of S. cerevisiae to non-viable cells, the strain 4LB
was submitted to severe thermal treatment. The cells after thermal
treatment were used as sample for the CZE analysis, obtaining the
electropherogram reported in Fig. 6. Only one peak appears in the
electrophoretic profiles and it eluted with the EOF marker. The
thermal treatment produced the inactivation of yeast cells; in fact,
the number of viable yeast cells present in the sample was very low
(<10 CFU/mL). These results confirmed that the first peak, corre-
sponding to no-charged cells, represents non-viable cells, while the
tail in the electropherogram, which eluted after the neutral refer-
ence, could represent the very small number of surviving cells.
4. Discussion

Analytical techniques, in particular capillary electrophoresis,
have been used recently to address some of the problems associ-
ated with microbial detection and identification methods. CE is an
attractive technique because of its fast analysis times and very
small sample requirements. However, a majority of the work with
microorganisms and CE has focused on bacteria (Chichester, Silcott,
& Colyer, 2008; Dai, Chen, Qi, & Yu, 2003; Dziubakiewicz &
Buszewski, 2014; Kłodzi�nska et al., 2009), whereas the aim of this
work was the use of CE technique for the analysis of the most
relevant yeast species, S. cerevisiae. The optimal conditions for yeast
detection were pointed out on freeze-dried cells of S. cerevisiae,
without revitalization, in order to work on yeast cells which are in
the same physiological state. In agreement with previous studies
(Haugg et al., 2009; Petr & Maier, 2012; Zheng & Yeung, 2003), the
elimination of PEO from running buffer improved the quality and
reproducibility of peaks obtained by CE. In fact, poor reproducibility
of CE electropherograms was observed by PEO addition in the



Fig. 4. Correlation plots between O.D.660 values and sum of electrophoretic peak areas after 3, 7, 24 and 48 h of incubation in YPD medium of three yeast strains: (A) Type 2; (B)
S288C; (C) 4LB. mAU ¼ 10�3 Absorbance Units. P < 0.001.

F. Crispo et al. / LWT - Food Science and Technology 68 (2016) 506e513 511
running buffer which was ascribed to the presence of microbial
aggregates with different charge-to-size ratio in the sample, as a
consequence of the PEO-assisted aggregation tendency of mi-
crobes. In addition, the instability of PEO solutions (Layec & Layec-
Raphalen, 1983) affects the running buffer stability, producing
changes of the electrophoretic mobility of single cells and aggre-
gates (Hoerr et al., 2004). Finally, the presence of PEO into the
running buffer could be problematic in the identification of
different species of bacteria in a mixture. Studying the migration
behaviour of Bacillus subtilis and Micrococcus luteus in the same
sample, Haugg et al. (2009) demonstrated that the electrophoretic
peaks were not composed by only one, singular microbial species,
but by cells formed multi-colony clusters in solution. The applica-
tion of optimized CZE technique on viable cells of different yeast
strains produced electropherograms different from those obtained
by applying this technique directly on freeze-dried cells. This is the
first study reporting that the electrophoretic profile of S. cerevisiae
is characterised by two main peaks. In previous studies (Armstrong
et al., 2002), the electropherogram of single microbial species was
composed by only one peak. Otherwise, the optimized conditions,
set in this study, yielded an electrophoretic profile composed by
two peaks for all the S. cerevisiae strains, which might be correlated
to the presence of two different populations in the yeast culture.
One peak is specific of no-charged cells, whereas the other, char-
acteristic of negatively charged cells, was correlated with viable
cells present in the samples. It is well known that S. cerevisiae ex-
hibits negatively charged surfaces due to the presence of phosphate
groups in the outer cell wall mannoprotein layers (Amory, Rouxhet,
& Dufour, 1988; Caridi, 2006; Mestdagh, Rouxhet, & Dufour, 1990),
which have been reported to be linearly related to cell surface zeta
potential. The study of surface properties and cell wall chemical
composition of S. cerevisiae lees during sparklingwine ageing (Vichi
et al., 2010) revealed a decrease of negatively charged surface cells
during ageing. The progressive decrease in the amount of man-
noprotein in cell surface and the consequent reduction in the
phosphate groups seems to produce the increase of zeta potential
to positive values. As a consequence of ageing, yeast cells undergo
constant modifications in terms of physiology, morphology and
gene expression. The cell wall composition of microorganisms
changes during various stages of growth. It was reported that the
cell surface charge became slightly less negative as cultures aged,
confirming that there are significant differences in yeast surface
charge due to culture age. Analysis of the flocculation characteris-
tics of brewing yeasts (Powell, Quain, & Smart, 2003) revealed that
yeast cell ageing affects flocculation potential and cell surface hy-
drophobicity, which increase in conjunction with cell age. On the
other side, a decrease in the cell surface charge was suggested as a
factor promoting flocculation by decreasing the electrostatic
repulsion between cells. These observations confirm that aged cells
contained less negative charge than viable cells.

Furthermore, the measurement of the dielectric properties of
microbial cell suspensions, based on the ability of biological cells to
accumulate charges when exposed to an electrical field, revealed
that the dead cell have a perforated membrane and accordingly
cannot be polarized (Tibayrenc, Preziosi-Belloy, & Ghommidh,
2011). These findings confirm our results which showed that the



Fig. 5. Plot of viability (black triangle), expressed as CFU/mL, and negative peak area (white diamond) of three yeast strains: (A) Type 2; (B) S288C; (C) 4LB. mAU ¼ 10�3 Absorbance
Units.
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first peak, corresponding to no-charged cells, as observed in the
electropherograms of all S. cerevisiae strains here analyzed, was
ascribed to non-viable cells.

Another interesting findings of this workwere the differences in
the resolution of the two peaks, the first of which is more resolved
than the second one. This can be explained by considering that the
Fig. 6. Electropherogram of 4LB strain after heat treatm
CE separation is based on the charge/size ratio of the particles. The
first peak is well defined in each strain because the population of
non-viable cells is homogeneous in size. On the contrary, the viable
cell population is more heterogeneous because some budding cells
are present in the sample and this heterogeneity might be
responsible for the broadening of the second peak in the
ent at 100 �C for 20 min. AU ¼ Absorbance Units.
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electropherogram.
The CZE technique has demonstrated very practical uses for

yeast separations. This study showed that the elimination of PEO
from running buffer increases the efficiency of CE separation for
yeast.

Furthermore, this technique can be very useful to distinguish
viable and non-viable yeast cells, revealing a promising tool in food
microbiology. Conventional methods for evaluation of microbial
viability are based on plate count techniques, that are very time
consuming and quite expensive. On the other side, CZE allows to
detect directly the yeasts present in the sample, without pre-
liminary treatment of sample. Furthermore, another benefit of this
technique is that only small volumes of sample are needed for the
analysis and actually the miniaturized, highthroughput analysis of
microbes may soon become commonplace. As a consequence, CZE
could be proposed as fast and simple technique for the estimation
of the dimension of viable yeast population. By considering that
S. cerevisiae is widely used as starter culture for the production of
fermented foods and beverages, the availability of this high-
efficiency method for detection of presence of viable yeast cells in
the product represents an interesting tool for the microbiological
control of food fermentations.
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a b s t r a c t

The biochemical reactions occurring inside cocoa beans during fermentation are mostly due to pene-
tration of lactic and acetic acids issued from microbial activities. In the present study, fresh, ripe cocoa
beans were subjected to three fermentation-like incubation schemes: incubation for 2 days at pH 4 in a
solution of acetic acid, lactic acid, or both, followed by a 3-days incubation at pH 5 in acetic acid solution.
After each treatment applied, the fermentation index was above 1 and a cut test revealed a brown color,
characteristic of well-fermented beans. As shown by RP-HPLC-ESI(�)-MS/MS analysis, the main flavan-3-
ols found in German Cocoa (Amelonado group) and ICS 40 (Trinitario group) ranked as follows:
epicatechin > C1 > B2 > catechin > B5 > dehydrodiepicatechin A. In both natural fermentations and
fermentation-like incubations, these compounds showed a sharp decrease, this effect being strongest
when acetic acid was present from the start. Lactic acid exhibited a somewhat polyphenol-protective
effect. Two procyanidins with a molecular weight of 576, undetected before fermentation, were evi-
denced here for the first time in both incubated and naturally fermented cocoa beans.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cocoa beans, the main rawmaterial in chocolate manufacturing,
are derived from the pods of cocoa trees (Theobroma cacao L.)
(Ardhana & Fleet, 2003; Thompson, Miller, & Lopez, 2001). The
world demand for cocoa increases yearly by about 4.4%, with
greatest interest in high-quality fermented beans (ICCO., 2014).
Fermentation releases flavor precursors for Maillard reactions
occurring during roasting and conching. It also degrades poly-
phenols (inhibitors of Strecker aldehyde and pyrazine synthesis),
thus removing some astringency (Puziah, Jinap, Sharifah, & Asbi,
1998; Camu et al., 2007). Unfermented beans are known to
contain very high levels of flavan-3-ols, mainly (�)-epicatechin and
its derived oligomers, accounting for up to 18% of the dry weight
(Wollgast & Anklam, 2000), together with flavan-4-ones (nar-
ingenin), flavonols (quercetin), flavones (apigenin, luteolin),
n).
benzoic acids (gallic/syringic/protocatechic/vanillic acids), cin-
namic acids and derivatives (caffeic/ferulic/p-coumaric/phloretic
acids, clovamide, dideoxyclovamide), and stilbens (resveratrol and
trans-piceid) (Counet, Callemien, & Collin, 2006; Jerkovic et al.,
2010). Except for the Criollo group, unfermented cocoa beans also
exhibit a purple/brown color conferred by anthocyanins (mainly
cyanidin-3-a-L-arabinoside and cyanidin-3-b-D-galactoside). Bean
color changes through fermentation, as a consequence of aglycone
release. This enzymatic degradation is widely used to assess
fermentation efficiency (fermentation index defined as the
460 nme530 nm absorbance ratio), along with the cut test (visual
observation of longitudinally cut beans) (Afoakwa, Kongor,
Takrama, & Budu, 2013).

The residual phenolic content of roasted cocoa beans depends
on both cocoa variety and post-harvest processes (i.e.: fermenta-
tion, drying, and roasting) (Afoakwa et al., 2013; Camu et al., 2007).
Fermentation inwood boxes or under banana leaves can be divided
into two stages. The first is external fermentation, which takes
place directly after bean removal from the pods, thanks to mucilage
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Table 1
Fermentation-like incubations: experimental design.

Treatments Days of incubation

Day 1 Day 2 Day 3 Day 4 Day 5

30 �C 40 �C 45 �C 50 �C 50 �C

I Acetic acid Acetic acid
100 mmol/L; pH 4 200 mmol/L; pH 5

II Lactic acid þ Acetic
acid

Acetic acid

100 mmol/
L þ 100 mmol/L;
pH 4

200 mmol/L; pH 5

III Lactic acid Acetic acid
100 mmol/L; pH 4 200 mmol/L; pH 5
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sugars. A succession of yeasts, lactic bacteria (LAB), and acetic
bacteria (AAB) results in lactic and acetic acid formation, along with
pulp depectinization and liquefaction. During alcoholic fermenta-
tion, the pH, initially below 4 because of the presence of citric acid
in the mucilage, slowly increases along with the temperature, thus
creating ideal growth conditions for LAB and AAB. Through LAB
activity, glucose is consumed for lactic acid biosynthesis, while the
temperature slowly increases to 35e40 �C (Jespersen, Nielsen,
Honholtand, & Jakobsen, 2005). The disappearance of mucilage
allows aeration and hence AAB growth, with conversion of ethanol
to acetic acid. This exothermic reaction increases the temperature
to 50 �C, and the pH stabilizes around 5e5.5 (Afoakwa et al., 2013;
Camu et al., 2007). After this external fermentation, lactic and acetic
acids migrate into the cotyledons and lower the pH from 6.4 to 4.5,
causing bean death, disintegration of cell compartments, and
degradation of storage proteins and sucrose by seed-derived en-
zymes (Afoakwa et al., 2013; Thompson et al., 2001).

Lactic and acetic acids are essential to the production of high-
quality cocoa beans. Most studies have focused on the microbial
dynamics of yeasts, LAB, and AAB in spontaneous cocoa fermen-
tations (Nielsen et al., 2007; Schwan & Wheals, 2004). Recent data
show that some heterofermentative species can also simulta-
neously produce lactic and acetic acids after ethanolic fermentation
(Lefeber, Janssens, Camu, & De Vuyst, 2010; Ouattara, Ouattara,
Goualie, Kouam�e, & Niamk�e, 2014). To date, little is known about
the respective actions of lactic and acetic acid inside the beans and
about any synergy between them. As natural cocoa fermentations
remain hard to control, lab-scale fermentations, known as
fermentation-like incubations, have been optimized by some au-
thors (Kadow, Niemenak, Rohn, & Lieberei, 2015; Rohsius, 2007).

The aim of the present work was to use fermentation-like in-
cubations (three different acid treatments) to assess the impact of
the successive or simultaneous presence of lactic and acetic acids
around the seeds on flavan-3-ol levels in cocoa beans, compared to
natural fermentation. Monomers, dimers, and trimers of flavan-3-
ols were quantitated by RP-HPLC-ESI(�)-MS/MS.

2. Materials and methods

2.1. Chemicals

Acetic acid (99%) was supplied by Fluka (Switzerland). Aceto-
nitrile (99.99%), diethyl ether (99.9%), ethanol (97%), ethyl acetate
(97%), acetone (97%) and methanol (99.9%) were supplied by VWR
(Leuven, Belgium). Formic acid (99%) was obtained from Acros
Organic (Geel, Belgium). Lactic acid (98%), (�)-epicatechin (98%),
and (þ)-catechin (98%) were supplied by SigmaeAldrich (Bornem,
Belgium). (�)-Epicatechin-4b-8-(�)-epicatechin (B2, 90%) and
kaempferol (>90%) were obtained from Extrasynthese (Genay,
France). (�)-Epicatechin-4b-8-(�)-epicatechin-4b-8-(�)-epi-
catechin (C1, 99%) and (�)-epicatechin-4b-8, 2-O-7-(�)-epi-
catechin (A2, 99%) were supplied by PhytoLab GmbH & Co. KG
(Vestenbergsgreuth, Germany). Aqueous solutions were made with
Milli-Q water (resistance¼ 18.2 mU) (Millipore, Bedford, MA, USA).

2.2. Cocoa fruits

German Cocoa pods (the name refers to old Amelonado clones
introduced in Cameroon by Germans at the beginning of the
twentieth century) were obtained from an old plantation near
Ngoumou (Cameroon). ICS 40 pods (Trinitario group) came from
the SODECAO cocoa station in Nkoemvone (Cameroon). Both cul-
tivars are recognized in the country for their high productivity.
Damaged pods were discarded and fermentation-like incubations
were applied directly after harvest.
2.3. Fermentation-like incubations and natural fermentations

As depicted in Table 1, three different treatments were applied
to both cocoa clones, according to Rohsius (2007) and Kadow et al.
(2015), with slight modifications. Each treatment was applied four
times and the resulting dried beans were mixed together.

For each fermentation-like incubation, one cocoa pod was
washed twice for 15 min in sodium hypochlorite solution (3 ml/l)
and then rinsed three times in distilled water. After natural drying
under a laminar flow hood, the pod was sprayed with ethanol,
flamed, and opened. Twenty-five beans were put into a sterilized
glass bottle containing 150 ml incubation medium (100 mmol/L
acetic acid,100mmol/L lactic acid, or both acids at 100mmol/L each
e adjusted to pH 4 with 1mmol/L NaOH; Table 1). After two days of
incubation, the beans were transferred under the hood to a second
sterilized glass bottle containing the same volume of 200 mmol/L
acetic acid pH 5 and incubated for three more days. The tempera-
ture was controlled throughout the experiments by incubating the
bottles in a 30e50 �C water bath (Table 1). After incubation, all the
cocoa beans were sun-dried between 8 a.m. and 5 p.m. for 7 days
with stirring every three hours (final water content: 6.9%). The
dried beans were stored in black plastic bags at room temperature
(25e28 �C) until analysis.

Natural fermentations were conducted at the plantation for five
days. About 50 kg cocoa beans of each clone were fermented
separately in wooden boxes covered with banana leaves. The beans
were stirred manually, morning and evening, every two days. Sun-
drying was done as described above.

2.4. Fermentation index

The fermentation index (FI), defined as the ratio of the absor-
bance measured at 460 nm (yellow oxidized polyphenols) to that
measured at 530 nm (anthocyanins), was determined in duplicate,
according to Misnawi, Jinap, Jamilah, and Nazamid (2003). Five
hundred milligrams of ground cocoa beans were mixed in 50 ml
methanol/hydrochloric acid (97:3 v/v) and then stored at 8 ± 2 �C
for 18 h and filtered through Whatman n�4 (England). The filtrate
was completed to 50ml withmethanol/hydrochloric acid (97:3 v/v)
before absorbance determinations (Shimadzu UV-240, Japan).

2.5. Cut test

This test was carried out according to Shamsuddin and Dimmick
(1986), with slight modifications. Ten dried cocoa beans from each
incubation scheme or fermentation were cut lengthwise into two
roughly equal parts. Each half was visually examined in full daylight
and photographed. Fig. 1 shows the color observed in each sample
for the majority of beans.



Fig. 1. Cocoa bean color and fermentation index (FI) after different fermentation-like incubations or natural fermentation. FI values with the same letter are not significantly
different according to Tukey's multiple range test at a ¼ 0.05 (n ¼ 2).
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2.6. Extraction of flavan-3-ols from cocoa beans

Flavan-3-ols were extracted in duplicate according to De Taeye,
Kankolongo, Jerkovic, and Collin (2014). Cocoa beans (7 g) were
ground and defatted with diethyl ether (3 � 50 mL) at room tem-
perature under gentle stirring. After centrifugation, the samples
were vacuum dried. Defatted samples spiked with 500 mL kaemp-
ferol at 10 000 mg/L in methanol (used as internal standard;
714 mg/kg as calculated for raw beans) were extracted with
3 � 50 mL acetone-water-acetic acid (70:28:2, v/v/v), concentrated
by rotary evaporation, flushed with nitrogen, and stored at e 80 �C
prior to freeze-drying for three days. Afterwards, the extracts were
dissolved in methanol to reach 10 mg/ml.
2.7. RP-HPLC-DAD-ESI(�)-MS/MS quantitation of flavan-3-ols

Quantitations were performed on a C18 Prevail column
(150 � 2.1 mm, 2.7 mm) (Grace, Deerfield, IL, USA) using a linear
gradient from A (water containing 1% acetonitrile and 2% formic
acid) to B (acetonitrile containing 2% formic acid). Gradient elution
was as follows: from 97% A to 91% in 5 min, from 91% to 85% in
25 min, from 85% to 64% in 35 min, from 64% to 10% in 10 min, and
isocratic for 20 min at a flow rate of 200 mL/min. Five microliters of
sample were injected in duplicate onto the column kept at 20 �C. A
Spectra System equipped with a P4000 quaternary pump and an
AS3000 auto sampler was used. The systemwas controlled with the
Xcalibur software version 1.2 (ThermoFisher Scientific, Austin, TX,
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USA). Flavan-3-ols were monitored from 200 to 800 nm with a
UV6000LP diode array detector. Mass spectra were acquired with
an LCQ ion trap mass spectrometer equipped with an ESI source
(ThermoFisher). Collision-induced dissociation spectra were
recorded at 30, 35, and 40% collision energy for singly charged
[M�H]�1 ions of monomers (m/z 289), dimers (m/z 577 and 575),
and trimers (m/z 865), respectively. The ESI inlet conditions were as
follows: source voltage, 4.9 kV; capillary voltage, �4 V; capillary
temperature, 200 �C; sheath gas, 39 psi. For ESI(�)-MS/MS quan-
titation in cocoa beans, kaempferol was used as internal standard
(IST), and recovery factor ¼ 1 relative to the IST was applied for all
compounds. Flavan-3-ol monomers were quantitated with the
calibration curve of (�)-epicatechin (0, 10, 25, 50, 100 mg/L,
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Fig. 2. RP-HPLC-ESI(�)-MS/MS chromatograms obtained from unfermented cocoa beans (a)
numbered as in Table 2.
R2 ¼ 0.99648), procyanidins B2 and B5 with that of B2 (0, 10, 25, 50,
100 mg/L, R2 ¼ 0.99831), m/z ¼ 575 compounds with that of A2 (0,
10, 25, 50, 100 mg/L, R2 ¼ 0.99756), and C1 with its own calibration
curve (0, 10, 25, 50, 100 mg/L, R2 ¼ 0.99873).
2.8. Statistical analysis

All data were analyzed with the SPSS software, version 17.0
(SPSS Inc., Chicago, USA). Statistical significance was assessed by
variance analysis (ANOVA). The least significant difference (LSD)
according to Tukey's test was used to compare and separate the
means, and significance was accepted at the 5% level (a ¼ 0.05).
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Table 2
Flavan-3-ols detected in German Cocoa and ICS 40 beans. Retention times and peaks
refer to the unfermented German Cocoa shown in Fig. 2a.

Peak Name [M�H]�1 Retention time (min)

1 Catechin 289 18.76
2 Procyanidin B2 577 23.95
3 Procyanidin C1 epimer 1 865 23.97
4 Epicatechin 289 26.22
5 Procyanidin C1 865 32.75
6 Procyanidin B5 577 43.31
7 Procyanidin C1 epimer 2 865 44.83
8 Dehydrodiepicatechin A 575 56.94
F1 A2 isomer 1a 575 25.52
F2 A2 isomer 2a 575 45.95

a Detected exclusively in fermented or incubated cocoa beans; retention times
obtained from German Cocoa, Treatment I, day 5 in Fig. 5a.
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3. Results and discussion

3.1. Cut test and fermentation index

As observed in natural fermentations, bean color was found to
evolve in all of our fermentation-like incubations (Fig. 1), from slaty
in unfermented beans to purple on day 2 and brown on day 5 (well-
fermented cocoa beans). It can thus be assumed that in our
fermentation-like incubations, diffusion of both acids mimicked
well the entrance of metabolites usually issued from microbial
activities (Schwan & Wheals, 2004). Chemically, disappearance of
the purple color can be explained by anthocyanin hydrolysis (
Afoakwa, Quao, Budu, Takrama, & Saalia, 2012; Misnawi et al.,
2003), while the brown color results from the oxidation of cyani-
dins, other free phenols, and protein-phenolic complexes (Kongor,
Takrama, Budu, Mensah-Brown, & Afoakwa, 2013; Misnawi, 2008;
Fig. 3. Catechin and epicatechin contents (mg/kg) of German Cocoa and ICS 40 beans afte
content, ¼ Treatment I, ¼ Treatment II, ¼ Treatment III and ¼ Natural fermentation
multiple range test at a ¼ 0.05 (n ¼ 2).
Nazaruddin, Seng, Hassan, & Said, 2006).
Prior to incubation (unfermented beans), the fermentation in-

dex (FI) of all samples was below 1. Values above 1 (indicative of
fully fermented beans - Gourieva & Tserrevitinov, 1979) were
reached after 5 days in all cases, but the time course of the color
change and the final index reached depended on the treatment.
Over the first two days, the presence of acetic acid alone (treatment
I) or lactic acid alone (treatment III) led to a quicker FI increase than
the simultaneous presence of both (treatment II; twice as many
acidic molecules at the beginning). The index recorded in this last
case was close to that observed after two days of natural fermen-
tation. After 5 days, a lower FI was observed after treatment I (1.02
and 1.16 for German Cocoa and ICS 40, respectively) than after
treatment II or III (final FI values above 1.22), suggesting partial
inhibition of the beta-glucosidase activity after day 2. In treatment
III, lactic acid, which first migrated into the cotyledons and allowed
efficient enzymatic release of colorless aglycone from anthocyanins
over the first two days (FI ¼ 0.94e0.97), has further promoted an FI
increase to 1.22e1.41 by day 5. We suspect that other chemical
transformations of anthocyanins, in addition to that catalyzed by
beta-glucosidase, occur inside the beans at low pH (e.g.: opening of
the heterocycle, which also leads to loss of the red color). In the case
of treatment II (same external pH but more acidic molecules able to
migrate), the activity of beta-glucosidase was limited during the
two first days (FI ¼ 0.67e0.76 versus 0.91e0.99) but higher
chemical degradations probably occurred between days 3 and 5 (FI
up to 1.38).
3.2. Identification and quantitation of the main flavan-3-ols

Flavan-3-ols (monomers to trimers) from unfermented, incu-
bated, and fermented beans were extracted and analyzed by RP-
r 0, 2 and 5 days of fermentation-like incubation or natural fermentation. ¼ initial
. Different letters in the same graph indicate significant differences according to Tukey's
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HPLC-ESI(�)-MS/MS for identification and quantitation.
The chromatograms obtained from unfermented cocoa beans

were similar for the two clones (Fig. 2). Eight compounds were
found: monomers (catechin and epicatechin) at m/z ¼ 289, dimers
(B2 and B5) at m/z ¼ 577, trimers (C1 and two suspected epimers)
at m/z ¼ 865, and dehydrodiepicatechin A at m/z ¼ 575 (retention
time ¼ 55.9 min) (Table 2). Monomers, dimers, and C1 were
assigned on the basis of retention times and mass spectra, by
comparison with purified commercial standards. The latter,
commercially unavailable, was identified by comparison with
Guyot, Vercauteren&, and Cheynier (1996) and to De Taeye et al.
(2014). To our best knowledge, dehydrodiepicatechin A has never
German Cocoa
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Fig. 4. Procyanidin B2, B5 and C1 contents (mg/kg) of German Cocoa and ICS 40 beans aft
content, ¼ Treatment I, ¼ Treatment II, ¼ Treatment III and ¼ Natural fermentation.
multiple range test at a ¼ 0.05 (n ¼ 2).
been reported in unfermented cocoa beans. Usually issued from the
chemical addition of two epicatechins after oxidation, it is often
found as two epimers (the second onewith terminal epicatechin/

catechin; retention time ¼ 53.6 min). Only the unepimerized form
was here detected. According to their concentrations, the flavan-3-
ols were ranked as follows: epicatechin > C1 > B2 > catechin >
B5 > dehydrodiepicatechin A.

As depicted in Figs. 3 and 4, all the fermentation-like in-
cubations were found to cause strong degradation of monomers
(81e95% after 5 days), dimers (76e88% after 5 days), and trimers
(80% after 5 days). In both cocoa clones, monomers were more
affected than oligomers. In most cases, the levels decreased
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throughout the treatment, although loss was greatest over the first
two days (up to 81% for epicatechin in German Cocoa after 2 days,
treatment I). Degradation was often stronger for German Cocoa
than for ICS 40, perhaps because the former is characterized by
Fig. 5. a) RP-HPLC-ESI(�)-MS/MS chromatograms (m/z ¼ 575) of German Cocoa and ICS 40 c
the compounds identified at m/z ¼ 575 compared with A2.
smaller beans, more easily attacked by acids (e.g.: approximate
weight: 1.35 g versus 1.83 g for ICS 40; size: 2.2 � 1.2 cm versus
2.6 � 1.4 cm for ICS 40). Furthermore, flavan-3-ol degradation was
strongly influenced by the incubation medium. It was particularly
ocoa beans after 5 days of natural fermentation or treatment I and III. b) Mass spectra of



Table 3
F1, F2 and dehydrodiepicatechin A (8) contents (mg/kg A2 equivalents) of German Cocoa and ICS 40 beans after 0, 2 and 5 days of fermentation-like incubation or natural
fermentation. Different letters on the same line indicate significant differences according to Tukey's multiple range test at a ¼ 0.05 (n ¼ 2). n. d. means not detected.

Flavan-3-ols Unfermented Treatment I Treatment II Treatment III Natural fermentation

0 2 5 2 5 2 5 2 5

German Cocoa F1 n. d. n. d. 62.39 ± 1.86a n. d. 62.75 ± 1.14a n. d. 86.89 ± 5.79a n. d. 100.01 ± 16.98b
F2 n. d. n. d. 77.75 ± 0.27b n. d. 34.89 ± 7.40a n. d. 44.55 ± 4.59a n. d. 49.94 ± 10.91a
8 24.10 ± 2.37a 84.48 ± 3.97b 47.98 ± 3.61a 123.75 ± 16.75c 71.93 ± 4.04b 62.70 ± 6.40b 75.58 ± 17.68b 53.30 ± 6.52 ab 111.4 ± 12.98bc

ICS 40 F1 n. d. 45.44 ± 3.34b 48.34 ± 1.24b 31.62 ± 4.80a 29.12 ± 0.71a n. d. 55.37 ± 2.56c n. d. n. d.
F2 n. d. n. d. 32.18 ± 4.42a n. d. 52.53 ± 8.57b n. d. 22.83 ± 4.83a n. d. 32.65 ± 1.36a
8 47.00 ± 17.60a 91.18 ± 12.37b 32.27 ± 0.97a 80.68 ± 8.23b 50.04 ± 1.87a 49.39 ± 3.77a 57.35 ± 3.43a 45.79 ± 2.93a 105.99 ± 14.32b
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pronounced, especially for monomers, when the beans were
incubated in acetic acid alone. On the other hand, there appeared
no significant difference for monomers between treatments II and
III after 2 days of incubation. This suggests that in treatment II (both
acids present), the presence of lactic acid was able to inhibit the
deleterious effect of acetic acid on (þ)-catechin and (�)-epi-
catechin. In the case of the bigger, Trinitario beans, the greater ef-
fect of treatment I on monomers (Fig. 3) as compared to treatments
II and III, was still measurable after 5 days.

The residual flavan-3-ol levels observed at the end of natural
fermentations proved very similar to those observed after treat-
ments II and III (20 and 45% residual catechin, 34 and 17% residual
epicatechin, 45 and 30% residual B2, 58 and 61% residual B5, and 22
and 20% residual C1 for naturally fermented German Cocoa and ICS
40, respectively).

3.3. Investigation of two new dimers issued from fermentation

A very interesting result was the detection of two new com-
pounds, named F1 and F2, in both incubated and naturally fer-
mented beans. The respective retention times of these compounds,
detected at m/z ¼ 575 in the negative MSmode, were 25.5 min and
45.9 min. These compounds have never been described before,
although also present in naturally fermented beans (Fig. 5a). As
depicted in Fig. 5b, their ESI(�)-MS/MS spectra were very different
from that of dehydrodiepicathechin A (m/z of the main MS/MS
fragment: 544 for F1 and 530 for F2), although the three com-
pounds share the same m/z. All three are isomers of A2, but only
dehydrodiepicathechin A exhibited some fragments identical to A2
fragments (e.g.: 449).

For German Cocoa, as regards F1 and F2 production (60e100
and 30e50 mg/kg A2 equivalents of F1 and F2; Table 3), treatments
II and III again emerged as the most similar to natural fermentation.
As F1 remained undetected in ICS 40 beans after natural fermen-
tation, we suspect that fermentation was in this case a bit less
efficient.

In conclusion, cocoa incubation in lactic and/or acetic acid so-
lutions revealed to well mimic natural fermentation, as judged
from fermentation indexes, cut tests or flavan-3-ol quantifications.
Yet, lactic acid exhibited a somewhat polyphenol-protective effect.
Two new compounds named F1 and F2 were detected in both
natural and incubated beans, in addition to the well identified
dehydrodiepicatechin A. Further research is now needed to identify
F1 and F2 and to assess how they could be used by chocolate
makers as indicators of cocoa mass quality.

Acknowledgments

Victor Jos Eyamo was the recipient of fellowships from the In-
ternational Union of Biochemistry and Molecular Biology (IUBMB)
and the Agence Universitaire de la Francophonie (Coll�ege doctoral
“Biotechnologies v�eg�etales et agroalimentaire”).
References

Afoakwa, E. O., Kongor, J. E., Takrama, J., & Budu, A. S. (2013). Changes in nib
acidification and biochemical composition during fermentation of pulp pre-
conditioned cocoa (Theobroma cacao) beans. International Food Research Jour-
nal, 20(4), 1843e1853.

Afoakwa, E. O., Quao, J., Budu, A. S., Takrama, J., & Saalia, F. K. (2012). Influence of
pulp-preconditioning and fermentation on fermentative quality and appear-
ance of Ghanaian cocoa (Theobroma cacao) beans. International Food Research
Journal, 19(1), 127e133.

Ardhana, M. M., & Fleet, G. H. (2003). The microbial ecology of cocoa bean fer-
mentations. Indonesia International Journal of Food Microbiology, 86, 87e99.

Camu, N., De Winter, T., Verbrugghe, K., Cleenwerck, I., Vandamme, P., Takrama, J. S.,
et al. (2007). Dynamics and biodiversity of populations of lactic acid bacteria
and acetic acid bacteria involved in spontaneous heap fermentation of cocoa
beans in Ghana. Journal of Science and Food Agriculture, 88, 2288e2297.

Counet, C., Callemien, D., & Collin, S. (2006). Chocolate and cocoa: new sources of
trans resveratrol and trans-piceid. Food Chemistry, 98, 649e657.

De Taeye, C., Kankolongo, C. M.-L., Jerkovic, V., & Collin, S. (2014). Degradation of
(�)-epicatechin and procyanidin B2 in aqueous and lipidic model systems. First
evidence of “chemical” flavan-3-ol oligomers in processed cocoa. Journal of
Agricultural and Food Chemistry, 62, 9002e9016.

Gourieva, K. B., & Tserrevitinov, O. B.. (1979). Methods of evaluating the degree of
fermentation of cocoa beans. USSR Patent No. 64654.

Guyot, S., Vercauteren, J., & Cheynier, V. (1996). Structural determination of col-
ourless and yellow dimers resulting from (þ)-catechin coupling catalysed by
grape polyphenoloxidase. Phytochemistry, 42, 1279e1288.

ICCO. (2014). Quarterly bulletin of cocoa statistics, 41(1).
Jerkovic, V., Br€ohan, M., Monnart, E., Nguyen, F., Nizet, S., & Collin, S. (2010). Stil-

benic profile of cocoa liquors from different origins determined by RP-HPLC-
APCI(þ)-MS/MS. Detection of a new resveratrol hexoside. Journal of Agricul-
tural and Food Chemistry, 58, 7067e7074.

Jespersen, L., Nielsen, D. S., Hønholt, S., & Jakobsen, M. (2005). Occurrences and
diversity of yeasts involved in fermentation of West African cocoa beans. Yeast
Research, 5, 441e453.

Kadow, D., Niemenak, N., Rohn, S., & Lieberei, R. (2015). Fermentation-like incu-
bation of cocoa seeds-reconstruction and guidance of the fermentation process.
Food Science and Technology, 62, 357e361.

Kongor, E. J., Takrama, J. F., Budu, A. S., Mensah-Brown, H., & Afoakwa, O. E. (2013).
Effects of fermentation and drying on the fermentation index and cut test of
pulp-preconditioned Ghanian cocoa (Theobroma cacao) beans. Journal of Food
Engineering, 3, 625e634.

Lefeber, T., Janssens, M., Camu, N., & De Vuyst, L. (2010). Kinetic analysis of strains of
lactic acid bacteria and acetic acid bacteria in cocoa pulp simulation media to
compose a starter culture for cocoa bean fermentation. Applied and Environ-
mental Microbiology, 76, 7708e7716.

Misnawi, S. (2008). Physico-chemical changes during cocoa fermentation and key
enzymes involved. Review Penelitian Kopi dan kakao, 24(1), 54e71.

Misnawi, S., Jinap, B., Jamilah, N., & Nazamid, S. (2003). Effects of incubation and
polyphenol oxidase enrichment on color, fermentation index, procyanidins and
astringency of unfermented and partly fermented cocoa beans. International
Journal of Food Science and Technology, 38, 285e295.

Nazaruddin, R., Seng, L., Hassan, O., & Said, M. (2006). Effect of pulp preconditioning
on the content of polyphenols in cocoa beans (Theobroma cacao) during
fermentation. Industrial Crops and Products, 24, 87e94.

Nielsen, D. S., Teniola, O. D., Ban-Koffi, L., Owusu, M., Andersson, T. S., &
Holzapfel, W. H. (2007). The microbiology of Ghanaian cocoa fermentations
analyzed using culture-dependent and culture-independent methods. Interna-
tional Journal of Food Microbiology, 114, 168e186.

Ouattara, D. H., Ouattara, H. G., Goualie, B. G., Kouam�e, L. M., & Niamk�e, S. (2014).
Biochemical and functional properties of lactic acid bacteria isolated from
Ivorian cocoa fermenting beans. Journal of Applied Biosciences, 77, 6489e6499.

Puziah, H., Jinap, S., Sharifah, K. S. M., & Asbi, A. (1998). Changes in free amino acids,
peptide-N, sugar and pyrazine concentration during cocoa fermentation. Jour-
nal of the Science of Food and Agriculture, 78, 535e542.

Rohsius, C. (2007). Die heterogeinit€at der biologischen ressource rohkakao (Theobroma
cacao L). PhD (p. 241). Hans Hambourg University of Hambourg.

Schwan, R. F., & Wheals, A. E. (2004). The microbiology of cocoa fermentation and

http://refhub.elsevier.com/S0023-6438(15)30404-7/sref1
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref1
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref1
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref1
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref1
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref2
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref150
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref150
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref150
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref3
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref3
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref3
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref3
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref3
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref4
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref4
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref4
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref5
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref7
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref8
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref9
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref10
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref10
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref10
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref10
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref10
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref11
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref11
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref11
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref11
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref12
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref12
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref12
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref12
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref12
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref13
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref13
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref13
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref13
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref13
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref14
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref14
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref14
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref15
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref15
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref15
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref15
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref15
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref16
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref16
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref16
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref16
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref17
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref17
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref17
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref17
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref17
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref18
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref19
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref19
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref19
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref19
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref20
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref20
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref20
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref21


V.J. Eyamo Evina et al. / LWT - Food Science and Technology 68 (2016) 514e522522
beans and its role in chocolate quality. Critical Reviews in Food Science and
Nutrition, 44, 205e222.

Shamsuddin, S. B., & Dimmick, P. S. (1986). Qualitative and quantitative measure-
ment of cacao bean fermentation. In P. S. Dimmick (Ed.), Proceedings of the
symposium cacao biotechnology (pp. 55e78). The Pennsylvania State University.
Thompson, S. S., Miller, K. B., & Lopez, A. S. (2001). Cocoa and coffee. Food Micro-
biology: Fundamentals and Frontiers, 35(2), 721e733.

Wollgast, J., & Anklam, A. (2000). Review on polyphenols in Theobroma cacao:
changes in composition during the manufacture of chocolate and methodology
for identification and quantification. Food Research International, 33, 423e447.

http://refhub.elsevier.com/S0023-6438(15)30404-7/sref21
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref21
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref21
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref22
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref23
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref23
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref23
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref24
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref24
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref24
http://refhub.elsevier.com/S0023-6438(15)30404-7/sref24


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 523e531
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Hydrolysis of rapeseed meal protein under simulated duodenum
digestion: Kinetic modeling and antioxidant activity

Cunshan Zhou a, b, c, Xiaojie Yu a, Xiaopei Qin a, Haile Ma a, b, c, *, Abu ElGasim A. Yagoub d,
Jiali Hu a

a School of Food and Biological Engineering, Jiangsu University, No.301 Xuefu Road, Zhenjiang 212013, China
b Jiangsu Provincial Key Laboratory for Physical Processing of Agricultural Products, Jiangsu University, No.301 Xuefu Road, Zhenjiang 212013, China
c Jiangsu Provincial Research Center of Bio-process and Separation Engineering of Agri-products, Jiangsu University, No.301 Xuefu Road, Zhenjiang 212013,
China
d Faculty of Agriculture, University of Zalingie, PO Box 6, Zalingie, Sudan
a r t i c l e i n f o

Article history:
Received 14 October 2015
Received in revised form
25 November 2015
Accepted 27 November 2015
Available online 9 December 2015

Keywords:
Rapeseed meal protein
Simulated duodenum digestion
Kinetics model
Peptides
Antioxidant activity

Chemical compounds studied in this article:
Cytochrome C (PubChem CID: 439171)
Aprotinin (PubChem CID: 16197280)
L-leucine (PubChem CID: 6106)
L-tryptophan (PubChem CID: 6305)
Ferric chloride (PubChem CID: 24380)
Trichloroacetic acid (PubChem CID: 6421)
Potassium ferricyanide (PubChem CID:
26250)
Sulfosalicylic acid (PubChem CID: 7322)
1,1-Diphenyl-2-picrylhydrazyl (PubChem
CID: 2735032)
2,4,6-Trinitrobenzenesulfonic acid
(PubChem CID: 498085)
* Corresponding author. School of Food and Bio
University, 301 Xuefu Road, Zhenjiang 212013, China.

E-mail address: mhl@ujs.edu.cn (H. Ma).

http://dx.doi.org/10.1016/j.lwt.2015.11.057
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Kinetics modelling, DPPH radical scavenging activity and reducing power of rapeseed meal protein were
investigated under simulated duodenum digestion. Kinetics of the reaction was considered in relation to
initial substrate concentration, initial enzyme concentration, and hydrolysis time. Optimum hydrolysis
conditions were trypsin concentration of 10 g/L, substrate concentration of 4 g/L, time of 40 min and
temperature of 37 �C. From the results a general kinetic enzymolysis equation was suggested, providing a
rational theoretical basis for determining the parameters of the reaction. The highest antioxidant activity
was in accordance with the optimum reaction conditions. Antioxidant free amino acids increased after
hydrolysis. Antioxidant oligopeptides of molecular weights of 2608, 1695 and 211 Da were identified. At a
concentration of 2 mg/mL, the peptide fraction of CS-F2-CC2; with molecular weight of 1000e1500 Da;
showed the highest DPPH radical scavenging activity and reducing power, accounting for 70.32% and
0.538, respectively. The trypsin-hydrolysate displayed a potential capacity to scavenge free radicals and
binding irons after duodenal digestion, appearing as promising ingredient to formulate functional foods
with antioxidant activity.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rapeseed is one of the most important oilseed crops worldwide
and also it is the world's second leading source of protein meal
(World Health Organization, 2002). The protein content of defatted
rapeseed meal, a by-product of oil industry, is high (35e45%). The
logical Engineering, Jiangsu
nutritive and functional properties of the rapeseed are character-
ized by two main protein families; cruciferin (12S globulin) and
napin (2S albumin), with molecular weights around 300 kDa and
14 kDa, respectively (Bos et al., 2007). It is, thus, a kind of ideal and
high quality protein resource, with good utilization value. There-
fore, efforts have been made to develop efficient methods to pre-
pare acceptable products from rapeseed meal for human benefit
(Pan, Jiang, & Pan, 2011). Food proteins may act as sources of
bioactive peptides. These peptides can be released from proteins
in vitro during food processing or in vivo by the gastrointestinal
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digestion. Peptides with low molecular weights, which easily
absorbed in the gastrointestinal tract, have been reported dis-
playing potential antioxidative, antihypertensive and immune ef-
fects (Byun, Lee, & Park, 2009; Monchi & Rat, 1993; Grimble, Rees,
& Keohane,1987). Antioxidative peptides derived from soy proteins
(Chen, Muramoto, Yamauchi, & Nokihara, 1996), soy milk whey
(Pe~na-Ramos & Xiong, 2003), egg-yolk proteins (Sakanaba &
Tachibana, 2006), amaranth protein or their hydrolysates (Orsini
Delgado, Tironi, and A~n�on 2011), and buck wheat proteins (Ma,
Xiong, Zhai, Zhu, & Dziubla, 2010) were monitored. Yet, there are
only few studies examining the rapeseed meal as a source of
bioactive peptides to enhance the value of this industry by-product.
These studies were focused on production of antihypertensive
peptides (Marczak, Ohinata, Lipkowski, & Yoshikawa, 2006;
Marczak et al., 2003), HIV protease inhibitory hydrolysate (Yust
et al., 2004), and ACE-inhibitory peptides (M€akinen, Johannson,
Gerd, Pihlava, & Pihlanto, 2012).

Recently, it is found that digestion of food proteins by human
gastrointestinal tract can approximately be simulated in an in vitro
environment. However, different food proteins under simulated
gastrointestinal digestion showed different digestive characteris-
tics. To render the enzymatic process much more close to the hu-
man digestion, maximum utilization of trypsin is indispensable. In
respect to the release of potential bioactive peptides of low mo-
lecular weights, trypsin is reported to be more efficient than pepsin
(Wang, Ma, Ma, & Fan, 2014). Moreover, trypsin-catalysed canola
protein digestion produce high yields of bioactive hydrolysates, and
less amounts of free amino acids compared to pepsin/trypsin
digestion. (Alshai et al., 2014). Toward this aim, many kinetic
models including empirical and mechanistic models have been
proposed (Bansal, Hall,& Realff, 2009; Xu&Ding, 2007). It has been
generally accepted that enzyme deactivation during the enzymatic
hydrolysis process results in some hydrolytic rate slowdown (Gan,
Allen, & Taylor, 2003; Ghadge, Patwardhan, & Sawant, 2005).
However, many models have been proposed without considering
enzyme deactivation (Shen & Agblevor, 2008).

Peptides presenting radical scavenging capacity have been
released by simulated gastrointestinal digestion from diverse food
sources (Ma et al., 2010). Despite that, gastrointestinal digestion of
proteins may increase probability of release of more amounts of
free amino acids; and simultaneously a decrease in amounts of the
bioactive peptides, produced by pancreatic enzymes, due to low
acidity. Díez Marqu�es, Ramírez-Moreno, S�anchez-Mata, and Go~ni
(2011) reported that gastrointestinal digestion starts at acidic me-
dium (pH 1.3 to 3) and then followed by intestinal digestion,
starting at duodenum (fasting pH 6.5) where gastric acid lowers the
pH to 5.4 before increasing to 5.8 at the end of duodenal digestion
In this respect, simulated duodenal digestion may be a perspective
method of preparation of bioactive peptides. Accordingly, no
research has been reported on the simulated duodenum digestive
conditions and kinetics for producing antioxidant peptides from
rapeseed protein. So that, we deduced a simple mathematical
equation that directly described the relationship between the de-
gree of hydrolysis and two reaction conditions (initial enzyme
concentration and initial substrate concentration). Antioxidant
activity of rapeseed protein under the simulated duodenum
digestion was also investigated. This study may help providing
antioxidant peptides that conform to the human physiological
environment, hence increasing their efficacy when incorporated
into food and pharmaceutical systems.
2. Material and methods

2.1. Material and reagents

Rapeseed meal with 42.03% protein (Kjeldahl, AOAC, 2000), was
purchased from Hubei Weipu Biologic Technology Company
(Hubei, China). The meal was ground to pass 80 mesh screen and
kept until use. Trypsin (EC 3.4.21.4) with an activity of 50,000 U/g
and L-leucine were purchased from Sinopharm Chemical Reagent
Company (Zhenjiang, China). 2,4,6-trinitrobenzenesulfonic acid
(TNBS), cytochrome C (12,500 Da), aprotonin (6500 Da), L-trypto-
phan (204 Da) were from Sigma Chemical Co. (St. Louis, MO, USA).
1,1-diphenyl-2-picrylhydrazyl (DPPH) was purchased from Aladdin
Reagent Co. Ltd (Shanghai, China). Sephadex G-25 (Shanghai Yua-
nye Biotechnology Co. Ltd). All the other reagents were of analytical
grade.

2.2. Simulated duodenum digestion of the rapeseed meal protein

The method used in simulated duodenum digestion was an
adaptation of publishedmethods (Fallingborg,1999; Emma, Hala,&
Abdul, 2008). The digestion experiments were done at different
trypsin/protein ratios and hydrolysis times. After pre-incubation of
the simulated duodenum digestive fluid (0.04 M KH2PO4 buffer, pH
6.4) for 5 min at 37 �C, solutions with different concentrations of
rapeseed meal (1, 2, 4, 8 and 16 g/L) and trypsin (2, 4, 6, 10 and 12 g/
L) in the digestive fluid were prepared according to the method in
our previous study (Zhou, Qin, Yu, Yang, Hu, &Ma, 2015). Digestion
experiments were done at different times (0e120 min) and at 37 �C
with continuous agitation. In the end, reactions were terminated by
boiling themixtures for 10min. Finally, the digests were cooled and
centrifuged at 4360� g for 20 min. The centrifuge supernatant (CS)
was collected, lyophilized and kept at e20 �c until analysis. Ex-
periments were replicated three times.

2.3. Determination of degree of hydrolysis of the rapeseed meal
protein

The degree of hydrolysis (DH) was measured by the reaction of
free amino groups with 2,4,6-trinitrobenzenesulfonic acid (TNBS)
as described by Orsini Delgado et al. (2011).The DH was calculated
using Eq. (1):

DHð%Þ ¼ ½�NH2�h � ½�NH2�0
½�NH2�∞ � ½�NH2�0

� 100 (1)

Where, [�NH2] indicates the concentration of free amino groups in
the non-hydrolysed samples (0), or in the hydrolysed samples (h),
[�NH2]∞ indicates the concentration of total free amino groups.

2.4. Enzymolysis kinetics of the rapeseed meal protein

Kinetics of enzyme-catalysed reactions is the science of studying
enzymatic reaction velocity and its influence factors. The kinetic
equation, however, is explained by modeling the hydrolysis as a
zero order reaction and inactivation of the enzyme as a second
order reaction (Camacho, Gonz�alez, P�aez, M�arquez, & Fern�andez,
1993; Zhou et al., 2013; Zhou, Yu, Zhang, He, & Ma, 2012). Ac-
cording to the enzyme reaction intermediate complex theory, the
process of enzymatic hydrolysis of a protein is expressed as follows:

E þ S ������������!k1

k�1
ES����!k2 E þ P (2)

where, S is the concentration of substrate (g/L), E is the
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concentration of enzyme (g/L), P is the product (g/L), ES is the
concentration of enzymeesubstrate complex (g/L), k1, k-1,k2 are the
reaction rate constants of enzyme adsorption (L/U min), enzyme
desorption (g/U min), and product formation (g/U min),
respectively.

At a constant pH and temperature, the hydrolysis velocity can be
determined by the irreversible stage (Marquez & Vazquez, 1999):

V ¼ S0
dðDHÞ
dt

¼ k3½ES� (3)

Where, V is the hydrolysis velocity (g/L min), S0 is the initial sub-
strate concentration (g/L), DH is the degree of hydrolysis (%), and k3
is the reaction rate constant for inactivation (L/U min).

According to the mechanism and kinetic model of enzymatic
hydrolysis of protein, the hydrolysis velocity also can be expressed
by the following equation:

V ¼ aS0 exp½�bðDHÞ� (4)

In Eq. (4), a ¼ k2E0
S0

; b ¼ k3KM
k2
¼ k3ðk�1þk2Þ

k2k1
Where, a is the kinetic

parameter (min�1); b is the kinetic parameter, dimensionless and
KM is the MichaeliseMenten constant (g/L).

The relationship between the hydrolysis velocity and DH is
expressed in Eq. (5) that derived from Eq. (3) and Eq. (4):

dðDHÞ
dt

¼ a exp½�bðDHÞ� (5)

Eq. (6), which expresses the relationship between the degree of
hydrolysis and the hydrolysis time, is obtained by integrating Eq.
(5):

DH ¼ 1
b
lnð1þ abtÞ (6)

The kinetic parameters a and b can be obtained by linear
regression to fit Eq. (6). Therefore, am (the fitted value for a), V and
DH will be determined, and accordingly enzymolysis kinetic
equation can be obtained under certain conditions.

2.5. Determination of antioxidant activity of the hydrolysates of
rapeseed meal protein

2.5.1. DPPH radical scavenging activity
The DPPH radical scavenging activity of the digested rapeseed

meal (i.e. centrifuge supernatant; CS) was determined by a method
described by Shimada, Fujikawa, Yahara, and Namkamura (1992)
with some modifications. Two millilitres of a sample was mixed
with 2 mL of DPPH (0.2 mM in 95% ethanol). After shaking vigor-
ously, the absorbancewas read immediately at 517 nm. As a control,
distilled water was used instead of the sample. The scavenging
activity was calculated as follows:

DPPH,scavenging rateð%Þ ¼ 100�
�
1� A517sample

A517control

�
(7)

Where, A517control is the absorbance of the control and A517sample is
the absorbance of the sample.

2.5.2. Reducing power
The reducing power of the rapeseed meal protein hydrolysates

was measured according to themethod of Oyaizu (1986) with some
modification. Onemillilitre of the hydrolysatewas mixedwith 1mL
of 0.2 M phosphate buffer (pH 6.6) and 1 mL of 0.01% potassium
ferricyanide and then the mixture was incubated for 20 min at
50 �C. After incubation, 1 mL of 10% TCA was added. An aliquot of
2 mL from this mixture was added to 2 mL of distilled water and
0.5 mL of 0.01% ferric chloride. After standing at room temperature
for 10 min, the absorbance of the resulting solution was measured
at 700 nm using a spectrophotometer (VIS-7220N, Beijing Beifen
Ruili analytical instrument company). Ascorbic acid (0.02 mg/mL)
was used as positive control and used for comparison. An increase
in the absorbance (A700 nm) of the reaction mixture indicates an
increase in the reducing power.

2.6. Molecular weight distribution

The molecular weights of the digested rapeseed meal protein
were measured using HPLC (High Performance Liquid Chroma-
tography) according to Kotzamanis, Gisbert, and Gatesoupe (2007)
with some modification. The digested supernatants were filtered
through a 0.22 mm pore filter and analysed in a Agilent 1260
(Agilent Technology Trading Co., USA) system equipped with a
TSKgel-G2000 SWXL(7.8 mm � 30 cm, Tosoh) molecular exclusion
column. The phosphate buffer (0.1 mol/L, pH ¼ 6.7) was used as the
mobile phase at a flow rate of 0.5 mL/min. Column effluent was
monitored for UV light absorption at 220 nm. System control and
data processing were performed using the Chromeleon software
(Chromeleon6.8; Dionex Corp., Sunnyvale, CA, USA). A molecular
weight (MW) calibration curve was prepared using the following
standards: cytochrome C (12500 Da), aprotinin (6500 Da), and L-
tryptophan (204 Da). A relationship between the retention time
and the logarithm of the MW of standards was obtained
(R2 ¼ 0.999). The total surface area of the chromatogram was
separated into the following fractions, according to IUPAC
nomenclature; MW > 2500 Da (polypeptides), 500e2500 Da (oli-
gopeptides) and 200e500 Da (dipeptides and tripeptides) (Zhou,
Hu, et al., 2015; Zhou, Qin, et al., 2015).

2.7. Isolation of antioxidant peptide from CS

2.7.1. Separation of rapeseed meal protein hydrolysates by
ultrafiltration

The ultrafiltrationwas performed on a Millipore Pellicon system
(Millipore Co. America) equipped with a membrane with the
nominal molecular cut-off weight of 3 kDa. The protein hydrolysate
was pumped to the membrane surface and the filtrate was
collected, while the retentate was recirculated until the absorbance
of the filtrate at 220 nm was close to zero. The retentate (CS-F1,
molecular weight > 3000 Da), and the filtrate (CS-F2, molecular
weight<3000 Da) were concentrated and then lyophilized.
Reducing power and DPPH scavenging rate of CS-F1 and CS-F2 were
determined in solutions of concentrations of 2 mg/mL distilled
water.

2.7.2. Gel filtration chromatography of CS-F2
The fraction of CS-F2was purified by SephadexG-25 gel filtration

column (2.6 cm � 60 cm), which had been equilibrated previously
with distilledwater. The columnwas elutedwith distilled water at a
fiow rate of 0.4 mL/min, and the elution solutionwas collected with
the peaked samples and two sub-fractions (CS-F2-CC1 and CS-F2-
CC2) were obtained and then lyophilised. The reducing power
and DPPH scavenging rate of CS-F2-CC1 and CS-F2-CC2 were
determined in solutions of concentration of 2 mg/mL distilled
water.

2.8. Free amino acids analysis

The free amino acids content of the hydrolysates was obtained
after hydrolysiswith sulfosalicylic acid. Briefly, hydrolysate samples
were mixed with equal volumes of 3 g/100 g (w/w) sulfosalicylic
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acid, and left to stand at 4 �C for 1 h. Samples were then centrifuged
(4 �C, 15 min, 4360� g), and precipitated proteinwas removed. The
amino acids concentrations were measured by an automatic amino
acid analyser (Sykam S-433 D, Germany).

2.9. Statistical analysis

All experiments were performed in triplicate and data were
expressed as mean ± SD. Statistical analysis was performed using
Origin 8.0, and comparisons among all groups were done with one-
way ANOVA. Differences among means were considered significant
at p < 0.05.

3. Results and discussion

3.1. Effect of substrate and enzyme concentrations on the degree of
hydrolysis of the rapeseed meal protein

As mentioned previously, this work was designed to release
active peptides from rapeseed meal proteins by simulating in vitro
duodenal digestion process. Thus, these proteins were subjected to
the action of trypsin at 37 �C and pH of 6.4. Based on preliminary
study on DH, 10 g/L of trypsin is selected as the best concentration;
resulting in the highest DH. This enzyme concentration is involved
as a constant factor on studying the effect of different levels of
substrate concentrations on DH. Similarly, 4 g/L of substrate is
selected as a constant factor on studying the effect of substrate
concentrations on the DH.

3.1.1. Substrate concentration
At a constant level of trypsin (10 g/L), low concentrations of the

substrate (<4 g/L) increased the DH, while substrate concentrations
higher than 4 g/L decreased the DH (Fig. 1A). After 10 min of hy-
drolysis, the DH increased steadily, with significant magnitudes
(p < 0.05), as the substrate concentration increased from 1 g/L to
2 g/L, and then to amaximumvalue at 4 g/L. This increasing order in
the DH of samples with concentrations <4 g/L continued as the
hydrolysis time prolonged to 40 min. Beyond 40 mine90 min, the
DH of these samples did not vary significantly and thereafter the
DH of the substrates with concentrations of 1 g/L and 2 g/L sur-
passed that of 4 g/L. Accordingly, the substrate with concentration
of 2 g/L resulted in the highest DH (21.71%) at a reaction time of
120 min. As can be seen, the enzymolysis reaction rate decreased
under certain conditions of the substrate and enzyme concentra-
tions. At higher substrate concentration than the optimal, the re-
action rate decreased, suggesting an inhibitory effect on enzyme
activity.

3.1.2. Enzyme concentration
In Fig. 1B, at the initial stage of the reaction, the DH of the

substrate (constant concentration ¼ 4 g/L) increased rapidly for all
trypsin enzyme concentrations (2 g/L to 12 g/L) and subsequently
the rate of increase in the DH decreased as the hydrolysis time
prolonged. Moreover, the DH increased with increasing the con-
centration of the enzyme from 2 g/L (lowest DH) to 10 g/L (highest
DH). At enzyme concentration >10 g/L, the DH dropped sharply to
the lower value. According to these findings, it can be suggested
that the hydrolysis rate showed increasing trend at a limited range
of enzyme concentration. Therefore, at a concentration higher than
the critical the hydrolysis process would be inhibited, and as a
consequence the DH decreased rapidly. This might be related to the
decrease in the number of peptide bonds of the substrate proteins
apted to be hydrolysed and then reflected in reduced enzyme
activity.
3.2. Kinetic model of enzymolysis of rapeseed meal protein

From the mechanism and the kinetic equation the proposed
kinetic parameters for enzymatic hydrolysis of the rapeseed meal
can be calculated. The experimental data in Fig.1A and Bwere fitted
into Eq. (6) using linear regression analysis, and the kinetic data are
shown in Table 1. The influence of the initial substrate concentra-
tion (S0) and the initial enzyme (E0) on a and b parameters was
checked. However, parameter b changed when S0 and E0 changed.
The parameter b values lies within a very small range and therefore
an average value of 0.103 (averages of S0 þ E0) was used for further
analysis. Moreover, parameter a values calculated from this average
value (Table 1) showed a clear dependence on S0. Whereas, the
values of a increased with increasing S0, reaching its highest level
(9.81 min�1) at 4 g/L for S0. Thereafter, the a values decreased as S0
increased. Similarly, the a values (Average b ¼ 0.103) increased
when the initial enzyme concentration increased.

The average value of b was brought into Eq. (6) and yields the
expression DH¼ 9.67 ln (1þ0.103 a t), which applied in calculation
of am values (Table 1).

A plot (Fig. 2) of am values and [E0]/[S0]; with R2 ¼ 0.926; led to
Eq. (8):

am ¼ 1:26½E0=S0� þ 5:62 (8)

The hydrolysis velocity was obtained from Eqs. (5), (6) and (8),
and expressed as:

V ¼ 1:26 ½E0 � ð5:62E0=1:26Þ� exp ½ � 0:103 ðDHÞ� (9)

In Eq. (8), the critical enzyme concentration was 5.62S0/1.26.
However, when the enzyme concentration above or below the
critical value, the hydrolysis reaction did not occur. Since the total
hydrolysis rate was negative, the substrate or the product of hy-
drolysis may have irreversible inhibition to the enzymatic reaction.
Similarly, the critical substrate concentration was 1.26E0/5.62, and
above or below this concentration the hydrolysis reaction also did
not occur.

The kinetic parameters b from Table 1 and am from Eq. (8) were
brought into Eq. (6), and hence we obtained the kinetic equation of
enzymatic hydrolysis of the rapeseed protein under simulated
duodenum digestion at 37 �C and pH 6.4 [Eq. (10)]:

DH ¼ 9:67 ln ½1 þ ð0:13E0=S0 þ 0:58Þt� (10)

Eq. (10) showed that the degree of hydrolysis is related to the
initial enzyme concentration, E0, initial substrate concentration, S0,
and hydrolysis time, t. That is, the DH increased with increasing the
E0, under a constant substrate concentration. In contrast, the DH
decreased with increasing the S0, under a constant enzyme con-
centration. These facts agreed with the results depicted in Fig. 1A
and B, indicating adequacy between the calculated values of the DH
versus time and the experimental conditions.
3.3. Antioxidant activity of rapeseed protein during hydrolysis
process

Antioxidant activities, as determined by DPPH and iron
chelating assays, of the rapeseedmeal protein during hydrolysis are
shown in Fig. 1CeF.
3.3.1. Effect of substrate concentration
The free radical scavenging capacity of the rapeseed meal pro-

tein during trypsin enzymolysis was examined by its ability to
scavenge the stable DPPH radical. The DPPH radical scavenging
activity showed a concentration dependency (Fig. 1C). However, an



Fig. 1. The effect of initial substrate concentration (S0) and initial trypsin concentration (E0) on the degree of hydrolysis (DH), DPPH radical scavenging rate and reducing power of
the rapeseed meal protein subjected to simulated duodenum digestion. Plots of DH, DPPH radical scavenging rate and reducing power versus S0 (A, C and E) and E0 (B, D and F),
respectively. A700 nm, Absorbance at 700 nm. A, C, and E: 1 g/L, 2 g/L, 4 g/L, 8 g/L, 16 g/L B, D, and F: 2 g/L, 4 g/L, 8 g/L, 10 g/L, 12 g/L.

Table 1
Kinetics parameters of rapeseed protein enzymatic hydrolysis by trypsin.

[S0] (g/L) [E0] (g/L) [E0]/[S0] a (min�1) b (min�1) am (min�1)

1 10 10.00 5.440 0.153 17.178
2 10 5.00 7.238 0.140 13.758
4 10 2.50 9.805 0.105 8.274
8 10 1.25 8.773 0.094 6.659
16 10 0.63 8.318 0.081 6.402
4 2 0.50 6.811 0.102 6.066
4 4 1.00 7.007 0.093 6.502
4 8 2.00 7.681 0.089 7.308
4 10 2.50 9.693 0.090 8.375
4 12 3.00 9.447 0.086 10.855

S0, Initial substrate concentration; E0, Initial enzyme concentration; a, The kinetic
parameter; b, The kinetic parameter, dimensionless; am, The fitted value for a.
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inversely proportional relationship between the DPPH and protein
concentration was apparent. The higher the substrate concentra-
tion means the lower the DPPH radical scavenging rate. Whereas,
the DPPH increased significantly (p < 0.05) in the manner of 1 g/
L > 2 g/L > 4 g/L > 8 g/L > 16 g/L. For the samples with different
substrate concentrations, the increasing order in the DPPH with
hydrolysis time was kept constant until 30 min. At 40 min, the
DPPH radical scavenging activity was at its maxima for all the
substrate concentrations, and the sample of 4 g/L resulted in the
highest DPPH value. On the other hand, the presence of antioxi-
dants in the tested samples resulted in reducing the Fe3þ/ferricy-
anide complex to the ferrous form. As seen in Fig. 1E, the reducing
power increased significantly (p < 0.05) with increasing substrate
concentration, and hence a positive correlation was noticed. The
substrate concentration of 16 g/L resulted in the highest reducing
power values throughout the hydrolysis period. In respect to the
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Fig. 2. The linear relationship between am and [E0]/[S0]. Regression equation:
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hydrolysis time, the chelating ability towards iron in the samples
with substrate concentrations of 4e16 g/L increased steadily with
increasing time; from zero to 30 min. At 40 min, a sharp increase in
the reducing power rate was found and thereafter the rate
decreased as the hydrolysis time prolonged. For substrate concen-
trations <4 g/L, the hydrolysis time had no affect on the reducing
power. The results of the DPPH and the reducing power in relation
to the substrate concentration were in accordance with the results
observed in Fig.1A. Similar relationship between the DH of proteins
and the DPPH and the reducing power was reported in the litera-
ture (Nalinanon, Benjakul, Kishimura, & Shahidi, 2011). In general,
hydrolysates contain peptides or proteins, which are hydrogen
donors, could react with radicals to convert them into more stable
products; thereby terminating the radical chain reaction
(Khantaphant & Benjakul, 2008). This study suggests that the hy-
drolysates obtained from the duodenal digestion of rapeseed meal
protein have potential to scavenge free radicals and to chelate ions.
The DH, however, is considered the important parameter that
controls the physicochemical and functional properties, which
depend on the nature of peptides present in the hydrolysates.

3.3.2. Effect of enzyme concentration
In Fig.1D, the DPPH radical scavenging rate of the rapeseedmeal

protein hydrolysate increasedwith increasing concentrations of the
enzyme. Nevertheless, the differences in the DPPH radical scav-
enging rate were not significant (p > 0.05) at the enzyme concen-
tration range of 2 g/L to 10 g/L. Moreover, the DPPH radical
scavenging activity in the all samples with different enzyme con-
centrations increased sharply when rising the hydrolysis time to
40 min and thereafter it decreased as the hydrolysis time pro-
longed. The highest value of DPPH radical scavenging rate was
48.91% for the enzyme concentration of 10 g/L and hydrolysis time
of 40 min. These results suggested the dependency of the radical-
scavenging activity on the DH.

Similar to the effect on the DPPH radical-scavenging activity, the
enzyme concentration followed the same trend with respect to the
iron chelating ability of the protein hydrolysates (Fig. 1F). Results
indicated that ion-binding capacity of the rapeseed meal protein
hydrolysates was enhanced by trypsin hydrolysis. However, the
hydroxyl groups of the hydrolysates play an important role in po-
wer reducing activity (Yoshimura, Iijima, Watanabe, & Nakasawa,
1997). The finding of chelating activity on Fe2þ of protein
hydrolysates obtained in this study was in accordance with some
results reported in the literature (Nalinanon et al., 2011). The
changes in the DPPH and the power reducing activities agreed with
the changes in free amino acids described in Section 3.4.

3.4. Free amino acids content

The amino acids (AAs) contents of the rapeseed meal protein
and its hydrolysate at 40 min are shown in Table 2. The profile
showed 28 AA residues of proteinogenic (20 AAs for human pro-
tein) and non-proteinogenic origins, in addition to a dipeptide
residue, carnosine. Native rapeseed meal protein was rich in lue-
cine, glutamic acid, tryptophan, b-Alanine and b-Aminoisobutyric
acid, which accounted for 40.58, 28.06, 20.13, 103.11 and 132.93 mg/
mg. Except for alanine, proline, serine, Threonine, tyrosine, lysine,
glutamic acid and asparagine, trypsin enzymolysis of the rapeseed
meal protein for 40 min, increased significantly (p < 0.05) the
contents of all AAs. The essential AAs in the 40 min-hydrolysate are
higher than in the original protein, which indicates better nutri-
tional value of the hydrolysate. Several AAs, such as methionine,
histidine, tryptophan, lysine and tyrosine, were reported having
antioxidant properties (Chen et al., 1996; Taheri, Sabeena Farvin, &
Jacobsen, 2014). As presented in Table 2, the initial total content of
methionine, histidine, and tryptophan increased significantly
(p < 0.05) by 6.2% after hydrolysis time of 40 min, which agreed
with the results of radical scavenging activity and reducing power
depicted in Fig. 1CeF. In general, the hydrolysis of rapeseed meal
protein for 40 min increased significantly (p < 0.05) the initial
amounts of hydrophobic amino acids (HAA), aromatic amino acids
(AAA) and positively charged amino acids (PCAA). You, Zhao, Cui,
Zhao, and Yang (2009) stated that histidine and tryptophan could
contribute significantly to the antioxidant activity of the hydroly-
sates. Due to presence of the imidazole ring in their structure,
histidine or histidine-containing peptides, however, have the
chelating radical trapping ability (Murase, Nagao, & Terao, 1993; Je,
Park, & Kim, 2005). Additionally, aromatic amino acids can easily
donate protons to electron-deficient radicals, so that they exhibit
antioxidant activity. Moreover, they can retain their antioxidant
stability via resonance structures (Rajapakse, Mendis, Jung, Je, &
Kim, 2005; Hu, Xu, & Chen, 2004).

3.5. Molecular weight distribution of rapeseed meal protein digests

The molecular weight (MW) distribution of the simulated
duodenal fluid and the rapeseedmeal protein hydrolysate prepared
by trypsin hydrolysis for 40 min is presented in Fig. 3. A regression
plot of log MW against retention times (t), with good linearization,
was obtained (log MW ¼ �0.203 t þ 7.779, R2 ¼ 0.999). Compared
with simulated duodenal digestion fluid, the protein hydrolysate
plot revealed unique three peaks, designated as 1, 2, and 3 with
retention times of 21.49, 22.41, 26.87 min, respectively. The crude
peptide content of the rapeseed meal protein represented 84.97%,
and the peptides molecular weights were found in the range of
200 Dae5000 Da. The major peptides identified in the rapeseed
meal protein digest were of MWs of 2608 Da, 1695 Da and 211 Da,
corresponding mainly to polypeptides, oligopeptides and di- and
tripeptides, respectively.

3.6. Fractionation of CS by ultrafiltration

Most of the bioactive peptides from rapeseed meal hydrolysates
have MWs < 3 kDa; representing the highest yield (Alshai et al.,
2014). The chromatographic analysis indicates presence of pep-
tides in the MW range of 200 Dae5000 Da (Section 3.5). Accord-
ingly,MW cut-off membrane of 3 kDawas used to fractionate CS; in



Table 2
Changes in the free amino acids content in rapeseed meal protein during in vitro simulated duodenal digestion.

Class Amino acids Content (mg/mg, dw)*

Rapeseed meal protein 40 min-Rapeseed meal protein hydrolysate

Nonpolar Alanine 14.36a ± (2.10) 14.28a ± (3.13)
Valine** 15.74a ± (1.36) 17.53b ± (2.00)
Leucine** 40.58a ± (4.12) 46.25b ± (2.90)
Isoleucine** 14.28a ± (3.00) 22.15b ± (2.80)
Proline 2.09a ± (2.10) 2.39a ± (1.17)
Phenyalanine 16.87a ± (4.32) 18.34b ± (2.88)
Glycine 7.88a ± (2.12) 8.25a ± (1.93)
Tryptophan 20.13a ± (5.10) 21.20b ± (3.77)

-OH Serine 10.79a ± (2.12) 11.09a ± (3.38)
Threonine** 4.03a ± (1.14) 4.30a ± (2.00)
Tyrosine** 17.75a ± (4.64) 18.11a ± (4.10)

-S Methione** 10.77a ± (3.18) 11.74b ± (2.67)
Cysteine** 12.68a ± (2.47) 14.00b ± (2.30)

Alkaline Lysine** 8.03a ± (1.50) 8.36a ± (2.21)
Arginine** 9.14a ± (3.17) 10.41b ± (3.30)
Histidine** 13.37a ± (6.04) 14.07b ± (4.44)

Acidic Aspartic acid 0.00a ± (0.00) 3.01b ± (0.83)
Glutamic acid 28.06a ± (7.13) 28.41a ± (5.28)

Derivative a-Aminoadipic acid 7.90a ± (2.10) 8.74b ± (2.62)
a-Aminobutyric acid 0.00a ± (0.00) 9.42b ± (5.45)
b-Aminoisobutyric acid 132.93a ± (11.41) 152.58b ± (9.36)
g-Aminobutyric acid 12.61a ± (2.90) 13.64b ± (4.12)
Asparagine 14.67a ± (4.12) 14.83a ± (3.74)
b-Alanine 103.11a ± (10.42) 122.92b ± (11.00)

Special Phosphoserine 10.31a ± (5.13) 15.04b ± (3.33)
Carnosine# 19.84a ± (4.46) 26.33b ± (5.15)
Ornithine 7.210a ± (2.10) 8.390b ± (2.11)
Citrulline 11.09a ± (3.40) 12.98b ± (3.16)
EAA 146.37a ± (15.80) 166.92b ± (12.59)
HAA 165.25a ± (10.20) 185.99b ± (13.87)
AAA 54.75a ± (5.54) 57.65b ± (6.16)
PCAA 30.54a ± (3.90) 32.84b ± (3.20)
NCAA 14.67a ± (3.50) 14.83a ± (2.17)

*Mean value (±SD) from three separate samples. Within a row, means not sharing a common letter are significantly different according to DMRT at p < 0.05. EAA: essential
amino acids (**). HAA: Hydrophobic amino acids (alanine, valine, isoleucine, leucine, tyrosine, phenylalanine, tryptophan, proline, methionine and cysteine). AAA: aromatic
amino acids (phenylalanine, tryptophan and tyrosine). PCAA: positively charged amino acids (arginine, histidine, lysine). NCAA: negatively charged amino acids (aspartic,
asparagine, and glutamic). #b-Alanyl-L-Histidine, is a dipeptide of the amino acids b-alanine and histidine.
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term of separating peptides into two fractions, with MWs < 3 kDa
and >3 kDa. The two fractions obtained are designated as CS-F1
(MW > 3 kDa), and CS-F2 (MW < 3 kDa). The yields of lyophilised
centrifuge pellet and the ultrafiltrated fractions; CS-F1 and CS-F2;
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Fig. 3. Chromatographic profile of the simulated duodenal digestion (hydrolysis time
of 40 min) product from rapeseed meal protein using TSKgel-G2000 SWXL column.
Molecular weights of the marked peaks: 1, 2608 Da; 2, 1695 Da; 3, 211 Da. Simulated
duodenal fluid, 40 min-rapeseed meal protein hydrolysate.
were 64.17%, 12.40% and 23.43%, respectively.
3.7. In vitro antioxidant activity of the isolated fractions

The rapeseed protein hydrolysate after digestion for 40 min was
separated by ultrafiltration into two fractions, CS-F1 and CS-F2. The
CS-F1 fraction was identified as a high MW fraction of >3000 Da,
while CS-F2 as a lowMW fraction of <3000 Da. As shown in Table 3,
the CS-F2 fraction was separated into two sub-fractions; CS-F2-CC1
(MW ¼ 1500e3000 Da) and CS-F2-CC2 (MW ¼ 1000e1500 Da).
Table 3
Molecular weights and antioxidant activities of peptides from rapeseed meal
protein.

Fraction MW (Da) Reducing power
(A700)*#

DPPH radical
scavenging activity (%)*

CS e 0.213a± 0.03 37.25a± 0.81
CS-F1 >3000 0.201a± 0.01 32.16b ± 1.26
CS-F2 <3000 0.335b ± 0.02 44.63c ± 0.93
CS-F2-CC1 1500 - 3000 0.343b ± 0.02 45.59c ± 0.62
CS-F2-CC2 1000 - 1500 0.538c ± 0.01 70.32d ± 0.67

*Mean value (±SD) from three separate samples. Within a column, means not
sharing a common letter are significantly different according to DMRT at p < 0.05.
MW, Average molecular weight.
d No molecular weight distribution.
#A700, Absorbance at 700 nm. CS, Centrifuge supernatant of rapeseed meal digest;
CS-F1, Ultrafiltration retentate of CS; CS-F2, Ultrafiltration filtrate of CS; CS-F2-CC1

and CS-F2-CC2, Purified sub-fractions of CS-F2.
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According to International Union of Pure and Applied Chemistry
(IUPAC), oligopeptides characterized by MWs ranged between 500
and 2500 Da (Kotzamanis et al., 2007). The lowMW fraction, CS-F2-
CC2, showed a stronger DPPH radial scavenging activity (highest
value of 70.32%) than the high MWs fractions, CS-F2-CC1 and CS-F1.
Moreover, CS-F2-CC2 showed a significantly (p < 0.05) higher iron
chelating ability (highest value of A700 ¼ 0.538) compared with CS-
F2-CC1. Different chain lengths and exposure of terminal amino
groups, led to variances in antioxidant activities of peptides (You
et al., 2009). Wu, Chen, and Shiau (2003) reported that the pep-
tides with a molecular weight of approximately 1400 Da showed a
stronger in vitro antioxidant activity. Previous works have
demonstrated that antioxidant protein compounds are small pep-
tides, containing between 2 and 20 amino acids (Orsini Delgado
et al., 2011; Pe~na-Ramos, Xiong, & Arteaga, 2004).

4. Conclusion

In this study, the best hydrolysis conditions of the rapeseedmeal
protein subjected to simulated duodenum digestion were trypsin
concentration of 10 g/L, substrate concentration of 4 g/L, temper-
ature of 37 �C and pH 6.4. A mathematical model of the hydrolysis
kinetics of the rapeseed meal protein (Eq. (10)) based on the initial
trypsin concentration, initial substrate concentration and hydro-
lysis time was established numerically. The hydrolysis kinetic
equation was obtained to guide and optimize the hydrolysis reac-
tion process. Thus it gives the possibility of estimation of the critical
concentrations of the enzyme and substrate, the reaction rate and
the degree of hydrolysis. Antioxidant AAs (methionine, histidine,
tryptophan, lysine and tyrosine) contents were improved by hy-
drolysis. Moreover, 3 oligopeptides with antioxidant activities were
determined.
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a b s t r a c t

The freshness of packaged pasteurized milk under fluctuating temperature condition in distribution,
which was assessed by measuring the total microbial count in milk samples, was monitored by applying
realetime temperature logging technology, which included RFID (Radio Frequency Identification), WSN
(Wireless Sensor Networks) and predictive microbiology. The freshness assessment model, which would
be used in a real-time online quality monitoring system for packaged commercial milk, was developed
considering the impacts of large thermal capacity of packaged milk, wide biokinetic temperature range,
i.e., 5e30 �C, and intermediate lags with temperature shifts as well as the choices of the primary and
secondary models such as the Gompertz, the Roberts and Baranyi, and the Hills and Wright models. The
justifiability of considering additional model parameters was statistically analyzed using Bayesian In-
formation Criterion (BIC) to select the best freshness assessment model. The freshness assessment model
with the Hills and Wright model as the primary model and the two-zone Arrhenius model as the sec-
ondary model was selected as the best one to use for the real-time milk freshness monitoring system.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Milk freshness is determined by factors that are related to both
the production and the distribution processes. The initial quality of
packaged milk, including the freshness, is controlled by manufac-
turers. Once the milk is packaged into vessels, the intrinsic pa-
rameters that affect its freshness, such as pH, water activity,
nutrient availability, and initial microbial contents, are not subject
to furthermodification. Considering that the packaging protects the
milk from exposure to external air and humidity, the most impor-
tant factor affecting milk freshness is temperature. In circulation,
packaged milk is usually loaded onto delivery vehicles with a
temperature control system, and then the milk is displayed for sale
by sellers. Milk should be sold and consumed within a specified
shelfelife, which is usually estimated as the time required at a
constant temperature for the microbial concentration to reach a
critical value. However, food spoilage accelerates with temperature.
There is a higher probability that milk will experience a different
temperature history during the distribution stage than during the
production stage, which might have a detrimental impact on
freshness. The effects of the temperature history on microbial
growth have been investigated by many researchers. Wells and
Singh (1988) developed a kinetic model to predict the changes in
tomato firmness based on a complete temperature history. Fu,
Taoukis, and Labuza (1991) and Labuza and Fu (1993) summa-
rized the application of predictive microbiology to determine and
predict the shelf-life of perishable food using the microbial growth
kinetics. The authors provided details regarding how to apply this
theory to fluctuating temperature conditions and a description of
the time-temperature indicator, which provides information on the
temperature history using a mechanical, chemical or enzymatic
system. Sørhaug and Stepaniak (1997) published a review article on
the impact of psychrotrophs and enzymes on the milk freshness.
Zygoura et al. (2004) investigated the effects of the packaging
material on milk freshness. Corradini, Am�ezquita, Normand, and
Peleg (2006) reported that they could successfully generate mi-
crobial growth curves under complicated thermal histories
including regular and irregular temperature oscillations with the
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assumption that the organ's momentary non-isothermal growth
rate is the isothermal rate at the given temperature at a time that
corresponds to its instantaneous population size. They also
demonstrated that as long as the empirical primary and secondary
models capture the isothermal expressions of very different con-
struction could be used interchangeably to predict the growth
patterns under non-isothermal conditions.

Although there have been many studies using predictive
microbiology to elucidate the effects of temperature on the mi-
crobial growth of a selected bacterial strain in small samples, the
application of this approach on packaged milk under fluctuating
temperature conditions remains limited. Alavi, Puri, and Mohtar
(2001) performed a computational heat transfer study to investi-
gate the effect of the temperature distribution in a commercial
carton of pasteurized milk on the growth of Listeria monocytogenes.
The authors used the Baranyi and Roberts model for the prediction.
Subsequently, Xanthiakos, Simos, Angelidis, Nychas, and
Koutsoumanis (2006) noted that models developed by other re-
searchers had been developed under well-controlled laboratory
conditions and using microbiological media. Thus, it was not sur-
prising that the models failed when applied to actual food samples.
They attributed this failure to the impact of factors such as the food
composition and the microbial competition in real food, which
were disregarded in the previous experiments of other researchers.
Psomas, Nychas, Haroutounian, and Skandamis (2011) developed a
tertiary model that integrates primary and secondary models to
understand the microbial behavior in foods, which was based on
the Baranyi and Roberts model. Chen, Wei, and Chen (2011)
analyzed the source of the spoilage of ultra-high temperature
(UHT) pasteurized milk in cold storage using the modified Gom-
pertz equation.

The real-time online freshness monitoring system of packaged
commercial milk in distribution under development is outlined as
following: RFID/WSN technology is combined with predictive
microbiology and shelf-life prediction technologies to monitor the
quality of commercial milk from shipping to shelf. The milk tem-
perature is sampled once every 10 min by radio frequency tem-
perature sensor tags in the high-frequency band, i.e., 424e433MHz
attached at the bottom of each milk vessel, and sampled temper-
ature history data are transmitted by a CDMA and GPS communi-
cation network to a web-server. A quick response (QR) code is
attached on the surface of milk vessel to identify the milk. When a
consumer tries to scan the QR code on a milk vessel using his/her
cell phone to check the freshness of themilk, it links to theweb-site
where the milk freshness information is displayed based on the
prediction of the food freshness assessment model presented in
this study considering the temperature history of the milk to pro-
vide consumers, providers and distributors with the real-time food
freshness information and timely guideline for the proper con-
sumption and distribution of the products. Refer to Kim et al. (2011)
for details.

In this study, the new findings are presented with a focus on
issues related to food freshness assessment model. These issues
include the following: temperature deviation at the milk center
from the set temperature due to the large thermal capacity of the
packaged milk, the impact of intermediate lag, and the develop-
ment of the milk freshness assessment model considering the two
issues.

2. Material and methods

Variations in microbial concentration, pH, and acidity with time
were tested under constant and fluctuating temperatures as
possible indicators of milk freshness. The correlations between the
organoleptic test results and the three indicators were compared
for the milk stored under different temperature conditions, i.e., 0,
10, 20, 30 and 40 �C. The absolute correlation values of pH and
acidity with organoleptic test were over 0.8 for the temperature
conditions over 10 �C, whereas it was below 0.55 under 0 �C con-
dition. The correlations between microbial concentration and
organoleptic test were 0.81 under the lowest temperature condi-
tion, and 0.99 under the highest temperature condition. The change
in themicrobial concentrationwas selected as the best indicator for
milk freshness not only because the correlations are better but
because the correlations are better for lower temperature condi-
tions under which milk is normally distributed.

2.1. Development of microbial growth prediction model

Microbial growth models are composed of the primary and
secondarymodels. The primarymodels mimic the sigmoidal nature
of microbial growth in time, and the secondary models represent
the microbial growth rate change with temperature in a functional
form.

For the primarymodel, Gompertz, Baranyi and Roberts, and Hills
and Wright models were tested. The differential equation form of
the Gompertz model is shown in Eqs. (1) and (2):

dy
dt

¼ emmax
A

$exp
�emmax

A
ðl� tÞ þ 1

�
$yðtÞ (1)

yðtÞ ¼ ln
�
NðtÞ
N0

�
(2)

where N, N0, Nmax, mmax, l, t and A represent the current microbial
concentration, the initial microbial concentration, the maximum
microbial concentration at the stationary phase, the maximum
growth rate at a given temperature, the lag phase duration, the
current time, and the model parameter defined as ln(Nmax/N0),
respectively.

The differential equation form of the model (Baranyi and
Roberts., 1994; Swinnen, Bernaerts, Dens, Geeraerd, & Van Impe,
2004) is shown in Eqs. (3) and (4).

dN
dt

¼ QðtÞ
1þ QðtÞ$mmax$

�
1� NðtÞ

Nmax

�
$NðtÞ (3)

dQ
dt

¼ mmax$QðtÞ (4)

where Q is a parameter representing the physiological state of the
food.

Eqs. (5)e(7) show the set of equations of the Hills and Wright
model.

dN
dt

¼ knðTÞ$sðtÞ$NðtÞ (5)

ds
dt

¼ ðmmaxðTÞ � knðTÞ$sÞð1þ sÞ (6)

knðTÞ ¼ ðknÞ0 expð�Ea=TÞ (7)

where kn is a parameter that is proportional to the rate of DNA
synthesis, and s represents the excess biomass in a cell with its
initial value zero, i.e., s ¼ 0 at t ¼ 0 (Hills & Wright, 1994; Swinnen
et al., 2004). In general, kn in Eq. (6), together with the maximum
growth rate mmax, governs the intermediate lag and varies according
to the environment, i.e., the temperature and/or temperature jump.
With a temperature shift, the maximum growth rate mmax in Eq. (6)
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changes and the term in the first parenthesis of the right-hand side
deviates from zero and changes the variable s until its change rate
becomes zero to consider the intermediate lag. The Hills and
Wright model could not depict the stationary phase due to the lack
of 1 � N/Nmax term in it, but it could be used to monitor milk
freshness because the allowable level of microbial concentration in
milk is much lower than that in the stationary phase.

Arrhenius and square root models, which assume that the mi-
crobial growth rate increases either exponentially or in the manner
of a square function over a narrow temperature range were
compared as the secondary model (Ratkowsky, Lowry, McMeekin,
Stokes, & Chandler, 1983). For a short temperature range of inter-
est, assuming the frequency factor of Arrhenius model, A0 ¼ exp(A),
and Ea/R ¼ B, Arrhenius model could be represented as following:

mmax ¼ A0 exp
�
� Ea
RTðKÞ

�
¼ exp

�
A� B

TðKÞ
�

(8)

where A0 , Ea, R, T, and B stand for frequency factor, activation energy,
universal gas constant, temperature and a model parameter
respectively. Eq. (9) presents the Ratkowsky model, or the square
root model which is commonly used as the secondary model.

ffiffiffiffiffiffiffiffiffiffiffi
mmax

p ¼ bðT � TminÞ (9)

Here, b is a constant, and Tmin represents the minimum tempera-
ture for microbial growth.
2.2. Milk sampling and microbiological analysis

The milk used in this study was commercially packaged
pasteurized milk (63 �C for 30 min) that was obtained from a
commercial dairy on the day of production, and the milk was
transported to the laboratory under cold conditions within 24 h for
analysis. The main purpose of the current research is to develop an
online monitoring method of the temperature abuse for packaged
milk in real circulation using predictive microbiology. In summer,
the temperature in a cabinet of a delivery truck can rise easily
higher than 30 �C, if the chiller goes out of order. The upper-
temperature limit, 30 �C, was selected to consider the worst-case
scenario under the real circulation condition. The milk samples
were collected eight times from August 2010 to May 2012. After
transportation, each samplewas stored at 5,10,15, 20 and 30 �C and
submitted to microbiological analyses for the isothermal experi-
ments. The samples stored at 5, 10 and 15 �C were analyzed every
24 h, and the sample stored at 20 �C was analyzed every 6 h. The
samples stored at 30 �C were analyzed every 2 h. Additional sam-
ples were exposed to fluctuating temperatures by incubation either
in a temperature-controlled chamber or in a refrigerator with a
programmable temperature history function. The number of rep-
licates was six for each sampling. Following incubation at a range of
temperatures fluctuating from 5 to 20 �C, the samples were
analyzed every 2 h.

According to Duyvesteyn, Shimoni, and Labuza (2001), the shelf-
life of milk is traditionally estimated by both total and psychro-
trophic microbial counts. Walkling-Ribeiro, Rodríguez-Gonz�alez,
Jayaram, and Griffiths (2011) also performed the shelf-life estima-
tion using aerobic microbial counts. In Korea, the shelf-life of
packaged milk is guided by Korea Consumer Agency (KCA) and
Animal, Plant, and Fisheries Quarantine and Inspection Agency
(QIA) to be estimated by the time when the total microbial count
reaches 2 � 104 CFU/mL (QIA, 2012). Therefore, the total microbial
count is selected to be a good index to monitor the freshness of
packaged milk complying with the government guidance.

To determine the total aerobic counts for each sample, 10 mL of
milk was aseptically transferred into a sterile stomacher bag, and
90 mL of a sterile 0.85% saline solution was added. The sample was
then homogenized in a stomacher (Bag Mixer 400, Interscience,
France) for 1min at normal speed (8 strokes/sec), and aliquots were
plated out directly as 10-fold dilutions in a 0.85% saline solution.
Petri-film aerobic count plates (3MMicrobiology Products, St. Paul,
MN) were inoculated, in duplicate. One mL of each dilution applied
in the center of the plate and between the two films. The inoculant
was covered with the upper film and expanded with a plastic
disperser over an area of 20 cm2. The plates were incubated at 35 �C
for 48 h. All plate counts are expressed as the number of colony-
forming units per milliliter (CFU/mL).

2.3. Temperature logging

Three different methods were used to log the milk temperature.
Wired temperature loggers (Model TR-5i; T&D Corporation, Japan)
of ±0.3 �C accuracy and 0.1 �C resolution were used to monitor the
temperature at the center of each milk package. The newly devel-
oped RFID temperature sensors use humidity and temperature
sensor IC (SHT21, Sensirion, Switzerland), which has 0.01 �C reso-
lution and 0.3 �C accuracy tolerance. RFID temperature loggers
were attached to the milk package surface, and the surrounding
temperature was monitored by either the wired temperature log-
gers or the temperature sensors installed in the refrigerator. The
thermodynamic model to relate food center temperature and the
new RFID temperature sensor is under development considering
the convection heat transfer between the surrounding and milk
package as well as the conduction heat transfer through the milk
package. In this study, the freshness assessment model has been
developed using only the temperature histories logged by the
wired temperature loggers.

2.4. Comparison between observations and model fittings/
predictions

The deviation between the fittings/predictions and the experi-
mental observations was estimated in the form of Af and Bf in Eqs.
(10) and (11), which are the accuracy and bias factors, respectively
(Ross, 1996).

Af ¼ 10
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n
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Bf ¼ 10
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log

�
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�
n

3
5

(11)

The bias factor Bf is used to show how well the model predicts
the measurement-mean variation for microbial growth, whereas
the accuracy factor Af represents the scattering of the data. The two
terms have a value of one when the fittings/predictions of the
model perfectly match the means of the experimental observations
and the experimental data have no scattering, respectively. The bias
factor could be either greater or smaller than unity depending on
whether the model overestimates or underestimates the observa-
tions. The accuracy factor is always greater than one by definition.
According to P�erez-Rodríguez and Valero (2013), the acceptable
bias factor value for a predictive model could be 0.75e1.25. They
reported that the given criteria have been used in various validation
studies.

In this study, the accuracy and bias factors were estimated for



Fig. 1. The deviation between the set and real temperature histories.
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the data in the time range between the initial time to monitor and
the time when the microbial growth reached the guideline mi-
crobial concentration for the shelf-life determination, 20,000 CFU/
mL.

2.5. Selection of the best food quality monitoring model

Since there are many choices for the primary and secondary
models like the Gompertz, the Baranyi and Roberts, and the Hills
andWright models for the primary model, as well as the Arrhenius,
and the Ratkowsky models for the secondary models, for example,
it is possible to make many combinations between them. If the
numbers of model parameters and considered data for fitting are
the same, the best model set could be selected based on the coef-
ficient of determination (r2), the squared sum of residuals (SSR), Af,
and Bf. If not, we could not compare themodels directly using them.
Therefore, there should be a criterion to select the best combination
of models to describe the microbial growth. Quinn and Keough
(2002) stated that a desired characteristic of the criterion is that
it could protect against overfitting, where the addition of extra
parameters may suggest a better fit even when the added param-
eters add very little to the explanatory power. They compared four
criteria to select the best model set including adjusted r2, Mallow's
Cp, Akaike Information Criterion (AIC), and Bayesian Information
Criterion (BIC), and they reported that BIC was the most reluctant
criterion to allow additional parameters. The definition of BIC is
shown in Eq. (12).

BIC ¼ n logðSSRÞ þ ðpþ 1Þlog n� n log n (12)

where n and p represent the numbers of data used for fitting or
prediction and model parameters respectively. Given any two
estimated model sets, the model set with the lower BIC is better. If
the two models to compare use the same data sets, and the
numbers of model parameters are the same, the explanatory power
of the models can be compared directly using SSR. If the two
models have different numbers of model parameters, the second
term in Eq. (12) would impose a penalty for the addition of addi-
tional parameters. BIC will decrease only if the reduction of SSR
outweighs the penalty for the additional parameters. In this study,
BIC was used to compare between the tested model sets, and to
avoid overfitting in the model selection.

3. Results and discussion

3.1. Selection of the microbial growth model

In this study, the Baranyi and Roberts, and the Hills and Wright
models were selected over the Gompertz model due to the rigor-
ousness of the modeling. From its definition y(t ¼ 0) is zero, and its
first derivative in time is zero as shown in Eq. (1), resulting in the
trivial solution, y(t) ¼ 0. This problem does not affect the fit of the
model for the isothermal condition because the integrated form of
the equation is used in that case. However, this problem does occur
under fluctuating temperature conditions, when the differential
form of the model should be used. To avoid this, a very small
number was assumed for y(0), e.g., 10�20 or 10�100. The milk
freshness histories were very different, even for a negligibly small
difference in the initial microbial concentration value, which did
not support the real phenomena. The Gompertz model was found
to be not applicable for the fluctuating temperature cases. A similar
issue was discussed by Garthright (1991). The Baranyi and Roberts
model was found to be a better fit for the fluctuating temperature
conditions. In contrast to the Gompertz model which has zero
slopes at the initial point, the Baranyi and Roberts has a finite slope
in Eq. (3), and the model was selected as a viable model to monitor
microbial growth in milk under both constant and fluctuating
temperature conditions.
3.2. Effects of the finite thermal capacity of packaged milk

Previous experimental tests to determine the parameters in the
primary model have primarily been carried out using small sample
volumes, typically less than 20mL. A negligible amount of timewas
required for the milk to reach the target test temperature, and the
constant temperature history assumption holds. For example,
Zwietering, de Wit, Cuppers, and Van’T Riet (1994) reported that it
took only 16 min for the 10 mL sample to reach the new thermal
equilibrium during the temperature shifts. However, for commer-
cially packaged milk in containers of 200 and 1800 mL, a finite
period of time was required for the deviation between the target
and food temperature to become negligible, and this factor should
be considered in determining the primary model parameters. Ex-
amples of the milk temperature history deviation from the set
constant temperature history are presented in Fig. 1. Although the
experiments were performed under the constant temperature
conditions, the milk temperature varied due to the thermal ca-
pacity of the milk in the container, and it approaches the target
temperature in a simple exponential manner following the New-
ton's law of cooling. If the temperature deviation shown in the
figure was not considered appropriately, the microbial growth
might have been underestimated. To handle this problem, the pa-
rameters of the primary and secondary models were determined
simultaneously by using DEoptim and minpack.lm packages in the
open source statistics package, R (R Core Team, 2014) to minimize
SSR of the logarithmic microbial counts between the fittings and
the experimental observations. The DEoptim package uses the
differential evolution optimization algorithm, and minpack.lm
package is developed based on the LevenbergeMarquardt algo-
rithm. Fig. 2 depicts the flowchart to determine the three param-
eters included in the combination of the Baranyi and Roberts and
the Arrhenius models (BRA1). The boxes and arrows with dotted
lines in the figure represent the parts where DEoptim and min-
pack.lm packages are used to adjust the model parameters to
minimize the deviation between fittings and experimental obser-
vations. The temperature history was obtained from the tempera-
ture logger, and the logarithmic non-dimensional microbial



Fig. 2. Flowchart to determine the model parameters.

Fig. 3. Comparison of the maximum growth rates obtained from experiments, the
one- and the two-zone Arrhenius model fittings.
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number and history were determined by integrating Eqs. (3), (4)
and (8) using the second order Runge-Kutta method with the
assumed model parameters. The optimum set of model parameters
was determined from the iterative process to minimize the sum of
squared deviations of the logarithmic microbial counts between
the fittings and the experimental observations. This process is
called system identification, which uses statistical methods to build
mathematical models of dynamical systems from measured data.

The accuracy of models was compared between themodels with
and without the consideration of temperature history. For the case
of neglecting the temperature history, it was assumed that the
temperaturewasmaintained at themean values of the temperature
history for each case throughout the test. Themicrobial count at the
stationary phase was measured to be 1.678 � 107 CFU/mL on
average with the standard deviation of 3.463 � 106 CFU/mL. In the
model fitting calculation, Nmax was fixed at the average value, while
the mean value of N0 measurements from each constant temper-
ature case was used as the initial microbial concentration for the
case. From the statistical analysis, the parameters A and B in the
Arrhenius model were found more significant than Q0. The squared
sum of fitting residuals were estimated to be 1166 (CFU/mL)2

considering temperature history and 1210 (CFU/mL)2 neglecting it,
which indicated the model accuracy could be improved by
considering the temperature history in determining the model
parameters.

3.3. Temperature dependence of the maximum growth rate

Fig. 3 compares the logarithmic maximum growth rate change
with the inverse of temperature obtained from experiments and
the one calculated using the Arrhenius model in Eq. (8) with pa-
rameters determined during the system identification. The slope of
maximum growth rate in the low-temperature range is steeper,
indicating that it decreases faster with temperature decrease in
that range so that a linear fitting using the Arrhenius model fails to
match the change sufficiently.

Guillou and Guespin-Michel (1996) observed the existence of
the two domains of growth temperature in the Arrhenius plot for
the psychrotrophic bacterium, Pseudomonas fluorescens. A similar
trend was also observed in other articles including Labuza and Fu
(1993) and in Mellefont and Ross (2003). Recently Van Derlinden
and Van Impe (2012) evaluated secondary models with a focus on
model performance in the suboptimal temperature range, and they
reported that there was the change temperature, Tc, where the
relation between temperature and the maximum specific growth
altered. They argued that the result revealed a possible short-
coming of the model structure of commonly used secondary
models describing the temperature effect on the microbial growth
rate.

Recalling the observations of Guillou and Guespin-Michel
(1996) as well as Van Derlinden and Van Impe (2012), the rela-
tion between the reciprocal of temperature and the logarithmic
maximum growth rate was assumed as two segments of linear
functions, which is divided at the change temperature, Tc. Although
Van Derlinden and Van Impe (2012) explained the phenomenon as
the impact of cold shock, there is another possibility in this case.
Since there were differentmicrobial species in the packagedmilk, it
might be attributed to the result of the different temperature
dependence of the growth rates for different species. The minimi-
zation of SSR was performed with five parameters, A1, B1, B2, Tc, and
Q0, where the frequency factor of the second segment could be
estimated from the continuity equation of the maximum growth
rate at the change temperature Tc as shown in Eq. (13).

exp
�
A1 �

B1
Tc

�
¼ exp

�
A2 �

B2
Tc

�
(13)

Table 1 shows the determined model parameters. Judging from
the t-values of each parameter, the significance of the model pa-
rameters was in the order of Tc, B2, B1, A1, and Q0. This implies that it
is very important to develop the secondary model to reflect the
experimental observation well. The solid line in Fig. 3 is the mi-
crobial maximum growth rate change with temperature for the



Table 1
Parameters for the Baranyi and Roberts model coupled with three different secondary models (CI: Confidence Interval, LCI and UCI: Lower and Upper limits of the confidence
interval).

BRA2 BRR1 BRR2

Value CI Value CI Value CI

LCI UCI LCI UCI LCI UCI

Q0 1.66 � 10�3 4.03 � 10�4 2.92 � 10�3 Q0 1.08 � 10�1 1.34 � 10�2 2.03 � 10�1 Q0 2.64 � 10�3 7.39 � 10�4 4.55 � 10�3

A1 (log(1/hour)) 62.8 60.6 65.1 b (1/hour1/2 �C) 2.99 � 10�2 2.86 � 10�2 3.11 � 10�2 b1 (1/hour1/2 �C) 2.69 � 10�2 2.58 � 10�2 2.80 � 10�2

B1 (K) 18,450 17,816 19,084 Tmin (�C) 0.7 0.4 1.0 Tmin.1 (�C) �1.4 �1.6 �1.1
B2 (K) 11,310 11,005 11,615 b2 (1/hour1/2 �C) 4.97 � 10�2 4.77 � 10�2 5.16 � 10�2

Tc (�C) 12.1 11.4 12.8 Tc (�C) 9.5 9.1 9.9
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two-zone Arrhenius model determined during the system identi-
fication process, which shows bettermatchwith themeasurements
than the case of one-zone Arrhenius model. The dotted and solid
lines in Fig. 4(a)e(e) represent comparisons of the fittings of the
Baranyi and Roberts model with one-zone (BRA1) and two-zone
Arrhenius (BRA2) models respectively, and they are compared
with the experimental observations. The y of the y-axis represents
log(N/N0). BRA2 shows better match with experimental observa-
tions than BRA1. BRA1 overestimated the microbial growth for 5
and 30 �C conditions where the maximum growth rate was over-
estimated by the model as shown in Fig. 3 while it underestimated
for the other conditions. The two-zone Arrhenius model improved
the match of the maximum growth rate between the fittings and
measurements to yield better fittings of themicrobial growth to the
experimental observations. Table 4 lists the accuracy and bias fac-
tors for BRA2. The model accuracy was improved by adding two
more model parameters, i.e., B2 and Tc, and the justification of their
addition into the model set was examined by comparing the values
of BIC between BRA1 and BRA2. They were estimated to be 125 and
71 for BRA1 (p ¼ 3) and BRA2 (p ¼ 5) respectively, where the
number of data n was 196. This indicates that the split of the
temperature range improves greatly the explanatory power of the
model set.

The Baranyi and Roberts model was combined with one- (BRR1)
and two-zone Ratkowsky models (BRR2), and the determined
model parameters are shown in Table 1. BRR1 and BRR2 were
compared against BRA1 and BRA2. The values of BIC for BRR1
(p ¼ 3) and BRR2 (p ¼ 5) were estimated to be 282 and 118
respectively with n ¼ 196. Generally, the Arrhenius model showed
better performance than the Ratkowsky model in this study.
3.4. Effects of an intermediate lag

Fig. 5 compares the predictions of BRA2 for three different
varying temperature history conditions with the measurements.
BRA2 showed measurable overestimations for the first two cases.
Especially for the second condition, the value of bias factor is not
acceptable as shown in Table 2. Although BRA2 showed a good
match for constant temperature conditions, it failed for fluctuating
ones. A possible explanation of the observation was the effect of
intermediate lag. According to Zwietering et al. (1994) and Swinnen
et al. (2004), sudden environmental variations during microbial
growth could lead to delayed growth or an intermediate lag. An
intermediate lag was also observed by Baranyi, Robinson, Kaloti,
and Mackey (1995), which reported a delay compared with the
predictions. Mellefont and Ross (2003) and Swinnen, Bernaerts,
and Gysemans (2005) also described the intermediate lag phase
as a function of the temperature jump. They observed that the in-
termediate lag increased non-linearly with the temperature jump
size, as defined by the pre- and post-shift temperatures. The mi-
crobial growth of the third case shown in Fig. 5(c) seems to be
affected by the intermediate lag less due to relatively less number
of temperature shifts.

Swinnen et al. (2004) reported that the Hills and Wright model
could handle the impact of an intermediate lag. The Hills and
Wright model was coupled with the two-zone Arrhenius model
(HWA2) to describe the microbial growth. There are six model
parameters (kn)0, Ea, A1, B1, B2, and Tc in HWA2. Additional data is
needed to determine the model parameter related to intermediate
lag. The data of the first fluctuating temperature condition were
used in this regards. BRA and BRR models used all data from con-
stant temperature conditions (5 data sets) were used to determine
the model constants, and the determined models were validated
for all fluctuating temperature conditions (3 data sets), whereas the
first fluctuating condition data (total 6 data sets) were also included
to estimate model parameters for HWA2 and the remaining two
fluctuating conditions (2 data sets) were used for validation. The
model parameters of Eqs. (5)e(8) and (13) were determined
through the system identification process. The model parameter
(kn)0 in Eq. (7) was found to be statistically insignificant. An alter-
native model was prepared to treat kn as a constant model
parameter. The two model were compared using BIC. Considering
all test cases, the values of BIC were estimated as 185 and 182 for
HWA2 (p¼ 6) and HWA2 (p¼ 5) with constant kn respectively with
n ¼ 327. Although SSR for HWA2 (SSR ¼ 509) was lower than that
for HWA2with constant kn, the penalty of the additional parameter
in HWA2 outweighed the reduction of SSR. The model parameters
for HWA2 with constant kn model are given in Table 3. Table 4
presents the accuracy and bias factors of the model. The data sets
down to the first fluctuating temperature condition were used in
the system identification process, and the last two data set are the
model predictions. The model accuracy for fluctuating conditions
improved while not affecting the performance for the constant
temperature conditions.

Table 5 compares various models considered in this study using
BIC. The model performance should be compared between those in
the same row of the table. The Arrhenius model was preferred over
the Ratkowsky model for the secondary model. While the Baranyi
and Roberts model showed good performance for the constant
temperature cases, the model accuracy could be improved for the
fluctuating temperature cases by adopting the Hills and Wright
model with little penalty for the constant temperature cases.
Finally, the combination of the Hills and Wright model as the pri-
mary model and the two-zone Arrhenius model was selected as the
best one to use for the real-time milk freshness monitoring system.
4. Conclusions

A food freshness assessment model based on microbial growth
and intended for use in an online server systemwas developed and
successfully applied to commercial low temperature packaged
pasteurizedmilk. During the development of the model, new issues



Fig. 4. Comparison between the model fittings with experimental observations for the cases of set temperature; (a) 5 �C, (b) 10 �C, (c) 15 �C, (d) 20 �C, and (e) 30 �C.
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emerged, including the deviation of the temperature at the center
of the food from the set temperature due to the large thermal ca-
pacity of the packaged milk, and the impact of an intermediate lag.

� The negligence of the deviation of the milk temperature from
the set temperature due to large thermal capacity of food in the
calculation of microbial growth model parameters, could lead to
under- or over-estimation of the growth, and the problem was
resolved by considering the full temperature history of the milk
stored at a constant temperature to determine the model
parameters.



Table 3
Parameters for the Hills andWright model with the two-zone Arrhenius model with
constant kn.

Parameters Value Confidence interval (95%)

Lower Upper

kn (1/hour) 7.383 � 10�4 2.687 � 10�4 1.208 � 10�3

Tc (�C) 10.2 9.6 10.8
A1 (log(1/hour)) 76.7 70.1 83.3
B1 (K) 22,430 20,565 24,295
B2 (K) 12,600 12,231 12,969

Table 2
The accuracy and bias factors, Af and Bf for the Baranyi and Roberts coupled with the
Arrhenius model under constant temperature conditions and fluctuating tempera-
ture conditions.

Nominal temperature (�C) BRA2

Af Bf

5 1.179 0.954
10 1.134 0.975
15 1.106 1.030
20 1.225 1.134
30 1.131 1.093
Fluctuating 1 1.205 1.148
Fluctuating 2 1.333 1.299
Fluctuating 3 1.097 0.932

Fig. 5. Comparison of the fittings/predictions made with the Baranyi and Roberts model and the Hills and Wright model coupled with the two-zone Arrhenius model against the
measurements taken under three different fluctuating temperature conditions.
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� The predictions of the Baranyi and Roberts model was found to
overestimate the microbial growth of experimental observa-
tions, which was analyzed to be the effect of intermediate lag
with temperature shift under fluctuating temperature condi-
tions. The effect of an intermediate lag on microbial growth
could be considered by adopting the Hills and Wright model.
The model outperformed the Baranyi and Roberts model, which
does not consider the intermediate lag.
� Since the squared sum of residuals always decreases with the
addition of new model parameter, and using it as the tool to
compare the model prediction performance might end up with
an overfitted model. Since BIC imposes a penalty for the addi-
tional parameters in a model, the problem of overfitting could
be avoided by using it. The Bayesian Information Criterion (BIC)
was used as a tool to compare between models, and it could be
used as an index to compare the microbial growth models of a
different number of model parameters. The combination of the
Hills and Wright model as the primary model and the two-zone
Arrhenius model was selected as the best microbial growth



Table 4
Comparison of the bias factor Af and Bf between the Baranyi and Roberts and the
Hills and Wright models under constant temperature conditions and fluctuating
temperature conditions.

Nominal temperature (�C) HWA2 with constant kn

Af Bf

5 1.187 1.002
10 1.108 1.019
15 1.112 0.936
20 1.182 1.016
30 1.105 1.031
Fluctuating 1 1.145 1.088
Fluctuating 2 1.269 1.236
Fluctuating 3 1.114 0.912

Table 5
Comparison of the values of BIC of the considered models.

Data BRA1 BRA2 BRR1 BRR2 HWA2 kn ¼ Const. HWA2

p 3 5 3 5 5 6
T ¼ Const. cases
n ¼ 196

125 71 282 118 87 93

All cases
n ¼ 327

285 230 572 441 182 185

B.-S. Kim et al. / LWT - Food Science and Technology 68 (2016) 532e540540
model to use for the real-time milk freshness monitoring
system.
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a b s t r a c t

Puffed cereals are widely used in the preparation of breakfast products, snacks and ready-to-eat foods.
Puffing leads to deep structural, chemical and nutritional modifications of the grains but the information
available about the end-product quality is still scant. Aim of this research was to assess the effect of gun-
puffing on several technological characteristics and chemical composition of einkorn and bread wheat
kernels. A survey of some commercial puffed cereals was also performed.

Bread wheat and einkorn kernels were treated in a lab gun-puffing system of a private food industry
under two different processing conditions. The raw and puffed kernels were then assessed for techno-
logical (1000 kernel weight, expansion rate, test weight, water uptake, water absorption and solubility
index, pasting properties, surface area, colour) and compositional (starch, protein, carotenoid and tocol
content) traits. Puffing induced significant changes in most technological and chemical characteristics of
einkorn and bread wheat kernels. A drastic loss of carotenoids (on average, �54%), but not of tocols, was
observed. While bread wheat and einkorn differed for several traits, the two puffing treatments generally
gave similar results. Most of the technological and compositional properties of commercially-available
puffed cereals were species-related.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Puffed cereals are an important class of ready-to-eat foods and
are also broadly used in the preparation of snack and dessert for-
mulations. Their contribution to a healthy diet could be relevant, as
they are often prepared from whole kernels, which are rich in an-
tioxidants, proteins, minerals and fiber (Gebruers et al., 2008;
Hidalgo & Brandolini, 2014).

Wheat endosperm is rich in starch granules, formed by linear
amylose molecules (about 30%) and branched amylopectin mole-
cules (about 70%). In the starch granules, the amylopectin is shaped
as double helixes, allowing the system a high capacity to retain
water molecules and the possibility of rapid expansion (Castro-
Gir�aldez, Fito, Prieto, Andr�es, & Fito, 2012). During puffing,
Hidalgo), andrea.brandolini@
superheated vapour produced inside the grains by instantaneous
heating cooks the grain and, once the pericarp shatters, expands
the endospermwhile escaping through the micropores of the grain
(Mishra, Joshi, & Kumar Panda, 2014).

The transition from raw to puffed induces deep physical,
structural and chemical modifications, including dehydration,
starch gelatinization, increase of volume and textural changes in
the grains. Notwithstanding their importance for the food industry
and the consumers, little is known about the changes induced by
processing on technological and, especially, nutritional character-
istics. Some technological characteristics were studied by Hoke
et al. (2007), that optimized naked barley puffing considering vol-
ume expansion as the main parameter, while Castro-Gir�aldez et al.
(2012) studied the puffing process of amaranth seed by dielectric
spectroscopy and Mohori�c et al. (2009) examined the meso-
structure and the microstructure of puffed rice seeds. Similarly,
Mariotti, Alamprese, Pagani, and Lucisano (2006) investigated the
effect of puffing on ultrastructure and physical characteristic of
bread wheat, emmer wheat, rye, barley, rice and buckwheat seeds.
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Cattaneo et al. (2015), instead, analysed the heat damage and the
in vitro digestibility of puffed einkorn and bread wheat kernels.

Bread wheat (Triticum aestivum L. ssp. aestivum) is an essential
source of food for a large part of world population, with an esti-
mated consumption of 707 million tons in 2014e2015
(International Grains Council, 2014). Bread wheat is mainly
appreciated as a source of carbohydrates and proteins (albeit poor
in some essential aminoacids, especially lysine), but contributes
also a significant proportion of fibre, minerals and antioxidant
compounds, such as phenolic acids and tocols, to the human diet
(Ward et al. 2008).

Increasing awareness about the nutritional properties of food
has rekindled interest on the hulled wheat einkorn (Triticum
monococcum L. ssp. monococcum), whose flour is rich in proteins,
lipids, fructans, trace elements and several antioxidant compounds
(Hidalgo & Brandolini, 2014). Furthermore its low lipoxygenase
activity reduces the degradation of antioxidant molecules during
food processing (Hidalgo& Brandolini, 2012). Its excellent chemical
composition suggests therefore that einkorn can play a significant
role in the manufacturing of new or special foods with superior
nutritional quality.

Aim of this research was to assess the effect of gun-puffing on
technological characteristics and chemical composition of einkorn
and bread wheat kernels. To this end, several technological and
compositional traits were studied in raw and puffed kernels of two
einkorns and two bread wheats. Additionally, seven commercial
puffed cereal samples (bread wheat, spelt, Kamut®, barley, rice,
buckwheat and millet) and one puffed-einkorn crisp bread were
also analysed.

2. Material and method

2.1. Material

Two einkorn accessions (cv. Monlis andMonarca) and two bread
wheats (cv. Blasco and Bramante) were cropped in 2010e2011 at
Sant'Angelo Lodigiano (Po plain, Lodi, Italy) in 10 m2 plots arranged
in a Randomised Complete Block Design with three replications,
following standard cultural practices. After cropping, the kernels
from the three replications were combined and kept at 5 �C until
processing. The seeds of Monlis and Monarca were de-hulled with
an Otake FC4S thresher (Satake, Hiroshima, Japan) before milling or
puffing.

Immediately before the analyses, the untreated seeds were
ground to whole meal flours with a Cyclotec 1093 lab mill (FOSS
Tecator, Hillerød, Denmark), while the puffed seeds were ground
using a Waring Commercial Blender Model 24CB9EC (Waring
Commercial, Torrington, CT, USA) at minimum grinding speed
(about 16,800 rpm) for 20 s. Thewhole meal flours were kept under
vacuum at �20 �C until analysis.

Commercial samples of seven puffed cereals (bread wheat, spelt,
Kamut®, barley, rice, millet and buckwheat) and one puffed-
einkorn crisp bread obtained from the market were also analysed.
No other ingredients were present in these products.

2.2. Methods

2.2.1. Puffing
The kernels were treated in a lab gun-puffing system of a private

food industry under two different processing conditions:

a) Standard treatment. The seeds were fed into a cooker, heated to
380 �C and held at that temperature for 4 min, causing a surface
dehydration and leading to a vitreous state of the kernel
external layers. Puffing took place in an expansion chamber
where the precooked grains came into contact with steam
injected under pressure (0.85 MPa) for 2.5 min: the steam
breaks the boundary layer, causing evaporation of the internal
water, until the internal pressure causes a break of the kernel.
The standard treatment was applied to permit comparisons
among samples puffed exactly under the same time/tempera-
ture/pressure conditions.

b) Optimal treatment. The cooking was performed at a tempera-
ture between 360 and 390 �C, depending on the genotype; the
grains were held at that temperature for 3e5 min while puffing
was done under steam pressure between 0.7 and 1.0 MPa for
1e4 min. For each sample, several combinations of pressure/
temperature/time were tested and in each case the one that
gave the maximum expansion and the minimum number of
unpuffed grains was chosen and defined as “optimal treatment”.
2.2.2. Thousand kernel weight
The 1000 kernel weight (TKW) was determined by weighting

one thousand undamaged raw or puffed grains on a BP 210 D
analytical balance (Sartorius AG, G€ottingen, Germany). The results
(n ¼ 2) are expressed as grams.

2.2.3. Dry matter
Dry matter (DM; n ¼ 2) was determined on raw and puffed

grains and on the corresponding flours immediately after grinding,
following method 44-15 (AACC, 1995).

2.2.4. Expansion rate and test weight
The test weight was computed by weighting a known volume of

kernels or puffed seeds, poured into a graduated cylinder, gently
tapped ten times and filled to 500 ml. The expansion rate was
determined as the ratio between the test weight of the raw kernel
and that of the puffed kernel. Each sample was tested five times;
the results are reported as g/L.

2.2.5. Water uptake
Water uptake of the kernels (raw and puffed) was determined at

25 ± 1 �C by adding 200ml of distilled water to 10 g of seeds in glass
beakers. The soaked seeds were removed at predetermined time
intervals (up to 96 h for raw kernels, up to 1 h for puffed kernels),
drained with a 1.5 mm holes sieve, blotted with paper towel to
remove residual surface moisture and then reweighed (Mariotti
et al., 2006). Water uptake was computed as the ratio between
the weight increase after soaking and the initial weight. Water
uptake (expressed as g/100 g, n ¼ 2) was computed as: (Wh-W)
*100/W, whereWh is the weight of the hydrated grain and W is the
weight of the original sample.

2.2.6. Water absorption index (WAI) and water solubility index
(WSI)

The water absorption index (the grams of gel obtained per gram
of solids), and thewater soluble index (thewater-soluble fraction in
the sample extract) of ground and puffed kernels were measured
according to Anderson, Conway, Pfeifer, and Griffin (1969). The
results (n ¼ 2) are given as g/100 g DM.

2.2.7. Pasting properties
The pasting properties of ground raw and puffed kernels were

assessed with a Rapid Visco Analyzer (RVA, Newport Scientific Pty.
Ltd., Warriewood, NSW, Australia). Ground kernels (4.0 g, based on
14% moisture) were dispersed in an aluminium canister containing
25 mL of distilled water. With constant stirring, the suspensionwas
held at 50 �C for 1 min, heated to 95 �C at a uniform rate of tem-
perature increase of 12.2 �C/min, maintained at this temperature
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for 2 min 30 s, progressively cooled to 50 �C at a uniform rate of
temperature decrease of 12.2 �C/min and held at this temperature
for 2 min (total run time: 13 min). The parameters recorded were
peak viscosity and final viscosity (expressed as mPa.s). Each sample
was evaluated twice.

2.2.8. Surface area
The surface areawas computed by image analysis as follows: the

image of raw and puffed grains was takenwith a computer-assisted
Scanjet 8300 reflection scanner (HewlettePackard, Greeley, Colo-
rado, USA) and the software Adobe Photoshop 7.0 (Adobe System
Incorporated, San Jose, CA, USA). Twenty kernels for each image
were placed on the scanning surface and covered with a dark cloth
to avoid chromatic interferences. Two images of each sample were
acquired with a 300 dpi resolution and a 24 bit/pixel colour depth,
and were saved in TIFF format. Image elaboration was carried out
using the Image Pro-Plus software, version 4.5.1.29/XP (Media Cy-
bernetics, Silver Spring, MD, USA).

2.2.9. Colour
The colour was measured on raw and puffed seeds and on the

corresponding flours. The coordinates L* (luminosity), a* (red-
green), b* (yellow-blue) were determined by a Chroma meter II
tristimulus colorimeter (Minolta Italia SpA, Milan, Italy) with high-
sensitivity silicon photo cell filtered to match CIE (Commision
Internationale de l’Eclairage) standard observer response, using the
standard-white reflector plate and illuminant C. Each sample was
evaluated four times.

2.2.10. Starch content
Total starch content was determined with the Total Starch assay

kit (Megazyme International Ireland Inc., Bray, Ireland). The results
(n ¼ 3) are given as g/100 g DM.

2.2.11. Protein content
Protein content was measured following method 46-10 (AACC,

1995) with a 5.70 multiplication factor. The results (n ¼ 2) are
given as g/100 g DM.

2.2.12. Carotenoid content
Carotenoid extraction and quantification by NP-HPLC was car-

ried out as described by Hidalgo, Brandolini, and Pompei (2010).
The following system and operating conditions were used: column
Alltima Si column, 250 � 4.6 mm, 5 mm (Alltech Associates Inc.,
Deerfield, IL, USA); Alltima SI guard column 7.5 � 4.6 mm, 5 mm
(Alltech Associates Inc., Deerfield, IL, USA); column oven at 20 �C L-
2300 Elite LaChrom (VWR, Hitachi, Tokyo, Japan); mobile phase,
isopropyl alcohol in hexane (50 mL/L); flow rate, 1.5 mL/min; pump
L-2130 Elite LaChrom (VWR, Hitachi, Tokyo, Japan). The carotenoids
were detected at 450 nm by Diode Array Detector L2450 Elite
LaChrom (Hitachi, Tokyo, Japan) set in the range of 200e650 nm.
The HPLC system was controlled by the software EZChrom Client/
Server version 3.1.7. For peak quantification, calibration curves
were built using seven different concentrations (between 0.3 and
3.0 mg/L) of the lutein standard (Fluka, St. Louis, MO, USA) stock
solution, seven different concentrations (between 0.15 and 1.51mg/
L) of the b-carotene standard (Sigma, St. Louis, MO, USA) stock
solution, ten different concentrations (between 0.05 and 1.03 mg/L)
of the zeaxanthin standard (Extrasynthese, Genay, France) stock
solution, and seven different concentrations (between 0.01 and
0.13 mg/L) of the b-cryptoxanthin standard (Extrasynthese, Genay,
France) stock solution, diluted with isopropyl alcohol in hexane
(100 mL/L). The calibration curves were linear in the concentration
intervals assessed; the detection limits were 0.06, 0.05, 0.01 and
0.004 mg/L in the standard solution. The total carotenoids were
computed as the sum of the different compounds. The results
(n ¼ 2) are expressed as mg/kg DM.

2.2.13. Tocol content
Tocols extraction and quantification were performed by NP-

HPLC as detailed by Hidalgo and Brandolini (2010), after thermal
saponification. The following system and operating conditions
were used: Alltima SI column, 250 � 4.6 mm, 5 mm (Alltech Asso-
ciates Inc., Deerfield, IL, USA); Alltima SI guard column
7.5 � 4.6 mm, 5 mm (Alltech Associates Inc., Deerfield, IL, USA);
mobile phase, hexane (973mL)þ ethyl acetate (18mL)þ acetic acid
(9 mL); flow rate, 1.6 mL/min; pump L-2130 Elite LaChrom (VWR,
Hitachi, Tokyo, Japan); fluorimetric detector Jasco 821 FP Intelligent
Spectrofluorometer (Jasco International Co., Tokyo, Japan) at
excitation-emission wavelengths of 290 nm and 330 nm, respec-
tively; connected to a Hitachi D-7500 integrator (Merck, Darm-
stadt, Germany). The tocol standard curves were constructed using
eleven different concentrations (between 0.40 and 109.73 mg/L) of
a-tocopherol standard (Fluka, St. Louis, MO, USA), thirteen different
concentrations (between 0.38 and 72.20 mg/L) of b-tocopherol
standard (Supelco, Bellefonte, PA, USA), sixteen different concen-
trations (between 0.20 and 23.20 mg/L) of g-tocopherol standard
(Supelco, Bellefonte, PA, USA), eleven different concentrations
(between 0.05 and 9.35 mg/L) of d-tocopherol standard (Supelco,
Bellefonte, PA, USA), 2-propanol in hexane (100 mL/L). The toco-
trienols were quantified using the standard curves of their corre-
sponding tocopherol (CE 8-89, AOCS, 1997). The calibration curves
were linear in the concentration intervals assessed; the detection
limits were 0.39, 0.80, 0.52 and 0.31 mg/L in the standard solution.
The total tocols were computed as the sum of the different
tocopherol and tocotrienol homologues. The results (n ¼ 2) are
expressed as mg/kg DM.

2.3. Statistical analysis

Two-way analysis of variance (ANOVA) was performed consid-
ering as factors the treatment and the genotype. The differences
between the commercial samples were instead assessed by one-
way ANOVA. When significant differences (p � 0.05) were detec-
ted, Fisher's least significant difference (LSD) was computed.
Pearson's correlations of the means were also computed. The sta-
tistical tests were performed with the software STATGRAPHICS
Centurion XVI version 16.2.04 (Statpoint Technologies, INC., War-
renton, VA, USA). Mean and standard error were computed with
the software Excel 2003 (Microsoft, Redmond, WA, USA).

3. Results and discussion

3.1. Experimental samples

The ANOVA (Supplementary Table S1) determined highly sig-
nificant differences (p � 0.01) among treatments and among ge-
notypes for all the traits analysed, with the exception of treatments
for a-tocopherol and b-tocotrienol. The interactions between main
factors were often significant, albeit in general of minor relevance.
Thus the kernels from the four genotypes generally behaved
differently under the two puffing conditions.

3.1.1. Physical characteristics
The physical characteristics of raw and puffed kernels are re-

ported in Table 1. The TKWof the raw and puffed bread wheats was
significantly superior to that of the einkorns. Both puffing treat-
ments reduced TKW, possibly because of water loss (on average, dry
matter increased from 89.0 ± 0.15 to 94.9 ± 0.25 g/100 g), with the
exception of the standardMonarca sample. Puffing also determined



Table 1
Mean value ± s.e. (n¼ 2) of thousand kernel weight (TKW), surface area, expansion rate, test weight, water absorption index (WAI), water solubility index (WSI), peak viscosity,
final viscosity, starch, and protein content of bread wheat (Blasco and Bramante) and einkorn (Monlis and Monarca) kernels before and after optimal or standard puffing.

Blasco Bramante Monlis Monarca

TKW (g) Raw 42.6 ± 0.2 39.1 ± 0.4 33.4 ± 0.3 31.0 ± 0.3
Optimal 37.2 ± 0.1 37.5 ± 0.0 29.8 ± 0.1 29.2 ± 0.3
Standard 38.1 ± 0.5 35.7 ± 0.5 29.1 ± 0.2 30.8 ± 0.1

Surface area (mm2) Raw 16.0 ± 0.5 15.3 ± 0.4 15.2 ± 0.5 15.9 ± 0.5
Optimal 54.1 ± 1.6 61.5 ± 1.6 43.6 ± 1.1 45.6 ± 1.2
Standard 52.7 ± 0.9 46.1 ± 1.3 41.1 ± 1.5 41.1 ± 1.1

Expansion rate Raw
Optimal 8.1 8.2 5.5 5.0
Standard 6.8 2.5 4.5 3.3

Test weight (g/L) Raw 902 ± 3 867 ± 3 833 ± 3 829 ± 3
Optimal 111 ± 1 105 ± 0 151 ± 1 164 ± 1
Standard 133 ± 1 353 ± 2 184 ± 1 254 ± 1

WAI (g/100 g DM) Raw 2.0 ± 0.0 2.0 ± 0.0 1.9 ± 0.0 2.0 ± 0.0
Optimal 4.8 ± 0.1 4.7 ± 0.0 4.4 ± 0.1 4.4 ± 0.1
Standard 4.8 ± 0.0 4.9 ± 0.1 4.8 ± 0.0 4.7 ± 0.1

WSI (g/100 g DM) Raw 7.2 ± 0.0 5.5 ± 0.1 7.9 ± 0.0 6.0 ± 0.0
Optimal 13.5 ± 0.2 18.3 ± 0.1 11.7 ± 0.2 10.4 ± 0.3
Standard 10.1 ± 0.2 8.8 ± 0.3 10 ± 0.2 8.6 ± 0.5

Peak viscosity (mPa.s) Raw 2105 ± 16 2037 ± 29 2994 ± 38 2223 ± 34
Optimal 429 ± 47 719 ± 10 301 ± 10 676 ± 5
Standard 703 ± 42 291 ± 18 251 ± 15 450 ± 9

Final viscosity (mPa.s) Raw 2360 ± 8 2354 ± 16 2823 ± 28 2021 ± 30
Optimal 667 ± 2 824 ± 6 420 ± 23 1011 ± 0
Standard 946 ± 17 657 ± 31 398 ± 6 832 ± 25

Starch (g/100 g DM) Raw 59.5 ± 0.4 63.0 ± 0.6 57.8 ± 0.3 46.4 ± 0.2
Optimal 57.2 ± 1.0 58.4 ± 0.3 54.8 ± 0.7 48.8 ± 0.9
Standard 53.3 ± 0.1 48.4 ± 0.1 55.9 ± 0.3 46.2 ± 0.2

Protein (g/100 g DM) Raw 12.9 ± 0.1 10.8 ± 0.0 15.7 ± 0.3 20.8 ± 0.1
Optimal 13.0 ± 0.0 11.4 ± 0.2 16.9 ± 0.2 21.4 ± 0.2
Standard 13.1 ± 0.0 11.2 ± 0.0 16.9 ± 0.1 22.3 ± 0.1
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a significant increase of the surface area detected by image analysis.
The bread wheat grains achieved the highest dimensional increase,
as evidenced also by their volume expansion rate. The standard
treatment led to an inferior expansion rate than the optimal
treatment, and was totally inadequate for Bramante. Puffing
determined a strong reduction of the test weight because the
sudden expansion of the grains led to the formation of a structure
rich in air spaces. The inferior expansion of einkorn grains might be
partially explained by their softer texture (Brandolini, Hidalgo, &
Moscaritolo, 2008). Additionally, einkorn has lower fibre content
than bread wheat (Gebruers et al., 2008) and the mechanical
resistance to puffing is due mainly to the external coats, because
stronger outer layers allow a higher pressure build-up and a more
voluminous puffing (Mohamed, Ashman, & Kirleis, 1993).

Fig. 1 depicts the water uptake of raw and puffed kernels as a
function of imbibition time. The raw kernels of Monlis andMonarca
showed the highest absorption over 24 h (Fig. 1A): probably their
softer texture and higher surface-to-mass ratio favoured water
exchange, because in cereals the absorption kinetics is related to
surface characteristics and texture of the kernels (Mariotti et al.,
2006). Puffing drastically changed water uptake, as the new orga-
nisation of the external layers of the seed and the high porosity of
the matrix accelerated their hydration. Most water was rapidly
soaked up during the initial phase: the optimally-puffed Bramante
and Blasco absorbed 79%, and Monlis and Monarca 70% of their
total water capacity in 2 min (Fig. 1B). The same bread wheat
samples showed the highest uptake capacity during the first
10 min; Monlis had a slower uptake rate, but after 30 min attained
the same imbibition of Blasco and Bramante, while Monarca sop-
ped up less water. The standard treatment (Fig. 1C) led to good
water uptake for Blasco and Monlis, while Bramante and Monarca
showed a poor performance because their limited expansion hin-
dered porosity development.
The WAI of all the flours more than doubled after puffing
(Table 1), possibly for the formation of a cavernous structure able to
store water by capillarity as well as for the presence of damaged
starch (Mariotti et al., 2006) which increases the hygroscopic
property of the substrate (Ocieczek, 2013). The WSI increased after
puffing because the hydrothermal destruction of the starch gran-
ules led to leaching of some components (Noranizan, Dzulkifly, &
Russly, 2010), mainly amylose (Eliasson, 1986). The trend was
similar across accessions (WSI optimal > WSI standard > WSI raw)
but the optimally-treated einkorns presented lower losses than the
corresponding bread wheats.

The pasting properties of the raw kernels were similar to those
reported by Brandolini et al. (2008), but after puffing the viscoa-
milographic characteristics changed drastically, as evidenced by the
sharp decline in peak viscosity and final viscosity (Table 1). In flours
from raw cereals, the presence of water and the increase in tem-
perature lead to starch grains swelling and gelatinisation. After-
wards, the granules disgregate and the viscosity decreases, but
starch retrogradation during cooling increases the viscosity again.
After puffing the starch granules are already gelatinised and dis-
gregated, therefore their peak and final viscosity are limited.

Table 2 reports the CIE L*, a*, b* colour coordinates, before and
after puffing, of the intact and of the ground kernels. The differ-
ences between intact and ground grains are probably related to the
presence, in the intact samples, of the pericarp which generally has
a colour different from the starchy endosperm and, of consequence,
of the ground kernel. In raw kernels, L*was similar among samples,
a* was higher in Blasco and Bramante, and b* was superior in
Bramante (intact kernel) or inMonlis andMonarca (ground kernel).
In the intact samples, the colour coordinate values changed
differently after puffing: L* increased and a* and b* decreased in the
two bread wheats but a* increased and L* decreased in the two
einkorns, while b* decreased in Monlis and, after the standard



Fig. 1. Water absorption of bread wheat Blasco (▫) and Bramante (*), and einkorn
Monlis (B) and Monarca (C) intact kernels before (A) and after optimal (B) or stan-
dard (C) puffing. Water uptake of commercial puffed cereals rice (-), barley (▫), spelt
(A), bread wheat (▵), Kamut® (�), buckwheat (◊) and millet (:), and mean values of
the optimally-treated bread wheat (B) and einkorn (C) (D).
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treatment only, inMonarca. This behaviour is probably linked to the
higher expansion rate of the breadwheat kernels, as well as to their
lower heat damage (Cattaneo et al., 2015). The lower heat damage,
in turn, is possibly related to the bigger raw kernels of bread wheat
in comparison to einkorn. On the other hand, in the ground samples
the trend was similar among all genotypes: L* decreased and a* and
b* increased after puffing.

3.1.2. Chemical characteristics
Starch content decreased in Blasco, Bramante and Monlis

(Table 1) while protein content, which in T. monococcumwas always
significantly higher than in T. aestivum, increased slightly after
puffing.

The einkorns showed a superior concentration of total carot-
enoids than the bread wheats in the raw kernels (on average,
5.7 ± 0.8 vs. 1.4 ± 0.2 mg/kg DM, respectively; Table 3). The puffing
treatment determined a decrease of the content, which was
roughly halved (2.6 ± 0.2 vs. 0.7 ± 0.1 mg/kg DM). The optimal and
the standard treatments gave similar results. Processing breaks
down the carotenoids, as evidenced by Hidalgo et al. (2010) in
bread, water biscuits and pasta manufacturing. However, their
degradation during puffing is due only to the heat effect because
the dough mixing phase, that activates the degradating enzyme
lipoxygenase (Hidalgo et al., 2010), is absent.

The diverse carotenoids behaved differently: (aþb)-carotene
diminished in optimally-puffed kernels (but not after standard
treatment, except in Monlis), zeaxanthin and lutein decreased
sharply, and b-cryptoxanthin increased both in bread wheat (from
below the detection limit to 0.2 mg/kg DM) and einkorn (from 0.1
to 0.9 mg/kg DM). An augment in b-cryptoxanthin as a conse-
quence of baking was reported by Hidalgo et al. (2010) in bread
crust and water biscuits, and was attributed to the isomerisation
and hydroxylation of carotenoids at high temperatures (Momoi,
Hofman, Schmid, & Urlacher, 2006; Queiroz Zepka & Zerlotti
Mercadante, 2009).

On average, the raw kernels of einkorn hadmore total tocols and
a-tocotrienol but less b-tocopherol than those of bread wheat
(Table 4). Unlike carotenoids, tocols are heat-resistant antioxidant
compounds. Moreover, as already observed by Hidalgo and
Brandolini (2010) in bread crust and water biscuits after baking,
puffing led to a slight increase of a-tocotrienol and of b-tocopherol.
As a consequence, total tocol content augmented significantly, but
only slightly, both in bread wheat and einkorn. It has to be
remembered that in wheat tocols are esterified to lipids and other
molecules. Drastic heat conditions, such as puffing, may break the
bonds and increase the tocols extractable by the heat saponification
method. The optimal and standard treatments gave almost iden-
tical results.

3.2. Commercial samples

Table 5 reports the results of puffed einkorn crisp bread, rice,
spelt, barley, bread wheat, Kamut®, buckwheat, millet and the
average results of our einkorn and bread wheat puffed under
optimal conditions. The one-way ANOVA (Supplementary Table S2)
showed significant differences among the different lab-puffed and
commercial samples for all the traits analysed.

3.2.1. Physical characteristics
The TKW varied widely with the species, ranging from 59.0 g in

Kamut® to 11.6 g in millet; these values are similar to those re-
ported by Mariotti et al. (2006). The area of the surface exposed to
image analysis confirmed the existing differences among puffed
samples: spelt and Kamut® posted the widest areas, while buck-
wheat and millet showed the minimum; of course this result was
largely due to the original raw seed size and morphology. The
lowest test weights (indicative of well-puffed and light kernels)
were recorded for buckwheat, millet and rice, while the highest



Table 2
CIE L*, a*, b* colour coordinates of bread wheat (Blasco and Bramante) and einkorn (Monlis and Monarca) intact kernels and ground kernels before and after optimal or
standard puffing (mean value ± s.e.; n ¼ 2).

Intact kernel Ground kernel

Blasco Bramante Monlis Monarca Blasco Bramante Monlis Monarca

L*
Raw 49.7 ± 0.2 51.4 ± 0.2 53.3 ± 0.3 52.9 ± 0.4 82.6 ± 0.6 87.4 ± 0.2 87.7 ± 0.1 86.2 ± 0.3
Optimal 58.7 ± 1.2 60.6 ± 1.1 48.6 ± 0.6 52.0 ± 0.5 70.8 ± 0.6 74.3 ± 0.4 62.5 ± 0.4 64.1 ± 0.3
Standard 57.2 ± 0.6 56.5 ± 0.6 48.3 ± 0.7 47.2 ± 0.5 68.8 ± 0.5 71.5 ± 0.2 62.6 ± 0.3 62.4 ± 0.3
a*
Raw 9.9 ± 0.1 11.8 ± 0.1 9.1 ± 0.1 8.9 ± 0.1 2.6 ± 0.0 1.5 ± 0.0 0.4 ± 0.0 0.7 ± 0.0
Optimal 9.4 ± 0.2 7.3 ± 0.4 10.5 ± 0.0 10.6 ± 0.2 5.3 ± 0.0 4.0 ± 0.0 7.1 ± 0.0 6.4 ± 0.1
Standard 8.6 ± 0.1 6.8 ± 0.1 10.4 ± 0.1 11.6 ± 0.1 5.5 ± 0.1 4.3 ± 0.1 7.0 ± 0.0 7.2 ± 0.1
b*
Raw 22.4 ± 0.1 25.3 ± 0.1 22.8 ± 0.1 22.4 ± 0.2 12.4 ± 0.1 10.1 ± 0.1 14.7 ± 0.2 14.3 ± 0.1
Optimal 20.1 ± 0.1 16.7 ± 0.6 20.4 ± 0.2 22.5 ± 0.4 16.6 ± 0.1 14.6 ± 0.1 20.5 ± 0.1 19.7 ± 0.1
Standard 19.5 ± 0.2 16.3 ± 0.3 20.0 ± 0.2 21.6 ± 0.3 17.0 ± 0.1 15.0 ± 0.0 20.6 ± 0.2 20.3 ± 0.1

Table 3
(aþb)-carotene, b-cryptoxanthin, zeaxanthin, lutein and total carotenoid content
(mg/kg DM) of bread wheat (Blasco and Bramante) and einkorn (Monlis and Mon-
arca) before and after optimal or standard puffing (mean value ± s.e.; n¼ 2). n.d.: not
detected.

Blasco Bramante Monlis Monarca

(aþb)-carotene
Raw 0.09 ± 0.01 0.16 ± 0.01 0.87 ± 0.03 0.32 ± 0.01
Optimal 0.07 ± 0.00 0.14 ± 0.01 0.64 ± 0.01 0.29 ± 0.00
Standard 0.10 ± 0.00 0.15 ± 0.01 0.70 ± 0.00 0.34 ± 0.01
b-cryptoxanthin
Raw n.d. n.d. 0.13 ± 0.01 0.04 ± 0.00
Optimal 0.12 ± 0.00 0.20 ± 0.00 1.20 ± 0.01 0.63 ± 0.00
Standard 0.10 ± 0.00 0.18 ± 0.00 1.28 ± 0.01 0.70 ± 0.01
Lutein
Raw 0.75 ± 0.01 1.45 ± 0.01 5.71 ± 0.16 3.60 ± 0.03
Optimal 0.14 ± 0.01 0.49 ± 0.05 0.95 ± 0.04 0.86 ± 0.02
Standard 0.19 ± 0.00 0.48 ± 0.01 1.04 ± 0.05 0.81 ± 0.04
Zeaxanthin
Raw 0.21 ± 0.00 0.16 ± 0.00 0.41 ± 0.01 0.38 ± 0.00
Optimal 0.09 ± 0.00 0.08 ± 0.00 0.20 ± 0.00 0.18 ± 0.01
Standard 0.09 ± 0.00 0.08 ± 0.00 0.19 ± 0.00 0.17 ± 0.01
Total carotenoid
Raw 1.05 ± 0.01 1.77 ± 0.02 7.12 ± 0.19 4.35 ± 0.03
Optimal 0.42 ± 0.01 0.90 ± 0.06 3.01 ± 0.07 1.96 ± 0.02
Standard 0.48 ± 0.01 0.89 ± 0.02 3.21 ± 0.04 2.01 ± 0.06

Table 4
a-tocopherol, a-tocotrienol, b-tocopherol, b-tocotrienol and total tocol content (mg/
kg DM) of bread wheat (Blasco and Bramante) and einkorn (Monlis and Monarca)
before and after optimal or standard puffing (mean value ± s.e.; n ¼ 2).

Blasco Bramante Monlis Monarca

a-tocopherol
Raw 12.30 ± 0.49 10.72 ± 0.02 13.45 ± 0.51 12.55 ± 0.04
Optimal 12.85 ± 0.01 10.34 ± 0.20 12.85 ± 0.01 12.91 ± 0.13
Standard 13.10 ± 0.17 12.03 ± 0.06 11.00 ± 0.16 12.85 ± 0.43
a-tocotrienol
Raw 3.53 ± 0.17 3.69 ± 0.06 10.20 ± 0.53 8.41 ± 0.14
Optimal 4.25 ± 0.15 4.59 ± 0.01 12.24 ± 0.3 9.82 ± 0.44
Standard 4.19 ± 0.02 4.47 ± 0.19 12.23 ± 0.2 9.27 ± 0.15
b-tocopherol
Raw 7.49 ± 0.13 7.64 ± 0.58 5.89 ± 0.27 5.28 ± 0.07
Optimal 10.19 ± 0.32 8.02 ± 0.15 6.13 ± 0.32 5.88 ± 0.03
Standard 9.86 ± 0.65 10.18 ± 0.33 6.45 ± 0.32 6.41 ± 0.08
b-tocotrienol
Raw 25.23 ± 0.07 38.23 ± 1.33 37.86 ± 1.32 36.25 ± 0.31
Optimal 24.62 ± 0.28 38.84 ± 1.73 38.01 ± 0.20 37.26 ± 0.33
Standard 22.97 ± 0.05 38.36 ± 0.54 37.89 ± 1.04 37.01 ± 0.40
Total tocol
Raw 48.54 ± 0.73 60.28 ± 1.84 67.41 ± 2.63 62.49 ± 0.55
Optimal 51.92 ± 0.11 61.79 ± 2.09 69.23 ± 0.82 65.86 ± 0.67
Standard 50.13 ± 0.74 65.04 ± 0.63 67.57 ± 1.40 65.54 ± 1.06
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was scored by einkorn.
The water uptake of the puffed kernels is depicted in Fig. 1D.

Rice and buckwheat soaked up water rapidly (225 and 202% of
water absorbed during the initial 30 s) and after 1 h reached 441
and 425%, respectively; Kamut®, barley and einkorn, instead,
showed the lowest absorption rates throughout the experiment.
Besides the presence of a well-expanded structure, the presence/
absence of the pericarp seems also to exert a relevant influence on
water uptake, as confirmed by its sharp increase in rice after the
removal of the external layers of the kernel (Bello, Tolaba,& Suarez,
2004).

Viscosity,WAI andWSI of the ground puffed seeds are presented
in Table 5. Buckwheat, rice and millet showed the highest peak
viscosity and final viscosity, as well as the maximum WAI, while
barley had the lowest viscosity values andWAI. The broad viscosity
range is probably linked to the different starch content and starch-
water-protein interactions of the samples, as suggested by Colonna,
Tayeb, and Mercier (1989). The WAI observed for bread wheat,
barley, rice and buckwheat are similar to those reported byMariotti
et al. (2006), while the WAI of millet is not too far from the value
reported by Roopa and Premavalli (2008) for flours of different
Indian millets. Barley had the highest WSI, while rice, buckwheat
and millet had the lowest. The abundance of water-soluble sub-
stances is probably linked to the partial depolymerisation of some
macromolecules (e.g. fibre) from the external layers of the kernel,
still present in cereals with teguments and aleuronic layer. As a
matter of fact, the decorticated samples (rice and buckwheat)
showed lower losses, although this result could also be linked to
their above-average starch content.

The ablation of the external teguments was responsible also of
the higher luminosity (L*) of rice and buckwheat, both as intact and
ground puffed kernels (Table 5). Einkorn and barley had always the
lowest L*; on the other hand, einkorn had the highest a* while
barley and Kamut® had the highest b*.
3.2.2. Chemical characteristics
Starch content was maximum in puffed rice, and minimum in

puffed einkorn; the values for bread wheat, rice, buckwheat and
barley were similar to those reported by Mariotti et al. (2006). An
opposite trendwas observed for protein content, as einkorn had the
highest concentration and buckwheat and rice the lowest.

Carotenoid content (Table 5) was moderately high in millet and
einkorn crisp bread, while was very low in bread wheat, barley,
spelt and Kamut®, and below the detection limit in rice. Of the four
pigments detected, (aþb)�carotene, b-cryptoxanthin and zeax-
anthin were very scarce, while lutein was generally the most
abundant compound. The low carotenoid content is a direct



Table 5
Characteristics of the commercial puffed cereals and of the optimally-puffed bread wheat and einkorn (mean value ± s.e.; n ¼ 2). n.d.: not detected.

Optimal
Bread
wheat

Optimal
Einkorn

Einkorn
crisp
bread

Rice Spelt Barley Bread
wheat

Kamut® Buckwheat Millet

TKW g 37.4 ± 0.1 29.5 ± 0.2 e 22.3 ± 0.39 41.9 ± 0.22 36.2 ± 0.25 37.8 ± 0.21 59.0 ± 0.06 21.8 ± 0.04 11.6 ± 0.16
Surface area mm2 56.5 ± 2.4 43.1 ± 1.4 e 55.2 ± 1.93 91.9 ± 4.40 60.5 ± 2.90 50.5 ± 2.64 73.4 ± 4.17 39.8 ± 2.34 17.0 ± 0.71
Test weight g/L 108 ± 1 158 ± 1 e 105 ± 1 111 ± 1 122 ± 1 117 ± 1 132 ± 3 92 ± 2 104 ± 1
Dry matter g/100 g 95.0 ± 0.2 94.8 ± 0.3 91.9 ± 0.06 90.9 ± 0.03 92.0 ± 0.03 92.5 ± 0.07 93.0 ± 0.04 91.5 ± 0.01 88.1 ± 0.03 90.8 ± 0.05

WAI g/100 g 4.8 ± 0.03 4.4 ± 0.1 5.6 ± 0.02 6.7 ± 0.04 5.3 ± 0.01 3.7 ± 0.02 5.0 ± 0.03 4.9 ± 0.05 7.2 ± 0.02 7.5 ± 0.02
WSI g/100 g 15.9 ± 1.4 11.1 ± 0.4 16.9 ± 0.03 8.8 ± 0.03 19.1 ± 0.07 37.7 ± 0.11 14.6 ± 0.12 12.6 ± 0.13 8.1 ± 0.05 8.1 ± 0.06
Peak viscosity mPa.s 574 ± 86 488 ± 108 1317 ± 33 2729 ± 31 655 ± 17 157 ± 7 724 ± 20 765 ± 7 4339 ± 113 2208 ± 18
Final viscosity mPa.s 745 ± 46 715 ± 171 1109 ± 25 2139 ± 40 645 ± 35 115 ± 9 919 ± 21 919 ± 6 5732 ± 161 1562 ± 47

Colour
Intact kernel L* 59.7 ± 1.1 50.3 ± 0.6 69.3 ± 0.6 81.1 ± 1.6 60.6 ± 0.7 57.5 ± 0.7 62.2 ± 1.2 58.4 ± 0.9 81.8 ± 1.1 79.8 ± 1.7
Intact kernel a* 8.3 ± 0.3 10.5 ± 0.1 3.5 ± 0.3 5.2 ± 0.2 8.1 ± 0.5 9.8 ± 0.3 6.8 ± 0.3 9.1 ± 0.3 2.8 ± 0.4 1.9 ± 0.2
Intact kernel b* 18.4 ± 0.3 21.4 ± 0.3 18.5 ± 0.3 21.7 ± 0.5 21.3 ± 0.4 23.1 ± 0.3 20.2 ± 0.3 24.8 ± 0.5 13.1 ± 0.6 26.5 ± 0.9
Ground kernel L* 72.5 ± 0.5 63.3 ± 0.3 70.1 ± 1.4 86.1 ± 0.4 74.4 ± 0.8 70.0 ± 1.1 74.7 ± 0.4 72.7 ± 0.5 88.2 ± 0.8 84.7 ± 0.9
Ground kernel a* 4.7 ± 0.0 6.8 ± 0.1 4.5 ± 0.2 2.9 ± 0.1 4.7 ± 0.1 6.6 ± 0.1 4.7 ± 0.1 5.8 ± 0.1 1.6 ± 0.2 0.5 ± 0.1
Ground kernel b* 15.6 ± 0.1 20.1 ± 0.1 19.4 ± 0.3 14.8 ± 0.1 17.0 ± 0.0 21.4 ± 0.2 18.0 ± 0.1 22.4 ± 0.1 8.8 ± 0.2 16.9 ± 0.5

Starch g/100 g 57.8 ± 0.5 51.8 ± 1.8 59.8 ± 2.3 82.8 ± 0.7 64.0 ± 1.7 56.2 ± 0.2 61.6 ± 0.7 57.8 ± 0.1 75.1 ± 1.4 69.2 ± 1.8
Protein g/100 g 11.6 ± 0.4 18.1 ± 1.2 12.4 ± 0.1 6.9 ± 0.2 11.4 ± 0.3 9.2 ± 0.0 9.6 ± 0.1 12.5 ± 0.1 6.6 ± 0.1 8.4 ± 0.3

(aþb)-carotene mg/kg 0.1 ± 0.0 0.5 ± 0.1 0.7 ± 0.0 n.d. n.d. n.d. n.d. 0.2 ± 0.0 n.d. 0.2 ± 0.0
b-cryptoxanthin mg/kg 0.2 ± 0.0 0.9 ± 0.2 0.9 ± 0.0 n.d. 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 n.d. 0.3 ± 0.0
Zeaxanthin mg/kg 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 n.d. 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 1.1 ± 0.0
Lutein mg/kg 0.3 ± 0.1 0.9 ± 0.0 2.5 ± 0.1 n.d. 0.5 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 2.3 ± 0.0 0.7 ± 0.0 3.5 ± 0.1
Total carotenoid mg/kg 0.7 ± 0.1 2.5 ± 0.3 4.2 ± 0.1 n.d. 0.8 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 3.3 ± 0.0 0.8 ± 0.0 5.2 ± 0.1

a-tocopherol mg/kg 11.6 ± 0.7 12.9 ± 0.1 9.6 ± 0.4 3.5 ± 0.0 8.1 ± 0.2 1.4 ± 0.1 10.5 ± 0.6 4.7 ± 0.2 n.d. 1.0 ± 0.1
a-tocotrienol mg/kg 4.4 ± 0.1 11.0 ± 0.7 12.9 ± 0.4 1.5 ± 0.0 4.4 ± 0.0 21.5 ± 0.0 4.9 ± 0.2 4.0 ± 0.0 n.d. n.d.
b-tocopherol mg/kg 9.1 ± 0.6 6.0 ± 0.2 5.3 ± 0.2 n.d. 6.4 ± 0.1 n.d. 6.0 ± 0.1 2.7 ± 0.1 n.d. n.d.
b-tocotrienol mg/kg 31.7 ± 4.2 37.6 ± 0.3 56.9 ± 1.1 n.d. 36.2 ± 0.2 4.5 ± 0.1 33.1 ± 0.1 21.8 ± 0.1 n.d. n.d.
g-tocopherol mg/kg n.d. n.d. n.d. n.d. n.d. n.d. n.d. 35.4 ± 0.8 28.7 ± 0.3
g-tocotrienol mg/kg n.d. n.d. n.d. 3.80 ± 0.0 n.d. 5.7 ± 0.1 n.d. n.d. n.d. n.d.
d-tocopherol mg/kg n.d. n.d. n.d. 0.60 ± 0.0 n.d. n.d. n.d. n.d. n.d. n.d.
d-tocotrienol mg/kg n.d. n.d. n.d. n.d. n.d. 1.3 ± 0.0 n.d. n.d. n.d. n.d.
Total tocol mg/kg 56.9 ± 3.0 67.5 ± 1.1 84.7 ± 1.6 9.5 ± 0.0 55.1 ± 0.0 34.4 ± 0.1 54.4 ± 0.7 33.3 ± 0.1 35.4 ± 0.8 29.7 ± 0.3
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consequence of the minimal concentration in most of the cereals
used for puffing, as well as of the rapid degradation during thermal
treatment (Hidalgo et al., 2010). Comparisonwith published data is
not possible because, to the best of our knowledge, carotenoid
content was never studied in puffed cereals.

Tocol content (Table 5) was highest in puffed einkorn crisp bread
and einkorn, and reached a minimum in puffed white rice. The
concentration of the different tocopherols and tocotrienols detec-
ted varied according to the species examined. The samples of the
Triticum group (bread wheat, einkorn crisp bread, einkorn, spelt
and Kamut®) were particularly rich in b-tocotrienol, barley in a-
tocotrienol, buckwheat and millet in g-tocopherol. Traces of d-
tocols were observed only in rice and barley. A comparison of these
results with published data is not possible because no similar in-
formation is available in literature. The only similar research
detected low a-tocopherol (0.29e0.35 mg/kg DM) and a-toco-
trienol (0.06e0.08 mg/kg DM) concentrations in extruded buck-
wheat flours (Zieli�nski, Michalska, Piskuła, & Kozłowska, 2006).
However, as shown by Hidalgo and Brandolini (2010), tocols are
largely thermostable, hence their concentration and composition in
puffed cereals should be similar to that recorded in the raw sub-
strates (Asharani, Jayadeep, & Malleshi, 2010; Hidalgo, Brandolini,
Pompei, & Piscozzi, 2006; Panfili, Fratianni, & Irano, 2003;
Piironen, Syvaoja, Varo, Salminen, & Koivistoinen, 1986; White &
Xing, 1997), as observed also in 100% buckwheat bread by
Alvarez-Jubete, Holse, Hansen, Arendt, and Gallagher (2009).

In conclusion, the technological characteristics of puffed bread
wheat kernels seem more appealing because of their superior
expansion rate and related traits such as test weight, surface area
and water absorption. However, the puffed einkorn kernels are
richer in proteins and bioactive compounds like tocols and carot-
enoids. The severe heat treatment conditions of puffing induced a
relevant decrease in carotenoid content (on average,�54%), but did
not modify tocol concentration. The commercially-available puffed
cereals showed species-related properties.
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a b s t r a c t

Furan content in eight bread-coated frozen foods (ham croquettes, squid rings, tuna pasties, churros,
nuggets, fish fingers, onion rings and san jacobos) deep-fried in fresh and reheated olive oil, and in five
cooked vegetables was evaluated. Deep fried foods showed the highest levels of furan between
12 mg kg�1 (tuna pasties) and 172 mg kg�1 (onion rings), with a furan increase tendency when reheated
oil was used. In vegetables, furan was only found at low level in griddled onion (3.5 mg kg�1). The lower
temperature applied (<150 �C) in comparison to that of the deep-fried foods (190 �C), the furan vola-
tilization during longer time cooking (15 min vs 6 min) together with the food composition differences
might explain the low furan content in vegetables. As a preliminary approach for risk assessment, the
margin of exposure (MOE) was calculated. The total daily intake of furan by Spanish population (239
e4372 ng/kg bw/day) with MOEs below 10,000 indicates a human public health concern. However, MOEs
for fried foods showed that furan could suppose a possible health risk only in people with a high con-
sumption of these products. Nevertheless, further studies should be developed to provide furan exposure
data of other fried foods.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Frying is a culinary process applied to a great variety of foods.
Innovation in the food industry with the development of new food
products associated to social changes in Western countries have
increased the consumption of a great variety of time-saving “ready-
to-heat” frozen foods. In Spain, the consumption of pre-cooked
frozen foods, most of them bread-coated, increased by 7.8% in the
period 2001e2006 (MAGRAMA, 2006). When considering both
household and catering and institutions consumption, recent data
(2014) indicate that around 12.3 kg per capita per year of ready-to-
serve foods (including pre-cooked frozen foods) were consumed in
Spain, increasing every year (0.4% higher than in 2013) (MAGRAMA,
2014). Croquettes and pasties account for around 20% of precooked
foods with high amount of cereals. Churros are also a typical
Spanish fried food product with a high consumption among cereal
products (1.32 g/capita/day) (AECOSAN, 2011). Other commonly
consumed foods in the Mediterranean diet, and particularly in the
Spanish cuisine, are vegetables, such as onions or peppers, which
).
are often subjected to a frying process for further uses as base in-
gredients or garnish.

Fried food palatability is related to unique sensory characteris-
tics, including brown colour, crunchy texture and other desired
flavour and taste, mainly due to Maillard reactions (Rossell, 2001).
Frying process induces significant changes in food such as water
loss, melanoidins formation, increase of fat amount, and changes in
the fatty acid profile due to the mass exchange between frying
media and the fat of food (Miranda et al., 2010; Romero, Cuesta, &
Sanchez-Muniz, 2000; Sanchez-Muniz, Viejo, & Medina, 1992).
Maillard reaction also induces the formation of volatile compounds
that provide the characteristic aroma and flavour of roasted and
fried foods. Among them, furan and furanic compounds can
significantly contribute to the sensory properties of heat treated
foods (Anese & Suman, 2013; Maga, 1979). However, furan is a
highly volatile compound, which has been classified as a possibly
carcinogenic to humans (group 2B) by the International Agency for
Research on Cancer (IARC, 1995). The Joint FAO/WHO Expert
Committee on Food Additives estimates that furan exposure
through diet is confirmed as a public health problem (JECFA, 2010).
Therefore, Food Safety Agencies promote furan data collection in
foods (EFSA, 2010; US FDA, 2008).
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Coffee (for adults) and commercial baby foods (for infants) have
been proposed as the major contributors to furan exposure
(Fromberg, Fagt, & Granby, 2009). Some authors have studied the
risk assessment of furan in these products (Lachenmeier, Reusch, &
Kuballa, 2009; Waizenegger et al., 2012), however other cooked
foods could also contribute in a high extent to furan exposure due
to the fact that furan formation can be influenced by the heat
treatment conditions (Fromberg et al., 2009). Carbohydrate
degradation, pyrolysis of sugars, decomposition of ascorbic acid
and oxidation of polyunsaturated fatty acids during heat treatment
can promote furan generation (Becalski & Seaman, 2005; Limacher,
Kerler, Conde-Petit, & Blank, 2007; Limacher Kerler, Davidek,
Schmalzried& Blank, 2008;M€ark, Pollien, Lindinger, Blank,&Mark,
2006; Perez Locas & Yaylayan, 2004; Owczarek-Fendor et al., 2011).
Some authors suggest that carbohydrate foods are more prone to
the formation of furan, probably due to the Maillard reaction and
that the retention of furan in foods is mainly caused by the lipid
fraction, especially polyunsaturated fatty acids (Arisseto, Vicente,
Ueno, Tfouni, & Toledo, 2011; Fromberg et al., 2009). So that, it
may be expected that the content of furan in foods subjected to a
frying process, especially those rich in carbohydrates, could be high.
Nevertheless, an EFSA report highlights that only 8% of the furan
data were reported after food preparation and it claims that future
testing of furan should preferably analysed both as purchased and
as consumed indicating the exact cooking preparation conditions
(time, temperature and handling label information) (EFSA, 2010).
Therefore, the main aim of this work was to evaluate the furan
content in some of the most common Spanish fried foods
(AECOSAN, 2011), both bread-coated frozen foods cooked by deep-
frying and selected vegetables slowly fried in oil and commonly
used as base ingredients for cooking some typical dishes in Spanish
cuisine. The use of reheated oil for frying is also a common culinary
practice. Thus, furan occurrence in foods fried with fresh or
reheated oils was also tested. With the obtained results, a pre-
liminary approach for risk assessment of furan in fried foods for
Spanish population has been conducted.

2. Material and methods

2.1. Food samples and reagents

Three packages of different lots of frozen precooked foods (ham
croquettes, squid rings, tuna pasties, churros, nuggets, fish fingers,
onion rings and san jacobos) were obtained from a local super-
market. According to food labels of frozen precooked products,
carbohydrates were the most abundant nutrient (19.4e30.0 g/
100 g), followed by fat (0.7e16.3 g/100 g) and proteins (<10 g/
100 g). Three different batches of vegetables (yellow onion, green
pepper, cardoon, cabbage and chicory), as well as sunflower oil and
olive oil (refined and virgin olive oil blend) were obtained from
local stores. Furan and d4-furan, as well as sodium chloride were
purchased from SigmaeAldrich Chemical (Steinheim, Germany).
The methanol (HPLC grade) was purchased from Panreac (Barce-
lona, Spain).

2.2. Standard solutions

Stock solution of d4-furan was prepared by adding 25 mL of d4-
furan to 10 mL of methanol in a vial. A 2.5 mg mL�1 water working
solution was prepared daily. Stock and working solutions of furan
were prepared using the same procedure for d4-furan. Then, six
calibration standard solutions at concentration ranging from 0.001
to 0.02 mg mL�1 were prepared by adding the appropriate amount
of furan water working solution (2.5 mg mL�1) into a 20 mL vial
containing 3 g of NaCl and 5 mL of deionized water. In addition,
40 mL of the d4-furan water working solution (2.5 mg mL�1) was
added to each calibration solution as internal standard.

2.3. Food samples preparation

Eight frozen precooked foods (ham croquettes, squid rings, tuna
pasties, churros, nuggets, fish fingers, onion rings and san jacobos
(ham and cheese in breadcrumbs)) were deep fried in olive oil
using a domestic deep fryer Princess 180710 (DOSEFES S.A., Bar-
celona, Spain) at 190 �C during 6 min. Temperature was checked
with a digital thermometer type J/K Fluke 51 (Fluke, USA). In order
to study the effect of the reuse of oil in the formation of furan, 20
times reheated olive oil was also employed. Oil polar compounds
were measured with a quality-meter frying oil FOM-320 (Ebro
Electronic, Ingolstadt, Germany).

Chopped vegetables (yellow onion, green pepper, cardoon,
cabbage and chicory) (300 g) were fried with olive or sunflower oils
(30 mL) at 115 �C for 10 min in a frying pan. Then, temperature was
decreased to 108 �C for 5 min. Chopped vegetables were also
submitted to heating at 150 �C for 10 min and then at 110 �C for
5 min in a griddle without oil addition.

2.4. Furan analysis

Furan content was analysed following the method described by
Perez-Palacios, Petisca, Melo, and Ferreira (2012) with modifica-
tions. Samples were grinded with a fork until homogenization in an
ice bath to avoid furan losses. Immediately after, 2 g of each sample
were transferred to a 20 mL vial containing 3 g of NaCl and 5 mL of
deionized water. For the oil samples, 2 mL of oil were transferred to
the vial containing 3 g of NaCl. A volume of 40 mL of working so-
lution of d4-furan (2.5 mg mL�1) was added as internal standard to
each vial which was immediately closed. Afterwards, the vial was
sonicated for 15 min and stored at 4 �C until further analysis
(<24 h). Each sample was prepared in triplicate.

A SPME fiber (Supelco Co., Canada) coated with carboxen/pol-
ydimethylxilosane (CAR/PDMS) 75 mm was used. The fiber was
exposed to the headspace of the sample during 40 min at 37 �C. The
SPME fiber was desorbed at 280 �C for 10 min in a HP6890 GC
System gas chromatograph (Agilent Technologies, Palo Alto, CA)
coupled to a mass selective detector (MS) (model 5973, Agilent
Technologies). Volatiles were separated using a column HP PLOT/Q
(30 m length � 0.32 mm internal diameter � 0.20 mm thickness).
The carrier gas was helium at a flow of 1 mL min�1. The tempera-
ture program was 40 �C for 5 min, then raised at 3 �C min�1 to
120 �C, and finally, raised at 10 �C min�1 up to 220 �C and held for
5 min. The GCeMS transfer line temperature was 270 �C. The MS
operated in the electron impact mode with an electron impact
energy of 70 eV and a multiplier voltage of 1247 V and collected
data at a rate of 1 scan s�1 over a range of m/z 35e350. Ion source
temperature was set at 230 �C. Furan and d4-furan were identified
by comparing their retention time and their mass spectra with
those of standard compounds and NIST 05L library. Selected ion
monitoring (SIM) was used for the detection of furan and d4-furan,
using m/z 68 and m/z 72, respectively. Furan was quantified using
d4-furan as an internal standard by calibrate curve method.

The method was validated by obtaining a linear relationship
between the concentrations of furan and the respective area ratio
between m/z 68 and m/z 72 (r ¼ 0.999). Results for repeatability
showed a good precision of themethodwith coefficient of variation
values below 5%. Taking into account that furan is a highly volatile
compound, a narrow dispersion of values was also observed for
intermediate precision, with coefficients of variation between 3.28
and 16.19%. The limit of detection (LOD) and limit of quantification
(LOQ) were also calculated, obtaining 0.7 and 2.3 mg furan kg�1
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sample, respectively.

2.5. Estimation of daily furan intake and margin of exposure (MOE)

The daily furan exposure in Spanish population due to the
analysed fried foods was calculated based on the obtained furan
results in the present work and the Spanish Dietary Intake Survey
(AECOSAN, 2011) following the next equation:

E ¼
X

ðF� CÞ

Where E is the amount of furan to which a person is exposed (ng/
kg bw/day) due to the selected foods; F is the food intake per day (g/
kg bw/day or mL/kg bw/day) according to the Spanish dietary
consumption survey (AECOSAN, 2011); and C is furan content (mg
kg�1) of each food from the present data or those reported by EFSA
(2011). Moreover, in order to provide different exposure scenarios
and to consider highly exposed individuals the following calcula-
tions were carried out: (1) for food intake, the mean and 99th
percentile (P99), both according to the Spanish dietary consump-
tion survey (AECOSAN, 2011) were considered for calculations; and
(2) for furan content, the mean and 95th percentile (P95) from our
samples or those reported by EFSA (2011) were considered for
calculations. In analysed food samples where the value is below the
LOD or LOQ of the method and to get a range, values were set as “0”
for the lower value and LOD or LOQ for the upper bound,
respectively.

Finally, as a first approach for risk assessment, the margin of
exposure (MOE) was calculated according to the harmonised
approach of the European Food Safety Authority (EFSA) for the risk
assessment of substances which are genotoxic and carcinogenic
(EFSA 2005). The MOE is obtained by dividing the value of the
selected reference point on the doseeresponse curve for the
adverse effect of the substance, such as Benchmark Dose Lower
Confidence Limit of 10% (BMDL10), by the estimated human intake
of the substance. The BMDL10 used for our calculations was
0.96 mg/kg bw/day for induction of hepatocellular adenomas and
carcinomas in female mice which is the one used in the last WHO
Expert Committee on Food Additives for Furan (WHO, 2011). For
the MOE calculation, the estimated intake was calculated taking
into account all the fried samples (both with fresh and reheated
olive oil) for each frozen precooked food assuming that population
is normally exposed to both kinds of frying processes.

2.6. Statistical analysis

Results are shown as means ± standard deviations. One-way
analysis of variance (ANOVA) was applied for each parameter. A
Tukey test was applied as a posteriori test with a level of signifi-
cance of 95%. All statistical analyses were performed using the
STATA v.12.0 software package.

3. Results and discussion

3.1. Furan in cooked foods

Frying process is a common culinary technique applied to foods
as different as bread-coated frozen foods and vegetables to develop
their typical sensorial properties or to be used as base ingredients
in Spanish cuisine. In this work, the occurrence of furan was tested
(1) in eight bread-coated frozen foods selected among the most
common consumed in Spain (AECOSAN, 2011) before and after
deep frying with fresh or reheated olive oil, and (2) in five vege-
tables used as base ingredients or garnish in typical dishes in
Spanish cuisine after frying with olive or sunflower oil, or after
griddling.

Fig. 1 shows the presence of furan in the bread-coated frozen
foods (ham croquettes, squid rings, tuna pasties, churros, nuggets,
fish fingers, onion rings and san jacobos) analysed before and after
deep frying. In raw foods, furan was only found in tuna pasties
(16 mg kg�1), probably due to their filling (tuna in tomato sauce)
previously cooked. Recently, a study on furan occurrence in canned
fish found the maximum furan content in those samples containing
tomato sauce, including tuna (27 mg kg�1) (Pye & Crews, 2014). In
the present samples, the pastry that involves the filling of tuna in
tomato sauce, together with the chilling temperature might pre-
vent furan volatilization during food preservation. The low furan
values found in fresh olive oil (2.5 mg kg�1) (Table 1) suggest that oil
will negligibly contribute to furan content in fried foods. Similarly,
Fromberg et al. (2009) and EFSA (EFSA, 2010; EFSA, 2011) showed
that vegetable fats hardly ever contribute to furan content, except
in the case of olive oil (5.1 mg kg�1) used as frying agent of home-
made meat and fish balls (Fromberg et al., 2009). The low furan
content in olive oil used in the present study might be related with
its freshness (3% polar compounds), which is unknown for olive oil
previously reported.

After frying, furan levels increased in all samples. In the case of
samples fried in fresh oil, furan levels were ranged between
16 mg kg�1 (fish fingers) and 115 mg kg�1 (onion rings). When
reheated oil was used, furan levels tended to be higher in many
cases, ranging from 12 mg kg�1 (tuna pasties) and 172 mg kg�1

(onion rings). However, no significant differences were found in
ham croquettes, tuna pasties, nuggets and fish fingers that were
fried using either fresh or reheated oil. Therefore, the use of
reheated oil seemed to have lower influence in furan formation
than frying process itself. The highest furan levels were observed in
fried onion rings, followed by nuggets and churros, while the
lowest levels were obtained in some foods containing fish (fish
fingers and tuna pasties). Because in the present study the same
time (6 min) and temperature (190 �C) were applied for frying all
samples, the different food composition might explain the different
levels of furan. The longer time in comparison to that applied for
French fries and homemade crisps (3e3.5 min at 190 �C) (Fromberg
et al., 2009) might explain the higher values of furan in the present
study. Moreover, the Maillard browing reactions induced by frying
at high temperatures a dough (churros and tuna pasties) or food
samples with a carbohydrate-rich external coat, such as bread (ham
croquettes, fish fingers, nuggets and san jacobos) or a dough (squid
rings and onion rings), might explain the formation of higher furan
content in our samples than in toasted bread slices or also in coffee
brew (Fromberg et al., 2009; EFSA, 2011).

Furan occurrence was also measured in olive oil used as frying
agent, which was selected because it is themost common vegetable
oil used for frying by Spanish population (Sayon-Orea et al., 2014).
The results are shown in Table 1. Unheated olive oil contained low
amount of furan (2.5 mg kg�1), in agreement with that found in
other vegetable oils (EFSA, 2010; EFSA, 2011), but lower than that
reported for olive oil by Fromberg et al. (2009). However, olive oil
after used as frying agent contained between 14 and 17 mg kg�1.
This may be due to the formation of furan from unsaturated fatty
acids at high temperatures (Becalski & Seaman, 2005), and the
retention of furan formed in fried foods or in their residues by oil
(Van Lancker, Adams, Owczarek, De Meulenaer,& De Kimpe, 2009).
Table 1 also shows the amount of polar compounds before and after
frying. Polar compounds significantly increased when the oil was
used as frying agent, being higher than the legal limit (25%) (BOE,
1989) in the case of reheated oil after 20 cycles. This indicates
thermal oxidation and polymerisation processes that could also
promote the formation of furan, not only in the oil, but also in the



Fig. 1. Furan (mg kg�1) in frozen precooked bread-coated foods before and after deep frying treatment with fresh and reheated olive oil.

Table 1
Furan levels and polar compounds in olive oil before frying (unheated), and after one (heated) or 20 frying cycles (reheated).

Unheated olive oil Heated olive oil (1 frying cycle) Reheated olive oil (20 frying cycles)

Furan (mg kg�1) 2.5 ± 0.2b 17 ± 3a 14 ± 3a

Polar compounds (%) 3.0 ± 0.0c 20.3 ± 1.0b 34.5 ± 1.8a

Values are shown as means ± standard deviations (n ¼ 3).
Different letters for row indicate significant differences.
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fried foods, as it was noted above when reheated oil was used.
Table 2 shows the occurrence of furan in five vegetables (yellow

onion, green pepper, cardoon, cabbage and chicory) used as base
ingredients or garnish in typical dishes in Spanish cuisine, after
frying with olive or sunflower oils, or after griddling (heat treat-
ment without oil addition). Furanwas only found in griddled onion
at low level (3.5 mg kg�1), and in the other griddled vegetables
below the limit of quantification of 2.3 mg kg�1 or the limit of
Table 2
Furan (mg kg�1) in vegetables before and after heat treatment.

Vegetable Heat treatment Furan (mg kg�1)

Onion Raw nd
Fried in olive oil nd
Fried in sunflower oil nd
Griddled 3.5 ± 0.3

Green pepper Raw nd
Fried in olive oil nd
Fried in sunflower oil nd
Griddled nd

Cardoon Raw nd
Fried in olive oil nd
Fried in sunflower oil nd
Griddled <2.3

Cabbage Raw nd
Fried in olive oil nd
Fried in sunflower oil nd
Griddled <2.3

Chicory Raw nd
Fried in olive oil nd
Fried in sunflower oil nd
Griddled <0.7

Values are shown as means ± standard deviations (n ¼ 3).
nd, not detected.
detection of 0.7 mg kg�1. Furanwas not detected in any of the raw or
fried vegetable samples. The lower temperature applied (<115 �C)
in comparison to that of the deep-fried foods (190 �C), the furan
volatilization during longer time cooking (15 min vs 6 min)
together with the food composition (lower carbohydrates and fat)
might explain the low furan content.
3.2. Furan exposure in Spanish population

The estimation of furan potential intake by Spanish population
due to some of the most commonly consumed fried foods was
made based on the furan results obtained in the present work
(mean and P95) and the mean and P99 consumption of the ana-
lysed foods reported by the Spanish Dietary Intake Survey
(AECOSAN, 2011). When consumption data were not available in
the dietary survey, such as in squid rings, onion rings and san
jacobos, the mean consumption value for fried foods analysed in
the present work was used for furan estimation.

Tables 3 and 4 shows the average consumption of the different
foods analysed in the present study by the Spanish population
(AECOSAN, 2011) and the furan exposure due to these foods. Olive
oil is one of the main foods which might contribute to furan intake
(up to 1463 ng/kg bw/day for the worst scenario) due to its high
consumption in Spain. However, it has to be considered that most
of the olive oil is consumed unheated, mainly in salads, which
present very low furan content (2.5 mg kg�1) providing a furan
intake of 57 and 192 ng/kg bw/day for those consumers with a
mean and P99 food consumption, respectively. Similarly, the high
consumption of onion might contribute up to 368 ng/kg bw/day of
furan intake for the worst scenario. However, onion is mainly
consumed raw in salads or fried, in which samples furan content



Table 3
Food consumption and furan levels (ng/kg bw/day) per selected foods in the Spanish
population.

Food Food consumptiona

(g/kg bw/day or mL/kg bw/day)
Furan contentb

(mg/kg)

Mean P99 Range Mean P95

Ham croquettes 0.012 0.47 12e32 23 32
Squid ringsc 0.010 0.30 30e90 59 88
Tuna pasties 0.009 0.38 12e28 19 28
Churros 0.021 0.53 47e81 63 80
Nuggets 0.005 0.077 54e86 71 85
Fish fingers 0.002 0.048 7.6e23 17 22
Onion ringsc 0.010 0.30 106e181 143 179
San Jacobosc 0.010 0.30 31e74 51 73
Olive oil 23 77 2.4e20 9.7 19
Onion 23 105 0e3.5 e e

Green pepper 14 115 0e0.70 e e

Cardoon 0.16 3.1 0e2.3 e e

Cabbage 2.3 66.7 0e2.3 e e

Chicory 0.010 0.32 0e0.70 e e

a Mean and P99 food consumption by Spanish population as recorded by
AECOSAN(2011).

b Results obtained from samples fried with fresh and reheated olive oil (n ¼ 6).
c Mean values of fried foods consumption are taken because data are not

available.
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was not found. Therefore, only in the case of the consumption of
onion treated by griddling, which is less common than the other
culinary techniques, it contributes to furan dietary exposure.
Among fried frozen precooked foods, the highest furan intake is
due to onion rings (1.4e54 ng/kg bw/day) and churros (1.3e42 ng/
kg bw/day). A total dietary exposure ranged from 4.7 to 178 ng/
kg bw/day of furanwas estimated for Spanish population due to the
consumption of the fried frozen precooked foods analysed in the
present study.

The total exposure of furan in Spanish population (Table 5) was
also estimated based on data of the furan content (mean and P95)
per main food category reported by EFSA (2011) and the mean and
P99 consumption of these foods by Spanish population (AECOSAN,
2011). Coffee brew, with a range of furan levels between 42 and
45 mg kg�1 (mean) and 228 mg kg�1 (P95) (EFSA, 2011) has proposed
as the major contributor to furan intake in European adult popu-
lation (Fromberg et al., 2009; EFSA 2011; Sijia, Enting, & Yuan,
2014). As EFSA suggested, these values might be overestimated,
due to the high consumption of coffee brew in Northern European
countries (more than 10 ml/kg bw/day of coffee) that usually has
been taken to estimate furan content (Fromberg et al., 2009). In
Spain, coffee brew consumption is much lower (up to 5.4 ml/kg bw/
Table 4
Furan exposure (ng/kg bw/day) and Margin of Exposure (MOE) per selected foods in the

Food Furan exposure
(ng/kg bw/day)

Intake: Mean
Furan concentration: Mean/P95

Intake: P99
Furan concentration: Mea

Ham croquettes 0.27/0.38 11/15
Squid rings 0.59/0.88 18/27
Tuna pasties 0.17/0.25 7.2/10
Churros 1.3/1.7 33/42
Nuggets 0.35/0.42 5.4/6.5
Fish fingers 0.030/0.040 0.83/1.1
Onion rings 1.4/1.8 43/54
San Jacobos 0.50/0.73 15/22
Total 4.7/6.2 134/178

a Margin of exposure (MOE) to furan for different exposure scenarios. Calculated with
(WHO, 2011) (0.96 mg/kg b.w.).
day) (AECOSAN, 2011), however coffee is also shown as the main
contributor to furan exposure, except for those coffee drinkers with
the mean consumption of coffee brews with a mean furan content.
After coffee, the highest furan exposure in the Spanish population is
due to cereal products. This could be due to the fact that the
category “cereal products” in Spanish survey covers a wide range of
products, and consequently its consumption might be over-
estimated. EFSA report only collected furan data from 4 cereal
products samples from Spain, but it is difficult to knowwhat are the
specific foods included. Taking into account that typical Spanish
fried foods such as churros, croquettes and pasties are included in
the category “cereal products” (AECOSAN, 2011), and that as far as
we know this is the first study who reports furan content in these
products, EFSA data should be revised to include them. Regarding
vegetables results, furan values reported by EFSA (2011) were
higher than those resulting on the present study where furan was
scarcely detected. Since canned and jarred products present high
levels of furan (US FDA, 2004) it is probably that EFSA data mainly
include this kind of vegetables.

A total mean dietary exposure of furan of 239 ng/kg bw/day was
estimated for Spanish population. This result is in the range re-
ported by EFSA (2011) for European adults (30 and 580 ng/kg bw/
day). However, taking into account the worst scenario, that is the
high consumption (P99) of different foods with the highest content
of furan (P95), total dietary exposure of furan could reach up to
4372 ng/kg bw/day.

Additionally, to have a preliminary approach for risk assess-
ment, MOEs of furan for fried frozen precooked food samples and
for the main food categories established by EFSA, are shown in
Tables 4 and 5 According to the EFSA (2005), a MOE of 10,000 or
higher would be considered as a low public health concern and
reasonably as a low priority for risk management actions. WHO
(2011) obtained MOEs of furan of 960 and 480 for average and
high dietary exposures, respectively. Therefore, the Committee
considered that these MOEs indicate a human health concern for
furan. In the case of the total furan exposure in Spanish population
(Table 5), MOEs were also below 10,000 in all scenarios. When
MOEs were calculated for fried frozen precooked food samples for
Spanish population (Table 4), results showed that furan could
suppose a possible public health risk only in the case of people with
the highest consumption of these food products.

In summary, deep-frying process at high temperatures induces
the formation of considerable amounts of furan in bread-coated
foods with a furan increase tendency when reheated oil is used,
suggesting a health risk in populations groups with a high con-
sumption of these frozen precooked products. Nevertheless, taking
into account the limitation of the low number of samples in the
Spanish population.

MOEa

n/P95
Intake: Mean
Furan concentration: Mean/P95

Intake: P99
Furan concentration: Mean/P95

3468459/2524854 88181/64191
1629696/1086956 54142/36111
5561831/3828667 132775/91400
722793/570750 28802/22743

2713717/2267024 176215/147209
27655080/21323856 1152295/888494

670071/536770 22261/17832
1898483/1312685 63072/43610
204540/155228 7174/5402

The BMDL10 used in the last WHO Expert Committee on Food Additives for Furan



Table 5
Food consumption, furan content, furan exposure (ng/kg bw/day) and Margin of exposure (MOE) per main food category in the Spanish population.

Food Food consumptiona

(g/kg bw/day or mL/kg bw/day)
Furan contentb

(mg/kg)
Furan exposure (ng/kg bw/day) MOEc

Mean P99 Mean P95 Intake: Mean
Furan concentration:
Mean/P95

Intake: P99
Furan concentration:
Mean/P95

Intake: Mean
Furan concentration:
Mean/P95

Intake: P99
Furan concentration:
Mean/P95

Coffee brew 0.95 5.4 42e45 228 41/217 231/1227 23500/4432 4149/782
Baked beans 0.004 0.09 22e24 57 0.090/0.23 2.1/5.1 10666666/4173913 463768/187134
Beer 1.4 15 3.3e5.2 13 6.1/19 65/199 156862/51282 14734/4817
Cereal products 3.2 9.2 15e18 60 53/194 152/551 17957/4938 6330/1741
Fish 1.5 5.4 17 86 15/128 81/467 64042/7491 6979/2055
Fruit juices 1.1 12 2.2e4.6 8e10 3.9/10 41/110 245524/92753 23162/8750
Fruits 3.6 14 2e6.4 11 15/39 59/155 64386/24583 16164/6172
Meat products 2.7 8.1 13e17 67 41/183 121/542 23443/5248 7911/1771
Milk products 5.1 13 5e5.6 20 27/102 69/260 35661/9448 13933/3692
Sauces 0.17 1.4 8.3e11 30 1.6/5.1 13/42 585365/188235 71569/23021
Soups 0.039 1.4 23e24 72 0.92/2.8 33/100 1043478/341637 29389/3592
Soy sauce 0.017 0.30 27 67 0.46/1.1 8.1/20 2086956/842105 6971678/47761
Vegetables juices na Na 2.9e9 18 na na na na
Vegetables 2.9 9.7 6.9e9.6 41 25/122 80/399 39056/7857 11959/2406
Cocoa 0.050 0.78 9e10 40 0.47/2.0 7.4/31 2042553/888888 129554/30769
Snacks and crisps 0.040 0.72 9.6e10 27 0.39/1.1 7.1/19 461538/102564 136054/49382
Soft drinks 2.1 17 0.8e1.2 4.5 2.1/9.4 17/79 461538/102564 54794/12176
Soya products na na 6.7 28 na na na na
Sweets 0.24 1.3 5e6 18 1.3/4.3 7.2/24 727272/222222 133240/40712
Tea 0.51 6.7 1e1.7 3.3 0.69/1.7 8.9/22 1391304/571428 106773/43680
Vegetables fat 0.53 1.4 1.5e1.7 10 0.85/5.3 2.2/14 1129411/181132 431654/69064
Wine and liquors 2.4 19 1.3 5.6 3.2/14 24/105 302839/70278 16081/9108
Total 239/1061 1032/4372 4021/905 930/220

a Mean and P99 food consumption by Spanish population as recorded by AECOSAN(2011).
b Mean furan content in food per main food category by EFSA (2011).
c Margin of exposure (MOE) to furan for different exposure scenarios. Calculated with The BMDL10 used in the last WHO Expert Committee on Food Additives for Furan

(WHO, 2011) (0.96 mg/kg b.w.) na. Not data available.
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present study, as well as the increment of the consumption of these
fried products by Spanish population, further studies should be
developed to provide exposure data for a final risk assessment of
fried foods. Therefore, a higher number of samples from different
commercial brands, homemade products, and other ethnic foods
should be analysed. Moreover, further studies about the occurrence
of furan in fried bread-coated foods should be developed consid-
ering other aspects, such as the volatilization of furan during the
time between cooking and consumption, due to the fact that some
authors found a decrease in furan levels (Zoller, Sager & Reinhard,
2007; EFSA, 2011), while others reported a furan increase during
cooling in toasted bread (Fromberg et al., 2009). Taking into ac-
count that 93.6% of the collected furan results in EFSA report (2011)
were derived from samples without cooking processes, data should
be continuously revised including higher numbers of foods cooked
at different conditions. Furthermore, risk assessment of foods
should be conducted to consider vulnerable groups, like adoles-
cents and infants, and professionals in restaurants, caterings, etc.
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a b s t r a c t

Targeted induced gene expression for industrial fermentation processes in food and beverage production
could fulfill future requirements. Up to now, there is limited data of inducible expression patterns for
targeted gene expression under such specific conditions. For the evaluation of temperature induced
native promoters, the widely used reporter gene “enhanced green fluorescence protein” (EGFP) by uti-
lizing high throughput systems was applied. Five different promoters of the industrial yeast strain
Saccharomyces cerevisiae TUM 68 were evaluated (PHSP12, PHSP26, PHSP30, PHSP104, and PSSA3). They
are induced during temperature shifts, which may occur in transition of fermentation to maturation.
Furthermore, the induction of gene expression affected by different contents of ethanol were investi-
gated, by using synthetic wort which mimics a 12 �P wort. Promoters PHSP30 and PSSA3 showed the
highest fluorescence value during temperature shift from 20 �C to 10 �C. A temperature shift from 20 �C
to 4 �C, resulted in highest fluorescence values of PSSA3 and PHSP26. Further, these promoters showed
the lowest induction value by ethanol concentrations between 4 and 6%-vol. With this method, it is
possible to evaluate native temperature induced promoters for the usage in self-cloning brewing yeast
under strict industrial conditions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The application of self-cloning Saccharomyces cerevisiae yeast in
the field of beverage production has been intensively studied.
Modified yeast is desired because a self-cloning yeast must not be
declared as genetically modified yeast (GM yeast), which depends
on the state legislation (Fischer, Procopio, & Becker, 2013). Present
applications of industrial self-cloning yeast are based on constitu-
tive regulated gene expression or gene replacement (Hirosawa
et al., 2004; IijimaIijima & Ogata, 2010; Ishida-Fujii et al., 1998;
Kusunoki & Ogata, 2012; Wang, He, Liu, & Zhang, 2008; Wang, He,
& Zhang, 2007). Regulated expression systems such as galactose
(West, Yocum, & Ptashne, 1984) or cupper inducible systems (Farhi
et al., 2006; Labbe & Thiele, 1999) are not conceivable for the use in
food and beverage production. Due to harmfulness and the pro-
scription of additives which are regulated in the union list of food
additives (commission regulation No. 1129/2011).
protein; YEPD, Yeast extract

).
During the industrial fermentation process of beverages there
are temperature shifts. The initiation of fermentation and even the
transition from fermentation to maturation is accompanied by
changes in temperature. The industrial yeast S. cerevisiae is adapted
to different stressors such as high concentration of ethanol, osmotic
pressure, limitation in nutrition and temperature cycling. This
temperature shift leads to a modification of specific genetic regu-
lation. The genetic response of cold shock results in membrane
fluidification, cell wall maintenance, osmolyte synthesis, protein
folding support and, ROS detoxification. In particular, the primary
signal is transduced to classical stress pathways and transcription
factors (Aguilera, Randez-Gil, & Prieto, 2007). The high osmolality
glycerol (HOG) pathway responds to numerous extracellular stim-
uli and is even involved in the expression of a subset of cold
induced genes after cold shock (Aguilera et al., 2007; Panadero,
Pallotti, Rodriguez-Vargas, Randez-Gil, & Prieto, 2006; Trott, Sha-
ner, &Morano, 2005). The cell wall integrity (CWI) pathway has an
important part in the cold shock response as well (Corcoles-Saez,
Ballester-Tomas, de la Torre-Ruiz, Prieto, & Randez-Gil, 2012).
Moreover, changes in membrane fluidity influenced the primary
signal, which triggers the cold shock response (Aguilera et al.,
2007). Genes involved in glycogen and trehalose synthesis are
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induced during cold-shock, suggesting that biosynthesis and
accumulation of these reserve carbohydrates are necessary for
adaptation and survival under cold stress (Kandror, Bretschneider,
Kreydin, Cavalieri, & Goldberg, 2004; Murata, Homma, Kitagawa,
Momose, Sato, Odani et al., 2006). Indeed, members of heat shock
protein (HSP) family are strictly induced after heat shock (Piper,
Talreja, Panaretou, Moradasferreira, Byrne, Praekelt et al., 1994;
Yamamoto, Maeda, Ikeda, & Sakurai, 2008) and some of them are
also highly induced by higher concentrations of ethanol and even
cold shock (Homma, Iwahashi,& Komatsu, 2003; Izawa, Kita, Ikeda,
& Inoue, 2008; Murata et al., 2006). These proteins function as
molecular chaperones which refold damaged proteins and protect
thermally damaged proteins from aggregation and contribute to
cell wall restructuration and synthesis of compatible solutes
(Verghese, Abrams, Wang, & Morano, 2012).

For a reliable regulation of gene expression a subset of pro-
moters is needed that operates independently of fermentation
process by a strictly regulated and powerful induction of the target
gene. Up to now, little attention has been paid to the induction
patterns and the intensity of temperature induced promoters for
industrial application. Especially, the composition of complex in-
dustrial fermentation media such as wort or grape must, could
influence such gene regulations. The aim of the present work was
the application of a high-throughput method for the evaluation of
temperature induced promoters of S. cerevisiae TUM 68 under
brewing conditions. Unlike previous studies on cold-shock induc-
ible gene regulation, the fermentation temperature and maturation
temperature are based on specific industrial parameters and in-
dustrial fermentation media. Furthermore, industrial strains are
much more complex in the genetic architecture and available
research data from laboratory yeast cannot by simply extrapolated
(Steensels et al., 2014). For analysis of gene regulation during
temperature shifts under brewing conditions, the reporter system
EGFP was used. This reporter system was chosen due to its ad-
vantages, such as auto-fluorescence, non-invasive in situ detection
and the modesty regarding cultivation media. A synthetic medium
which mimics a 12 �P wort was used, which has an equivalent
amino acid content and carbohydrate composition. The frequency
of initiation is correlated to promoter strength and is visualized by
the detection of fluorescence. Quantitative reporting property has
been demonstrated (Attfield, Choi, Veal, & Bell, 2001; Brown &
Lostroh, 2008; Lu, Bentley, & Rao, 2004). The yeast promoters for
the evaluation of induction conditions were grouped as HSP family,
which are known for induction by heat- and cold shock. The choice
is further justified by the fact of different transcription factor
binding sites which are harboring into the sequence of the pro-
moter (Table 1). For further investigation of suitable evaluated
promoters, the integration of a complete gene cassette is preferred
in contrast to a replacement of HSP-genes by the reporter gene.
Table 1
STRE, HSE and Yap consensus sites of the promoter regions of Hsf1p-, Msn2p/4p-
and YAP-dependent genes (Boy-Marcotte et al., 1999; Ma & Liu, 2010).

Promoter STRE (CCCT) HSE (NGAANNTTC) YAP (TTACTAA)

PHSP12 7 1 0
PHSP26 4 7 0
PHSP30 0 0 3
PHSP104 3 10 1
PSSA3 0 1 0
2. Materials and methods

2.1. Strains, plasmids and cultivation conditions

The ale yeast S. cerevisiae TUM 68 was used as the host for yeast
transformation. The promoter expression cassette was inserted into
the URA3 locus. The constructed recombinant strains for the pro-
moter screening are listed in Table 2. The recombinant strains are
selected as geneticin-sulfate (G418) resistant strains. Escherichia
coli DH5a were used for plasmid construction. E. coli strains was
cultivated at 37 �C on Lauria-Bertani (LB) medium (Green &
Sambrook, 2012) supplemented with ampicillin (100 mg/l) or
kanamycin (50 mg/l) if necessary. Yeast was grown at 25 �C in YEPD
(10 g/l yeast extract; 20 g/l peptone; 20 g/l glucose) supplemented
with G418 (200mg/l) if necessary. Standard synthetic wortmedium
was used for yeast fermentation ability and shock conditions and
composed of (g/l): yeast nitrogen base LoFlo w/o amino acids
(Formedium, UK), 6.9; K2HPO4,1.3; glucose,12; maltose, 74; malto-
triose, 17; fructose, 2.5; sucrose, 4; glycine, 0.04; alanine, 0.12;
valine, 0.13; leucine, 0.17; isoleucine, 0.08; serine, 0.07; threonine,
0.08; asparagine, 0.16; glutamine, 0.11; aspartic acid, 0.9; glutamic
acid, 0.1; cysteine, 0.01; methionine, 0.02; lysine, 0.14; arginine,
0.15; histidine, 0.05; phenylalanine, 0.15; tyrosine, 0.12; trypto-
phan, 0.02; proline, 0,36 and if necessary adjust the pH value with
20% lactic acid to pH 5.4 (Sacher, 2006). To minimize the back-
ground fluorescence yeast nitrogen base (LoFlo) without riboflavin
and folic acid was used.

2.2. DNA Manipulation and plasmid construction

Plasmid DNAwas prepared from E. coli by the alkali lysemethod.
Genomic yeast DNA was prepared by glass bead preparation
(Amberg, Burke, & Strathern, 2005). Table 3 shows all the primer
for amplifying the promoters. The cloning vector pEGFP was
extended with kanamycin resistance marker (KanMX) from pUG6
which was amplified by PCR and digested with restriction enzymes
EagI/AatII and inserted into the EagI and AatII site of pEGFP to
generated plasmid pEGFP-KanMX. The terminator region of CYC1
was amplified from S. cerevisiae TUM 68 using primers CYC1-L and
CYC1-R with restriction site EagI/BglII and these fragments were
ligated into the EagI and BglII site of pEGFP-KanMX by T4 Ligase
(Thermo Scientific, Germany) to construct the plasmid pEGFP-
CYC1ter-KanMX. Promoters were amplified by PCR and
sequenced for observation of differences in the sequence in
compression to database of S288c. After the PCR product was ob-
tained, it was digested with restriction enzymes SphI/SmaI (or NheI/
SmaI was used for pSSA3 and pHSP26) and cloned by ligation into
the plasmid pEGFP-KanMX. Flow diagrams for construction of
transformation cassettes shown in Fig. 1.

2.3. Transformation and screening

Rubidium chloride competent E. coli cells were transformed by
the heat shock method. The promoter expression cassette was
amplified by PCR with URA3-FL-L and URA3-FL-R used proof-
reading Pwo-Polymerase (Preqlab, Germany) for transformation
into host strain. By those primers, the transformation cassette was
elongated on both sites with 25 bp homolog sequence to target
locus URA3. The transformation was performed with a purified
DNA fragment (PCR cycle pure Kit; Peqlab, Germany) using lithium
acetate (LiAc) method as described by (Gietz & Schiestl, 2007). The
recombinant strains were selected on YEPD contained 200 mg/l
G418. PCR was carried out to amplify the transformation cassette
from the whole genome of equivalent recombinant strain. The PCR
product was sequenced (GATC, Germany) and squared. For genetic



Table 2
Strains and plasmids used in this study.

Strain or plasmids Relevant genotype Reference or source

Strains
E. coli DH5a supE44 DlacU169(4 80lacZDM15) hsdR17 recAl endAl gyrA96 thi-1 relAl Invitrogen
TUM 68 Wild type Saccharomyces cerevisiae industrial strain Own stock
TUM 68-pHSP12 Promoter of the Heat Shock Protein, plasma membrane protein This study
TUM 68-pHSP26 Promoter of the small Heat Shock Protein This study
TUM 68-pHSP30 Promoter of the Heat shock Protein, negative regulator of the H(þ)-ATPase Pma1p This study
TUM 68-pHSP104 Promoter of the heat Shock Protein, Disaggregase This study
TUM 68-pSSA3 Promoter of the Heat Shock Protein, ATPase This study
Plasmids
pUG6 Cloning vector AmpR, KanMX Euroscarf
pEGFP Cloning vector EGFP, Amp Clontech
peGFP-CYC1ter-KanMX Recombined plasmid, KanMX, EGFP, CYC1-terminator This study
pSSA3-eGFP-CYC1ter-KanMX Recombined plasmid peGFP-CYC1ter-KanMX, expressing EGFP gene by PSSA3 This study
pHSP12-eGFP-CYC1ter-KanMX Recombined plasmid peGFP-CYC1ter-KanMX, expressing EGFP gene by PHSP12 This study
pHSP26-eGFP-CYC1ter-KanMX Recombined plasmid peGFP-CYC1ter-KanMX, expressing EGFP gene by PHSP26 This study
pHSP30-eGFP-CYC1ter-KanMX Recombined plasmid peGFP-CYC1ter-KanMX, expressing EGFP gene by PHSP30 This study
pHSP104-eGFP-CYC1ter-KanMX Recombined plasmid peGFP-CYC1ter-KanMX, expressing EGFP gene by PHSP104 This study

Table 3
Oligonucleotide primers used in PCR purification.

Primers Sequence 50 (30

PHSP12-L GCATGCTTTTTTTGTCCAGGTGGAGTG (SphI)
PHSP12-R CCCGGGGACATTGTTGTATTTAGTTTTTT (XmaI)
PHSP26-L GCTAGCGTTGGACTTTTTTTAATATAACC (NheI)
PHSP26-R CCCGGGGTTAATTTGTTTAGTTTGTTTGT (XmaI)
PHSP30-L CGGCATGCGTTTATTCGAATACCCAATTAG (SphI)
PHSP30-R GTCCCGGGTTTGAAATTTGTTGTTTTTAGT (XmaI)
PHSP104-L TGGCATGCGCTAGCTCAGCCGGA (SphI/NheI)
PHSP104-R ACCCCGGGCATATATTCTGTATATTTTATGGTACGTG (XmaI)
PSSA3-L ACGCTAGCAATTCAAGTAATTATTTTGGGG (NheI)
PSSA3-R TTCCCGGGTTTTCTTTGTAGCGTTTAGT (XmaI)
CYC1-L GGCGGCCGATGTAATTAGTTATGTCACG (Eagi)
CYC1-R CGAGATCTGCAGCTTGCAAATTAAAGC (BglII)
KanMX-L CGGCCGTAGGTCTAGAGATCT (Eagi)
KanMX-R GACGTCATTAAGGGTTCTCGAG (AatII)
URA3-FL-L CGAAAGCTACATATAAGGAACGTGCTGACCATGATTACGCCAAG
URA3-FL-R AAATATGCTTCCCAGCCTGCTTTTCTTCCCCGAAAAGTGCCACCT

S. Fischer et al. / LWT - Food Science and Technology 68 (2016) 556e562558
stability all recombinant strains were inoculated on YEPD plates
without G418, grown for 24 h by 25 �C and repeated five times.
After the fifth transfer and incubation the yeast colonies were
inoculated on YEPD plates with G418 (200 and 400 mg/l) and
incubated for 2 day at 25 �C. Additionally, after 72 h of shock sit-
uation, the recombinant strains were plated on YEPD Plates with
300 mg/l G418 to test the resistance again. The consolidation of the
gene cassette into the genomewas analyzed by amplification of the
gene cassette and sequencing.
2.4. Fermentation and fluorescence detection

Fermentations have been carried out in science laboratory-scale
(10 ml) and high-throughput-scale (96 well multitier plates, black
with clear bottom; Biozyme, Germany) with 12 �P synthetic wort at
20 �C. The cells were cropped, washed with sterile distilled water
and pitched into the synthetic wort at a ratio 15 � 106 cells/ml.
Fermentation were conducted in high-throughput-scale in four
replicates at 20 �C and the temperature shifts were performed at
the beginning and end of the stationary phase of fermentation. The
temperature shifts to 10 �C and near freezing 4 �C were conducted
for 72 h. Ethanol shock carried out at 20 �C with ethanol concen-
trations between 4 and 6%-vol. in synthetic wort. Fluorescence
observation during fermentation and after shock situation was
performed with the Synergy H4 Hybrid Microplate reader (Biotek,
Germany). Read by extinction of 485/20 nm and emission at 525/
9 nm and 585/9 nm by a gain of 120. The optical density was
measured at 600 nm and correlated to the cell number. The fluo-
rescence value was normalized to the cell number to obtain the
relative fluorescence unit per cell (RFU). The RFU of the equivalent
GFP expressing yeast were normalized to initial shock situation
(time point 0) and the autofluorescence of the host strain (Lichten,
White, Clark, & Swain, 2014).
2.5. Data analysis and statistical data processing

The fluorescence of the recombinant strainwas corrected by the
measured autofluorescence of the host strain, according to (Lichten
et al., 2014). The autofluorescence ra is the ratio of fluorescence at
585 nm and fluorescence at 525 nm of the host strain at the optical
density of the recombinant strain. The optical density at 600 nm of
the host strain are fitted over the whole time by cubic polynomial
when necessary. At each time point the ra, the fluorescence data
(fitted over the time by cubic polynomial when necessary) of the
recombinant strain, and the optical density of each time point is
needed for the computation of the fluorescence per cell (Eq. (1)).
The data analysis is performed with OriginLab.

g ¼ raf525 � f585
ra � rg

(1)

Significant differences between the expression values of
equivalent promoters were determined by ANOVA. The statistical
level of significances was set at P � 0.05.
3. Results

3.1. Expression vector sets for promoter screening

For evaluation of the expression pattern of stress related pro-
moters, five different promoters were selected for the induction of
EGFP expression. As mentioned above, gene expression of labora-
tory yeast under stress situation, such as heat and cold shock of
HSP30, HSP12, HSP26, HSP104 are well characterized (Homma
et al., 2003; Murata et al., 2006; Piper et al., 1994; Schade, Jansen,
Whiteway, Entian, & Thomas, 2004). For each individual pro-
moter, an expression cassette was constructed, including the pro-
moter of interest, EGFP, CYC1-terminator, and G418 resistance
marker. The obtained plasmids are shown in Table 2. Further, the
gene cassette was amplified by proofreading PWO-polymerase at
which the 50and 30end of the gene-cassette was elongated with



Fig. 1. Flow diagram: Construct of the transformation cassette for integration into the target locus URA3 by elongation on 50 and 30 end of the cassette with 25 bp homologous
sequence of target locus.
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25 bp homologous sequence to target locus URA3. The host strain,
 was transformed with the elongated gene cassette. Because of the



Table 4
Fluorescence changes of EGFP under control of the different yeast promoters at each
time point after exposure to 10 �C and 4 �C.

Strain 6 h 12 h 24 h 36 h 48 h 72 h

Temperature shift to 10 �C
PHSP12 2.3 2.5 2.9 2.9 3.3 3.9
PHSP26 2.6 3.0 3.6 3.9 4.3 5.1
PHSP30 3.0 3.4 4.0 4.4 5.0 5.8
PHSP104 2.3 2.6 3.2 3.4 3.8 4.9
PSSA3 3.2 3.5 4.4 4.6 5.6 6.8
Temperature shift to 4 �C
PHSP12 3.5 3.4 3.6 4.1 4.4 4.1
PHSP26 3.6 4.0 4.5 4.7 4.9 5.0
PHSP30 3.8 4.1 4.4 4.7 5.1 4.7
PHSP104 2.4 2.4 2.6 2.8 3.1 3.0
PSSA3 4.6 4.8 5.4 5.7 5.7 5.9

Results are shown as fold change to time point 0 h of four replicates. Standard
derivation were typically about 10% and never exceed 15%. All promoters presented
show a statically significant change in activity to each other, as determined by one-
way ANOVA (P < 0.05).
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homologous sequence of the DNA fragment, homologues recom-
bination between the gene cassette and chromosomal DNA in TUM
68 occurred. The recombinant strains was selected on YEPD com-
plemented with 300 mg/l G418. The obtained strains are shown in
Table 2.

3.2. Genetic stability and sequence analysis

Recombinant yeast strains was successfully grown on YEPD
plates with 300 mg/l and 400 mg/l G418 after incubation without
selection pressure for 5 times. These indicated that the gene
cassette with the “geneticin resistance protein” gene was inserted
into the genome of all recombinant strains. These resulted in
resistance against G418 and indicated that these strains were
genetically stable. Further, the promoter in combination with EGFP
were amplified by PCR and sequenced.

3.3. Fermentation test

The fermentation in 96-Well plates (black with clear bottom;
Biozyme, Germany) were carried out at 20 �C in 12�P synthetic
wort. All recombinant strains showed identical cell growth
compared to the host strain (Fig. 2a). The disruption of one copy of
the URA3 gene into the industrial strain TUM 68 (Donhauser,
Springer, & Vogeser, 1990), which encode for Orotidine-5'-phos-
phate (OMP) decarboxylase had no influence on cell growth. The
correlation of cell count (Mio/ml) and optical density is shown in
Fig. 2b. The ratio of fluorescence emitted at 525 nm and 585 nm (ra)
are plotted versus cell count. The corrected cell count is the
fundament for the calculation of fluorescence per cell.

3.4. Induction affected by cold shock

Principal, the evaluation of induction patterns of these pro-
moters focused on cold shock scenarios. In the brewing processes,
during the transition from fermentation to maturation a tempera-
ture shift is occurs, as the average maturation temperature at 4 �C.
The shock situation was performed from 20 �C to 10 �C and 4 �C
over a time frame from 72 h in synthetic wort. Table 4 shows the
fluorescence change of EGFP under control of the different yeast
promoters at each time point after exposure to 10 �C and 4 �C.

For all five evaluated promoters, it was clearly observed that
both temperature shifts led to induction of the EGFP expression. A
Fig. 2. a Cell growth during fermentation by 20 �C in synthetic wort (-WT; PHSP12;: PH
and normalized ratio (ra) of fluorescence detected by extinction of 488 nm and emission at
C ra).
shift from 20 �C to 10 �C resulted in a steady increment of fold
change for all recombinant strains. The highest ratio of fluorescence
was detected by PSSA3 and PHSP30 with 6.8 and 5.8 respectively.
The exposure to 4 �C led to higher fold changes at the beginning of
the shock in comparison to 10 �C. However, the exposure to 10 �C
led to a higher increase of the induction over the time frame. The
maximum of fluorescence at 4 �C exposurewere detected after 48 h
for PHSP12, PHSP30 and PHSP104 with fold changes of 4.4, 5.1 and
3.1 respectively. PHSP26 and PSSA3 reached the maximum of fold
change at the end of shock situation with 5.0 and 5.9.

3.5. Induction through ethanol shock

As mentioned above, promoters of the HSP-family are also
induced by different ethanol concentration. Especially during in-
dustrial wort fermentation ethanol concentrations above 5%-vol. do
occur. To verify the influence of ethanol on the induction patterns of
these promoters under brewing conditions, ethanol concentration
of 4 and 6%-vol. were selected. Thus, recombinant strains and host
strain were inoculated with 15 � 106 cells/ml in synthetic wort and
complemented with equivalent amount of ethanol and induction
patterns were analyzed over 24 h by 20 �C. Table 5 shows the fold-
changes of fluorescence over the time frame.

Ethanol concentrations of 4%-vol. have also an influence to the
SP26;▽ PHSP30;A PHSP104;9 PSSA3). b Standard curve of optical density at 600 nm
585 nm and 525 nm. Host strain inoculated in 12 �P synthetic word (❒ optical density;



Table 5
Fluorescence changes of EGFP under control of the different native yeast promoters
after exposure to different ethanol contents in synthetic wort by 20 �C over 24 h.

Strain 4%-vol. 6%-vol.

6 h 12 h 24 h 6 h 12 h 24 h

PHSP12 2.0 2.5 3.1 1.1 1.2 1.4
PHSP26 �1.5 �1.2 �1.1 �1.6 �1.7 �1.5
PHSP30 2.0 2.8 4.0 1.1 1.1 1.5
PHSP104 1.9 2.7 3.2 �1.2 1.2 1.4
PSSA3 1.2 1.8 2.2 1.0 1.7 2.1

Results are shown as fold change to time point 0 h of four replicates. Standard
derivation were typically about 10% and never exceed 20%. All promoters presented
show a statically significant change in activity to each other, as determined by one-
way ANOVA (P < 0.05).
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induction of the promoters, more than 6%-vol. However, the pro-
moters PHSP26 and PSSA3 showed the lowest value at 4%-vol.
ethanol with �1.1 and 2.2, respectively. In contrast, the highest
values were observed for PHSP104 and PHSP30 at 4%-vol. with 3.2
and 4.0, respectively.
4. Discussion

The method applied in this study enables to characterize native
promoters of industrial yeast by mimicking industrial conditions in
high throughput experiments. Inducible native promoters of in-
dustrial Saccharomyces yeast are necessary for the construction of
self-cloning yeast for food and beverage production by intended
induction. There are limited opportunities to induce gene expres-
sion independent of the process parameters or composition of the
fermentation-medium. The evaluated promoters are involved in
stress response and are screened during industrial temperature
conditions. The promoters for application of this method are cho-
sen due to the high content of regulative motifs into the sequence
(Table 1). Due to that fact, expression of HSP genes depends on the
activation of different transcription factors and the equivalent
binding sites (Verghese et al., 2012).

The results showed that under selected conditions, promoters of
this ale yeast are induced in a relevant amount. Especially, indus-
trial fermentation conditions lead to numerous stressful situations
for yeast (Gibson, Lawrence, Leclaire, Powell, & Smart, 2007). The
yeast transcribed the genes differently according to the environ-
mental changes. During adaption to 10 �C and 4 �C the total RNA
content did not change (Kandror et al., 2004) but the content of
mRNA of HSP12, HSP26, HSP30 and HSP104 increased (Homma
et al., 2003; Murata et al., 2006; Schade et al., 2004). However,
the knowledge of EGFP synthesis in comparison to mRNA level
could be relevant to characterize the promoter activity under such
stressful conditions. The results show a higher induction activity by
a temperature shift from 20 �C to 10 �C in comparison to a tem-
perature shift from 20 �C to 4 �C. HSP12 and HSP26 are induced
drastically after the cessation of the exponential phase, where
HSP26 occurred at an earlier stage (Praekelt & Meacock, 1990;
Welker, Rudolph, Frenzel, Hagn, Liebisch, Schmitz et al., 2010).
SSA3 and HSP104 are slightly expressed by temperatures at 23 �C
(Werner-Washburne, Stone, & Craig, 1987) and in fermenting cells
(Sanchez, Taulien, Borkovich, & Lindquist, 1992) respectively. The
main focus for application of this method is the observation of the
induction level during cold shocks. Generally, cold shocks leads to
higher induction patterns in comparison to ethanol stress of the
evaluated promoters. The fold change in fluorescence detection by
exposure to 4 �C of PHSP12, PHSP30 and PHSP104 shows similar
tendencies to the observation of MURATA and colleagues (Murata
et al., 2006). The highest expression of PHSP12 is shown at time
point 48 hwith a fold change of 4.4. PHSP104 shows nearly constant
values over the measurement, where PHSP30 has the highest fold
change at 48 h with 5.1 as maximum. The temperature shift from
20 �C to 10 �C shows higher fluorescence values by PHSP30,
PHSP104 and PSSA3. SAHARA and colleagues pointed out that in the
gene expression during the temperature shift from 30 �C to 10 �C,
only HSP26 and HSP12 are up-regulated in late phase (4 h after
exposure) and HSP30 was down-regulated (Sahara, Goda, &
Ohgiya, 2002). HSP12, HSP26 and HSP104 are classified as late
cold response, since there are up-regulated (�2 fold) after 12 h of
exposure (Schade et al., 2004). The increases of the fold change by
fluorescence detection are lower after the first 12 h and rise with
time (Table 4). The gene expression of SSA3 is up-regulated by
exposure to 4 �C (Homma et al., 2003) and our results indicated that
PSSA3 has the highest activity in direct comparison by both cold
shock scenarios.

A further approach for the qualification of this analytical method
are the investigations of the induction levels by different ethanol
contents (Table 5). The maximal expression of HSP-genes are
observed by higher contents of ethanol in laboratory strains (Piper
et al., 1994). Our results shows that under 20 �C in synthetic wort
with 4%-vol. ethanol have a higher induction of PHSP12, PHSP30
and PHSP104 than by 6%-vol. ethanol. Indeed, the decline of in-
duction by 6%-vol. of PHSP12 and PHSP30 are also described in
previous studies (Piper et al., 1994). In contrast, the promoters
PSSA3 and PHSP26 have the lowest induction by these both ethanol
concentrations and therefore they are suitable for the induction by
the transmission to maturation. We observed that the activity of
five different promoters varied with the temperature shifts and
ethanol shocks. The overall ranking of the promoter activities is as
follows:

Cold shock to 10 �C: PSSA3 ~ PHSP30 > PHSP26 ~ PHSP104 >

PHSP12
Cold shock to 4 �C: PSSA3 > PHSP26 ~ PHSP30 > PHSP12 >

PHSP104

To evaluate the activity of the studied promoters at different
temperature shifts, results show that PSSA3 has the strongest in-
duction by shifts to cold temperature and a low induction at
ethanol concentrations between 4 and 6%-vol.

In conclusion, with this analytical method it is possible to
describe promoter activity in high-throughput by mimicking
stressful industrial fermentation conditions. The stress response of
the yeast to varying effects during the fermentation are now pre-
dictable. Furthermore, this method has the potential to study gene
expression during industrial fermentation by different strains
aimed for the selection of improved adaption on stressful condi-
tions such as a different composition of carbon sources or the
adaption to high contents of ethanol for the bioethanol production.
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a b s t r a c t

Mexican blue maize (Zea mays L.) grains have been poorly evaluated regarding their potential as func-
tional food ingredients. The aims of this research were to identify and quantify anthocyanins from fifteen
Mexican blue maize accessions of Elotero Sinaloa landrace recollected in the northwestern region of
Mexico. Additionally, the effect of traditional nixtamalization processing on these compounds was
evaluated. The acyl type anthocyanins, such as cyanidin-3-(600-succinylglucoside) (Cy-Suc-Glu) and
cyanidin-3-(600-disuccinylglucoside) (Cy-diSuc-Glu) were the most abundant compounds in blue maize,
accounting for 52.1% and 15.6% the total anthocyanins, respectively. Other predominant anthocyanins
included cyanidin-3-glucoside (Cy-3-Glu), pelargonidin-3-glucoside (Pg-3-Glu), pelargonidin-3-(600-
malonylglucoside) (Pg-Mal-Glu) and cyanidin-3-(600-malonyglucoside) (Cy-Mal-Glu). The raw blue maize
presented a similar anthocyanins profile dominated by cyanidin derivatives on (86.9% on average).
Nixtamalization processing increased the relative percentage of glycosylated anthocyanins (Cy-3-Glu,
and Pg-3-Glu) and decreased the acylated anthocyanins (Cy-Suc-Glu, and Cy-diSuc-Glu) when compared
to raw kernels. Results obtained indicate that the studied Mexican native blue maize contained antho-
cyanin patterns predominated by acylated cyanide derivatives. This information could be useful to select
the best pigmented maize for the derivation of food products with nutraceutical potential.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mexico, considered center of origin and domestication of maize
(Zea mays L.), has the largest diversity of genetic resources in the
world with approximately 59 different native landraces, which
have been classified based on morphological characters, and
isozyme frequencies (S�anchez, Goodman, & Stuber, 2000). Native
pigmented maize are cultivated in different regions of Mexico;
Chalque~no, Bolita, and Elotes Conico landraces prevail in High
Valleys of the Central Mesa. However, recent recollections of more
than 300 maize accessions from Northwest M�exico (state of Sina-
loa) have been identified and classified into 13 maize landraces,
efa Ortiz de Dominguez s/n
xico.
uevas-Rodríguez).
being Tabloncillo, and Elotero Sinaloa the distinctive landraces of
this region (Pineda-Hidalgo et al., 2013).

Pigmented maize tortilla is the main basic daily staple in small
communities in Mexico and Central America. The term nixtamali-
zation refers to the alkaline cooking process of converting maize
into foodstuffs such as tortillas and snacks (maize chips, tortillas
chips and tacos) (Serna-Saldívar, Gomez, & Rooney, 1990).
Currently, demand of nixtamalized products of blue maize has
received an increased attention from a nutraceutical perspective
owing to their potential health benefits and unique flavor and color
properties (Urias-Peraldí et al., 2013). Blue maize is an important
source of anthocyanins; these bioactive compounds from maize
kernels have shown multiple functional roles such as protection
against oxidative stress, increased antimutagenic activity, and in-
hibition of colorectal carcinogenesis (Long et al., 2013; L�opez-
Martínez, Parkin, & Garcia, 2014; Tsuda, 2012). However, maize
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kernels need to be processed prior to human consumption, which
may modify or degrade their natural phytochemicals. More infor-
mation regarding the impact of nixtamalization processing condi-
tions on the anthocyanin profiles of blue maize grains is needed
especially in terms of the fate of their antioxidant compounds in
nixtamalized products (Nayar, Liu, & Tang, 2015).

Anthocyanins belong to the widespread class of phenolic com-
pounds collectively named flavonoids. The chemical structure of
the anthocyanin determines its stability, color intensity, and po-
tential biological activity. While monomeric anthocyanins possess
limited stability against hydration and pH changes whereas acyl-
ated anthocyanins show noteworthy stability to pH changes, tem-
perature and light exposure (Dangles, Saito, & Brouillard, 1993).
Such stability has been attributed to intramolecular and/or inter-
molecular copigmentation and self-association reactions. Accord-
ingly, sources of acylated anthocyanins may provide the desirable
stability for food applications (Giusti & Wrolstad, 2003).

Recent studies have shown that the main anthocyanins present
in Andean pigmented maize have been previously identified as
cyanidin-3-glucoside (Cy-3-Glu), pelargonidin-3-glucoside (Pg-3-
Glu), and peonidin-3-glucoside (Pn-3-Glu), along with their cor-
responding malonyl derivatives. In these previous studies it has
been found that proportion of acylated anthocyanins varied from
35.6% to 53.9% of total monomeric moieties (Jing, Noriega,
Schwartz, & Giusti, 2007; Montilla, Hillebrand, Antezana, &
Winterhalter, 2011; Pedreschi & Cisneros-Zevallos, 2007). Never-
theless, only few studies on anthocyanins have focused on Mexican
blue maize grains, and even fewer showed their detailed antho-
cyanin profile. In Mexican blue/purple maize landraces, Cy-Mal-Glu
and Cy-diMal-Glu were the major anthocyanins identified. The
cyanidin is considered the main aglycone, accounting for 73e75.7%
of all the anthocyanins (Salinas-Moreno, P�erez-Alonso, V�azquez-
Carrillo, Arag�on-Cuevas, & Vel�azquez-Cardenas, 2012).

During processing of pigmented maize kernels into tortillas, the
nixtamalization condition (alkaline pH) and high temperature are
two of the main factors that affect the amount of anthocyanins
originally present in kernels. Additionally the thermal lime treat-
ment makes these compounds more unstable and susceptible to
degradation (S�anchez-Madrigal et al., 2015). Several studies have
been reported on the anthocyanin content and their degradation
products during alkaline cooking process (Aguayo-Rojas et al.,
2012; De la Parra, Serna-Saldivar, & Liu, 2007; Del Pozo-Insfran,
Brenes, Serna-Saldivar, & Talcott, 2006; Mora-Rochín et al., 2010),
but these studies were conducted with a limited number of con-
trasting maize grains. Unfortunately, there is little information
available regarding the individual anthocyanins profile within
groups of the same landrace and pigmented maize. On the other
hand, the present study was undertaken to evaluated anthocyanin
content and profile of fifteen different blue maize accessions
correspond to Elotero Sinaloa landrace of northwest region of
M�exico. The effect of traditional nixtamalization process on the fate
of these compounds was also investigated.
2. Materials and methods

2.1. Chemicals

Sodium hydroxide, hexane, methanol, ethyl acetate, HPLC grade
acetonitrile and HPLC grade trifluoroacetic acid were obtained from
Sigma Aldrich Chemical Co. (St Louis, MO, USA). Analytical (HPLC)
standards of cyanidin-3-glucoside (purity > 95%) and pelargonidin-
3-glucoside (purity > 97%) were obtained from Sigma Aldrich
Chemical Co. (St Louis, MO, USA). A syringe filter unit was supplied
by Pall Gelman Laboratory (MI, USA).
2.2. Materials

The study was performed on 15 contrasting blue kernels
correspond to typical landrace of northwestern region of Mexico:
Elotero Sinaloa. These pigmented maize accessions were collected
from open-pollinated maintained by traditional farmers at their
villages in the municipality of Concordia located at (23� 170 1800 N,
106� 40 300 W), state of Sinaloa M�exico. All materials were grown
and harvested during 2013. Crops were managed following stan-
dard recommendations. Maize samples were stored at �4 �C until
further processing.

2.3. Determination of biophysical properties

Grain physical characteristics were determined using standard
procedures: Kernel test weight (TW) according to Official US Grain
Standard Procedures (AACC, 2000; Method 55-10) and thousand-
kernel weight (TKT) by weighing 100 randomly selected kernels
at 13% of grainmoisture. Flotation index (FI), as an indirect measure
of hardness, was assessed using the procedure proposed by
V�azquez-Carrillo, Santiago-Ramos, Gayt�an-Martínez, Morales-
S�anchez, and Guerrero-Herrera (2015).

2.4. Production of nixtamalized maize flours

Nixtamalized maize flour was obtained according to Mil�an-
Carrillo, Guti�errez-Dorado, Cuevas-Rodríguez, Garz�on-Tiznado,
and Reyes-Moreno (2004). Briefly, maize kernels (1000 g lots)
was added in a medium kettle containing 3 L of distilled water (1:3,
maize grains/water) and either to 5.4 g of Ca(OH)2/L water. The
samples were cooked for 31 min at approximately 85 �C, followed
by a steep time of 8.1 h. After steeping, the cooking liquor (nejayote)
was drained and discarded and the nixtamal (alkaline-cooked
maize) washed with running tap water for 40 s and blotted be-
tween paper towels. Wet nixtamal was dried at 55 �C/12 h in a
forced air oven and then cooled at room temperature. Finally, the
dried nixtamal was milled (UD Cyclone Sample Mill, UD Corp.
Boulder, CO, USA) to pass through an 80-US mesh (0.180 mm)
screen, and packed in plastic bags. Nixtamalized maize flours were
stored at �20 �C until use.

2.5. Tortilla preparation from nixtamalized maize flours

Tortillas were prepared by mixing 400 g of nixtamalized maize
flours with 400 mL of water to achieve an adequate masa consis-
tency for the production of table tortillas. Pieces of fresh dough
(30 g) were pressed and shaped into flat disks (15 cm) using a
manual machine (Casa Herrera, M�exico DF, M�exico). The dough
disks were baked on a hot griddle at 270± 10 �C for 15 s on one side,
followed by 30 s on the other side, and then again on the first side
until puffing of the tortilla occurred. The fresh tortillas were dried,
milled (UD Cyclone Sample Mill, UD Corp. Boulder, CO, USA) to pass
through an 80-US mesh (0.180 mm) sieve and packed in plastic
bags. Tortillas from nixtamalized flours were stored at �20 �C until
use further.

2.6. Total anthocyanin content

Extractions were performed using ground sample (250 g) and
mixing with 10 mL of acidified methanol solution with 36.5 g/L HCl
(95:5, mL:mL). The samples were then shaken for 30 min and
centrifuged at 3000 g for 5 min (Sorvall RC5C, Sorvall Instruments,
Dupont, Wilmington, DE, USA), and the supernatants were
collected. Absorbance readings at 535 nmwere taken and corrected
for background absorbance at 700 nm using a Microplate Reader
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(Synergy HT, Bio-Tek Instruments, Inc., Winooski VT, USA). Using
the molar extinction coefficients of 25,965 Abs/M x cm and a mo-
lecular weight of 449.2 g/mol the total anthocyanin content was
calculated and expressed as mg of cyanidin 3-glucoside equivalent
(CGE) per 100 g of dry weight DW (Abdel-Aal & Hucl, 1999).

2.7. Identification and quantification of anthocyanins

Anthocyanins extracts were obtained according to procedure
described by Abdel-Aal, Young, and Rabalski (2006). Briefly, 250mg
of samplewasmixingwith 10mL of acidifiedmethanol with 36.5 g/
L HCl (95:5, mL:mL) and continuous shaking for 30 min a room
temperature. After the pH was adjusted to 1.0 by 6 mol/L HCl. The
samples were then centrifuged (1538 g, 10 min, 4 �C) in a Sorvall RC
5C superspeed centrifuge (Sorvall Instruments, Dupont, Wilming-
ton, DE, USA); the supernatants were collected and the residue
submitted twice to the same extraction conditions described above.
The supernatants were combined and concentrated under vacuum
in a Büchi K124 rotary evaporator (Büchi Labortechnik AG,
Switzerland) a 30 �C until the methanol was removed. The
concentrated extracts were lyophilized and stored at �20 �C prior
to analysis. For HPLC analyses of anthocyanins, lyophilized extracts
were re-dissolved in methanol concentrated (5 mg/mL), filtered
through a syringe filter with 0.45 mmnylonmembrane (Pall Gelman
Laboratory, Ann Arbor, MI, USA).

The HPLC analyzed were carrier out with an HPLC-PDA system
(1200 Series, Agilent Technologies, Santa Clara, CA, USA). Chro-
matograms were obtained at 525 nm after injection of 2.0 mL of
sample. Separation was performed in a Zorbax-SB Eclipse XDB-C18
column (4.6� 150mm, 5 mm; Agilent Technologies, Santa Clara, CA,
USA) at 45 �C. The mobile phase used was (A) trifluoroacetic acid
(TFA) with HPLC-grade water (TFA/H2O, 1:99 mL:mL) and (B) HPLC-
grade acetonitrile, establishing the following gradient: isocratic A/B
(85:15, mL:mL) for 5 min, A/B (85:15e81:19, mL:mL) over 7 min,
isocratic A/B (81:19, mL:mL) for 10 min, A/B (81:19e60:40, mL:mL)
over 15 min and A/B (60:40e100:0, mL:mL) over 25 min, using a
flow rate of 0.8 mL/min. Pure anthocyanin compounds (Cy-3-Glu
and Pg-3-Glu) were used as standards. Ultraviolent-visible
(UVevis) absorption spectra were recorded for the predominant
peaks.

The identification of each peak was confirmed by HPLC-MS-TOF
(Agilent, Santa Clara, CA, USA). Chromatographic conditions used
were the same as those described for HPLC-PDA analysis. Mass
spectra were collected using an electrospray source in positive
mode (ESIþ) under the following conditions:m/z range, 200e1000;
nitrogen gas; gas temperature, 350 �C; drying gas flow rate, 10 L/
Table 1
Biophysical characteristics of fifteen blue Mexican maize.a

Maize accessions Test weight (kg/hL) 1000 kern

FAUAS-220 76.4 ± 0.3b 340.7 ± 7
FAUAS-230 78.7 ± 0.2a 280.8 ± 1
FAUAS-249 76.8 ± 0.3b 247.5 ± 2
FAUAS-252 73.7 ± 0.2c 204.0 ± 3
FAUAS-290 78.9 ± 0.5a 418.8 ± 4
FAUAS-387 77.6 ± 0.6a,b 331.5 ± 1
FAUAS-419 77.4 ± 0.3a,b 407.1 ± 7
FAUAS-429 79.1 ± 0.6a 417.7 ± 2
FAUAS-437 79.9 ± 0.3a 368.0 ± 6
FAUAS-447 78.6 ± 0.2a 365.1 ± 4
FAUAS-457 75.1 ± 0.1b 362.5 ± 3
FAUAS-485 68.1 ± 0.2d 264.7 ± 3
FAUAS-488 78.9 ± 0.4a 301.9 ± 2
FAUAS-491 78.2 ± 0.3a 387.9 ± 5
FAUAS-512 78.9 ± 0.4a 324.4 ± 4

a Means values ± standard error. Means by column and treatment with different onlin
min; nebulizer pressure, 127.9 kPa; capillary voltage, 4.0 kV; and
fragment voltage, 100 V. Compounds were characterized and
identified by their MS, MS/MS spectra and LC retention times and
by comparison with available references samples.

Anthocyanins were quantified using a linear calibration curves,
generated with commercial authentic standards of Cy-3-Glu and
Pg-3-Glu at seven different concentrations (0.1e5.0 mg/mL) at
520 nm. For each compounds, the regression equations were Cy-3-
Glu (y ¼ 5.83e117.99x; R2 ¼ 0.997) and Pg-3-Glu (y ¼ 0.69e3.89x;
R2 ¼ 0.998). The results were expressed as micrograms of com-
mercial standards per g of dry weight (DW).

2.8. Statistical analysis

ANOVA procedures were used for the analysis of the experi-
mental data. Differences among treatments were determined using
Duncan's comparison test. Data were reported as mean ± standard
deviation (SD) in triplicate.

3. Results and discussion

3.1. Biophysical kernel properties

Biophysical traits of Mexican blue maize showed a significant
variation (p < 0.05) among genotypes (Table 1). Serna-Saldivar et al.
(2008) indicated that the preferred properties for the commercial
nixtamalization process are test weight (TW) and thousand kernels
weight (TKW) greater than 72 kg/hL and 320 g, respectively.
Interestingly, the majority of the Mexican blue maize accessions
analyzed possessed these attributes (Table 1). Among raw blue
grains, FAUAS-290 accession followed by FAUAS-419 and FAUAS-
429 had higher (p < 0.05) TW and TKW, compared to the other
blue maize accessions; but FAUAS-230 blue grain followed by
FAUAS-249, FAUAS-252 and FAUAS-485 had lower TKW than 320 g.

Grain hardness (measured indirectly from Flotation index, FI)
showed that FAUAS-230 (FI ¼ 14.7%) blue maize was the hardest,
while FAUAS-485 (FI ¼ 94.7%) was the softest one (Table 1).
Moreover, some Mexican blue maize such as FAUAS-230 followed
by FAUAS-290, FAUAS-419, FAUAS-437, FAUAS-491 and FAUAS-512
had FI � 40%, characteristic which make them adequate for the
nixtamalized flour industry. The rest of the maize accessions
FAUAS-220, FAUAS-252, FAUAS-387, FAUAS-429, FAUAS-447,
FAUAS-457 and FAUAS-488 had FI > 40%, indicating that their
kernels had soft or intermediate endosperm hardness and readily
uptake water during nixtmalization which positively affects masa
and tortillas yields (V�azquez-Carrillo et al., 2015). Therefore, this
el weight (g) Flotation index Hardness

.4f 60.0 ± 4.0e Intermediate

.2i 14.7 ± 3.1h Hard

.5k 78.0 ± 4.0b Very soft

.9l 82.7 ± 3.1c Soft

.9a 37.3 ± 2.3f Intermediate

.8g 68.0 ± 4.0d Soft

.7b 26.0 ± 3.9f Intermediate

.7a 68.0 ± 2.0d Soft

.8j 36.7 ± 2.1g Intermediate

.6e 80.0 ± 3.0c Soft

.2e 82.7 ± 3.3c Soft

.2j 94.7 ± 2.3a Very soft

.3h 66.7 ± 3.3d Soft

.1c 24.7 ± 4.6f Intermediate

.4g 36.0 ± 4.0f Intermediate

e letters show significant difference, (p < 0.05).



Table 2
Anthocyanin content and percent of retention in different raw blue Mexican maize
and their tortillas produced throughout nixtamalization process.a

Maize accessions Process Anthocyanin content % Retention

FAUAS-220 Raw
TNF

25.9 ± 3.8c
10.4 ± 0.5j

40.9 ± 2.3c

FAUAS-230 Raw
TNF

17.7 ± 0.5g
5.1 ± 0.1m

28.8 ± 0.9f

FAUAS-249 Raw
TNF

19.7 ± 0.3f
2.1 ± 0.1p

10.7 ± 0.4k

FAUAS-252 Raw
TNF

21.3 ± 0.7e
2.5 ± 0.1o

11.7 ± 0.4j

FAUAS-290 Raw
TNF

23.7 ± 0.6d
5.0 ± 0.1m

21.1 ± 0.4h

FAUAS-387 Raw
TNF

22.1 ± 1.4e
3.9 ± 0.1n

17.6 ± 0.3i

FAUAS-419 Raw
TNF

28.2 ± 0.2b
8.7 ± 0.1k

30.9 ± 0.2f

FAUAS-429 Raw
TNF

14.1 ± 0.9i
3.3 ± 0.2n

23.4 ± 1.3

FAUAS-437 Raw
TNF

27.2 ± 0.9n
8.7 ± 0.1k

32.7 ± 0.6e

FAUAS-447 Raw
TNF

15.2 ± 0.2h
5.4 ± 0.4m

35.5 ± 2.4de

FAUAS-457 Raw
TNF

24.8 ± 1.9c
6.5 ± 0.5l

26.2 ± 1.9g

FAUAS-485 Raw
TNF

34.3 ± 1.1a
12.4 ± 0.2j

36.2 ± 0.5d

FAUAS-488 Raw
TNF

25.9 ± 0.8c
7.5 ± 0.1k

29.0 ± 0.5f

FAUAS-491 Raw
TNF

24.1 ± 2.7cd
10.6 ± 0.4j

44.0 ± 0.9b

FAUAS-512 Raw
TNF

33.7 ± 3.1a
15.5 ± 1.1h

46.0 ± 1.1a

a Means values ± standard error. Means by column and treatment with different
online letters show significant difference, (p < 0.05). Anthocyanin content is given in
mg cyanindin 3-glucoside equivalent (CGE)/100 g dry weight (DW); TNF: Tortillas
produced from nixtamalized flour.
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blue maize Elotero Sinaloa landrace endemic of Northwest Mexico
should yield masa according to the Mexican normative, NMX-FF-
034/1-SCFI-2002 (SAGARPA, 2002).

3.2. Total anthocyanins content

Total anthocyanin content (TAC) in raw blue maize genotypes
and their tortillas produced following the traditional process is
shown in Table 2. Among raw blue kernels FAUAS-485 (34.3 mg
CGE/100 g DW) and FAUAS-512 (33.7 mg CGE/100 g DW) contained
the highest (p< 0.05) TAC concentration compared to the rest of the
blue maize. On the other hand, the FAUAS-429 (14.1 mg CGE/100 g
DW) kernels contained the lowest (p < 0.05) TAC. The assayed
concentration were close to TAC previously obtained for American
and Mexican blue maize (Del Pozo-Insfran et al., 2006), American
Table 3
Mass spectrometric data for identification of anthocyanins of raw blue Mexican maize a

Peak Anthocyanina RT (min) lmax

1 Cy-3-Glu 3.1 517
2 Cy-Mal-Glu1 3.5 512
3 Pg-3-Glu 4.2 502
4 Cy-Mal-Glu1 4.9 515
5 Cy-Mal-Glu1 5.3 513
6 Cy-Suc-Glu2 6.1 514
7 Pg-Mal-Glu 6.9 504
8 Cy-Suc-Glu2 7.8 516
9 Cy-diSuc-Glu3 8.5 520
10 Cy-diSuc-Glu3 9.0 519

1�3Compounds with identical molecular mass within each superscript.
a Cy: cyanidin; Glu: glucoside; Mal: malonyl; Pg: pelargonidin; Suc: succinyl.
blue maize (De la Parra et al., 2007) and different native pop-
ulations of Mexican pigmented genotypes (Espinosa-Trujillo,
Mendoza-Castillo, Castillo-Gonz�alez, Ortiz-Cereceres, & Delgado-
Alvarado, 2010), but were lower compared to 25 Mexican blue
maize hybrids (Urias-Peraldí et al., 2013) and native Mexican pig-
mented maize populations belonging to the Chalque~no, Elotes
C�onicos and Bolita landraces (Salinas-Moreno et al., 2012). The
observed differences in TAC could be attributed to the variability in
the blue maize genotypes including genetic background, grain
physical properties and particularly the relative ratio of the
anatomical parts of the kernel since the pericarp and aleurone the
layer are the structures richer in anthocyanins (Jing et al., 2007;
Salinas-Moreno, Martínez-Bustos, Soto-Hern�andez, Ortega-
Paczka, & Arellano-V�azquez, 2003).

As expected, the traditional nixtamalization process caused
significant (p < 0.05) losses of total anthocyanins. Less than 46.0% of
TAC was retained in tortillas produced by traditional nixtamaliza-
tion (Table 2). The remaining amounts of anthocyanins in tortillas
produced fromMexican blue maize varied from 2.1 to 15.5 mg CGE/
100 g DW. The FAUAS-512 maize tortillas prepared from blue maize
nixtamalized flour retained 46.0% TAC and therefore contained the
highest amount of anthocyanins among the array of the blue maize
tortillas. These significant losses occurred during nixtamalization
process as a result of the combined effect of alkaline pH (approxi-
mately 10) and thermal processing which enhanced physical losses
of the pericarp and leaching of anthocyanins into the cooking liquor
or nejayote (Mora-Rochín et al., 2010). De la Parra et al. (2007)
reported anthocyanin losses of 83% during alkaline cooking with
different types of maize genotypes. Likewise, Salinas-Moreno et al.
(2003) reported relevant anthocyanin losses in a pigmented maize
landrace during traditional nixtamalization process.
3.3. Identification and quantification of anthocyanins

Anthocyanin profiles observed in raw blue grains of Elotero
Sinaloa landrace and their respective tortillas were very similar,
with the presence of 10 peaks (Table 3). For reasons of space,
representative chromatograms of only two of the samples are
presented (Fig 1A, Fig 1B, Table 3). Anthocyanin compounds were
determined by comparison of the spectroscopic and chromato-
graphic properties with those of authentic anthocyanin standards
(Cy-3-Glu and Pg-3-Glu). The remaining compounds were tenta-
tively identified on the basis of mass identification using a combi-
nation of the retention time, peak spectra, mass-to-charge ratio and
MS fragmentation (Abdel-Aal et al., 2006). Six major anthocyanins
were identified, including cyanidin-3-glucoside (Cy-3-Glu; peak 1,
m/z 449), pelargonidin-3-glucoside (Pg-3-Glu; peak 3, m/z 433),
cyanidin-3-(600-malonylglucoside) (Cy-Mal-Glu; peak 2, peak 4 and
peak 5, m/z 535), cyanidin-3-(600-succinylglucoside) (Cy-Suc-Glu;
nd their tortillas produced throughout nixtamalization process.

(nm) Major ions (m/z) MS/MS fragments (m/z)

449 287
535 287
433 287
535 287
535 287
549 287
519 271
549 287
649 287
649 287



Fig. 1. Representative HPLC chromatograms for anthocyanins (A) of raw grains and
theirs corresponding (B) tortilla produced of nixtamalized flour of the FAUAS-512 blue
maize. Peaks numbers refer to those indicated in Table 3.
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peak 6 and peak 8,m/z 549), pelargonidin-3-(600-malonylglucoside)
(Pg-Mal-Glu; peak 7, m/z 519) and cyanidin-3-(600-dis-
uccinylglucoside) (Cy-diSuc-Glu; peak 9 and peak 10, m/z 649).

Some derived compounds had similar mass spectra and spec-
troscopic properties, but different retention times (Table 3). This
could be explained by the presence of three isomers of Cy-Mal-Glu,
two isomers of Cy-Suc-Glu and two isomers of Cy-diSuc-Glu. These
results are consistent with the previous research that reported the
presence of two isomers of Cy-diSuc-Glu and three isomers of Cy-
mal-Glu associated with Mexican native and hybrid blue maize
genotypes (Urias-Lugo et al., 2015). In investigations of American
pigmented maize it has been shown the presence of malonylglu-
coside isomers of cyanidin, which was distinguished mainly on the
basis of LC elution profiles (Collison, Yang, Dykes, Murray, & Awika,
2015). Therefore, the analysis of nuclear magnetic resonance (NMR)
is necessary to identify unambiguously the nature of the com-
pounds that have different retention time and the same mass and
fragmentation in the samples in order to establish different isomers
of anthocyanins in blue maize (Abdel-Aal et al., 2006).

The cyanidin was the main aglycone in the raw Mexican blue
maize and constituted from 71.7% to 93.1% of the total anthocyanin.
The highest concentration was assayed in the FAUAS-437 maize.
The most abundant anthocyanins were Cy-Suc-Glu, Cy-diSuc-Glu
and Cy-3-Glu accounting for 52.1%, 15.6%, and 9.4% respectively of
the total anthocyanins (Table 4). The composition of individual
anthocyanins, respectively, of the blue maize accessions of Elotero
Sinaloa landrace showed remarkable differences with those re-
ported by Salinas-Moreno et al. (2012), who found Cy-Mal-Glu and
Cy-diMal-Glu as the most abundant anthocyanins for blue/purple
grain of Chalque~no, Elotes C�onicos, and Bolita Mexican maize
landraces, while other researchers found for Andean purple maize
three major anthocyanins Cy-diMal-Glu, Cy-3-Glu, Pg-3-Glu (Jing
et al., 2007; Pedreschi & Cisneros-Zavala, 2007). Recently,
Collison et al. (2015) identified Cy-3-Glu and Cy-Mal-Glu as the
major anthocyanins in American red/blue maize.

Interestingly, seven of nine anthocyanins found in the raw
Mexican blue maize studied herein were acylated. The acylated
anthocyanin in maize Elotero Sinaloa landrace varied from 66.4 to
94.7% (average 82.9%) of the total anthocyanins. The highest pre-
dominance of acylated anthocyanins in the blue maize analyzed
was in FAUAS-437, followed by FAUAS-457, FAUAS-419 and FAUAS-
447. These maize accessions contained from 91.7% to 94.7% of total
anthocyanins, respectively. These values were significantly higher
compared to those previously reported in Andean purple/magenta
maize kernels (Jing et al., 2007; Montilla et al., 2011; Pedreschi &
Cisneros-Zavala, 2007). Salinas-Moreno et al. (2012) reported an
average of 63.4% of acylated anthocyanins in blue/purple Mexican
maize landraces of the highlands of the central Mexico, whereas,
the American red/blue maize contained average of 60.0% acylated
anthocyanins (Collison et al., 2015). The acylated anthocyanins are
considered more stable to pH and temperature changes compared
to the non-acylated ones. Therefore, sources of acylated anthocy-
anins may provide the desirable stability for food applications (De
Pascual-Teresa, Santos-Buelga, & Rivas-Gonzalo, 2002; Giusti &
Wrolstad, 2003).

The traditional nixtamalization process lowered the amount of
anthocyanins in blue maize tortillas. Given that all of the blue ge-
notypes were nixtamalized under the same conditions, the differ-
ences in the percentage of loss are mainly due to the anthocyanins
profile present in each blue maize. The group of six blue maize
(FAUAS-220, FAUAS-419, FAUAS-437, FAUAS-447, FAUAS-485 and
FAUAS-512) tortillas retained the highest (45.0%e60.1%) amounts of
total anthocyanins when compared to raw grains.

The changes in the anthocyanin profile between the respective
blue raw kernels and their tortillas were mainly in the higher
relative percentage of Cy-3-Glu (9.4%e15.6%) and Pg-3-Glu (7.7%e
16.6%), and lower relative percentage of the acyl types such as Cy-
Suc-Glu (52.1%e38.6%) and Cy-diSuc-Glu (15.7%e13.1%). These
changes could be attributed to the thermal treatment under alka-
line or high pH conditions that occur during lime cooking. The ef-
fect was especially noticeable in the acylated anthocyanins.
According to the reports of Fossen, Cabrita, and Andersen (1998)
and De Pascual-Teresa et al. (2002) probably the ester link that
binds the acyl (malonyl and succinyl) radical with the sugar is very
unstable under alkaline pH, and thus may break, liberating the acyl
radical and remaining only the simple anthocyanin.

4. Conclusions

The current study showed substantial differences in anthocy-
anin content and composition profiles among Mexican native blue
maize. It also contained high predominance of acylated anthocya-
nins such with cyanidin-3-(600-succinylglucoside) and cyanidin-3-
(600-disuccinylglucoside). Interestingly, the highest relative per-
centage of acylated anthocyanins in relation to total anthocyanins it
was found 82.9%. It is noteworthy that tortillas obtained from
nixtamalized blue maize (FAUAS-220, FAUAS-419, FAUAS-437,
FAUAS-447, FAUAS-485 and FAUAS-512) flours retained between
45.0% and 60.1% of total anthocyanins when compared to their
respective raw kernels. On the basis of results the presented herein
the different Mexican native blue maize kernels may hold promise



Table 4
Individual anthocyanin concentrations (mg/g DW) from fifteen Mexican blue maize and their tortillas produced throughout nixtamalization process.a

Maize accessions Process Cy-3-Glu Cy-Mal-Glu Pg-3-Glu Cy-Suc-Glu Pg-Mal-Glu Cy-diSuc-Glu Total AR (%) PAC (%)

FAUAS-220 Raw 16.1 ± 0.4c 5.5 ± 0.3l 4.5 ± 0.5l 51.6 ± 0.8f 8.5 ± 0.4d 8.8 ± 0.3jk 94.9 ± 0.4e 78.4
Tortilla 6.8 ± 0.1i 4.2 ± 0.0o 8.0 ± 0.0g 15.0 ± 0.1l 3.6 ± 0.0j 5.1 ± 0.0p 42.7 ± 0.2k 45.0 65.3

FAUAS-230 Raw 10.5 ± 0.1e 4.5 ± 0.1m 10.4 ± 0.1d 29.6 ± 0.1i 1.9 ± 0.0m 5.2 ± 0.0op 62.0 ± 0.4l 66.4
Tortilla 3.6 ± 0.0m 2.2 ± 0.0q 3.61 ± 0.0m 6.7 ± 0.0o ND 1.8 ± 0.0v 17.9 ± 0.1op 28.9 59.7

FAUAS-249 Raw 11.8 ± 0.1d 5.8 ± 0.10k 12.9 ± 0.1c 39.3 ± 0.1h 2.2 ± 0.0l 10.6 ± 0.7i 82.5 ± 0.1g 70.0
Tortilla 4.1 ± 0.0l 2.5 ± 0.0q 3.5 ± 0.0mn 8.2 ± 0.0n 0.6 ± 0.0o 2.2 ± 0.0u 20.9 ± 0.2n 25.4 64.2

FAUAS-252 Raw 19.8 ± 0.1a 6.5 ± 0.1i 5.6 ± 0.1k 66.1 ± 0.1c 4.6 ± 0.0i 12.5 ± 0.1g 115.1 ± 0.6c 77.9
Tortilla 3.1 ± 0.0n 1.1 ± 0.0s 2.3 ± 0.0n 4.1 ± 0.0p 0.8 ± 0.0o 0.8 ± 0.0x 12.1 ± 0.1q 10.5 55.8

FAUAS-290 Raw 15.4 ± 0.1c 19.2 ± 0.1b 8.1 ± 0.1g 63.7 ± 0.3cd 15.9 ± 0.2a 16.6 ± 0.0e 138.9 ± 1.2b 83.1
Tortilla 6.8 ± 0.1i 3.7 ± 0.0p 7.4 ± 0.1hi 9.8 ± 0.1mn 3.3 ± 0.0jk 3.5 ± 0.0q 34.4 ± 0.1m 24.8 58.8

FAUAS-387 Raw 9.3 ± 0.1f 13.3 ± 0.1e 22.4 ± 0.1a 56.8 ± 0.0e 1.8 ± 0.0m 11.9 ± 0.1gh 115.5 ± 0.4c 72.6
Tortilla 3.4 ± 0.0m 1.0 ± 0.00s 3.7 ± 0.04m 8.7 ± 0.1n 0.7 ± 0.0o 2.4 ± 0.0su 19.9 ± 0.1no 17.3 64.6

FAUAS-419 Raw 4.4 ± 0.1k 8.5 ± 0.0g 2.6 ± 0.11n 44.2 ± 0.3g 6.9 ± 0.1f 22.2 ± 0.1c 88.8 ± 0.7f 92.1
Tortilla 4.3 ± 0.0k 4.3 ± 0.0no 7.2 ± 0.3i 16.9 ± 0.1ki 5.6 ± 0.1g 7.0 ± 0.1m 45.3 ± 0.2k 51.6 74.7

FAUAS-429 Raw 8.5 ± 0.1g 7.9 ± 0.1h 15.3 ± 0.0b 44.1 ± 0.2g 1.2 ± 0.1n 6.3 ± 0.0n 83.3 ± 0.4g 71.5
Tortilla 3.0 ± 0.0n 0.6 ± 0.0r 2.2 ± 0.0n 6.3 ± 0.0o ND 2.8 ± 0.0s 14.9 ± 0.1pq 17.9 65.1

FAUAS-437 Raw 3.9 ± 0.1j 7.6 ± 0.1g 0.9 ± 0.0o 55.0 ± 0.1e 5.4 ± 0.gc 18.1 ± 0.2d 91.0 ± 0.4fg 94.7
Tortilla 6.2 ± 0.1l 8.5 ± 0.1hi 8.2 ± 0.0fg 22.5 ± 0.2j ND 9.2 ± 0.1j 54.7 ± 0.3i 60.1 73.6

FAUAS-447 Raw 2.6 ± 0.0n 3.4 ± 0.0p 0.7 ± 0.0o 23.0 ± 0.1j 3.0 ± 0.0k 6.7 ± 0.0mn 39.5 ± 0.1l 91.7
Tortilla 3.1 ± 0.0o ND 3.8 ± 0.0m 10.6 ± 0.1m ND 3.7 ± 0.0q 21.2 ± 0.1n 53.7 67.4

FAUAS-457 Raw 8.3 ± 0.1g 26.0 ± 0.1a 8.1 ± 0.2g 105.1 ± 0.6a 11.3 ± 0.2b 58.9 ± 0.3a 217.9 ± 1.5a 92.5
Tortilla 6.7 ± 0.2i 7.8 ± 0.0h 7.5 ± 0.1h 17.1 ± 0.1k 5.2 ± 0.0h 7.8 ± 0.0l 52.1 ± 0.3j 23.9 72.8

FAUAS-485 Raw 16.5 ± 0.0b 8.4 ± 0.0g 2.2 ± 0.0n 56.9 ± 0.2e 9.2 ± 0.0c 15.3 ± 0.1f 108.6 ± 0.4d 82.7
Tortilla 7.8 ± 0.0h 6.1 ± 0.1j 8.9 ± 0.1f 20.2 ± 0.1j 4.5 ± 0.1i 5.8 ± 0.0o 53.5 ± 0.4j 49.2 68.5

FAUAS-488 Raw 8.2 ± 0.1e 14.6 ± 0.1d 15.7 ± 0.0b 62.5 ± 0.2d 2.6 ± 0.1k 18.5 ± 0.1d 122.1 ± 0.6c 80.4
Tortilla 10.9 ± 0.1g 4.3 ± 0.0n 7.7 ± 0.1h 11.7 ± 0.1m 1.0 ± 0.0n 2.3 ± 0.1u 37.9 ± 0.1l 31.0 51.2

FAUAS-491 Raw 7.1 ± 0.1i 9.4 ± 0.0f 4.1 ± 0.1l 57.3 ± 0.5e 3.5 ± 0.0j 11.5 ± 0.1h 92.9 ± 0.2e 88.0
Tortilla 6.3 ± 0.1j 1.9 ± 0.0r 6.4 ± 0.1j 18.5 ± 0.0k ND 6.6 ± 0.1n 39.8 ± 0.3l 42.8 68.0

FAUAS-512 Raw 7.9 ± 0.1h 15.4 ± 0.2c 9.8 ± 0.4e 75.7 ± 0.6b 7.7 ± 0.1e 25.4 ± 0.2b 141.9 ± 1.0b 87.5
Tortilla 6.9 ± 0.0i 7.4 ± 0.0i 8.6 ± 0.0f 29.8 ± 0.2i 4.9 ± 0.1h 8.7 ± 0.0k 66.4 ± 0.2h 46.8 76.6

Total Raw 150.2 156.2 123.3 830.9 85.8 248.4 1594.7 82.9
Tortilla 83.1 55.7 88.9 206.2 30.3 69.7 533.7 33.5 67.8

Cy-3-Glu: Cyanidin-3-glucoside; Pg-3-Glu: Pelargonidin-3-Glucoside; Cy-Mal-Glu: Cyanidin-Malonil-Glucoside; Pg-Mal-Glu: Pelargonidin-Malonil-Glucoside; Cy-Suc-Glu:
Cyanidin-Succinil-Glucoside; Cy-diSuc-Glu: Cyanidin-Disuccinil-Glucoside; ND: Not detected; AR: Anthocyanin retention (%), PAA: Proportion of Acyl Anthocyanins (%).

a Means values ± standard error. Means by column and treatment with different online letters show significant difference, (p < 0.05).
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for the development of functional foods or as a source of natural
colorants.

Acknowledgments

This research was partially supported by the Universidad
Aut�onoma de Sinaloa (Project PROFAPI-2012), PROMEP/SEP (Proj-
ect 2012, Thematic Networks for Cooperation, food Biotechnology)
and Consejo Nacional de Ciencia y Tecnología (CONACYT, Project
168279).

References

AACC International. (2000). Approved methods of American association of cereal
chemists (10th ed.,, I and II St. Paul, MN, USA.

Abdel-Aal, E. M., & Hucl, P. (1999). A rapid method for quantifying total anthocy-
anins in blue aleurone and purple pericarp wheats. Cereal Chemistry, 76,
350e354.

Abdel-Aal, E. M., Young, J. C., & Rabalski, I. (2006). Anthocyanin composition in
black, blue, pink, purple, and red cereal grains. Journal of Agricultural and Food
Chemistry, 54, 4696e4704.

Aguayo-Rojas, J., Mora-Rochín, S., Cuevas-Rodríguez, E. O., Serna-Saldívar, S. O.,
Guti�errez-Uribe, J. A., Reyes-Moreno, C., et al. (2012). Phytochemicals and
antioxidant capacity of tortillas obtained after lime-cooking extrusion process
of whole pigmented Mexican maize. Plant Foods for Human Nutrition, 67,
178e185.

Collison, A., Yang, L., Dykes, L., Murray, S., & Awika, J. M. (2015). Influence of genetic
background on anthocyanin and copigment composition and behaviour during
thermoalkaline processing of maize. Journal of Agricultural and Food Chemistry,
63, 5528e5538.

Dangles, O., Saito, N., & Brouillard, R. (1993). Anthocyanin intramolecular copigment
effect. Phytochemistry, 34, 119e124.

De Pascual-Teresa, S., Santos-Buelga, C., & Rivas-Gonzalo, J. C. (2002). LC-MS anal-
ysis of anthocyanin from purple corn cob. Journal of the Science of Food and
Agriculture, 82, 1003e1006.

Del Pozo-Insfran, D., Brenes, C. H., Serna-Saldivar, S. O., & Talcott, S. T. (2006).
Polyphenolic and antioxidant content of white and blue corn (Zea mays L.)
products. Food Research International, 39, 696e703.

De la Parra, C., Serna-Saldivar, S. O., & Liu, R. H. (2007). Effect of processing on the
phytochemical profiles and antioxidant activity of corn for production of masa,
tortillas, and tortilla chips. Journal of Agricultural and Food Chemistry, 55,
4177e4183.

Espinosa-Trujillo, E., Mendoza-Castillo, M. C., Castillo-Gonz�alez, F., Ortiz-
Cereceres, J., & Delgado-Alvarado, A. (2010). Combining ability to anthocyanins
yield and agronomic traits on native populations of pigmented maize. Revista
Fitotecnia Mexicana, 33, 11e19.

Fossen, T., Cabrita, L., & Andersen, O. M. (1998). Colour and stability of pure an-
thocyanins influenced by pH include the alkaline region. Food Chemistry, 63,
435e440.

Giusti, M. M., & Wrolstad, R. E. (2003). Acylated anthocyanins from edible sources
and their applications in food systems. Biochemical Engineering Journal, 14,
217e225.

Jing, P., Noriega, V., Schwartz, S. J., & Giusti, M. M. (2007). Effects of growing con-
ditions on purple corncob (Zea mays L.) anthocyanins. Journal of Agricultural and
Food Chemistry, 55, 8625e8629.

Long, N., Suzuki, S., Sato, S., Naiki-Ito, A., Sakatani, K., Shirai, T., et al. (2013). Purple
corn color inhibition of prostate carcinog�enesis by targeting cell growth path-
ways. Cancer Science, 104, 298e303.

L�opez-Martínez, L. X., Parkin, K. L., & Garcia, H. S. (2014). Antioxidant and quinone
reductase inducing activities of ethanolic fractions from purple maize.
LWTeFood Science and Technology, 59, 270e275.

Mil�an-Carrillo, J., Guti�errez-Dorado, R., Cuevas-Rodríguez, E. O., Garz�on-
Tiznado, J. A., & Reyes-Moreno, C. (2004). Nixtamalized flour from quality
protein maize (Zea mays L). Optimization of alkaline processing. Plant Foods for
Human Nutrition, 59, 35e44.

Montilla, E. C., Hillebrand, S., Antezana, A., & Winterhalter, P. (2011). Soluble and
bound phenolic compounds in different Bolivian purple corn (Zea mays L.)
cultivars. Journal of Agricultural and Food Chemistry, 59, 7068e7074.

Mora-Rochín, S., Guti�errez-Uribe, J. A., Serna-Saldívar, S. O., S�anchez-Pe~na, P., Reyes-
Moreno, C., & Mil�an-Carrillo, J. (2010). Phenolic content and antioxidant activity
of tortillas produced from pigmented maize processed by conventional nix-
tamalization or extrusion cooking. Journal Cereal Science, 52, 502e508.

Nayar, B., Liu, R. H., & Tang, J. (2015). Effect of processing on phenolic antioxidants of
fruits, vegetables, and grains. A review. Critical Reviews in Food Science and
Nutrition, 55, 887e918.

Pedreschi, R., & Cisneros-Zevallos, L. (2007). Phenolic profiles of Andean purple corn

http://refhub.elsevier.com/S0023-6438(16)30009-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref12
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref12
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref12
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref12
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref20


S. Mora-Rochín et al. / LWT - Food Science and Technology 68 (2016) 563e569 569
(Zea mays L.). Food Chemistry, 100, 956e963.
Pineda-Hidalgo, K. V., M�endez-Marroquín, K. P., Vega-Alvarez, E., Ch�avez-

Ontiveros, J., S�anchez-Pe~na, P., Garz�on-Tiznado, J. A., et al. (2013). Microsatellite-
based genetic diversity among accessions of maize landraces from Sinaloa in
M�exico. Hereditas, 150, 53e59.

SAGARPA. (2002). NMX-FF-034/1-SCFI-2002. Productos alimenticios no industri-
alizados para consumo humano Cereales. Direcci�on General de Normas. M�exico,
DF.

Salinas-Moreno, Y., Martínez-Bustos, F., Soto-Hern�andez, M., Ortega-Paczka, R., &
Arellano- V�azquez, J. L. (2003). Effect of alkaline cooking process on anthocy-
anins in pigmented maize grain. Agrociencia, 37, 617e628.

Salinas-Moreno, Y., P�erez-Alonso, J. J., V�azquez-Carrillo, G., Arag�on-Cuevas, F., &
Vel�azquez-Cardenas, G. A. (2012). Anthocyanins and antioxidant activity in
maize grains (Zea mays L.) of chalque~no, elotes c�onicos and bolita races. Agro-
ciencia, 46, 693e706.

S�anchez, J. J., Goodman, M. M., & Stuber, C. W. (2000). Isozymatic and morphological
diversity in the races of maize of Mexico. Economic Botany, 54, 43e59.

S�anchez-Madrigal, M. A., Quintero-Ramos, A., Martínez-Bustos, F., Mel�endez-
Pizarro, C. O., Ruiz-Guti�errez, M. G., Camacho-D�avila, A., et al. (2015). Effect of
different calcium sources on the bioactive compounds stability of extruded and
nixtamalized blue maize flours. Journal of Food Science and Technology, 52,
2701e2710.

Serna-Saldívar, S. O., Gomez, M. H., & Rooney, L. W. (1990). Technology, chemistry,
and nutritional value of alkaline cooked corn products. In Y. Pomeranz (Ed.),
Advances in cereal science and technology (pp. 243e307). St. Paul, MN: American
Association of Cereal Chemists, International.

Serna-Saldivar, S. O., Herrera-Macias, P., Amaya-Guerra, C. A., Melesio-Cuellar, J. L.,
Preciado-Ortiz, R. E., Terron-Ibarra, A. D., et al. (2008). Evaluation of lime-
cooking and tortilla making properties of quality protein maize hybrids
grown in Mexico. Plant Foods for Human Nutrition, 63, 119e125.

Tsuda, T. (2012). Dietary anthocyanin-rich plants: biochemical basis and recent
progress in health benefits studies. Molecular Nutrition Food Research, 56,
159e170.

Urias-Lugo, D. A., Heredia, J. D., Muy-Rangel, M.,D., Valdez-Torres, J. B., Serna-
Saldivar, S. O., & Gutierr�ez-Uribe, J. A. (2015). Anthocyanins and phenolic acids
of hybrid and native blue maize (Zea mays L.) extracts and their antiproliferative
activity in mammary (MCF7), Liver (HepG2), Colon (Caco 2 and HT29) and
prostate (PC3) cancer cells. Plant Foods for Human Nutrition, 70, 193e199.

Urias-Peraldí, M., Guti�errez-Uribe, J. A., Preciado-Ortiz, R. E., Cruz-Morales, A. S.,
Serna-Saldívar, S. O., & García-Lara, S. (2013). Nutraceutical profiles of improved
blue maize (Zea mays) hybrids for subtropical regions. Field Crops Research, 141,
69e76.

V�azquez-Carrillo, M. G., Santiago-Ramos, D., Gayt�an-Martínez, M., Morales-
S�anchez, E., & Guerrero-Herrera, M. J. (2015). High oil content maize: physical,
thermal and rheological properties of grain, masa, and tortillas. LWTeFood
Science and Technology, 60, 156e161.

http://refhub.elsevier.com/S0023-6438(16)30009-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30009-3/sref32


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 570e578
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Invitro study of riboflavin producing lactobacilli as potential probiotic

Kiran Thakur, Sudhir Kumar Tomar*

Dairy Microbiology Division, National Dairy Research Institute, Karnal, Haryana, 132001, India
a r t i c l e i n f o

Article history:
Received 14 July 2015
Received in revised form
18 December 2015
Accepted 29 December 2015
Available online 30 December 2015

Keywords:
Lactobacillus
Health
Probiotics and riboflavin
* Corresponding author.
E-mail address: sudhirndri@gmail.com (S.K. Toma

http://dx.doi.org/10.1016/j.lwt.2015.12.059
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Riboflavin is an obligatory component of cellular metabolism and is responsible for normal development,
growth, reproduction, lactation, physical performance of wellbeing. The probiotic bacteria producing
riboflavin gives an extra health advantage to consumers as the later are becoming increasingly health
conscious and discerning in their food choices. Hence, the present study has been carried out to evaluate
the probiotic attributes of riboflavin producing lactobacilli isolated from diversified dairy and non-dairy
sources of Indian origin with a potential to develop a riboflavin bio enriched probiotic food. Out of 14
riboflavin producing isolates, 4 isolates viz. Lactobacillus fermentum (KC920818), Lactobacillus fermentum
(KC507546), Lactobacillus plantarum (KC507543) and Lactobacillus mucosae (KC920821) have been
observed to exhibit appreciable probiotic potential. Among them, L. fermentum (KC920818) and
L. mucosae (KC920821) have demonstrated strong adhesion on HT-29 cell lines. Two isolates viz.
L. fermentum KC920818 and L. mucosae KC920821 were adjudged to be the most putative probiotic
strains. The findings of present study indicate the probiotic potential of these lactobacilli strains of
human and plant origins. These indigenous potent probiotic strains coupled with ability to produce
riboflavin can be explored for the development of novel riboflavin enriched functional fermented foods.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Besides traditional applications of lactic acid bacteria (LAB),
some of the members have been reported to elicit probiotic fea-
tures (Russo et al., 2015). Among them, lactobacilli are being
increasingly recognized in recent years for their functional attri-
butes beyond their well-established technological applications
(Mirzaei, Javadi, & Alimohammadi, 2012). Being a natural part of
human gut microbiota, several commensal species of such groups
have drawn attention bearing positive impact on the health of the
host (FAO/WHO, 2001; van Baarlen, Wells, & Kleerebezem, 2013).

B-Vitamins are minor but essential for human life. Among them,
riboflavin, also known as vitamin B2, plays central and crucial
component of cellular metabolism as it is the precursor of the flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD), two
coenzymes that play a central role in metabolism (Burgess, Smid,
Rutten, & van Sinderen, 2006; Capozzi, Russo, Due~nas, L�opez, &
Spano, 2012). Furthermore, the ability of probiotics to synthesize
compounds, such as vitamins or short-chain fatty acids, can confer
additional advantages to human and microbiota metabolisms
r).
(Dunne et al., 2001; Hooper, Midvedt, & Gordon, 2002). The pro-
duction of vitamins has been claimed among the causal relation-
ships of the healthy benefits of probiotics (Rossi, Amaretti, &
Raimondi, 2011). Food-related LAB as well as human gut com-
mensals are well known to biosynthesize and supply B-vitamins to
human consumers (LeBlanc, Milani, de Giori, Sesma, 2012). The
vitamin producing ability of bacteria has thus attracted globally
many research groups. Since, humans lack the biosynthetic ca-
pacity for most vitamins, they are dependent on dairy and cereal
based food, plants, fungi, and bacteria for dietary supplementation
(LeBlanc, Taranto, Molina, & Sesma, 2010). There are a few reports
of riboflavin producing isolates exhibiting probiotic attributes.
In vitro and humans studies have documented the capacity of some
probiotic strains to synthesize vitamin K, folic Acid, vitamin ribo-
flavin and cobalamin which provide certain amount of these vita-
mins while present in large intestine (Hill, 1997). According to a
recent study of systematic genome assessment of B-vitamin
biosynthesis, a complete riboflavin operon is present in all Bacter-
oidetes, Fusobacteria and 36 genomes (92%) of Proteobacteria
(Magnusdottir, Ravcheev, de Crecy-Lagard, & Thiele, 2015). In their
study, the authors have placed Firmicutes as more potent producers
of riboflavin compared to other examined vitamins. Interestingly,
gut commensals that produce riboflavin are detected by the innate
immune system through a metabolic intermediate as riboflavin
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precursors found in many bacteria and yeast selectively activate
mucosal-associated invariant T (MAIT) cells, an abundant popula-
tion of innate-like T cells in humans (Corbett et al., 2014). In an
another related study, 4 bifidobacterial species have been predicted
to possess a complete riboflavin biosynthesis pathway, (Milani
et al., 2014) which may represent an additional mechanism for
microbe-host interactions by stimulation of the host's immune
system (Corbett et al., 2014). The possibility of co-evolution of gut
microbes in the human gut makes them suitable for de novo syn-
thesis (LeBlanc et al., 2012; Magnusdottir et al., 2015). The latter
study suggests that human gut bacteria actively exchange B-vita-
mins among each other, which leads to the survival of organisms
that do not synthesize any of these essential cofactors. Thus,
considering the extensive application of LAB in the food, pharma-
ceutical andmedicine industry, coupledwith consumer demand for
healthier foods, the use of these food grade probiotics as riboflavin
factories will be of great advantage in the near future (Thakur,
Tomar, & De, 2015a).

Our study has been aimed to investigate the probiotic potential
of riboflavin producing lactobacilli isolated in our previous study
(Thakur & Tomar, 2015) which can be potentially explored for the
development of riboflavin bio enriched fermented food products
for functional application in future.

2. Materials and methods

2.1. Bacteria and HT-29 cell lines

Fourteen riboflavin producing lactobacilli isolates (Thakur &
Tomar, 2015; Thakur, Nanda, Kumar, & Tomar, 2015b) were
selected for this study with Lactobacillus rhamnosus GG and
Lactobacillus fermentum ME-3 as a probiotic reference strain. Lis-
teria monocytogenes ATCC 15303, Salmonella typhi NCDC113 and
Escherichia coli NCDC134 were the pathogenic strains (used for the
antimicrobial study) resourced from American Type Culture
Collection (ATCC) and National Collection of Dairy Cultures (NCDC),
National Dairy Research Institute, Karnal, Haryana, India. The HT-29
(mucus secreting) cell lines were procured from National Centre of
Cell Sciences, Pune, India.

2.2. Probiotic attributes assessment

2.2.1. Acid and bile salt tolerance
The log phase cells were harvested by centrifugation and re-

suspended in equal volume of MRS broth with pH adjusted to pH
2.0. The survival was evaluated by determining the viable counts of
the samples serially diluted in peptone water (1 g/L.) (Himedia
Laboratories Pvt. Ltd, Mumbai, India) water after 0 h, and 3 h in
acidic conditions, which was subsequently plated on MRS agar
(Himedia) and incubated at 37 �C for 16e18 h (Clark, Cotton, &
Martin, 1997). The procedure of Gilliland, Staley, & Bush, 1984
was followed to test the tolerance to bile acids. The log phase
cells were harvested by centrifugation and resuspended in equal
volume of MRS broth supplemented with 1.0% w/v ox bile (Hime-
dia). The survival was evaluated by plate count on MRS agar, after
0 and 3 h of incubation in MRS broth containing bile and subse-
quently the plates were incubated anaerobically at 37 �C for
16e18 h.

2.2.2. Bile salt hydrolase activity for bile salt deconjugation (BSH
activity)

On the basis of riboflavin production ability, 2 Lactobacillus
species namely Lactobacillus plantarum and L. fermentum were
examined for bile salt hydrolase (BSH) activity in which bsh gene
(Table 2) was amplified and isolates were further tested for
hydrolysis activity with an assay involving MRS agar plates sup-
plemented with 0.5% taurodeoxycholic acid (TDCA, Sigma) and
compared to control MRS plates, after anaerobic incubation in Gas
Pak Jars (Himedia) at 37 �C for 24 h. Deconjugation of TDCA results
in a white precipitate of deoxycholate in the vicinity of bacterial
colonies (Jarocki, Podle�sny, Glibowski, & Targo�nski, 2014).

2.2.3. Antimicrobial activity
The well diffusion method was used for antimicrobial activity of

the isolates. For this, aliquots of 200 ml overnight culture of the
indicator bacteria Lis. monocytogenes ATCC 15303, S. typhi NCDC113
and E. coli NCDC134, were used for this experiment (Linaje, Coloma,
Perez-Martinez, & Zuniga, 2004). Overnight grown lactobacilli in
MRS broth were used to get the cell-free supernatants. Aliquots of
200 ml of pathogens were mixed with 5 mL of Brain Heart Infusion
(Himedia) supplemented with 0.8% agar (Himedia). Fresh cultures
of pathogenic bacteria were further inoculated for its active growth
at optimum temperature for 3e4 h (absorbance at 660 nm ¼ 0.01).
A volume of 50 ml of each pathogenic culture was mixed with 5 ml
of melted and tempered. Tryptose Glucose extract (TGE) soft agar
and poured onto the previously surface dried TGE agar plates. The
wells were hollowed out in the TGEmedium and a volume of 150 ml
of the lactobacilli supernatant was poured in each well and incu-
bated at 4 �C for 2 h to facilitate the diffusion in the agar medium.
Finally, petri dishes were incubated at 37 �C for 24 h. The diameter
of inhibition zones was measured using a calliper and halos�7mm
were considered inhibitory (Bromberg, Moreno, Delboni, Cintra, &
Oliveira, 2005).

2.2.4. Antibiotic resistance
The pattern of resistance/susceptibility to antibiotic of lactoba-

cilli was studied by disc diffusion method described by Charteris,
Kelly, Morelli, and Collins (1998) and modified by Aymerich et al.,
(2003). The isolates were screened for their susceptibility to se-
ries of antibiotics (Himedia). MRS agar plates were prepared and
subsequently over laid with 6ml of MRS soft agar tempered at 45 �C
and seeded with 200 ml of active cultures of lactobacilli. MRS plates
were allowed to stand at room temperature for 15 min and the
antibiotic discs were dispensed onto agar using forceps under
aseptic conditions. The plates were incubated at 37 �C anaerobically
for 24 h. The diameter (mm) of zone of inhibition was measured
using antibiotic zone scale and results were compared with the
interpretative zone diameters given by Performance Standards for
Antimicrobial Disk Susceptibility tests for disc diffusion antibiotic
susceptibility test.

2.2.5. Cell surface hydrophobicity
The relative Cell surface hydrophobicity of isolates was deter-

mined using microbial adhesion to using n-Hexadecane, n-Octane
and Xylene (Rosenberg, Gutnick, & Rosenberg, 1980). The bacterial
cell suspension in phosphate buffer saline (PBS, Himedia) was
dispensed as 3.0ml-volumes into test tubes, andmixed with 0.4mL
of respective hyrocarbons by vortexing for 30 s. Two phases were
allowed to separate for 15 min at room temperature. The aqueous
phase was carefully removed, and its OD at 600 nm was recorded.
The decrease in absorbance of the aqueous phase was taken as a
measure of cell surface hydrophobicity, calculated as [(A0-A)/
A0] � 100, where A0 and A denote absorbance before and after
extraction with xylene, respectively.

2.2.6. HT-29 cell adhesion
2.2.6.1. Propagation and maintenance of cell lines. HT-29 Cells were
routinely grown in Dulbecco's modified Eagle's minimal essential
medium (DMEM; Sigma, USA) supplemented with 10% (v/v) heat-
inactivated (30 min, 56 �C) foetal bovine serum (Sigma, USA),



Table 1
In vitro probiotic attributes of riboflavin producing lactobacilli: Acid tolerance, bile salt tolerance in terms of reduction in (Log cfu/ml), and cell surface hydrophobicity (%
adhesion).

Isolates Acid tolerance (pH 2) (CFU/ml) Bile salt tolerance (1%) (CFU/ml) Cell surface hydrophobicity (%
age)

0 h 3 h 0 h 3 h Xylene Hexadecane

KC920818 8.0528A ± 0.02 5.7389B ± 0.27 9.739A ± 0.04 5.8268C ± 0.34 17.3B 15.267B

KC92081 8.4667A ± 0.06 3.7388B ± 0.10 9.1949A ± 0.0 5.6292B ± 0.19 11.267D 8.467D

KC920820 9.1671A ± 0.09 3.7621C ± 0.14 8.1769A ± 0.17 5.6958B ± 0.32 14.933B 12.433B

KC920821 8.5771A ± 0.17 6.1748C ± 0.05 7.4752A ± 0.26 4.3825C ± 0.07 25.867A 22.567A

KC920822 8.3934A ± 0.04 2.0304C ± 0.04 9.3579A ± 0.06 3.5794C ± 0.28 15.967B 12.9B

KC920823 8.8405A ± 0.08 4.3657C ± 0.59 9.1644A ± 0.09 3.4523C ± 0.37 11.8D 11.467B

KC920824 9.1207A ± 0.09 2.8309C ± 0.26 8.6271A ± 0.07 2.6942C ± 0.29 6.107G 7.067E

KC507540 9.1667A ± 0.35 1.8045C ± 0.09 8.371A ± 0.36 4.2361C ± 0.21 8.707F 7.633D

KC507541 8.8931A ± 0.23 2.7797C ± 0.11 9.5231A ± 0.07 3.5716C ± 0.32 10.867E 7.3D

KC507542 8.8489A ± 0.85 4.0345C ± 0.66 7.5896A ± 0.14 2.2027C ± 0.24 17.167B 14.633B

KC507543 8.4438A ± 0.02 3.3392D ± 0.08 9.4321A ± 0.09 6.4118C ± 0.21 17.533B 20.367A

KC507544 7.4075A ± 0.34 4.3392B ± 0.16 6.3817A ± 0.08 2.5504C ± 0.16 16.667B 13.933B

KC507545 7.8536A ± 0.12 5.3402B ± 0.19 7.2158A ± 0.0 2.5346C ± 0.38 12.9C 21.167A

KC507546 9.2524A ± 0.13 5.5511B ± 0.53 9.5194A ± 0.2 6.9063C ± 0.08 12.733C 21.367A

A,B,C and D (Mean ± Standard Deviation) values with different superscript in a row are significantly different at (P � 0.05).

Table 2
List of primers used in this study for probiotic properties.

Target Primer sequence 50e30 Annealing temp. (�C) Product size (bp) References

bsH gene in L. fermentum ATGTGCACGGCCGTTTCCTTTTG
TTAGGGTACTTGCGATAGGACCTG

57 927 In the present study

bsH gene in L. plantarum (LpBSHFLpBSHR) ATCACCGCTACATTGGTTGG
AGTCCGCCCATTCCTCTACT

56 231 Kaushik et al.2009
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25 mM HEPES (Sigma, USA), 100 U/ml penicillin (Sigma, USA), and
100 mg/ml streptomycin (Sigma, USA) in 25 cm3 culture flask at
37 �C in an atmosphere of 5% CO2/95% air. Fresh medium was used
to revive cells on every alternate day. When reached about 80%
confluency, cells were harvested by incubating adhered cells with
3ml of 0.25% Trypsin-EDTA solution (Sigma, USA) at 37 �C. The cells
were occasionally observed between 5 and 15 min of trypsin
addition under inverted microscope. When nearly 60% cells de-
tached from the surface, 7 ml of complete DMEM was added. The
cell suspension was repeatedly but gently aspirated to make single
cell suspension. The contents were centrifuged (1000 � g, 5 min at
room temperature) and the pellet was resuspended in complete
DMEM medium. For adhesion assays, monolayers of HT-29 cells
were prepared on sterile glass coverslips which were placed in six-
well Corning tissue culture plates.

2.2.6.2. Adhesion assay. According to Duary, Rajput, Batish, and
Grover (2011) for each adhesion assay, Lactobacillus suspension
(1 � 105) was mixed with 4 ml complete DMEM medium followed
by transfer to each well of six-well tissue culture plate which was
then incubated at 37 �C in 5% CO2/90% air for 2 h. The monolayers
were washed five times with sterile PBS (pH 7.4). The adhesion
score was measured by enumerating adhered bacteria per 20
different microscopic fields. The percent adhesion was determined
by plating method.

2.2.6.3. Adhesion score. Methanol was added to each well of six-
well plate at the rate of 3 ml followed by incubation for 10 min at
room temperature. Methanol was completely removed and fixed
cells were stained with Giemsa stain (0.72% w/v; BDH, London) for
20 min at room temperature. The wells were washed with ethanol
to remove excess stain. The plates were air dried and examined
under oil immersion microscope (Leica, Germany). The number of
bacteria was counted in 20 random microscopic fields and were
grouped into non adhesive (�40 bacteria), adhesive (41e100
bacteria) and strongly adhesive (>100 bacteria).

2.2.6.4. Percent adhesion. Cells from monolayers were detached by
trypsinization. One ml of 0.25 percent trypsin-EDTA solution
(Sigma, USA) was added to each well of six-well plate and platewas
incubated for 15 min at room temperature. The detached cells were
repeatedly but gently aspirated to make homogenous suspension.
The cell suspension was then serially diluted with saline solution
and plated on MRS agar. The plates were incubated for 24e48 h at
37 �C and colonies were counted (B1 cfu/ml). Bacterial cells initially
added to each well of six-well plates were also counted (B0 cfu/ml).
The adhesion percentage was then calculated as.

% adhesion ¼ (B1 / B0) * 100

2.2.6.5. Scanning electron microscopy (SEM). Cells for scanning
electron microscopy were grown on glass coverslips. After the
bacterial adhesion assay, the cells were fixed with 2.5% (v/v)
glutaraldehyde (Sigma, USA) in 0.1 M-sodium phosphate buffer (pH
7.4) for 1 h at room temperature. After washing with phosphate
buffer, cells were post-fixed for 30 min with 2% (w/v) OsO4 (Sigma,
USA) in the same buffer, washed three times with the same buffer,
dehydrated in a graded series (30%e100%) of ethanol and passaged
in a graded series (50%e100%) of amyl acetate. Cells were dried and
coated with gold by ION coater- EIKO IB.3 Ion coater (EIKO Corpo-
ration, Tokyo, Japan). The specimens were then examinedwith SEM
ZESIS EVO SEM (Zesis, Cambrige, U.K.)

2.2.7. Mucin degradation
The mucin degradation ability of the isolates was assayed with

partially purified gastric mucin type III (Sigma Aldrich pvt. Ltd.
Banglore, India). Mucinwas added to MRS agar mediumwith (0.5%,
w/v) and without glucose, as previously reported (Zhou, Gopal, &
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Hill, 2001). Isolates were spoted on the agar plates and after 72 h of
anerobic incubation, the plates were stained with 0.1% amido black
in 3.5 M acetic acid for 30 min and washed with 1.2 M acetic acid. A
clear zone around the spot was considered a positive result. Positive
a fecal slurry grown overnight in Brain heart infusion (BHI)
(Himedia Laboratories Pvt. Ltd, Mumbai, India)medium was also
spoted on all plates as a positive control.

2.2.8. Statistical analysis
Statistical analysis of experimental data was carried out using

SAS 9.3 (SAS Institute Inc., Cary, USA). Results were analysed and
the significance level was calculated using the Tukey's Studentized
Range test and results are considered significant at P < 0$05. The
data of adhesion studies were analysed by using statographic
centurion 16.1.11 software. For the Principal component analysis
(PCA) treatment, IBM SPSS Statistics 21.0 software program (IBM,
Armonk, NY, USA) was used. p < 0.05 and p < 0.005 were consid-
ered as statistically significant.

3. Results and discussions

3.1. Acid and bile salt tolerance

Tolerance to acidity and Ox-bile, antagonistic activity against
pathogens, and safety represent, generally, the most important
properties enabling a microorganism to be considered as an
effective probiotic (Kaur, Chopra, & Saini, 2002). To provide health
benefits, probiotics must overcome physical and chemical barriers
such as acid and bile in the gastro intestinal (GI) tract (Piano et al.,
2006). Tolerance of LAB to acid is strain dependent and hence needs
to be evaluated individually. In our study, out of 19 riboflavin pro-
ducing isolates (Thakur & Tomar, 2015), 11 isolates were able to
survive under acidic condition at pH 2.0 as shown in (Table 1).
Three isolates (KC920818, KC920821 and KC507546) demonstrated
appreciable tolerance to acidic condition pH 2.0 (Table 1). The
highest resistance to acidic conditions was observed in isolate
(KC920821). The presence of bile salts and pancreatic enzymes
constitute another barrier to the survival of ingested microorgan-
isms during digestion. The isolates demonstrated appreciable
resistance to bile after exposure to 1.0% bile salts after 3 h at 37 �C
except isolates: KC920822, KC920823, KC920824, KC507544 and
KC507545 as shown in (Table 1) and (Table 1). We used 1.0% oxgall
(bile salt) for testing our strains which represents the extreme
concentration obtained in animal or human intestine during the
first hour of digestion (Gotcheva et al., 2002). Later on the level of
bile salt in intestine decreases up to 0.3%. According to Du et al.
(1998) resistance to bile salts varies a lot among the LAB species
and even between strains themselves (Xanthopoulos, Litopoulou-
Tzanetaki, & Tzanetakis, 1997). Bile resistance of some strains is
assigned to specific enzyme activity bsH which helps in hydrolysis
of conjugated bile, thus reducing its toxic effect (Du et al., 1998). The
absence of this enzyme may explain the sensitivity of some of our
strains tested in this study. BSH activity has most often been found
in organisms isolated from the intestines or faeces of animals
(Bateup, McConnell, Jenkinson,& Tannock,1995; Tanaka, Doesburg,
Iwasaki, & Mireau, 1999).

3.2. BSH activity

Bile salt hydrolase activity is an important marker and can be
used in selection of novel probiotics for better colonization in gut
required for expressing their health promoting functions optimally.
Bile salt deconjugation is catalysed by bile salt hydrolase (BSH)
enzymes and it is nutritionally advantageous to hydrolytic strains,
and is even thought to play a relevant role in the enterohepatic
cycle taking place in the upper small intestine (Begley, Colin, &
Gahan, 2006). Probiotics with such activity have been claimed to
lower cholesterol levels (Kumar et al., 2012). The bsh primers were
used for 2 Lactobacillus species: L. fermentum and L. plantarum.
Most of the isolates were found harbouring bsh gene (Fig. 1a, b)
with respect to species specific bsh primers. The presence of BSH
activity was indicated by deoxycholic acid precipitation in the agar
medium below and around the colony as shown in Fig. 1c. The
isolate (KC920821) was able to hydrolyse TDCA.

3.3. Antimicrobial activity

Antimicrobial activity is thought to be an important means for
probiotic bacteria to competitively exclude or inhibit activities of
harmful or pathogenic intestinal microbes (Carr, Hill, & Maida,
2002; Rose & Holm, 2002). We could categorize, three isolates
(KC920818, KC920821 and KC920819) as strong inhibiting strains
toward all tested pathogens (Fig. 2). In the present study, some
isolates showed discernible antimicrobial activity against various
pathogenic and spoilage causing organisms such as E. coli, Salmo-
nella typhimurium, Lis. monocytogenes. Besides, bamboo shoots and
household curd isolates were able to inhibit the growth of few
pathogenic strains efficiently (Fig. 2) and these observations are in
agreement with antimicrobial activity shown by lactobacilli from
plants and fermented dairy products (Mallesha, Shylaja,
Selvakumar, & Jagannath, 2010).

3.4. Antibiotic resistance

The large acceptance of probiotics as a safe food adjunct is due to
their long history of safety, which also requires that probiotics
should not carry transferable antibiotic resistance genes (Liong,
2008; Sharma et al., 2014). The isolates were found vancomycin
and penicillin resistant except KC920821 and sensitive to genta-
mycin and cephadroxil (Fig. 3). Our results indicated that most of
the isolates were susceptible to the antibiotics tested and low
multiple resistances were observed. However, there are reports
available in literature indicating resistance of LAB to the principal
antibiotics, such as penicillin G, ampicillin, vancomycin, clor-
amphenicol or ciprofloxacin (Coppola et al., 2005; Halami,
Chandrashekar, & Nand, 2000). The absence of antibiotic resis-
tance can be considered a positive trait for bacteria used in pro-
biotic food.

3.5. Cell surface hydrophobicity

The next criteria to be evaluated for probiotic screening is its
adhesion capability as judged by their hydrophobicity is considered
an indication of binding capacity. It clearly depicts that each and
every probiotic strain should be judged by its own merits and the
extrapolation from related strain is not acceptable (Ouwehand,
Kirjavainen, Shortt, & Salminen, 1999). Thus, high hydrophobicity
values of cells showed greater attractive forces and accordingly,
higher levels of adhesion (Table 1).

3.6. HT-29 cell adhesion

The ability of probiotic bacteria to adhere on intestinal cells is a
key attribute of probiotic microorganisms (Piątek et al., 2012). The
adhesion of LAB to mucosal surfaces prevents their rapid removal
by gut contraction, and leads to a competitive advantage (Peres,
Peres, Hern�andez-Mendonza, & Malcata, 2014). According to
classification proposed by Candela et al. (2005) of probiotics as
non-adhesive, adhesive, and strongly adhesive, corresponding to
less than 5, between 5 and 40, and more than 40 adherent CFU per



Fig. 1. a. bsH gene amplification in L. plantarum (231 bp), L ¼ 1 kb ladder. b. bsH gene amplification in L. fermentum (927 bp),L ¼ 1 kb ladder. c Bile salt hydrolysis activity assay on
TDCA, TGCA and TCA salts by KT4 (KC920821) (1), KT5 (KC920818) (2) and KT6 (KC507541) (3).

Fig. 2. Antimicrobial Activity of L. mucosae (KC920821) (1), L. fermentum (KC920818) (2) and L. rhamnosus GG (C) against E. coli (P1), S. typhi (P2), Lis. monocytogenes (P3) and
B. cereus (P4). (Zone of inhibition in mm).
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HT-29 cell respectively. Two riboflavin producing strains were
analysed in the present study for their adhesion ability, the
adhesion levels both as an absolute number of adherent bacteria
on HT-29 cells and as a percentage (Fig. 4). The quantitative
binding of the lactobacillus test cultures was investigated on HT-
29 cell lines by three independent methods i.e. direct microscopic
examination after Giemsa staining and enumeration by plating on
MRS as well as by SEM. On the basis of our results expressed as
percentage of adhesion and adhesion score, we classified
L. fermentum (KC920818), Lactobacillus mucosae (KC920821) as
strongly adhesive strains. Comparative statistical analysis of re-
sults obtained by adhesion score and % adhesion method, the
mean values of different assays have shown that the strains
KC920818 and LGG were able to show equally appreciable adhe-
sion on HT-29 cells as there was no significant difference with that
of control strain LGG (Fig. 4c).
3.7. Mucin degradation

The assessment of putative probiotic strains for mucin degra-
dation ability is a pre-requisite to ensure their safety for human
consumers (Fumiaki et al., 2010). In contrast to that seen in fecal
flora, the test strains were not able to produce a clear lysis zone
(results not shown). Our findings are in agreement with the pre-
vious reports encompassing Lactobacillus and Bifidobacteria that
were claimed to be probiotic strains (Abe et al., 2010; Fern�andez,
Boris, & Barbes, 2005; Zhou et al., 2001).
3.8. Statistical analysis

The experimental data obtained for 14 lactobacilli isolates for
probiotic parameters such as acid tolerance (AT), bile tolerance (BT)
and cell surface hydrophobicity (Hx and Hh) were compared by
using multivariate analysis (Principal Component Analysis). The
two dimensional plots are drawn in Fig.5. In plot 1, contribution of



Fig. 3. Antibiotic Susceptibility test .1 (KC920818), 2 (KC920821), 3 (KC507546) and 4 (KC507541) showing the antibiotic susceptibility and resistance towards tested antibiotics
discs (CQ-Cefadroxil, VA- Vancomycin, P- Penicillin, G-Gentamycin).

K. Thakur, S.K. Tomar / LWT - Food Science and Technology 68 (2016) 570e578 575
the various parameters with respect to variance are shown. The
first two components could explain 74.56% of the total variance.
The discrimination of samples along PC1 is mainly due to cell sur-
face hydrophobicity w.r.t. hexadecane (Hh), xylene (Hx) and acid
tolerance at 3 h (AT3) variables. Whereas along PC2, the samples
are discriminated by bile tolerance at 3 h (BT3). In plot 2, the dis-
tribution of lactobacilli isolates is shown. The first two components
present the total variance of 93.7%. The discrimination along sam-
ples along PC1 is mainly due to isolate KC920822, KC920823,
KC920820 and KC507542. Whereas the isolates KC920824,
KC507540 and KC507541 are responsible for discrimination along
PC2.

Among the various species of Lactobacillus genera, L. fermentum,
due to its desirable probiotic properties such as non-pathogenicity
to human, increased resistance to the environment prevailing in
the intestine, and beneficial effects to the human immune system
has been recognized as a potential probiotic organism (Mikelsaar
and Zilmer., 2009). To be considered as a probiotic, a microor-
ganism must possess resistance to the high gastric acidity and to
the intestinal environment, and the ability to adhere to intestinal
epithelial cells (Arena et al., 2014a). For a successful probiotic or-
ganism, one of the most important features is harbouring the
ability to implant in intestinal tract (Kos, Suskovic, Vukovic,
Simpraga, & Matosic, 2003). The adhesion of probiotic lactobacilli
to gastrointestinal mucus makes them a good choice for consumers
because it affects all these health attributes in a positive manner
(Lee et al., 2012). One of the beneficial effect of probiotic on the
microbial equilibrium in the human intestine is competition
against pathogenic bacteria for host epithelial cell receptors and/or
produce antimicrobial compounds (Bove et al., 2013; Koo,
Amalaradjou, & Bhunia, 2012).
Guru and Viswanathan (2013) have reported riboflavin pro-

ducing probiotic Lactobacillus acidophilus species obtained from
curd and cheese samples. Jayashree, Jayaraman, and Kalaichelvan
(2010) have reported the in vitro probiotic attributes of riboflavin
producing L. fermentum MTCC8711. As above mentioned abilities
are identified to be strain specific, it encourages to bioprospect the
novel microbial strains harbouring combination of probiotic char-
acteristics as well as riboflavin production (Burgess, O'Connell-
Motherway, Sybesma, Hugenholtz, & van Sinderen, 2004).
Salvetti, Celandroni, Ghelardi, Baggiani, and Senesi (2003) have
reported eight probiotic strains from five different probiotic for-
mulations containing Bacillus clausii B. subtili, B. cereus IP 5832,
L. rhamnosus ATCC 53103 which were able to produce riboflavin
(Salvetti et al., 2003).

Over-producing strains of L. fermentum and L. plantarum
selected after exposure to roseoflavin were investigated for their
probiotic attributes by using an in vitromodel and theywere able to
synthesize riboflavin in co-culture systemswith Caco-2 cells (Arena
et al., 2014a). It was reported that b-Glucans stimulate the growth
of these strains when submitted to oro-gastro-intestinal stress with
a positive impact on bacterial adhesion (Arena et al., 2014b).
Moreover, the adhesion ability of these strains was evaluated by
using gnotobiotic zebrafish larvae as in vivo model, reinforcing the
suggestion that they could contribute to further increase the ribo-
flavin supply in the gut environment (Russo et al., 2015).
4. Conclusions

This study has culminated into characterization of a number of



Fig. 4. Graphical representation of mean values of Adhesion score (a) and Percent adhesion (b). Columns show the significant difference at P < 0.05. c Adhesion of Lactobacillus
strains on HT-29 cells observed under oil immersion microscope (100X) after staining with Geimsa strain of L. fermentum (KC920818) (c.1), L. mucosae (KC920821) (c.2) and
L. ramnoshus LGG (c.3) (Standard probiotic strain) through (Geimsa staining). Scanning electron microscopy for adhesion of L. fermentum (c.4), L. mucosae (c.5) and L. ramnoshus GG
(c.6) at magnification 5X and L. fermentum (c.7), L. mucosae (c.8) and L. ramnoshus GG (c.9) at magnification 10X.
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novel riboflavin producing probiotic strains which can be further
explored for associated health benefits and can also be adopted for
commercial applications after in-vivo characterization and valida-
tion by clinical trials. LAB of generally regarded as safe (GRAS)
status, with the ability to produce riboflavin will be a better choice
to be used as a starter for the formation of fermented products
rather than traditional starters which consume riboflavin. As
characterized in the present study, the carefully selected riboflavin



Fig. 5. a. Principal component analysis, expressed as two dimensional plot w.r.t. to probiotics as variables for the first two principal components. b. Principal component analysis,
expressed as two dimensional plot w.r.t isolates as variables for the first two principal components.
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producing strains with probiotic attributes could be explored as
potential candidates for in situ production of riboflavin once these
strains get colonize to host. The riboflavin producing putative
probiotic lactobacilli can be used as a suitable model for the
development of riboflavin enriched fermented foods.
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a b s t r a c t

Pulsed Light (PL) is effective for inactivation of bacteria in food and non-food systems, yet the mecha-
nisms of inactivation are not fully understood. In this work, the response of Listeria monocytogenes to PL
and continuous ultraviolet light (UV) was investigated using whole genome DNA microarray analysis.
Suspensions of L. monocytogenes were treated with 3.20 J/cm2 of PL and 33 mJ/cm2 of UV, respectively,
which yielded comparable levels of inactivation. In a separate experiment, cells were exposed to 3.20 J/
cm2 of full spectrum PL and UV-blocked PL. Whole genome microarray analysis of L. monocytogenes was
performed to identify differential gene expression after the treatments, using a 1.5 fold change cutoff and
adjusted P < 0.05. Compared to untreated cells, PL and UV treated cells had higher transcription levels for
80 and respectively 39 multiple stress related proteins, motility genes, and transcriptional regulators.
Exposure to UV-blocked PL resulted in 131 motility related genes and cell membrane related genes with
lower transcription levels, and no genes with higher transcription levels compared to untreated cells. The
data suggests that the microbicidal effects of PL were primarily due to UV, and no significant differences
in gene expression between PL and UV treated cells were found.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Pulsed Light (PL) technology is a light-based alternative to
thermal treatment for killing microorganisms in food and non-food
systems, which has been considered by some to be more potent
than continuous ultraviolet light (UV) treatment. UV uses germi-
cidal mercury lamps that emit light at 254 nm, while PL uses gas
(Xenon) discharge lamps that emit short, intense pulses of light
that includes UV-C (200e280 nm), UV-B (280e315 nm), UV-A
(315e400 nm), visible (VIS) (400e700 nm), and near infrared
(NIR) light (700e1100 nm).

Microbial inactivation in UV treatment is caused by the forma-
tion of pyrimidine dimers between adjacent bases in the DNA
molecule (Bintsis, Litopoulou-Tzanetaki& Robinson, 2000). There is
strong evidence that UV is themain contributor to PL inactivation of
microorganisms (Woodling & Moraru, 2007), but other type of
cellular damage has also been reported. Takeshita et al. (2003)
University, Ithaca, NY 14853,

orobo), cim24@cornell.edu
reported increased protein elution, including enlarged vacuoles,
cell membrane distortion, and shape changes in Saccharomyces
cerevisiae cells treated with PL. Wekhof, Trompeter & Franken
(2001) showed Aspergillus niger spores with ruptured tops,
reportedly caused by steam escaping from the overheated spores.
Thermal effects in PL treatment have also been reported by Ozer
and Demirci (2006), who observed significant heating at the sub-
strate level, at very high PL doses (180 pulses of light, at 3 cm from
the lamp). Cheigh, Park, Chung, Shin, and Park (2012) compared
transmission electron micrographs of untreated, PL treated, and
continuous UV treated Listeria monocytogenes and Escherichia coli
O157:H7 cells, and found that the membranes of cells untreated or
treated with continuous UV remained intact. In contrast, mem-
branes of PL treated cells were significantly disrupted, internal or-
ganizationwas lost and cellular components leaked out of the cells.
In this case, too, cells were exposed to extended PL treatments
(180 s), which are not typical for commercial PL treatments. In the
US, the FDA limits PL doses to 12 J/cm2 (FDA, 1996), while the
treatments reported in these two studies used doses several fold
higher than this limit. Significant structural effects at low germi-
cidal doses of PL have not been reported. Therefore, questions still
remain regarding the mechanism of microbial inactivation by PL,
particularly if any significant differences exist in the mechanism of
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inactivation by PL vs continuous UV.
This work aims to address these questions by looking beyond

inactivation data, and focusing on the effects of the two treatments
on bacterial cells exposed to continuous UV and PL. Specifically, the
objective of this work was to investigate and compare the global
transcriptional response of L. monocytogenes cells exposed to PL as
compared to continuous UV. Additionally, gene expression effects
caused by exposure to the VIS and NIR spectrum of PL were also
investigated. This will generate further evidence on the role of
different spectral components in microbial cell death, and help us
gain further understanding of the mechanisms of inactivation in PL
treatment. L. monocytogenes, a psychrotrophic Gram positive,
nonspore-forming, facultative anaerobic foodborne pathogen with
high mortality rate (Mead et al., 1999), was chosen as a challenge
microorganism. This pathogen was frequently used in PL inactiva-
tion studies due to its importance for food safety. Inactivation levels
for L. monocytogenes, at FDA approved doses (below 12 J/cm2),
range from 1.5 log CFU in ready-to-eat cured meats (Ganan, Hierro,
Hospital, Barroso, & Fernandez, 2013), to about 2.5 log CFU in
biofilms (Montgomery & Banerjee, 2015) or on the surface of
American cheese (Can, Demirci, Puri,&Gourama, 2014), and up to 3
log reduction on apple slices (Ignat, Manzocco, Maifreni,
Bartolomeoli, & Nicoli, 2014). In addition, the genome of
L. monocytogenes is very well studied, which is particularly signif-
icant for this work.

2. Materials and methods

2.1. Bacterial strain and growth conditions

L. monocytogenes serotype 1/2a strain 10493S (Bishop &
Hinrichs, 1987) from the Food Microbiology and Safety Laboratory
at Cornell University (Ithaca, NY) was used. For each replicate,
L. monocytogenes was streaked onto Brain Heart Infusion (BHI;
Difco, Sparks, MD) from glycerol stock cultures stored at �80 �C,
then incubated at 37 �C for 24 h. Cultures were maintained on
slants of Tryptic Soy Agar (TSA; Difco, Sparks, MD) for up to
3 months at 4 �C. Stock culture was streaked to TSA plates for
isolation and incubated at 37 �C for 24 h. A single colony was
subsequently inoculated into 5 mL Defined Medium (DM) for
L. monocytogenes (Premaratne, Lin & Johnson, 1991) and incubated
for 12e18 h at 37 �C with shaking (225 RPM). Fifty mL of the culture
was transferred to 5 mL of fresh pre-warmed (37 �C) DM and
incubated at 37 �C with shaking (225 RPM) until an optical density
at 600 nm (OD600) of 0.4 (early log phase). One mL culture was then
transferred to 100 mL of pre-warmed (37 �C) DM and incubated at
37 �C with shaking (225 RPM) until an OD600 ¼ 1.0 plus 3 h was
reached (early stationary phase).

2.2. PL and UV treatments

Fifteen mL inoculum were transferred into a Petri plate of
100 mm diameter. This was placed onto a MS 3 basic orbital shaker
(IKA Works, Wilmington, NC), wrapped in aluminum foil to avoid
light absorption, and set to 500 RPM to generate turbulence and
ensure uniform light exposure.

PL treatments were conducted with a RS-3000C SteriPulse
System (Xenon Corporation, Woburn, MA), equipped with a Xenon
flash lamp, which delivers 3 pulses per second (pulse width of
360 ms). The treatment dose (fluence) was measured (in triplicate)
using a PE25BBH pyroelectric head with Nova II display (Ophir
Optronics Inc. Wilmington, MA), placed in the center of the treat-
ment chamber, at the same distance from the lamp as the samples.
The detector's surface was covered with a stainless steel aperture
cover with a 1 cm2 circular opening.
For exposure to UV-blocked PL, a filter that only allowed the
transmission of light with l > 400 nmwas placed inside the PL unit,
at 5 mm from the lamp (Woodling & Moraru, 2007). More light
pulses were necessary to reach the same fluence for UV-blocked PL
compared to full spectrum PL: a fluence of ~3.2 J/cm2 required 12
pulses of blocked-UV PL vs. 6 pulses of full spectrum PL.

For UV treatments, a germicidal lamp (254 nm) located inside a
NuAire 425 biological safety cabinet (NuAire Laboratory Equipment
Supply; Plymouth, MN) was used. UV treatments lasted up to 120 s,
corresponding to a dose of 33mJ/cm2. For the control, the inoculum
was placed on a shaker for 120 s, with the UV lamp turned off. UV
fluence measurements were made in triplicate using a UVX radi-
ometer (Ultra-Violet Products; Upland, CA).

As negative control, L. monocytogenes cells not exposed to light
treatments were used.

2.3. Total RNA isolation

After each treatment, 1 mL sample was used for cell enumera-
tion. Dilutions were performed in Butterfield's Phosphate Buffer;
100 mL was spread plated in duplicate onto TSA and incubated for
up to 48 h at 37 �C. The remaining cell culture was transferred to an
Al foil wrapped centrifuge tube and placed in an incubator at 37 �C,
with shaking (225 RPM) (Innova 43 shaker, New Brunswick Sci-
entific), for 5 min, after which cells were harvested and used for
RNA isolation, following the procedure described in the
Supplementary Material. After extraction, RNA (purified or
unpurified) not used immediately was stored at �80 �C. Three
biological replicates were performed for each experimental
condition.

2.4. Microarray construction

Whole-genome microarrays were designed with 70-mer oligo-
nucleotides representing all 2857 ORFs identified in the genome
sequence of L. monocytogenes EGD-e (Gilot, Jossin, & Content, 2000
The Array-Ready Oligo sets for 2857 ORFs from L. monocytogenes
EGD-e and the 70-mer oligonucleotides were purchased from
Operon Biotechnologies (Huntsville, AL). An ilnD probe was also
designed using Array OligoSelector (http://arrayoligosel.
sourceforge.net/), based on the inlD sequence for
L. monocytogenes 10403S, since inlD is not present in strain EGD-e
(Gilot et al., 2000). Probes targeting five S. cerevisiae genes were
used as non-hybridizing controls, as described by McGann, Ivanek,
Wiedmann, & Boor (2008). Salmon sperm DNA and serial dilutions
of chromosomal L. monocytogenes 10403S DNAwere spotted on the
glass array for quality control and signal normalization. Since
L. monocytogenes strains 10403S and EGD-e represent the same
L. monocytogenes lineage (II), serotype (1/2a), and ribotype (DUP-
1039C) (Wiedmann et al., 1997), probes designed using the EGD-e
genome were expected to hybridize well with 10403S genes.

The controls and 70-mer-oligonucleotides were spotted in
duplicate on UltraGAPS slides (Corning, NY) using a XYZ arrayer
from the Cornell Microarray Core Facility (Ithaca, NY). The slides
were UV cross-linked (300 mJ for 1 min) to immobilize the oligo-
nucleotides to their surface and then stored in a desiccator pro-
tected from light, at room temperature, until use.

2.5. cDNA labeling and competitive microarray hybridization

For each RNA sample, 6 mg of total RNA was reverse-transcribed
using Superscript III RT (Invitrogen), as described in the
Supplementary Material. The resulting cDNA was dried completely
and labeled with the appropriate Cy dye, and microarray slides
were prepared as described in the Supplementary Material. Within

http://arrayoligosel.sourceforge.net/
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1 h from preparation, slides were scanned with a GenePix 4000B
scanner (Molecular Devices, Sunnyvale, CA) at the Cornell Univer-
sity Microarray Core Facility. Microarray experiments were per-
formed using RNA from three biological replicates.

2.6. Microarray data analysis

Raw TIFF images were analyzed using GenePix Pro 6.0 software,
using the methodology described in the Supplementary Material.
Statistical significance of differential expression results was
assessed based on P values, which were adjusted for multiple
comparisons by controlling for the false discovery rate. Genes with
adjusted P < 0.05 were considered statistically significant. A change
of 1.5 fold was used as minimum threshold for identification of
differentially expressed genes.

3. Results and discussion

3.1. Inactivation of L. monocytogenes by UV, PL, and UV-blocked PL
treatments

PL and UV inactivation curves for L. monocytogenes are shown in
Fig. 1. PL resulted in a relatively linear reduction over the fluence
range used. Previous studies have shown tailing in PL inactivation,
at fluence levels of up to 12 J/cm2 (Uesugi, Woodling & Moraru,
2007). UV inactivation curves showed an initial shoulder, fol-
lowed by a relatively linear inactivation curve.

To directly compare the transcriptional response of cells
exposed to the two treatments, it was important to achieve the
same level of microbial kill. Based on the inactivation curves, a
fluence of 3.20 J/cm2 (6 pulses) for PL and 33 mJ/cm2 (120 s) for UV
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Fig. 1. Reduction of L. monocytogenes after exposure to Pulsed Light (A) and UV light
(B).
were chosen, which resulted in reductions of L. monocytogenes of
3.10 log CFU for PL and 3.14 log CFU for UV, respectively. When
using these doses in the microarray study, slightly different inac-
tivation levels were obtained: 2.33 ± 0.36 log CFU for PL, and
3.06 ± 0.60 log CFU for UV (Table 1). These inactivation levels were
not statistically different from each other.

After exposure to UV-blocked PL, at a similar fluence as for full
spectrum PL (3.25 J/cm2), a slight microbial growth (0.14 log CFU)
compared to the untreated control was obtained (Table 1), consis-
tent with prior observations (Woodling & Moraru, 2007).

3.2. Global gene expression analysis

Eighty genes from L. monocytogenes cells exposed to PL and 39
genes from L. monocytogenes cells exposed to UV, representing 2.8
and 1.4% of the 2857 ORF's in the array, respectively, showed higher
transcription levels (�1.5 fold change, adjusted P < 0.05) in early
stationary phase cells grown at 37 �C (Table 2). No increase in
transcription was observed after treating L. monocytogenes with
UV-blocked PL, although 131 (4.6%) genes showed lower tran-
scription levels compared to untreated cells (Table 3). No genes
showed decreased transcription levels compared to untreated cells
following either PL or UV treatments. Overall, the results show that:
(i) a number of L. monocytogenes genes were differentially
expressed following exposure to PL or UV; and (ii) a number of
L. monocytogenes genes had lower transcription levels after expo-
sure to UV-blocked PL.

3.3. Genomic expression of L. monocytogenes following exposure to
PL, UV and UV-blocked PL

3.3.1. Stress response genes
The L. monocytogenes genome contains a number of stress-

response genes to allow for its survival under various environ-
mental conditions, including low temperature (Chan, Raengpradub,
Boor & Wiedmann, 2007; Helmann et al., 2001), varying pH
(Ferreira, O'Byrne & Boor, 2001), and osmolarity (Seeliger & Jones,
1986). For the PL treated cells, lmo1138, lmo2485, and lmo2748,
and for the UV treated cells, lmo0609 and sigL (lmo2461) showed
increased transcription levels. Both lmo2485 and lmo2748 are class
II stress response genes, representing a general stress response \
regulated by the alternative sigma factor SigB (van der Veen et al.,
2007); however, the SigB encoding gene did not show increased
differential expression in any of the treatments. The lmo2485 gene
was previously identified as being SigB regulated in
L. monocytogenes (Kazmierczak, Mithoe, Boor & Wiedmann, 2003).
lmo1138, similar to clp, is a heat stress response gene that codes for
an ATP dependent protease involved in the degradation of mis-
folded proteins (Kruger, Witt, Ohlmeier, Hanschke, & Hecker,
2000). For UV treated cells, lmo0609, whose function is similar to
an E. coli phage shock protein, showed increased transcription. The
phage shock protein operon is usually induced by phage infection,
heat, osmotic stress, and ethanol (Model, Jovanovic, & Dworkin,
1997); therefore, its up-regulation after exposure to UV is ex-
pected. The gene sigL (lmo2461), which showed increased levels
after UV exposure, is induced by a variety of stresses, such as low
temperatures, organic acids, and high osmolarity (Raimann,
Schmid, Stephan & Tasara, 2009).

However, it was surprising that the “dark repair” genes, uvrA
(lmo2488), uvrB (lmo2489), and uvrC (lmo1234) did not show
increased transcription. Likewise, there was no increase in recA
(lmo1398), the major regulator of the SOS response involved in
DNA repair and the resuming of replications that have stalled (Maul
& Sutton, 2005). Expression of photolyase (lmo0588), an indicator
for light repair of damaged DNA (Snyder & Champness, 2003), did



Table 1
L. monocytogenes after exposure to PL, UV-blocked PL and continuous UV light.

Population in untreated control (log CFU/ml) Reduction (log CFU)

Pulsed light UV blocked pulsed light Continuous UV light

9.47 ± 0.54 �2.33 ± 0.36a 0.14 ± 0.20b �3.06 ± 0.60c

a Exposure to 3.20 J/cm2.
b Exposure to 3.25 J/cm2.
c Exposure to 33 mJ/cm2.
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not increase either, but this was expected since cells were kept
under dark following treatment. The mode of action for UV light is
DNA damage, and thus it would have been expected that the DNA
damage and stress response related genes would be up regulated. A
possible explanation for the observed results may be the fact that
the UV fluence used in this study was insufficient to cause the
upregulation of these genes in the majority of the microbial pop-
ulation, and therefore a significant change in gene expression could
not be detected.

For cells exposed to UV-blocked PL, there were no stress
response genes that exhibited transcriptional changes compared to
untreated cells, which agrees with the inactivation results.
3.3.2. Motility genes
The flagellin gene flaA (lmo0690) showed up-regulation

following exposure to UV. Flagella production is usually regulated
by temperature, and at 37 �C there is little motility and flagella in
L. monocytogenes (Way et al., 2004). L. monocytogenes shows
maximum transcription of flaA when grown at 22 �C (Peel,
Donachie & Shaw, 1988). The increased transcription in flaA after
120 s exposure to UV was likely in response to the much longer
exposure time in UV compared to PL needed to obtain similar
lethality (120 s for UV vs. 2 s for PL). It is important to note that
while the total duration of the PL treatment was 2 s, the actual
exposure time to PL lasted only a few milliseconds (6 pulses at 360
ms per pulse). It is likely that during this very short treatment time
cells may have not been able to express flagellin. The different
expression of flagellin is one of the few differences observed be-
tween PL and UV. For cells exposed to UV-blocked PL, a down
regulation in 16 genes related to flagella production was observed.
The difference in flagellar motility gene expression after the two
treatments may be attributed to temperature differences. Specif-
ically, UV treated cells were at ambient temperature for 2 min
during the treatment, while the PL treated cells were at ambient
temperature for only 2 s. The longer time at ambient temperature
may result in the up regulation of flagellar motility genes, as has
been reported by Gründling, Burrack, Bouwer, and Higgins (2004).
3.3.3. Transcription and translation genes
PL and UV treated cells expressed a total of 12 genes with

increased regulation: 6 genes after PL treatment and 9 after UV
treatment, with 3 common for the two treatments. lmo0770, a gene
with increased transcription in both the PL and UV treated cells, is
similar to transcriptional regulators in the lacI family, which act as
inducers for the lac operon. The defined growth medium used for
L. monocytogenes in this study contained glucose as the carbohy-
drate source, so regulation of the lac operon would be expected to
be tightly controlled. For the UV treated cells, there was also an
increase in the repressor of myo-inositol operon iolR (lmo0382).
Glucose was shown before to repress the expression of the tran-
scripts of the myo-Inositol operon in Clostridium perfringens
(Kawsar, Ohtani, Okumura, Hayashi, & Shimizu, 2004); therefore,
increases of the repressor protein under the conditions used in this
study (i.e. the defined growth medium) should be expected. A
similar scenario was seen with lmo0575, a regulator of the GntR
family, which is involved in gluconate repression (Tong, Porco,
Isturiz & Conway, 1996).

Additionally, numerous undefined transcriptional regulators
showed increased expression levels: lmo0266 and lmo1263 for
both treatments; lmo0376, lmo0602, and lmo0822 for PL and
lmo0815, lmo0873, and lmo1716 for UV. L. monocytogenes genes
that were positively regulated included several related to a variety
of phosphotransferase system (PTS) genes involved in regulation of
glucose (yeeI, or lmo0369), fructose (lmo0631), beta-glucoside
(lmo0875), pentitol (lmo1972), and cellobiose (lmo2780). Not
including lmo0369, the other PTS related genes involve either
enzyme IIA or IIB of the PTS system. Upregulation of this variety of
PTS systems for multiple types of sugars may be an indication that
the cells are under stress and up-taking as many sugars as possible
for use as catabolites for possible cell repair. PTS operons have been
suggested to play a role in carbon assimilation at low temperatures
or exposure to stresses such as energy (Chan et al., 2007;
Raengpradub, Wiedmann & Boor, 2008).

Cells treated with UV-blocked PLshowed down-regulation of
lmo2173, a protein similar to the sigma-54-dependent transcrip-
tional activator (s54), which is primarily involved in the control of
carbonmetabolism by regulation of the phosphotransferase system
(PTS) (Arous et al., 2004). The expression of the mptACD operon, as
well as of several other PTS operons, appears to be under the direct
control of s54. The mptACD operon encodes subunits of the PTS
permease of the mannose family. This mannose regulation is
consistent with the additional down-regulation of lmo0096,
lmo0097, and lmo0098, which are similar to the PTS mannose
specific system. Stoll and Goebel (2010) found that in the case of
L. monocytogenes EGD-e, the PTS mannose permease encoded by
lmo00096-98 is the primary glucose transporter, when glucose is
the sole carbon source. Therefore, the down-regulation of these
genes in this study, where glucose was the sole carbon source, was
surprising and might indicate that in the absence of UV light,
cellular uptake of glucose occurs by other mechanisms.
3.3.4. Cell membrane associated genes
The bacteria cell wall is a complex structure that provides the

first defense of the cell to the environment and potential stresses;
in case of pathogens, it also has components that aid in patho-
genesis and host cell invasion. PL treatment induced up-regulation
of several important virulence genes, including inlH (lmo0263),
sepA (lmo2157), and lmo0721. InlH is a cell surface protein in the
family of internalin related proteins that helps promote invasion of
host cells (Schubert et al., 2001). SepA is a major extracellular
protein of Shigella, found to be involved in tissue invasion
(Benjelloun-Touimi, Sansonetti & Parsot, 1995), but its function in
L. monocytogenes has not been confirmed. lmo0721 is a putative
fibronectin-binding protein that helps cells bind to the surface of
host cells (Gilot et al., 2000). Interestingly, after exposure to UV-
blocked PL, lmo1634, alcohol-acetaldehyde dehydrogenase, was
down-regulated by the largest fold change observed in this study
(17.5). lmo1634 is an adhesion protein (LAP) (Kazmierczak et al.,



Table 2
Genes identified by microarray analysis to be up-regulated following exposure to PL, UV Light, or UV blocked PL.a

Protein category and gene Protein functionb Change (n-fold) in cells exposed toc:

PL UV light (254 nm) UV blocked PL

(1) (2) (3) (4) (5)

Stress
lmo0609 Similar to E. coli phage shock protein E 1.6
lmo1138 Similar to ATP-dependent Clp protease proteolytic component 1.6
lmo2461 (sigL) RNA polymerase sigma-54 factor (sigma-L) 1.7
lmo2485 Similar to B. subtilis yvlC protein 1.6
lmo2748 Similar to B. subtilis stress protein YdaG 1.7

Transcription or translation
lmo0266 Similar to transcriptional regulators 1.8 2.3
lmo0376 Similar to putative transcription regulator 1.6
lmo0382 Similar to B. subtilis transcription repressor of myo-inositol catabolism operon IolR 1.7
lmo0575 Similar to transcription regulator GntR family 1.6
lmo0602 Weakly similar to transcription regulator 1.5
lmo0770 Similar to transcriptional regulator (LacI family) 1.5 1.6
lmo0815 Similar to transcription regulators 1.5
lmo0822 Similar to transcriptional regulators 1.7
lmo0873 Similar to transcriptional regulator (antiterminator) 1.6
lmo1263 Similar to transcriptional regulator 1.7 1.5

lmo1716 Similar to putative transcription regulators 1.6
Cell membrane function
lmo0263 (inlH) Internalin H 1.6
lmo0593 Similar to transport proteins (formate?) 1.7
lmo0721 Putative fibronectin-binding protein 1.5
lmo0767 Similar to ABC transporter, permease protein 3.0
lmo1697 Similar to putative transmembrane proteins 1.5
lmo1870 Similar to alkaline phosphatase 1.5 1.5
lmo2157 (sepA) sepA 1.7
lmo2575 Similar to cation transport protein (efflux) 1.8

Phage related
lmo0113 Similar to protein gp35 from Bacteriophage A118 1.6
lmo2276 Similar to an unknown bacteriophage protein 1.5

Motility
lmo0690 (flaA) Flagellin protein 1.8

Phosphotransferase systems
lmo0369 Conserved hypothetical protein, highly similar to B. subtilis YeeI protein 1.8
lmo0631 Similar to PTS system, fructose-specific IIA component 1.5
lmo0875 Similar to PTS system, beta-glucoside enzyme IIB component 1.5
lmo1972 Similar to pentitol PTS system enzyme II B component 1.6
lmo2780 Similar to cellobiose PTS enzyme IIA 1.5

DNA/RNA metabolism
lmo0213 (pth) Similar to peptidyl-tRNA hydrolase 1.7
lmo1096 (guaA) Highly similar to GMP synthetase 1.5
lmo1691 Similar to deoxyuridine triphosphate nucleotidohydrolases 1.5
lmo1698 Similar to ribosomal-protein-alanine N-acetyltransferase 1.7
lmo1880 Similar to similar to RNase HI 1.7
lmo1881 Similar to 5e3 exonuclease 1.7

Metabolism
lmo0266 Similar to succinyldiaminopimelate desuccinylase 1.8
lmo0359 Similar to D-fructose-1,6-biphosphate aldolase 1.5
lmo0539 Similar to tagatose-1,6-diphosphate aldolase 1.6
lmo0580 Weakly similar to carboxylesterase 1.6
lmo0857 Similar to carboxylesterase 1.7
lmo1051 Similar to formylmethionine deformylase and to B. subtilis YkrB protein 1.9
lmo1091 Similar to glysosyltransferases 1.7 1.8
lmo1180 Similar to putative carboxysome structural protein 1.6
lmo1244 Weakly similar to phosphoglycerate mutase 1 1.5
lmo1285 Conserved hypothetical protein, similar to B. subtilis YneT protein 1.5
lmo1647 Similar to 1-acylglycerol-3-phosphate O-acyltransferases 1.7
lmo1883 Similar to chitinases 1.7
lmo2385 Similar to B. subtilis YuxO protein 1.5
lmo2433 Similar to acetylesterase 1.5
lmo2542 Similar to protoporphyrinogen oxidase 1.6
lmo2674 Similar to ribose 5-phosphate epimerase 1.6
lmo2830 Similar to thioredoxin 1.7

Other or hypothetical proteins
lmo0019 Unknown 1.6
lmo0216 Highly similar to B. subtilis YabO protein 1.7
lmo0254 Unknown 1.5
lmo0267 Similar to other proteins 1.5 1.9
lmo0267 Similar to other proteins
lmo0310 Unknown 1.6 1.5

(continued on next page)
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Table 2 (continued )

Protein category and gene Protein functionb Change (n-fold) in cells exposed toc:

PL UV light (254 nm) UV blocked PL

(1) (2) (3) (4) (5)

lmo0310 Unknown
lmo0321 Similar to unknown proteins 1.7
lmo0377 Unknown 1.5
lmo0397 Similar to unknown proteins 1.6
lmo0515 Conserved hypothetical protein 1.6
lmo0579 Similar to unknown protein 1.5
lmo0628 Unknown 1.6
lmo0629 Unknown 1.5
lmo0654 Unknown 2.2 1.6
lmo0661 Similar to unknown proteins 1.5
lmo0758 Unknown 1.7 1.6
lmo0771 Unknown 1.6 1.7
lmo0800 Similar to B. subtilis YqkB protein 1.6
lmo0903 Conserved hypothetical protein 1.8
lmo0911 Unknown 1.6
lmo0953 Unknown 2.0
lmo1069 Similar to B. subtilis YlaI protein 1.5
lmo1140 Unknown 1.7
lmo1236 Similar to B. subtilis YslB protein 1.5
lmo1245 Unknown 1.6
lmo1312 Unknown 4.5
lmo1468 Similar to unknown proteins 1.6
lmo1515 Similar to unknown protein 1.5 1.6
lmo1526 Similar to unknown proteins 1.8
lmo1580 Similar to unknown protein 1.7
lmo1612 Similar to unknown proteins 1.6
lmo1670 Similar to conserved hypothetical proteins 1.7
lmo1790 Similar to unknown proteins 1.6
lmo1830 Similar to conserved hypothetical proteins 1.7
lmo1888 Similar to hypothetical proteins 1.7
lmo1919 Similar to unknown proteins 1.5
lmo2158 Similar to B. subtilis YwmG protein 1.6
lmo2177 Similar to unknown protein 1.8
lmo2210 Unknown 1.6
lmo2213 Similar to unknown protein 1.7
lmo2255 Unknown 2.1
lmo2263 Similar to unknown proteins 1.5
lmo2269 Unknown 1.7
lmo2311 Unknown 1.8 1.7
lmo2391 Conserved hypothetical protein similar to B. subtilis YhfK protein 1.7
lmo2432 Unknown 1.9 1.8
lmo2454 Unknown 1.9 1.7
lmo2574 Unknown 1.7
lmo2670 Conserved hypothetical protein 1.6
lmo2673 Conserved hypothetical protein 1.5
lmo2723 Similar to unknown proteins 1.6
lmo2724 Similar to unknown proteins 1.7

a Genes that met the criteria (a �1.5 fold change and adjusted P < 0.05) for upregulation after exposure to PL, UV light, or UV blocked PL.
b Protein functions are based on annotations provided by ListiList (http://genolist.pasteur.fr/ListiList/), TIGR (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi), and

the KEGG Sequence Similarity Database (http://www.genome.jp/kegg/ssdb/).
c Change (n-fold) indicates the transcriptional level ratio between L. monocytogenes 10403S cells exposed to light compared to untreated cells (e.g. n ¼ 2.0 indicates a 2.0-

fold higher transcript level after light exposure than untreated).

A.R. Uesugi et al. / LWT - Food Science and Technology 68 (2016) 579e588584
2003), which interacts with mammalian heat shock proteins to
help initiate infection. The reason for up- and down-regulation of
proteins with similar functions after PL and UV-blocked PL treat-
ments, respectively, is not clear. PL and UV treatments also
increased regulation of other cell membrane proteins such as
alkaline phosphatase (lmo1870) and a cation efflux transport pro-
tein (lmo2575). The commonality of these surface induced proteins
is their involvement in signaling and interacting with the external
environment. Efflux pumps often remove toxins from the cell and
the other proteins can provide feedback to external factors that
L. monocytogenes may encounter.

In cells treated with UV-blocked PL, several genes associated
with cell growth were down-regulated, including those associated
with peptidoglycan synthesis, mugG (lmo2035) and murD
(lmo2036) (Mengin-Lecreulx et al., 1989), and cell wall synthesis,
mraY (lmo2037) (Branstrom et al., 2000). The repression of genes
related to cell growth and division was possibly due to the cells
being in early stationary phase prior to exposure to the UV-blocked
PL. Three genes involved with chemotaxis (lmo0683, lmo0689,
lmo1699) also showed lower transcription levels. This further
suggests that UV-blocked treatment did not induce stress response
in cells.

3.3.5. Metabolic and unknown genes
Genes related to carbohydrate, amino acid, and nucleic acid

metabolic pathways were up-regulated following exposure to PL
and UV and down-regulated following treatment with UV-blocked
PL. For PL and UV treated cells, an exonuclease (lmo1881) and an
RNase (lmo1880) were also up-regulated. This may indicate the
need to catabolize RNA that was generated as a stress response

http://genolist.pasteur.fr/ListiList/
http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi
http://www.genome.jp/kegg/ssdb/


Table 3
Genes identified by microarray analysis to be down-regulated following exposure to PL, UV Light, or UV blocked PL.a

Protein category and
gene

Protein functionb Change (n-fold) in cells exposed toc

PL UV light
(254 nm)

UV blocked
PL

(1) (2) (3) (4) (5)

Transcription or translation
lmo2173 Similar to sigma-54-dependent transcriptional activator �1.7

Cell membrane function
lmo0186 Similar to B. subtilis YabE protein �1.6
lmo0641 Similar to heavy metal-transporting ATPase �1.5
lmo0683 Similar to chemotactic methyltransferase CheR �2.0
lmo0689 Similar to CheA activity-modulating chemotaxis protein CheV �1.6
lmo0843 Similar to B. subtilis protein YsdA �1.6
lmo0912 Similar to transporters (formate) �1.8
lmo1636 Similar to similar to ABC transporter (ATP-binding protein) �2.9
lmo1634 Similar to Alcohol-acetaldehyde dehydrogenase �17.5
lmo1637 Similar to membrane proteins �3.3
lmo1699 Some similarities to methyl-accepting chemotaxis proteins �1.5
lmo1852 Similar to putative mercuric ion binding proteins �2.1
lmo1853 Similar to heavy metal-transporting ATPases �2.0
lmo1884 Similar to xanthine permeases �1.9
lmo2035 (murG) Similar to peptidoglycan synthesis enzymes, putative phospho-N-acetylmuramoyl-pentapeptide-

transferase
�2.0

lmo2036 (murD) Similar to UDP-N-acetylmuramoylalanine D-glutamate ligase �1.6
lmo2037 (mraY) Similar to phospho-N-acetylmuramoyl-pentapeptide transferase �1.7
lmo2504 Similar to cell wall binding proteins �2.0
lmo2528 (atpC) Highly similar to H þ -transporting ATP synthase chain epsilon �1.5
lmo2529 (atpD) Highly similar to H þ -transporting ATP synthase chain beta �1.6
lmo2530 (atpG) Highly similar to H þ -transporting ATP synthase chain gamma �1.7
lmo2531 (atpA) Highly similar to H þ -transporting ATP synthase chain alpha �1.7
lmo2532 (atpH) Highly similar to H þ -transporting ATP synthase chain delta �2.1
lmo2533 (atpF) Highly similar to H þ -transporting ATP synthase chain b �1.7
lmo2534 (atpE) Highly similar to H þ -transporting ATP synthase chain c �2.0
lmo2535 (atpB) Highly similar to H þ -transporting ATP synthase chain a �1.6
lmo2536 (atpI) Highly similar to ATP synthase subunit i �1.8
lmo2634 Similar to B. subtilis YbaF protein �1.6
lmo2715 (cydD) Highly similar to ABC transporter (ATP-binding protein) required for expression of cytochrome BD �1.7
lmo2716 (cydC) Highly similar to ABC transporter required for expression of cytochrome BD �1.7
lmo2717 (cydB) Highly similar to cytochrome D ubiquinol oxidase subunit II �1.5
lmo2530 (atpG) Highly similar to H þ -transporting ATP synthase chain gamma �1.7

Motility
lmo0681 Similar to flagellar biosynthesis protein FlhF �2.1
lmo0682 Similar to flagellar hook-basal body protein FlgG �2.2
lmo0685 Similar to motility protein (flagellar motor rotation) MotA �2.6
lmo0686 (motB) Similar to motility protein MotB �2.2
lmo0696 Similar to flagellar hook assembly protein �1.5
lmo0697 Similar to flagellar hook protein FlgE �1.9
lmo0698 Weakly similar to flagellar switch protein �2.6
lmo0699 Similar to flagellar switch protein FliM �2.5
lmo0700 Similar to flagellar motor switch protein fliY �2.1
lmo0705 Similar to flagellar hook-associated protein FlgK �1.6
lmo0707 Similar to flagellar hook-associated protein 2 FliD �2.0
lmo0710 Similar to flagellar basal-body rod protein flgB �1.7
lmo0712 Similar to flagellar hook-basal body complex protein FliE �1.7
lmo0713 Similar to flagellar basal-body M-ring protein fliF �1.8
lmo0714 Similar to flagellar motor switch protein fliG �2.0
lmo0716 Similar to H þ -transporting ATP synthase alpha chain FliI, flagellar-specific �2.0

Phosphotransferase systems
lmo0096 Similar to PTS system mannose-specific, factor IIAB �1.5
lmo0097 Similar to PTS system mannose-specific, factor IIC �1.6
lmo0098 Similar to PTS system mannose-specific, factor IID �1.5
lmo0875 Similar to PTS system, beta-glucoside enzyme IIB component �1.5
lmo1972 Similar to pentitol PTS system enzyme II B component �1.6

DNA/RNA metabolism
lmo0280 Highly similar to anaerobic ribonucleotide reductase activator protein �1.7
lmo1322 (nusA) Highly similar to N utilization substance protein A (NusA protein) �1.5
lmo1324 Conserved hypothetical protein, similar to B. subtilis YlxQ protein �1.7
lmo1325 (infB) Highly similar to translation initiation factor IF-2 �1.6
lmo1327 (rbfA) Highly similar to ribosome-binding factor A �1.8
lmo1596 (rpsD) Ribosomal protein S4 �1.9
lmo1754 (gatB) Glutamyl-tRNA (Gln) amidotransferase (subunit B) �1.5
lmo1755 (gatA) Glutamyl-tRNA (Gln) amidotransferase (subunit A) �1.6
lmo1756 (gatC) Glutamyl-tRNA (Gln) amidotransferase (subunit C) �1.7
lmo2460 Similar to B. subtilis CggR hypothetical transcriptional regulator �2.7

(continued on next page)
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Table 3 (continued )

Protein category and
gene

Protein functionb Change (n-fold) in cells exposed toc

PL UV light
(254 nm)

UV blocked
PL

(1) (2) (3) (4) (5)

lmo2559 (pyrG) Highly similar to CTP synthases �1.9
lmo2611 (adk) Highly similar to adenylate kinases �1.8
lmo2612 (secY) Highly similar to preprotein translocase subunit �1.5
lmo2613 (rplO) Ribosomal protein L15 �1.6
lmo2614 (rpmD) Ribosomal protein L30 �1.9
lmo2615 (rpsE) Ribosomal protein S5 �1.7
lmo2616 (rplR) Ribosomal protein L18 �2.0
lmo2617 (rplF) Ribosomal protein L6 �1.9
lmo2618 (rpsH) Ribosomal protein S8 �1.9
lmo2619 (rpsN) Ribosomal protein S14 �1.8
lmo2620 (rplE) Ribosomal protein L5 �2.2
lmo2621 (rplX) Ribosomal protein L24 �1.8
lmo2622 (rplN) Ribosomal protein L14 �2.4
lmo2623 (rpsQ) Ribosomal protein S17 �2.0
lmo2624 (rpmC) Ribosomal protein L29 �1.8
lmo2625 (rplP) Ribosomal protein L16 �1.7
lmo2626 (rpsC) Ribosomal protein S3 �1.9

Metabolism
lmo0355 Similar to Flavocytochrome C Fumarate Reductase chain A �3.0
lmo0717 Similar to transglycosylase �2.0
lmo0961 Similar to proteases �1.7
lmo1091 Similar to glysosyltransferases �1.6
lmo1151 Similar to Salmonella typhimurium PduA protein �1.6
lmo1200 Similar to cobalamin biosynthesis J protein CbiJ �1.6
lmo1672 (menE) Similar to O-succinylbenzoic acid-CoA ligase �1.6
lmo1803 Similar to FtsY of and SRP receptor alpha-subunit �1.6
lmo1817 Weakly similar to thiamin E. coli pyrophosphokinase �1.6
lmo1917 (pflA) Similar to pyruvate formate-lyase �1.6
lmo1989 (leuC) Similar to 3-isopropylmalate dehydratase (large subunit) �1.5
lmo2034 (divIB) Similar to cell-division initiation protein divIB �1.8
lmo2455 (eno) Highly similar to enolase �2.5
lmo2456 (pgm) Highly similar to phosphoglycerate mutase �3.1
lmo2457 (tpi) Highly similar to triose phosphate isomerase �3.3
lmo2458 (pgk) Highly similar to phosphoglycerate kinase �3.5
lmo2459 (gap) Highly similar to glyceraldehyde 3-phosphate dehydrogenase �1.8
lmo2635 Weakly similar to E. coli MenA protein �1.9
lmo2636 Conserved hypothetical lipoprotein �1.8

Other or hypothetical proteins
lmo0047 Unknown �1.7
lmo0350 Unknown �1.5
lmo0573 Conserved hypothetical protein �1.5
lmo0684 Unknown �1.8
lmo0687 Unknown �2.1
lmo0688 Similar to unknown protein �2.0
lmo0701 Unknown �2.9
lmo0702 Unknown �2.9
lmo0703 Unknown �1.6
lmo0704 Unknown �1.6
lmo0715 Unknown �2.0
lmo0718 Unknown �1.8
lmo0731 Unknown �1.6
lmo0788 Unknown �2.7
lmo0954 Unknown �2.2
lmo1257 Unknown �3.5
lmo1326 Conserved hypothetical protein similar to B. subtilis YlxP protein �1.7
lmo1700 Unknown �1.7
lmo1796 Similar to unknown protein �1.6
lmo1854 Similar to conserved hypothetical proteins �2.9
lmo1966 Similar to unknown proteins �1.7
lmo2029 Similar to unknown proteins �1.5
lmo2116 Unknown �1.6
lmo2151 Similar to unknown proteins �1.5
lmo2258 Unknown �1.8
lmo2410 Unknown �1.8
lmo2486 Unknown �3.2
lmo2487 Similar to B. subtilis YvlB protein �2.2
lmo2567 Unknown �2.7
lmo2568 Unknown �3.3
lmo2594 Unknown �1.6
lmo2669 unknown �1.5
lmo2711 Similar to hypothetical proteins �1.7
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a Genes that met the criteria (a �1.5 fold change and adjusted P < 0.05) for upregulation after exposure to PL, UV light, or UV blocked PL.
b Protein functions are based on annotations provided by ListiList (http://genolist.pasteur.fr/ListiList/), TIGR (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi), and

the KEGG Sequence Similarity Database (http://www.genome.jp/kegg/ssdb/).
c Change (n-fold) indicates the transcriptional level ratio between L. monocytogenes 10403S cells exposed to light compared to untreated cells (e.g. n ¼ 2.0 indicates a 2.0-

fold higher transcript level after light exposure than untreated).
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system, or that single-stranded DNA that was damaged needed to
be degraded.

4. Conclusions

Numerous stress response, transcription/translation, motility,
and cell membrane genes were up-regulated following exposure to
PL or UV, but no significant differences in the gene types that were
up-regulated after exposure to the two treatments were found. UV-
blocked PL treatment showed down-regulated transcription/
translation, motility, and cell membrane associated genes. This
observation, corroborated with the fact that no inactivation of
L. monocytogenes was observed when UV was removed from PL,
provide strong evidence that the UV component of the PL spectrum
was responsible for inactivation of L. monocytogenes, and that the
visible and NIR portions of the spectrum, at the doses used in this
study, did not lead to cell death.

Some slight differences in inactivation kinetics between PL and
UV treatments, primarily the presence of a shoulder in the UV
inactivation curve, were observed. While the maximum effective-
ness of the two treatments has not been probed here, one impor-
tant practical observation is that a much shorter treatment time is
needed to achieve a similar inactivation level in PL compared to
continuous UV, which recommends PL technology as a faster
alternative to continuous UV for food processing applications.

Acknowledgments

Support for this work was provided by the Cornell University
Agricultural Experiment Station federal formula funds, Project No.
NYC 143400, CSREES/USDA. Any opinions, findings, conclusions, or
recommendations expressed in this publication are those of the
authors and do not necessarily reflect the view of the U.S. Depart-
ment of Agriculture. The authors acknowledge the research groups
of Dr. Martin Wiedmann and Dr. Kathryn Boor, especially Dr. Teresa
Bergholz, Dr. Reid Ivy, andMatt Stasiewicz, for their assistance with
this work.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2016.01.007.

References

Arous, S., Buchrieser, C., Folio, P., Glaser, P., Namane, A., Hebraud, M., et al. (2004).
Global analysis of gene expression in an rpoN mutant of Listeria monocytogenes.
Microbiology, 150, 1581e1590.

Benjelloun-Touimi, Z., Sansonetti, P. J., & Parsot, C. (1995). SepA, the major extra-
cellular protein of Shigella flexneri: autonomous secretion and involvement in
tissue invasion. Molecular Microbiology, 17, 123e135.

Bintsis, T., Litopoulou-Tzanetaki, E., & Robinson, R. K. (2000). Existing and potential
applications of ultraviolet light in the food industry e a critical review. Journal
of the Science of Food and Agriculture, 80, 637e645.

Bishop, D. K., & Hinrichs, J. (1987). Adoptive transfer of immunity to Listeria mon-
ocytogenes. The influence of in vitro stimulation on lymphocyte subset re-
quirements. Journal of Immunology, 139, 2005e2009.

Branstrom, A. A., Midha, S., Longley, C. B., Han, K., Baizman, E. R., & Axelrod, H. R.
(2000). Assay for identification of inhibitors for bacterial MraY translocase or
MurG transferase. Analytical Biochemistry, 280, 315e319.

Can, F. O., Demirci, A., Puri, V. M., & Gourama, H. (2014). Decontamination of hard
cheeses by pulsed UV light. Journal of Food Protection, 77, 1723e1731.

Chan, Y. C., Raengpradub, S., Boor, K. J., & Wiedmann, M. (2007). Microarray-based
characterization of the Listeria monocytogenes cold regulon in log- and
stationary-phase cells. Applied and Environmental Microbiology, 73, 6484e6498.

Cheigh, C.-I., Park, M.-H., Chung, M.-S., Shin, J.-K., & Park, Y.-S. (2012). Comparison of
intense PL and UV (UVC)-induced cell damage in Listeria monocytogenes and
Escherichia coli O157:H7. Food Control, 25, 654e659.

FDA. (1996). Code of federal regulations, 21CFR179.41.
Ferreira, A., O'Byrne, C. P., & Boor, K. J. (2001). Role of sigma(B) in heat, ethanol, acid,

and oxidative stress resistance and during carbon starvation in Listeria mono-
cytogenes. Applied and Environmental Microbiology, 67, 4454e4457.

Ganan, M., Hierro, E., Hospital, X. F., Barroso, E., & Fernandez, M. (2013). Use of
pulsed light to increase the safety of ready-to-eat cured meat products. Food
Control, 32, 512e517.

Gilot, P., Jossin, Y., & Content, J. (2000). Cloning, sequencing, and characterization of
a Listeria monocytogenes gene encoding a fibronectin-binding protein. Microbial
Pathogenicity, 49, 887e896.

Gründling, A., Burrack, L. S., Bouwer, H. G., & Higgins, D. E. (2004). Listeria mono-
cytogenes regulates flagellar motility gene expression through MogR, a tran-
scriptional repressor required for virulence. Proceedings of the National Academy
of Sciences of the United States of America, 101, 12318e12323.

Helmann, J. D., Wu, M. F., Kobel, P. A., Gamo, F. J., Wilson, M., Morshedi, M. M., et al.
(2001). Global transcriptional response of Bacillus subtilis to heat shock. Journal
of Bacteriology, 183, 7318e7328.

Ignat, A., Manzocco, L., Maifreni, M., Bartolomeoli, I., & Nicoli, M. C. (2014). Surface
decontamination of fresh-cut apple by pulsed light: effects on structure, colour
and sensory properties. Postharvest Biology and Technology, 91, 122e127.

Kawsar, H. I., Ohtani, K., Okumura, K., Hayashi, H., & Shimizu, T. (2004). Organization
and transcriptional regulation of myo-inositol operon in Clostridium perfringens.
FEMS Microbiology Letters, 235, 289e295.

Kazmierczak, M. J., Mithoe, S. C., Boor, K. J., & Wiedmann, M. (2003). Listeria mon-
ocytogenes sigma B regulates stress response and virulence functions. Journal of
Bacteriology, 185, 5722e5734.

Kruger, E., Witt, E., Ohlmeier, S., Hanschke, R., & Hecker, K. (2000). The clp proteases
of Bacillus subtilis are directly involved in degradation of misfolded proteins.
Journal of Bacteriology, 182, 3259e3265.

Maul, R. W., & Sutton, M. D. (2005). Roles of the Escherichia coli RecA protein and the
global SOS response in effecting DNA polymerase selection in vivo. Journal of
Bacteriology, 187, 7607e7618.

McGann, P., Ivanek, R., Wiedmann, M., & Boor, K. J. (2008). Temperature-dependent
expression of Listeria monocytogenes internalin and internalin-like genes sug-
gests functional diversity of these proteins among the listeriae. Applied and
Environmental Microbiology, 73, 2806e2814.

Mead, P. S., Slutsker, L., Dietz, V., McCaig, L. F., Bresee, J. S., Shapiro, C., et al. (1999).
Food-related illness and death in the United States. Emerging Infectious Diseases,
5, 607e625.

Mengin-Lecreulx, D., Parquet, C., Desviat, L. R., Pla, L., Flouret, B., Ayala, J. A., et al.
(1989). Organization of the murE-murG region of Escherichia coli: identification
of the murD gene encoding the D-glutamic-acid-adding enzyme. Journal of
Bacteriology, 171, 6126e6134.

Model, P., Jovanovic, G., & Dworkin, J. (1997). The Escherichia coli phage-shock-
protein (psp) operon. Molecular Microbiology, 24, 255e261.

Montgomery, N. L., & Banerjee, P. (2015). Inactivation of Escherichia coli O157:H7
and Listeria monocytogenes in biofilms by pulsed ultraviolet light. BMC Research
Notes, 8, 235.

Ozer, N. P., & Demirci, A. (2006). Inactivation of Escherichia coli O157:H7 and Listeria
monocytogenes inoculated on raw salmon fillets by pulsed UV-light treatment.
International Journal of Food Science and Technology, 41, 354e360.

Peel, M., Donachie, W., & Shaw, A. (1988). Temperature-dependent expression of
flagella of Listeria monocytogenes studied by electron microscopy, SDS-PAGE
and western blotting. Journal of General Microbiology, 134, 2171e2217.

Premaratne, R. J., Lin, W. J., & Johnson, E. A. (1991). Development of an improved
chemically defined minimal medium for Listeria monocytogenes. Applied and
Environmental Microbiology, 57, 3046e3048.

Raengpradub, S., Wiedmann, M., & Boor, K. J. (2008). Comparative analysis of the
sigma B-dependent stress responses in Listeria monocytogenes and Listeria
innocua strains exposed to selected stress conditions. Applied and Environmental
Microbiology, 74, 158e171.

Raimann, E., Schmid, B., Stephan, R., & Tasara, T. (2009). The alternative sigma factor
sigma(L) of L. monocytogenes promotes growth under diverse environmental
stresses. Foodborne Pathogens Disease, 6, 583e591.

Schubert, W. D., Gobel, G., Diepholz, M., Darji, A., Kloer, D., Hain, T., et al. (2001).
Internalins from the human pathogen Listeria monocytogenes combine three
distinct folds into a contiguous internalin domain. Journal of Molecular Biology,
312, 783e794.

Seeliger, H. P. R., & Jones, D. (1986). Listeria. In P. H. A. Sneath, N. S. Mair,
M. E. Sharpe, & J. G. Holt (Eds.), Bergey's manual of systematic bacteriology (pp.
1235e1245). Baltimore, MD: Williams & Wilkins.

Snyder, L., & Champness, W. (2003). DNA repair and mutagenesis. Molecular genetics

http://dx.doi.org/10.1016/j.lwt.2016.01.007
http://dx.doi.org/10.1016/j.lwt.2016.01.007
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref1
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref1
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref1
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref1
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref2
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref2
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref2
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref2
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref3
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref3
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref3
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref3
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref3
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref4
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref4
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref4
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref4
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref5
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref5
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref5
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref5
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref6
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref6
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref6
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref7
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref7
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref7
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref7
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref8
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref8
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref8
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref8
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref9
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref10
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref10
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref10
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref10
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref11
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref11
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref11
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref11
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref13
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref13
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref13
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref13
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref14
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref14
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref14
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref14
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref14
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref15
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref15
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref15
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref15
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref16
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref16
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref16
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref16
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref17
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref17
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref17
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref17
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref18
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref18
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref18
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref18
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref19
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref19
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref19
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref19
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref20
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref20
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref20
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref20
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref21
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref21
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref21
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref21
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref21
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref22
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref22
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref22
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref22
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref23
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref23
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref23
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref23
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref23
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref24
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref24
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref24
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref25
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref25
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref25
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref26
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref26
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref26
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref26
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref27
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref27
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref27
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref27
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref28
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref28
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref28
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref28
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref29
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref29
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref29
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref29
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref29
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref30
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref30
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref30
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref30
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref31
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref31
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref31
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref31
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref31
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref32
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref32
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref32
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref32
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref32
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref34
http://genolist.pasteur.fr/ListiList/
http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi
http://www.genome.jp/kegg/ssdb/


A.R. Uesugi et al. / LWT - Food Science and Technology 68 (2016) 579e588588
of bacteria. Washington, D.C: ASM Press.
Stoll, R., & Goebel, W. (2010). The major PEP-phosphotransferase systems (PTSs) for

glucose, mannose, and cellobiose of Listeria monocytogenes, and their signifi-
cance for extra- and intracellular growth. Microbiology, 156, 1069e1093.

Takeshita, K., Shibato, J., Sameshima, T., Fukunaga, S., Isobe, S., Arihara, K., et al.
(2003). Damage of yeast cells induced by pulsed light irradiation. International
Journal of Food Microbiology, 85, 151e158.

Tong, S., Porco, A., Isturiz, T., & Conway, T. (1996). Cloning and molecular genetic
characterization of the Escherichia coli gntR, gntK, and gntU genes of GntI, the
main system for gluconate metabolism. Journal of Bacteriology, 178, 3260e3269.

Uesugi, A. R., Woodling, S. E., & Moraru, C. I. (2007). Inactivation kinetics and factors
of variability in the pulsed light treatment of Listeria innocua cells. Journal of
Food Protection, 70, 2518e2525.

van der Veen, S., Hain, T., Wouters, J. A., Hossain, H., de Vos, W. M., Abee, T., et al.
(2007). The heat-shock response of Listeria monocytogenes comprises genes
involved in heat shock, cell division, cell wall synthesis, and the SOS response.
Microbiology, 153, 3593e3607.
Way, S. S., Thompson, L. J., Lopes, J. E., Hajjar, A. M., Kollmann, T. R., Freitag, N. E.,

et al. (2004). Characterization of flagellin expression and its role in Listeria
monocytogenes infection and immunity. Cellular Microbiology, 6, 235e242.

Wekhof, A., Trompeter, F. J., & Franken, O. (2001). Pulsed UV-disintegration: a new
sterilization mechanism for packaging and broad medical-hospital applications.
In Proceedings of the first International Conference on Ultraviolet Technologies,
Washington, DC, USA (pp. 1e15).

Wiedmann, M., Bruce, J. L., Keating, C., Johnson, A. E., McDonough, P. L., & Batt, C. A.
(1997). Ribotypes and virulence gene polymorphisms suggest three distinct
Listeria monocytogenes lineages with differences in pathogenic potential.
Infection Immunity, 65, 2707e2716.

Woodling, S. E., & Moraru, C. I. (2007). Effect of spectral range in surface inactivation
of Listeria innocua using broad-spectrum pulsed light. Journal of Food Protection,
70, 909e916.

http://refhub.elsevier.com/S0023-6438(16)30007-X/sref34
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref35
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref35
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref35
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref35
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref36
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref36
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref36
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref36
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref37
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref37
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref37
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref37
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref38
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref38
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref38
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref38
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref39
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref39
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref39
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref39
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref39
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref40
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref40
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref40
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref40
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref41
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref41
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref41
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref41
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref41
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref42
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref42
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref42
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref42
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref42
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref43
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref43
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref43
http://refhub.elsevier.com/S0023-6438(16)30007-X/sref43


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 589e594
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Enhancing dispersion stability of alpha-tocopherol in aqueous media
using maize starch and ultrasonication

Chuqiao Ren a, Eun Young Park a, Jong-Yea Kim b, **, Seung-Taik Lim a, *

a School of Life Sciences and Biotechnology, Korea University, 5-1, Anam-dong, Sungbuk-ku, Seoul 136-701, South Korea
b Department of Food Science and Biotechnology, Kangwon National University, Chuncheon 200-701, South Korea
a r t i c l e i n f o

Article history:
Received 27 July 2015
Received in revised form
28 December 2015
Accepted 4 January 2016
Available online 6 January 2016

Keywords:
Alpha-tocopherol
Maize starch
Ultrasonication
Aqueous dispersion
* Corresponding author.
** Corresponding author.

E-mail addresses: jongkim@kangwon.ac.kr (J.-
(S.-T. Lim).

http://dx.doi.org/10.1016/j.lwt.2016.01.001
0023-6438/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Alpha-tocopherol (30e120 mg) was dispersed in an aqueous maize starch solution (0e240 mg starch
solids in 30 mL) at various temperatures (60e80 �C) for 3 h, followed by cooling to 30 �C for different
periods (0e12 h). The dispersion prepared under an optimized condition was subjected to ultrasonic
treatment (up to 5 min in ice bath) to enhance the dispersion stability. When an aqueous a-tocopherol
(60 mg) dispersion in a starch solution (120 mg in 30 mL) was prepared at 70 �C with cooling for 3 h and
ultrasonic treatment for 3 min, a homogenous and opaque dispersion was obtained with 74% (w/w) of
the a-tocopherol added was stably dispersed. The ultrasonic treatment decreased hydrodynamic
diameter (from 1253 to 416 nm) and zeta-potential (from �6.28 to �22.40 mV) of the dispersed a-
tocopherol particles, improving the dispersion stability. During a storage for 28 days at room tempera-
ture, the dispersion remained stable without producing any precipitates or aggregates. When the a-
tocopherol dispersion in starch solution was subjected to autoclave treatment (121 �C for 20 min), 25% of
the a-tocopherol in the dispersion was transformed to immiscible phase and phase-separated.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Vitamin E, a well-known lipophilic natural antioxidant, is a
widely used as an additive in foods, cosmetics and pharmaceuticals
(Constantinides, Han, & Davis, 2006). It has physiological benefits,
e.g., preventing oxidative damage and lipid peroxidation in the
central and peripheral nervous systems (Scholz et al., 1997;
Teranishi, Nakashima, & Wakabayashi, 2001; Terrasa, Guajardo,
Marra, & Zapata, 2009). Tocols and tocotrienol derivatives exhibit
an activity of vitamin E (Traber & Sies, 1996), but vitamin E is often
referred to as a-tocopherol given which is predominant in nature
with the highest biological activity (Brigelius-Floh�e & Traber, 1999;
Cheong, Tan, Man, & Misran, 2008).

Intestinal absorption of a-tocopherol requires the formation of
micelles that contain dietary lipids and emulsification in the pres-
ence of bile slats, so the bioavailability of a-tocopherol is affected by
food consumption, lipid digestion, and the formation of micelles
Y. Kim), limst@korea.ac.kr
(Hatanaka et al., 2010; Lodge, Hall, Jeanes, & Proteggente, 2004).
The water-immiscibility of a-tocopherol, however, results in low
bioavailability and limits its use in beverage products (Chen &
Wagner, 2004). Recently, great attention has been drawn to func-
tional beverages, and thus a demand for the use of vitamin E in
beverages has increased. Emulsification is a common approach to
overcome this problem associated with a-tocopherol use in food
industry (Chen & Wagner, 2004; Cheong et al., 2008; Hatanaka
et al., 2010). Thermodynamically metastable emulsion systems
require emulsifying agents such as surfactant molecules (e.g.,
polysorbates) (Rousseau, 2000). Emulsifying agents for food and
cosmetic applications are considered safe, but developing alterna-
tive approaches has been carried out to meet the consumer's de-
mand for “clean label” products (Patel & Velikov, 2011; Wilcock,
Pun, Khanona, & Aung, 2004).

Hydrocolloids and proteins may stabilize emulsion systems and
are commonly used to control their stability (Dickinson, 2009).
Under favorable conditions, proteins tend to be more efficient than
hydrocolloids in the utilization as emulsifying agents because
proteins generally have some affinity to hydrophobic compounds
with surface activity (Dickinson, 2009). Protein-based emulsions,
however, are susceptible to the destabilization under unfavorable
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environmental conditions. For example, casein-based emulsions
are readily destabilized by acidification and calcium addition, and
whey protein-based emulsions are unstable under thermal treat-
ment (Dickinson, 2006, 2009; Dickinson& Parkinson, 2004). On the
other hand, hydrocolloid-based emulsions containing gum arabic
or modified starch are mostly stable over a wide range of physical
conditions, such as thermal shock treatment and the addition of
calcium salts (Chanamai & McClements, 2002). Considering the
environmental conditions associated with typical beverage pro-
duction (i.e., generally acidic conditions and thermal treatment for
pasteurization), hydrocolloids are more suitable as the primary
emulsion stabilizer for functional beverages (Dickinson, 2009). As
structuring, thickening, and/or gelling agents in aqueous media or
oil-in-water emulsions, many hydrocolloids may modify the
rheology of the media or emulsions in which biopolymer network
contributes in immobilizing the dispersed particles or droplets
(Dickinson, 2009).

Starch is a low-cost, renewable, non-toxic hydrocolloid with
wide uses in the food industry as a thickening and/or gelling agent
in its native and modified forms. Aside from its major applications,
starch may also be utilized as a stabilizer in dispersions and
emulsions. As an example, octenylsuccinic starch could be used to
stabilize vitamin E in aqueous dispersions (Chen & Wagner, 2004;
Qiu, Yang, & Shi, 2015). However, no study has been carried out
in the stabilization of vitamin E in aqueous media using native
starch. In this study, the effects of starch addition and post-
ultrasonication on the stability of a-tocopherol dispersed in
aqueous solution were investigated.

2. Materials and methods

2.1. Materials

Normal maize starch was provided by Samyang Genex Company
(Seoul, Korea) and a-tocopherol (purity > 95.5%) was purchased
Recovery of a� tocopherol ¼ Weight of a� tocopherol in the dispersion
Weight of added a� tocopherol into reaction system

� 100
from Sigma Aldrich Company (St. Louis, MO, USA). All other
chemicals used were of analytical grade.

2.2. Preparation of a-tocopherol dispersions

The aqueous a-tocopeherol dispersions (30 g total) were pre-
pared under different conditions: 30e120 mg a-tocopherol,
60e240 mg starch (dry solids), reaction temperatures between 60
and 80 �C, dispersing times of 0, 1, 2, or 3 h, and cooling periods
during 0, 3, 7 or 12 h. The a-tocopherol solids were pre-dissolved in
absolute EtOH (10 mL). Normal maize starch dispersions were
prepared by autoclaving at 121 �C for 20minwith purged N2 gas for
complete gelatinization of starch granules. The pre-dissolved a-
tocopherol solutions was quickly poured into the starch solutions
while vigorously stirring at 70 �C. The dispersions were then
immediately evaporated (N-1100 rotary evaporator, EYELA, Tokyo,
Japan) at 60 �C until the final volume reached approximately 30 mL
to removemost of the ethanol. The treated dispersions were stirred
in a water bath (SWB-10L-2, Major Science, Saratoga, CA, USA) at
different temperatures (60e80 �C) and times (0e3 h) at a constant
speed (1500 rpm). After the stirring, the dispersions were subse-
quently cooled to 30 �C in the water bath while stirring for different
periods (0e12 h). To improve the stability of a-tocopherol
dispersed in aqueous starch solutions, ultrasonic treatment (fre-
quency 20 kHz, amplitude 20%, output power 350W) in an ice bath
for different periods (0e5 min) using an ultrasonic processor
(Branson Sonifier-450, Emerson Industrial Automation, St. Louis,
MO, USA). The dispersions were centrifuged (10,000 � g for
30 min at 30 �C), and then any precipitates and flocculants were
removed. The homogeneous supernatant was tightly sealed and
kept in a dark place before analyses. Control dispersions without
tocopherol or starch were prepared according to the same
procedure.

2.3. Tocopherol content

The a-tocopherol content in the dispersions was assessed
using a high performance liquid chromatography (HPLC; Prostar
240, Varian medical systems, Palo Alto, CA) with a C-18 column
(Shiseido, 4.6 � 150 mm, 5 mm, 120 Å) and monitored with a UV
detector at 295 nm (Prostar 320 UVeVIS detector, Varian medical
systems, Palo Alto, CA). Methanol was used as the mobile phase
with flow rate at 1.2 mL/min, and injection volume was 50 mL. An
aliquot of a-tocopherol dispersion (1 mL) was poured into an
absolute EtOH (20 mL), and the mixture was vigorously stirred
for 10 min to extract a-tocopherol and precipitate starch. After
centrifugation (2280 � g for 15 min at 4 �C), the starch precip-
itate was removed and then the remained supernatant was
filtered through a 0.50 mm hydrophobic syringe filter (Advantec
MFS, Inc., Dublin, CA) prior to injection to the HPLC system. a-
Tocopherol was also dissolved in EtOH (0.02e0.1 mg/mL) to
prepare standard solutions. Standard curve (concentration verses
peak area) was calculated by linear regression analysis to
determine concentration of a-tocopherol in the samples. Re-
covery of a-tocopherol was calculated according to the equation
below:
2.4. Particle size analysis

The hydrodynamic mean diameter of the particles in the dis-
persions was determined with a dynamic light scattering detector
(Dynapro Titan, Wyatt Technology, Santa Barbara, CA) using a Dy-
namics program (Version 6.9.2.9, Wyatt Technology, Santa Barbara,
CA). The viscosity and refractive index of the water at 20 �C,
determined using calculation software, were 1.00 cP and 1.333,
respectively.

2.5. Zeta potential analysis

The zeta potential value of the starch-tocopherol dispersions
was measured using a Zeta-sizer (3000HS Advance Malvern In-
struments Ltd., Worcestershire, UK). The measurements were car-
ried out at an ambient temperature and pH 5.5.

2.6. Storage stability of dispersions

During the storage of the starch-tocopherol dispersions at an
ambient temperature and in a dark place, an aliquot of the
dispersion (1 mL) was taken. The hydrodynamic diameter and
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remaining a-tocopherol content of the samples were analyzed ac-
cording to the methods described previously.

2.7. Thermal stability of dispersions

A freshly prepared starch-tocopherol dispersions was purged
with N2 gas to minimize the oxidation of the sample and then
autoclaved at 121 �C for 20 min. The thermal stability of the dis-
persions was characterized by comparing the tocopherol content in
the dispersion before and after autoclaving.

2.8. Statistical analyses

Statistical analysis consisted of an analysis of variance (ANOVA)
using SAS 9.2 software (SAS Institute, Cary, NC, USA). Duncan's
multiple range test (p < 0.05) was used to identify statistical dif-
ferences between mean values.

3. Results and discussion

3.1. Preparation of aqueous tocopherol dispersions

The a-tocopherol could be dispersed in homogeneous status
regardless of the presence of starch, but the dispersion appeared
more opaquewhen starch was present (Fig.1). The residual amount
of ethanol in the dispersions was negligible because of the evapo-
ration process (<0.01%, w/v, method and data not shown). The a-
tocopherol could be dispersed in water even without the presence
of starch by the simple blending used for the preparation of dis-
persions. The physical force applied might offer enough energy to
overcome the interfacial tension between a-tocopherol and water,
possibly inducing the formation of a crude emulsion. The greater
opacity of the starch-tocopherol dispersion, as shown in Fig. 1,
however, suggested that the starch in the reaction mixture might
influence the a-tocopherol dispersal in aqueous medium. After an
ambient storage for 4 weeks, the starch-tocopherol dispersion
remained almost unchanged, whereas the tocopherol dispersion
without starch became heterogeneous showing transparent phase
separated from the immiscible tocopherol. It indicates that a
portion of the a-tocopherol dispersed underwent coalescence and
phase separation. This result proved that the starch in aqueous
tocopherol dispersion inhibited the coalescence and phase sepa-
ration of a-tocopherol which might occur during storage. The
control sample of aqueous starch dispersion without tocopherol
showed an increase of opaqueness which indicates that chain as-
sociation of starch occurred during the storage.
Fig. 1. Photographs of starch-tocopherol dispersion (60 mg a-tocopherol, 120 mg starch in 30
in comparison with control samples containing each of tocopherol and starch. The dispersi
Amylose in starch may form inclusion complexes with various
lipophilic compounds, which assists the dispersal of the com-
pounds in aqueous media because the hydrophilic outer surface of
the complexes enhances the dispersibility of the guest compounds
(Eliasson, 2004; Tomasik& Schilling, 1998a, 1998b). It was expected
that the controlled heating followed by cooling might induce the
formation of inclusion complex between starch chains and a-
tocopherol. According to the results from differential scanning
calorimetry and X-ray diffractometry of the freeze-dried starch-
tocopherol dispersions, however, no significant evidence was
observed for the presence of inclusion complexes (data not shown).

Starch and hydrocolloids have thickening ability when
dispersed in aqueous media, providing a stabilizing effect for sus-
pended solids. The polymers thus may be used in food emulsions
and particle suspensions to reduce the separation of the oil phase
and solids during storage (Brennan, 2011; Whistler & BeMiller,
1993). Some of hydrophilic hydrocolloids are able to absorb oil
droplets and sterically stabilize emulsions to prevent or minimize
coalescence (Huang, Kakuda, & Cui, 2001). Therefore, the starch
added in the tocopherol dispersions possibly played the same role
in stabilizing the a-tocopherol dispersed in aqueous media.
3.2. Effects of addition levels of starch and a-tocopherol

Fig. 2 illustrates the effect of starch and a-tocopherol levels on
the a-tocopherol content in the resulting aqueous dispersion. Given
an equal a-tocopherol addition level (60 mg), about 40% of the a-
tocopherol remained in the aqueous dispersion in the absence of
starch, whereas this value continuously increased up to about 70%
as starch addition increased to 120mg (Fig. 2A). The higher levels of
starch (180 and 240 mg), however, did not produce any further
improvement. This result suggests that the starch contributed to
the enhanced stabilization of a-tocopherol, even though native
starch had no emulsification capacity due to the absence of surface
activity at the oil-water interface. As a thickening agent, starch may
stabilize solid suspensions by modifying the rheology of the
continuous phase, with solid particles becoming immobilized in a
network of starch. Therefore, the buoyancy force on individual
particles insufficient to overcome the yield stress of the sur-
rounding hydrocolloid network (Dickinson, 2009).

Given an equal starch addition level (120 mg), the percent re-
covery of a-tocopherol could be slightly increased as the addition of
a-tocopherol increased from 30 to 60 mg. The higher addition level
of a-tocopherol (90 and 120 mg), however, resulted in the signifi-
cant reduction of a-tocopherol recovery (Fig. 2B). However, the
higher addition level of a-tocopherol generally resulted in the
mL dispersion) prepared by stirring for 1 h at 70 �C and ultrasonic treatment for 3 min,
ons were also stored for 4 weeks under an ambient condition.
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higher content of the residual a-tocopherol in the dispersion
(Fig. 2C).

3.3. Effect of physical parameters

Fig. 3 depicts the effect of temperature and mixing time during
the preparation process on the percent recovery of a-tocopherol.
When a dispersion containing 60 mg a-tocopherol and 120 mg
starch was blended for 1 h at different temperatures with 3 h for
cooling, the temperature of 60 or 70 �C resulted the relatively high
recovery of around 75% of a-tocopherol whereas the higher heating
temperature tested (80 �C) led to significantly lower recovery
(Fig. 3A). When a-tocopherol (60 mg) was mixed with the starch
solution (120 mg) at 70 �C followed by a cooling for 3 h, an addi-
tional heating time up to 3 h led to the considerable decrease in the
recovery of a-tocopherol (Fig. 3B). Thus, relatively short time for
mixing (1 h) was effective in dispersing the tocopherol, possibly
indicating that the tocopherol in dispersion might be decomposed
as the reaction time increased. On the other hand, cooling time
tested up to 12 h did not show any influence on the tocopherol
recovery (data not shown).

As the starch in dispersion had been fully gelatinized when
mixedwith tocopherol, the heating of dispersions was solely for the
possible interactions between starch chains and dispersed
tocopherol. The data in this study revealed that a short time for
blending with mild heating (60e70 �C for 1 h), a-tocopherol could
be effectively dispersed in aqueous media containing starch at a
recovery yield higher than 70% (1:2 weight ratio of tocopherol and
starch).
3.4. Effect of ultrasonic treatment

When an optimally prepared aqueous dispersion of a-tocoph-
erol (60mg) with starch (120mg) at 70 �C, themean hydrodynamic
diameter of the droplets or particles in the dispersionwas 1253 nm
and the absolute zeta potential of the dispersion was �6.28 mV
(Fig. 4). In a colloidal system, the surface charge of the colloids, as



C. Ren et al. / LWT - Food Science and Technology 68 (2016) 589e594 593
measured by zeta potential, can generally enhance the stability of
the dispersion during storage because mutual electrostatic repul-
sion in the dispersion (Liu, Wu, Chen, & Chang, 2009). Reducing
particle size in colloids possibly increase the absolute zeta potential
of a dispersion because greater surface area per mass unit of the
smaller particles renders it more electrostatic state compared with
the larger particles. The starch-tocopherol dispersions were sub-
jected to varying lengths of ultrasonic treatment in order to
enhance the stability by reducing the particle size of tocopherol
droplets. Fig. 4 illustrates the changes in the hydrodynamic diam-
eter and zeta potential of the dispersion according to ultrasonic
treatment time. As ultrasonic treatment time increased, the hy-
drodynamic diameter of the particles in the dispersion decreased,
reaching around 400 nm with an absolute zeta potential of higher
than 22 mV after the treatments over 3 min, which suggests that
the ultrasonic treatment effectively enhanced the dispersal of a-
tocopherol droplets. These significant changes in particle size and
zeta potential may be attributed to additional mechanical energy
via ultrasonic treatment, an action which possibly broke down the
individual droplets in the starch-tocopherol dispersions. Moreover,
ultrasonic treatment (for longer than 2 min) increased the recovery
of a-tocopherol in the dispersion from 70 to 74%.

According to simple calculations, the optimal configuration of
the process presented in the present study may produce an
aqueous dispersion containing 1.47 g of a-tocopherol per 1 L
dispersion, a value similar to the a-tocopherol content of nano-
dispersions using a commercial emulsifier (Tween 20) (Cheong
et al., 2008). In addition, around 10 mL of the optimal starch-
tocopherol dispersion had an a-tocopherol level similar to the
recommended dietary allowance of a-tocopherol (15 mg/d) re-
ported by the Food and Nutrition Board at the National Academy of
Science (Maras et al., 2004). As a result, it can be concluded that this
dispersion shows a potential to be used as commercial nutraceu-
tical beverages.

3.5. Storage stability of starch-tocopherol dispersion

Fig. 5 illustrates the change in hydrodynamic diameter of
dispersed tocopherol droplets and a-tocopherol content in a
dispersion treated by ultrasonication during a storage for up to 28
days at an ambient temperature. The hydrodynamic diameter of the
dispersion remained constant to be around 400 nm over the stor-
age period tested (30 days). During the storage, re-association of
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Fig. 5. Changes in hydrodynamic diameter and a-tocopherol content in a starch-
tocopherol dispersion optimally prepared with ultrasonic treatment during an
ambient storage for 28 days (a common letter above a set of data points denotes are
not significantly different, p < 0.05).
starch chains in the dispersion could result in the increase of par-
ticle size as the control starch dispersion became opaque during the
storage (Fig. 1) (Gidley & Bulpin, 1989; Putaux, Bul�eon, & Chanzy,
2000). The particle size of the starch-tocopherol dispersion, how-
ever, did not exhibit a continuous increase over the storage period,
indicating that the meaningful aggregation or coalescence of a-
tocopherol droplets and/or starch chains might not have occurred.
The starch-tocopherol dispersion prepared without ultrasonication
showed a continuous increase of particle size (data not shown)
indicating that the positive effect of the physical treatment on
stabilization of the dispersion.

The a-tocopherol content in dispersion, however, continually
decreased. During the first 7 days of storage, the a-tocopherol
concentration in the dispersion decreased from 1.45 to 1.24 g/L. The
decrease afterward was relatively less, reaching 1.11 g/L after 28
days. Because no change in diameter was observed, this decrease
was possibly from the oxidative degradation during the storage as
reported by other researchers (Cheong et al., 2008).

For the starch-tocopherol dispersion to be used in the produc-
tion of functional beverages, thermal stability is often required
because heating is a common method for beverage sterilization. It
has been reported that thermal treatment may readily result in
flocculation of the oil droplets in the emulsion and phase separa-
tion (Kulmyrzaev, Bryant, & McClements, 2000; Srinivasan, Singh,
& Munro, 2002), especially emulsion stabilized globular proteins
readily destabilize when subjected to heat treatment above the
denaturation temperature of the protein (Demetriades, Coupland,
& McClements, 1997; Hunt & Dalgleish, 1995; Kim, Decker, &
McClements, 2005). When the starch-tocopherol dispersion pro-
duced under the optimal conditions and ultrasonic treatment was
subjected to an autoclave treatment (121 �C for 20 min), approxi-
mately 25% of the a-tocopherol in the dispersion was lost by phase
separation (data not shown). The hydrothermal treatment may
increase themobility of starch chains in a dispersionwhich result in
reducing the stabilization effect of starch chains for tocopherol
droplets. It is thought that the starch-tocopherol dispersion may be
relatively stable against thermal treatment compared to the
emulsions stabilized globular protein, however, additional study is
required to improve the thermal stability of starch-tocopherol
dispersion.

4. Conclusion

Using a simple blending with maize starch and post ultra-
sonication, a-tocopherol was successfully dispersed in aqueous
media. More than 70% of the a-tocopherol added could be stably
and homogeneously dispersed in aqueous starch solution at 1:2
ratio of both solids, producing a dispersion at a-tocopherol con-
centration of approximately 1.4 g/L. However, no helical complex
between amylose and tocopherol was formed under the conditions
for dispersion preparation. A dispersion prepared at 70 �C with
ultrasonic treatment for 3 min remained stable under ambient
condition for a month without showing any notable changes in
particle size, coalescence, and phase separation.
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A comparison of extraction processes, volatile compounds analysis and antioxidant activities of essential
oils (EOs) from Cirsium japonicum Fisch. ex DC and Cirsium setosum (Willd.) M.Bieb., two morphological
and aroma similar species, were investigated. In total, 143 different constituents were assigned, which
were further grouped into hydrocarbons, alcohols, esters, ketones, carboxylic acids, aldehydes, aromatics.
Results of HS-SPME revealed that the similar grassy and fruity aromas of C. japonicum and C. setosum
derived from Hexyl alcohol, 1-Pentanol, 6,10,14-trimethyl-2-Pentadecanone, etc. In addition, HD was
employed to gather EOs. Compared with the Standard Method, yields of EOs by the Optimum Method
from C. japonicum and C. setosum increased by 86.58 ± 4.28% and 102.60 ± 1.57%, respectively. Chemical
analysis by GCeMS revealed that the high temperature of the optimal condition decreased the types of
EOs compounds or changed some compounds into other hot-steady compounds. Furthermore, antioxi-
dant activity analysis (DPPH, ABTS, and FRAP assays) indicated that EOs extracting by the optimized
condition of both C. japonicum and C. setosum possessed much higher FRAP value and potent ABTS radical
scavenging ability. Therefore, the study could pave the way for the extraction of EOs and further
developing of C. japonicum and C. setosum resources.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Essential oils (EOs) are the complex mixture of several bioactive
chemical components, such as terpenes, terpenoids, phenyl-
propenes, etc (Voon, Bhat,& Rusul, 2012). They can be produced by
more than 17,000 aromatic plant species commonly belonging to
angiospermic families, such as Lamiaceae, Zingiberaceae, Aster-
aceae, etc. (Prakash, Media, Mishra,&Dubey, 2015; Regnault-Roger,
Vincent, & Arnason, 2012). EOs have long been used as flavoring
agents in food and beverages for food preservation due to their
potential antioxidant and antimicrobial activities (Hsu et al., 2012;
Pezo, Salafranca,&Nerin, 2006). Nowadays, some EOs formulations
are currently used as food preservatives and generally recognized
as safe in view of their favorable safety profile (Akrami et al., 2015;
Echegoyen & Nerin, 2015). However, some synthetic chemicals
used as active substances and preservatives have been reported to
cause harmful effects to consumers and the environment. Naturally
occurring plant-based EOs have been widely applied in place of
synthetic ones for bactericidal, insecticidal, medicinal and cosmetic
applications since 1950s, especially in the pharmaceutical,
cosmetic, agricultural and food industries (Bakkali, Averbeck,
Averbeck, & Waomar, 2008; Dubey, Shukla, Kumar, Singh, &
Prakash, 2010).

Cirsium japonicum Fisch. ex DC and Cirsium setosum (Willd.)
M.Bieb. belong to the thistle species of the family Asteraceae, and
they are wild perennial herbs found in many areas of Korea, China,
and Japan. These two thistle species are seemingly similar in
appearance and aroma, they also have a lot in common in clinical
application (Chu, Cao, Peng, Fu, & Ye, 2004; Ganzera, Pocher, &
Stuppner, 2005). In folk medicine, they have been widely
accepted to possess hemostatic effects. In the modern medical
research, they have been proved to possess hepatoprotective,
antitumor, antioxidant activities, etc. (Meng, Liu, Sun, Wu, & Liu,
2009; Yin, Heo, & Wang, 2008). Although studies on the crudes
and many non-volatile ingredients have been widely investigated,
there were fewer reports on their EOs. As reported, many compo-
nents in EOs, such as methyl linolenate and methyl linoleate, are
vulnerable to autoxidation in the humid air (Kumarathasan,

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:jgjiang@scut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2016.01.017&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2016.01.017
http://dx.doi.org/10.1016/j.lwt.2016.01.017
http://dx.doi.org/10.1016/j.lwt.2016.01.017


Fig. 1. Conventional (A) and improved Clevenger-type apparatus (B).
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Rajkumar, Hunter, & Gesser, 1992; Ma, Kobayashi, & Adachi, 2013),
resulting in the production of offensive odours and flavours.
Meanwhile, the raw material was inconvenient to preserve for the
disadvantage of the huge volume. Thus, it is valuable to concentrate
and investigate the EOs from C. japonicum and C. setosum.

Extraction techniques of EOs include solvent extraction, super-
critical fluid extraction, hydrodistillation (HD), etc. EOs obtained by
solvent extraction include many high-boiling point components
and their purification are quite complex. Supercritical CO2 still
cannot replace HD as an industrial process, because of low re-
coveries and inconsistent results (Fang, Goto, Sasaki, & Hirose,
2004). HD, a traditional process used for the extraction of EOs,
has been widely applied due to its steam could displace the at-
mospheric oxygen, thus protecting compounds from oxidation
(Usami, Nakahashi, Marumoto, & Miyazawa, 2014). In addtion,
headspace solid-phase microextraction (HS-SPME) has been
employed to analyze volatiles recently, due to its simple, rapid, and
solvent-free advantages.

Thus, C. japonicum and C. setosum, which are typical represen-
tatives of aromatic plant, were chosen as the experimental subject.
The objectives of the present study were (1) to compare and
comprehensively analyze the volatiles by HS-SPME; (2) to build and
validate response surface models of HD for higher yields of EOs; (3)
to compare the antioxidant activity of EOs obtained by the Standard
Method (SM) and the Optimal Method (OM).

2. Materials and methods

2.1. Materials and chemicals

The dried aerial parts of C. japonicum and C. setosum were sub-
scribed from Chinese herbal medicine sale of Qualcomm (URL:
www.zycmmt.com). Place of origin: Henan province of China. A
voucher specimen was deposited in the department of Natural
Products Studies, School of Light Chemistry and Food Science,
South China University of Technology, and the plant was identified
by Prof. Ding-Yong Wang (Dept. of Chemistry, Guangdong College
of Pharmacy). Samples were ground in a cutting mill to obtain
coarse powder, and air-dried at 45 �C, and then stored at room
temperature in a well-closed container for further use.

Homologous series of n-alkanes (C7eC30) and the authentic
compound 2-methyl-3-Heptanone were purchased from Sigma
Chemical Co. for the determination of retention index. A 75 mm
carboxen/polydimethylsiloxane (CAR/PDMS) was used as the
coating fibre, which was purchased from Supelco (Bellefonte, PA,
USA). All other chemicals used were of analytical grade.

2.2. Sample preparations by HS-SPME

This assay referred to the study of Lin et al. with minor modi-
fication (Lin, Zhuang, Lei, Yang, & Zhao, 2013). One grams of dried
and ground plant powder, mixed with 1.5 g NaCl and 4 mL distilled
water, were hermetically sealed in a 20 mL vial. The sample was
equilibrated at 50 �C for 20min. Subsequently, the coating fibrewas
exposed to the sample headspace for 40 min. In addition, the
analytes were desorbed at 250 �C for 3 min.

2.3. Sample preparations by HD

In this study, SM was specified by “Chinese Pharmacopoeia,
Appendix XD, Method I, 2010” with minor modification. Extraction
parameters were set as follow: soaking time 12 h, extraction tem-
perature 100 �C, extraction time 5 h, and liquid/solid ratio 20:1. One
hundred grams of dried and ground powder from C. japonicum and
C. setosum were hydrodistilled with distillation apparatus (Fig. 1).
The red part was the improved part for the purpose of second
cooling. When using a Clevenger-type apparatus (CT), running
water flowed from A to B, and the distilled EOs mixed with vapor
were condensed by the top condenser and dropped into the EOs
collector. Superficial EOs were obtained after the water in the col-
lector was drained. The improved Clevenger-type apparatus (ICT)
was obtained when a second condenser was added to the EOs
collector, running water flowed by two independent routes from A
to D and from C to D as well. When cooling, the distilled EOs were
first condensed by the top condenser and dropped into the EOs
collector and cooled again by the second condenser, accordingly.
Anhydrous sodium sulfate was used to dry the distilled EOs. After
filtering, the oils were stored in sealed vials at 4 �C for subsequent
analyses.
2.4. Optimizing design of statistical experiments

Design Expert 8.0 was used to establish mathematical model
and obtain the optimum conditions. Optimization parameters were
soaking time, solid/liquid ratio, extraction time and temperature.
The behavior of the system could be explained by the following
second degree polynomial equation (Zeng et al., 2013):

Y ¼
X

A0 þ
X4

i¼1

AiXi þ
X4

i¼1

AiiX
2
i þ

X3

i¼1

X4

j¼iþ1

AijXiXj

Where Y is the dependent variable (yield of EOs in real value); A0 is
constant, and Ai, Aii, and Aij are coefficients estimated by the model.
Xi and Xj are levels of the independent variables. They represent the
linear, quadratic, and cross-product effects of the X1, X2, and X3
factors on the response, respectively.

http://www.zycmmt.com
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2.5. Analysis of GCeMS

The analysis of volatile compounds obtained by HS-SPME was
performed on a GCeMS (Trace DSQ II, Thermo Fisher Scientific,
Waltham, MA, USA), equipped with a TR-5MS capillary column
(30 m � 0.25 mm � 0.25 mm), and the split ratio was 1:10. Mean-
while, the analysis of volatile compounds obtained by HD was
performed on a GCeMS (GC6890-MSD5975, Agilent, USA), equip-
ped with HP-5MS, HP-Wax, DB-23 capillary columns (30 m � 0.25
mm � 0.25 mm), Agilent, USA. The samples (1 mL) were injected
using helium as the carrier gas, and the split ratio was 1:50.

Analysis conditions for the two apparatus were set as the same.
Injector and MS transfer line temperatures were 220 and 250 �C,
respectively. The oven temperature program was set as following:
the initial temperaturewas 40 �C and held for 2min, then increased
to 250 �C at 5 �C/min, and held for 5 min. The flow rate was 1.0 mL/
min. Themass scan parameters included electron impact ionization
voltage of 70 eV and mass range of 33.0e500.0 amu.

2.6. Compound identification

The identification of volatile compounds was performed by
comparing their MS data to the NIST mass spectral library and
published mass spectra. Moreover, 2-methyl-3-Heptanone was
used as an internal authentic compound in this assay.

2.7. Antioxidant activity

2.7.1. DPPH assay
The antioxidant capacity of EOs could be measured based on the

changes of absorbance at 522 nm due to the formation of non-
radical form DPPH-H (Zhao et al., 2013). According to methods in
previous studies with some modification (Zhao et al., 2013), 180 mL
DPPH reagent (150 mM) and 20 mL samples were added to 96-well
plates, then mixed and shocked. The absorbance was recorded at
522 nm at room temperature in the dark by microplate reader
(infinite M200 pro, TECAN, Switzerland).

2.7.2. FRAP assay
The ferric reducing antioxidant power assay (FRAP) is based on

the ability of the antioxidant to reduce Fe3þ to Fe2þ in the presence
of 2,4,6-tripyridyl-s-triazine (TPTZ) under acid condition, forming
an intense blue Fe2þ-TPTZ complex with an maximum absorbance
at 596 nm (Hatamnia, Abbaspour,& Darvishzadeh, 2014). The FRAP
values of EOs from C. setosum and C. japonicumwere obtained using
the method of Hatamnia et al. with minor modification (Hatamnia
et al., 2014). 20 ml sample solution were mixed with 180 ml FRAP
reaction solution (300mM acetate buffer: 10mM TPTZ: 20mM iron
chloride ¼ 10:1:1), mixed and shocked. The absorbance was
measured at 596 nm at room temperature in the dark.

2.7.3. ABTS assay
The green ABTSþ is generated under the appropriate oxidant,

but can be suppressed in the presence of antioxidants (Lee & Yoon,
2008; Zhang et al., 2011). Specifically, 180 mL ABTS reaction solution
and 20 mL samples were added to 96-well plates, and then mixed
and shocked. The absorbance was measured at 736 nm at room
temperature in the dark.

2.8. Statistical analysis

All the determinations were carried out in triplicate, and the
experimental results were expressed as means ± standard de-
viations. Statistical analysis was performed by SPSS 16 (SPSS Inc.,
Chicago, USA). Data were analyzed by analysis of variance, and the
mean values were considered significantly different when p < 0.05.

3. Results and discussion

3.1. Extraction of EOs by HD

HD is a process traditionally used for the extraction of EOs from
aroma-active and medicinal plants on a laboratory scale (Usami
et al., 2014). One of the merits of this method is that steam could
displace the atmospheric oxygen, thus protecting compounds from
oxidation. However, the drawback of a CT was obvious. As reported
by Chen et al., the overheating of oil collector in CT could result in
the degradation of volatile and thermo labile compounds (Chen,
Wu, Xu, Fu, & Xiao, 2014). As the second condenser was used in
the process of collecting EOs, the temperature of the EOs in the
collector of ICT was lower than that of CT. Therefore, the volatili-
zation of EOs was decelerated. As a result, the yields of EOs for
C. japonicum and C. setosum extracted using the ICT were
0.0582 ± 0.0015% and 0.0383 ± 0.0010%, respectively, which were
significantly higher (p < 0.05) than those of the CT
(0.0371 ± 0.0019% and 0.0134 ± 0.0014%, respectively). This result
was in line with the report of Chen et al.20 Therefore, the ICT was
used to extract EOs for the subsequent experiment.

3.2. Optimization of extraction conditions

In single factor experiments, soaking time (h), extraction tem-
perature (�C), extraction time (h), and liquid/solid ratio (ml:g), and
comminution degree were chosen to evaluate their influences on
EOs yields. Results showed extraction time for C. japonicum, and
extraction temperature for C. setosumwere non-critical factors and
they were specified as 7 h and 120 �C in the subsequent process of
optimization, respectively. The impacts of other elements on the
extraction rate exhibited similar pattern, that is, dependent vari-
able increasedwith the increasing independent variable, and after a
critical value the extraction rates were basically stable or remark-
ably decreased. The levels of independent variables were chosen
based on the single factor experiment. According to the method of
Box-Benhnken central composite design (BBD), Table 1 showed the
results of EOs yields of C. japonicum and C. setosum under different
combined conditions. The quadratic regression equation was ob-
tained as follows (Formula 1, 2):

Y ¼ 0.067e1.225E�003A þ 4.762E�003B�0.022C�2.000E�
004AB�2.600E�003AC�9.575E�003BC�9.696E�003 A2þ4.329E
�003 B2þ1.879E�003C2 (1, C. japonicum).

Where A is Soaking time (h); B is Extraction temperature (�C); C
is Liquid/solid ratio (ml/g).

Y ¼ 0.065 þ 4.425E�003A þ 1.062E�003B�0.013C þ 5.875E�
003AB�1.225E�003AC�6.550E�003BCþ1.350E�003 A2�8.225E�
003 B2�0.013C2 (2, C. setosum)

Where A is Soaking time (h); B is Extraction time (h); C is Liquid/
solid ratio (ml:g).

The model was adequate since the Lack of Fit test (p > 0.05) was
not significant (Wang et al., 2014). The items including B, C, BC, and
A2 had a significant effect on EOs yield of C. japonicum; the items
including A, C, AB, BC, B2 and C2 had a highly significant effect on
EOs yield of C. setosum (see Supplementary Table S1). Based on
above analysis, it could be concluded that the effect of selected
factors on EOs yields did not follow a simple linear relationship.

3.3. Response surfaces describing the interaction of extraction
variables

The graphical representations were obtained by solving the
Response Surface Methodology (RSM) regression equation using



Table 1
Actual and predicted yields of C. japonicum and C. setosum EOs according to Box-Benhnken central composite design.

C. japonicum C. setosum

Runs Variables Prediction rate% Practical rate% Runs Variables Prediction rate% Practical rate%

A/h B/�C C/ml:g A/h B/h C/ml:g

1 3 120 20 0.0590 0.0583 1 1 3 15 0.0580 0.0597
2 9 120 20 0.0560 0.0569 2 6 3 15 0.0550 0.0600
3 3 160 20 0.0680 0.0669 3 1 7 15 0.0490 0.0441
4 9 160 20 0.0640 0.0647 4 6 7 15 0.0690 0.0679
5 3 140 15 0.0780 0.0773 5 1 5 10 0.0610 0.0618
6 9 140 15 0.0820 0.0794 6 6 5 10 0.0720 0.0699
7 3 140 25 0.0420 0.0443 7 1 5 20 0.0360 0.0386
8 9 140 25 0.0320 0.0360 8 6 5 20 0.0430 0.0418
9 6 120 15 0.0810 0.0827 9 3 3 10 0.0490 0.0469
10 6 160 15 0.1100 0.1127 10 3 7 10 0.0650 0.0681
11 6 120 25 0.0580 0.0530 11 3 3 20 0.0360 0.0319
12 6 160 25 0.0460 0.0447 12 3 7 20 0.0250 0.0269
13a 6 140 20 0.0670 0.0672 13a 3 5 15 0.0650 0.0665
14a 6 140 20 0.0670 0.0656 14a 3 5 15 0.0650 0.0631
15a 6 140 20 0.0670 0.0684 15a 3 5 15 0.0650 0.0648

Note: a Central rotation experiments.
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Design Expert 8.0.6. In Fig. 2, response surfaces and contour plots
showed the significant interaction effect (p < 0.05) of extraction
parameters on the EOs yields of C. japonicum (A) and C. setosum
(BeC).

Fig. 2A indicated that extraction temperature and liquid/solid
ratio had significant (p < 0.05) interaction effects, keeping soaking
time at 3 h. Thus, the sensitivity of EOs yield of C. japonicum to
soaking time increase was higher than the sensitivity to the
extraction temperature increase. Fig. 2B presented the significant
(p < 0.05) interaction effects on EOs yield of C. setosum between
soaking time and extraction time, with the liquid/solid ratio at its
central point (15:1, ml:g). Results from Fig. 2C indicated that the
extraction time and liquid/solid ratio possessed significant
(p < 0.05) interaction effects on raising the EOs yield of C. setosum.
And it was observed from Fig. 2C that EOs yield of C. setosum
increased initially and then dropped with the increase of extraction
time or liquid/solid ratio.
3.4. Verification of predicted value of the models

Validation is an important step, which can assess the perfor-
mance of developed model. Under the optimal conditions, the
predicted maximum yield of 0.1094% from C. japonicum by model 1
showed a good agreement with the practical yield value of 0.1086%.
For C. setosum, the predictedmaximumyield of 0.0784% bymodel 2
also presented non-significant difference (p > 0.05) with the
practical yield of 0.0775%.
3.5. Analysis of volatile compounds

The identification of the volatiles was performed by comparing
their MS data to the NIST mass spectral library and published mass
spectra. Moreover, 2-methyl-3-Heptanone was used as an internal
authentic compound in this assay. The composition of the volatiles
was one of the important parameters to understand the differences
and similarities between C. japonicum and C. setosum, and in-
fluences between the SM and OM to the same cultivar. A total of 143
volatile components (Qualification�60; Relative retention
indices�600) were identified from C. japonicum and C. setosum,
which were distributed by distinct chemical classes: 39 hydrocar-
bons, 18 alcohols, 24 esters, 13 ketones, 8 carboxylic acids, 18 al-
dehydes, 8 aromatics, 3 ethers and 12 other volatiles (see
Supplementary Table S2). The quantity of the chemical
compounds extracted by different methods and identified by
different columns have been listed in the tables in the manuscript.
(see Supplementary Table S2). Results from HS-SPME showed that
the mainly volatile components from C. japonicum and C. setosum
were alcohols, aldehydes, ketones, etc. However, the mainly com-
ponents in EOs extracted by HD from C. japonicum were hydro-
carbons, ketones and carboxylic acids, while those from C. setosum
were hydrocarbons, alcohols, esters and ketones. As we all known,
alcohols and aldehydes were the mainly aromatic substances.
Therefore, HS-SPMEwould be a good analysis method in analyzing
the mainly volatile components and thus to preliminary identify
the cultivar of C. japonicum and C. setosum. Furthermore, alcohols,
carboxylic acids, esters and ketones are mainly sources of active
substances, therefore, HD is a proper preparative technique for
obtaining functional EOs.

A hierarchical cluster analysis is a multivariate procedure that
allows for the classification of cases (or variables) into groups based
on Euclidean distances between cases (Kiran et al., 2013). The 14
specimens were respectively designated as C. japonicum SM/HP-5
(1), C. japonicum SM/HP-Wax (2), C. japonicum SM/DB-23 (3),
C. japonicum OM/HP-5 (4), C. japonicum OM/HP-Wax (5),
C. japonicum OM/DB-23 (6), C. setosum SM/HP-5 (7), C. setosum SM/
HP-Wax (8), C. setosum SM/DB-23 (9), C. setosum OM/HP-5 (10),
C. setosum OM/HP-Wax (11), C. setosum OM/DB-23 (12),
C. japonicum HS-SPME (13), C. setosum HS-SPME (14). The dendo-
gram of the 14 specimens was shown in Fig. 3, and four major
clusters could be observed. Cluster 1 was composed of two sub-
clusters, namely, specimen 10, 11 and 5 formed a subcluster, and
specimen 8 formed an out group within the cluster. As a result,
capillary columns of HP-5 and HP-Wax showed no significant dif-
ference in isolating and analyzing the components from C. setosum
OM. In addition, cluster 2 was composed of three subclusters,
namely, specimen 6, 12, 3 and 2 formed a subcluster, while spec-
imen 1 stand alone, and then specimen 4 formed an out group
within the cluster. For EOs from C. japonicum SM, HP-Wax and DB-
23 showed no significant difference. However, the selectivity of DB-
23was so bad that C. japonicum SM, C. japonicumOMand C. setosum
OMwere grouped together. On the other hand, HP-Wax, DB-23 and
HP-5 could be used to analyze the EOs of C. japonicum SM simul-
taneously. Cluster 3 formed by combination of specimens 7 and 9,
while Cluster 4 formed by combining specimen 13 and 14. HP-5 and
DB-23 showed similar result in analyzing the EOs from C. setosum
SM. In addition, C. japonicum HS-SPME and C. setosum HS-SPME



Fig. 2. Influences of interaction effects between soaking time and extraction temperature on yield of C. japonicum EO (A); Influences of interaction effects between soaking time and
extraction time (B), extraction time and liquid/solid ratio (C) on yield of C. setosum EO.
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were gathered together, corresponding to the similar aroma be-
tween C. japonicum and C. setosum.

In this study, the HS-SPME method (CAR/PDMS; incubation
time, 10 min; extraction temperature, 50 �C; extraction time,
40 min) was applied to obtain the volatiles so as to analyzing the
existing aroma similarities between two cultivars. It could be ob-
tained that the volatile components from the raw material of
C. japonicum and C. setosum analyzed by HS-SPME formed cluster 4,
a independent group, which meant that the compositions of the
volatile components from C. japonicum and C. setosumwere similar.
In total, fifty-four volatiles were identified by HS-SPME in
C. japonicum and C. setosum including 1 hydrocarbons,11 alcohols, 6
ester, 6 ketones, 3 carboxylic acids, 11 aldehydes, 6 aromatics, 1
ethers and 9 other volatiles. Of which, 13 volatiles were the shared
components imparting the same aroma to C. japonicum and
C. setosum. For example, compounds with grassy and fruity aroma



Fig. 3. Dendrogram of hierarchical cluster analysis of EOs from C. japonicum and C. setosum. The 14 specimens were respectively designated as C. japonicum SM/HP-5 (1),
C. japonicum SM/HP-Wax (2), C. japonicum SM/DB-23 (3), C. japonicum OM/HP-5 (4), C. japonicum OM/HP-Wax (5), C. japonicum OM/DB-23 (6), C. setosum SM/HP-5 (7), C. setosum
SM/HP-Wax (8), C. setosum SM/DB-23 (9), C. setosum OM/HP-5 (10), C. setosum OM/HP-Wax (11), C. setosum OM/DB-23 (12), C. japonicum HS-SPME (13), C. setosum HS-SPME (14).
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mainly consisted of Hexyl alcohol, 1-Pentanol, Hexanal, 6,10,14-
trimethyl-2-Pentadecanone and 2,6,6-trimethyl-1-cyclohexene-1-
carboxaldehyde. In addition, L-Menthol, (z)-2-penten-1-ol, 4-
Methyl-4-hydroxycyclohexanone, Valeraldehyde, (E,E)-2,4-
Nonadienal, Heptaldehyde, gamma-Nonanolactone and (E)-2-
Octenal were only identified from C. japonicum, thus to imparting
it their unique flavouring aromas. Meanwhile, Cyclopentanol,
hexadecanol, Perilla alcohol, Ethyl caproate, 6-Methyl-5-hepten-2-
one and 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2-Butanone were
responsible for the unique aroma in C. setosum (see Supplementary
Table S2). Therefore, HS-SPME is valuable in identifying the cultivar
of C. japonicum and C. setosum.

From these four clusters, it could be inferred that the samples
under the same group showed more similarity in the composition.
Most of samples analyzed by HP-Wax and DB-23 were gathered to
cluster 1 and cluster 2, respectively. That is to say, the impacts of
capillary columns to results were huge due to different polarities or
adsorption properties resulting in significant different retention
time. From this point, each compound should be positively iden-
tified by no less than two columns with different polarities, which
was suggested by Molyneux and Schieberle (Molyneux &
Schieberle, 2007; Schieberle & Molyneux, 2012).

Therefore, the positively identified compounds were given a
detailed introduction and discussion in this study except for a series
of alkanes and the internal authentic compound. A total of 18
compounds were positively identified by no less than two capillary
columns with stationary phases of different polarity, and they were
1 alcohols, 1 aldehydes, 5 ketones, 7 esters, 2 acids, and 2 others.
The main compounds of EOs by the hydrodistilled method with
standard and optimal conditions were as follows: 6,10-dimethyl-2-
Undecanone (1), 6,10,14-trimethyl-2-Pentadecanone (2), Hex-
adecanoic acid, methyl ester (3), Linoleic acid ethyl ester (4), Methyl
linoleate (5), Anthracene (6), Irisone (7), 14-methylpentadecanoate
Methyl (8), cis-Pinane (9), Palmitic acid (10), Phytol (11), 1-Nonanal
(12), Geranylacetone (13), Farnesyl acetone (14), Ethyl linolenate
(15), Myristic acid (16), Methyl linolenate (17), Hexadecanoic acid,
ethyl ester (18). Their structures were shown in Fig. 4.

The present study firstly found that compound 2 was the only
common ingredient in the EOs of C. japonicum and C. setosum
extracting by HD. As reported, compound 2 was a kind of aroma
compounds imparting grassy green notes to Kangra tea. And it
could be formed from a-linolenic and linoleic acids, via oxidative
breakdown of fatty acids during tea processing (Joshi & Gulati,
2015). Furthermore, it was proved to possess anti-proliferative ac-
tivity against SW1353 human chondrosarcoma cells, besides its
antioxidant activity (Cai et al., 2013).

Besides compound 2, some other compounds such as compound
1, 3, 4, 5, 6were identified in C. japonicum SM and compound 7, 8, 9,
10,11,17were identified in C. japonicum OM. That is to say, with the
increase of yield of the extraction, the chemical composition of
C. japonicum EOs changed a lot. Some components with low boiling
point evaporated and went away along with steam or changed into
some other more stable substance. Among these compounds,
compound 1 was a typical colorless EO component with boiling
point of 99e102 �C (267 Pa). It was widely used as the in-
termediates for the synthetic of vitamin E and K1. In addition,
compound 3, 4, 5, 8 and 17 belong to “esters”. Most of themwere all
hot-intolerant and easy to be hydrolyzed to “acids” and “alcohols”.
The high temperature in the optimal condition significantly
affected the compounds in EOs. Thus, it could be deduced that
compound 10 was obtained from the hydrolysis of compound 3.
The phenomenon was consistent with the results from study by
Chen et al., the reasonwas that “ketone” can be broken by oxidation
to “acids” and “esters” are easy to be broken down to “acids” and
“alcohols” (Chen et al., 2014). Actually, liquid/solid ratio (ml:g),
comminution degree and extraction time (h) were also important
in altering the composition of EOs. As reported by Dhiren et al., the
oil from a perennial aromatic grass, similar to C. japonicum and
C. setosum, was found to containing higher percentage of oxygen-
ated compounds and their optimized process has achieved higher
yield and better quality of the EOs (Dhiren, Meghal,& Jigisha, 2011).

In addition, compound 8 may be obtained from the rearrange-
ment of compound 3. Actually, compound 4 and 5 were used as
representative polyunsaturated fatty acid esters which were
indispensable to human body (Totani, Tateishi, Takimoto, Maeda, &
Sasaki, 2011). Compound 7was the principal spices in violet, acacia,



Fig. 4. Structure of compounds positively identified from EOs of C. japonicum and C. setosum. The names of the corresponding number were listed as follows: 6,10-dimethyl-2-
Undecanone (1), 6,10,14-trimethyl-2-Pentadecanone (2), Hexadecanoic acid, methyl ester (3), Linoleic acid ethyl ester (4), Methyl linoleate (5), Anthracene (6), Irisone (7), 14-
methylpentadecanoate Methyl (8), cis-Pinane (9), Palmitic acid (10), Phytol (11), 1-Nonanal (12), Geranylacetone (13), Farnesyl acetone (14), Ethyl linolenate (15), Myristic acid
(16), Methyl linolenate (17), Hexadecanoic acid, ethyl ester (18).
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orchids and other floral fragrance, which was widely used in cos-
metics, soaps, etc. Furthermore, it had been proved to be used as
synthetic materials of vitamin A and possess weak DPPH radical
scavenging activity of 17.075% (Choudhary et al., 2008). Similarly,
compound 9 was material for the synthesis of senior spices and
vitamin A, E, K. In addition, it was proved that compound 11 could
stimulate the antioxidantmechanisms to respond for the treatment
in vivo by increasing activity of antioxidant enzymes (Bu et al.,
2012). Studies revealed that it could attenuate the inflammatory
response by inhibiting neutrophil migration that was partly caused
by oxidative stress (Silva et al., 2014) and reduce the production of
root OH, CH2OH, DPPH, etc. (Pejin et al., 2014). However, compound
6 was a kind of environment contaminants widespreading in all
environmental compartments (air, soil, water, sediments); it could
worked as an electron transport chain disruption compound,
resulting in an overproduction of ROS and oxidative damages
(Aksmann et al., 2014). It could be learned from the Supplementary
Table S2 that 6 was found in C. japonicum SM, and disappeared in
C. japonicum SM with the increase of temperature.

Except for the above compounds existing in C. japonicum,
compound 3, 4, 7, 9,11,12,13,14,15 and 18were found in C. setosum
SM and compound 9,10, 11 and 16was identified in C. setosum OM.
As early as in 1960, Fries proved that compound 12 could work as a
growth factor for wood-rotting fungi (Fries, 1960). Subsequently,
compound 12 was identified as the compound responsible for the
anti-diarrhoeal activity (Zavala-Sanchez, Perez-Gutierrez, Perez-
Gonzalez, Sanchez-Saldivar, & Arias-Garcia, 2002). Simkin et al.
reported that the tomato carotenoid cleavage dioxygenase 1 genes
contributed to the formation of compound 13 (Simkin, Schwartz,
Auldridge, Taylor, & Klee, 2004). Moreover, as a pharmaceutical
intermediate with various fruit like nuances such as apple, banana,
pear, etc., it was used in perfume industry to compound isophytol
and nerolidol so as to deploy edible essence. Compound 14was the
only sesquiterpene detected. And it was demonstrated to be the
minor volatile component, which contributed to Kangra tea aroma
and quality (Joshi & Gulati, 2015). Compound 15 and 17 were
polyunsaturated fatty acids ester, which cannot be synthesized in
the body but essential for the body. Studies showed that they can be
metabolized in the body to EPA or DHA to suppress thrombogenesis
and anti-atherosclerosi. Compound 3 and 18 were naturally
occurring fatty acid esters, which were reported as inflammatory
cell inhibitors. In addition, compound 18 was also an important
material in the field of organic synthesis as softener and lubricant.
Furthermore, China GB 2760-89 provided that compound 16 can be
used for preparation of various edible spices. Meanwhile, it had
been proved to possess beneficial implications for human health for
the function of accumulation of myristic and myristoleic acid in
muscle and anxiolytic (Contreras et al., 2014; Lu et al., 2014).

In summary, OM significantly increased the yield of EOs but
significantly changed the types of compounds in C. japonicum and
decreased the number of compounds in C. setosum. And all the
quantities were listed in Supplementary Table S2. In addition, the
amount of compound 2 in the optimal condition of both
C. japonicum and C. setosum decreased sharply. Meanwhile, com-
pound 10 increased significantly in the optimal condition. As
described above, many compounds existing in EOs of C. japonicum
and C. setosum possessed various natural aromatic scent and mul-
tiple bioactivities (Saeed et al., 2012).



Fig. 5. Antioxidant power of the EOs from japonicum and C. setosum. Results are mean ± SD. Bars represent standard deviation (n ¼ 3). Different lowercase letters on the bars within
the same concentration indicate the significant differences by one-way analysis of variance-Duncan's multiple range test (p < 0.05) among different samples. Different capital letters
on the bars indicate the significant differences (p < 0.05) between different concentrations for the same sample. (A) DPPH free radical scavenging assay of C. japonicum and
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3.6. In vitro antioxidant activities

It is common practice in identifying antioxidants from natural
compounds as molecules “reacted with radicals” or “provided of
reducing power so as to counteract the oxidative stress caused by
radicals” (Amorati, Foti,& Valgimigli, 2013). As reported, new active
packaging containing natural antioxidants was used to preserve
beef meat (Nerin et al., 2006). Therefore, it was imperative to
evaluate the oxidative activity of potential active substance. One
method for reducing power and two methods for radical scav-
enging capacity were employed to evaluate the antioxidant activ-
ities of EOs. Free radicals, having one or more unpaired electrons,
are highly unstable and can cause oxidant damage to other mole-
cules. They are often generated as byproducts of biological re-
actions or from exogenous factors, which has always been a threat
in both food systems by decreasing the self-stability as well as
causing chronic diseases in biological systems (Prakash et al., 2015).
In order to give a comprehensive comparison on EOs between SM
and OM, the antioxidant models (DPPH radical, ABTS radical and
FRAP value) have been used to evaluate the difference.

In this assay, the antioxidant activity of Vc was measured and
chosen as positive control, and the result of it showed in Fig. 5D.
The results revealed that IC50 of Vc to DPPH and ABTS was 52.02
and 100.85 mg/mL, respectively. The FRAP value was a linear rela-
tionship with the concentration ranging from 6.25 to 400 mg/mL.
Fitted equation was y ¼ 0.5579x þ 0.2301 with R2 ¼ 0.9995. The
free radical scavenging capability and results of FRAP of samples
were shown in Fig. 5.
3.6.1. DPPH assay
The DPPH radical scavenging activities of EOs from C. japonicum

and C. setosumwere presented in Fig. 5A. It could be obtained that
all samples showed slightly scavenging activities, while it showed
no significant difference (p > 0.05) of EOs extracting by the SM and
OM from C. japonicum and C. setosum. However, they were much
lower than Vc. For Vc, the scavenging capacity achieved a
maximum value of 88.8% when the concentration increased to
100 mg/ml. Then, it was kept at a constant level with the continu-
ously increasing of concentration. The drastically increasing of
compound 2 and the disappearing of in the optimal condition of
compound 4 and 5 were supposed to be the main reasons for
balancing the activity.
3.6.2. FRAP assay
From Fig. 5B, EOs from C. japonicum and C. setosum presented a

high reducing capacity, but still lower than Vc. These two species
showed the same tendency that EOs from OM possessed higher
FRAP values. However, there existed significant difference
(p < 0.05) between the SM and OM of C. setosum when the con-
centration surpassed 100 mg/mL, while there existed no significant
difference (p > 0.05) between the SM and OM of C. japonicum
during the selected scope of concentration.

It could be concluded that compound 2, 7, 9, 10 and 11 were the
common compounds by OM in both C. japonicum and C. setosum,
and compound 11 was found to be the main component among
these compounds. Compound 11 was a kind of alcohol, which
possessed reducibility due to the alcohol hydroxyl could be
C. setosum EOs; (B) Reducing capacity assessment of EOs from C. japonicum and C. setosum (F
(D) Antioxidant activity of the positive control VC. E-H showed the andante scavenging effec
on the bars within the same time indicate the significant differences on ABTS scavenging a
different concentrations. Different capital letters on the bars indicate the significant differe
scavenging ability of EO from C. japonicum SM; (F) ABTS radical scavenging ability of EO fro
ABTS radical scavenging ability of EO from C. setosum OM.
oxidized to aldehydes (ketones) or carboxylic acid. Therefore, the
might-existing mechanism in FRAP assay was that Fe3þ was
reduced to Fe2þ by compound 11. In addition, compound 5, existing
in C. japonicum SM, could be oxidized by Fe3þ so as to counteract
the difference existing between the SM and OM of C. japonicum.
3.6.3. ABTS assay
The total antioxidant capacity of EOs was assessed through the

changes of the absorbance at 736 nm. Fig. 5CeH showed the ABTS
radical scavenging activities. As shown in Fig. 5C, EOs from
C. japonicum OM possessed significant higher (p < 0.05) ABTS
scavenging effects than that from SM. Although ABTS assay has
been widely reported in the antioxidant activity assay of water-
soluble substances (Zhao et al., 2013), the study of our research
group showed it could also be used as the model to EOs, and it was
in line with the report of Amorati et al. (2013). Therefore, some
compounds such as compound 2, 4, 5, 7 and 11 took responsible for
the ABTS scavenging effects for C. japonicum. For C. setosum, EOs
from SM possessed slightly higher ABTS scavenging effects than
that from OM. This meant that the common compound 2, 7, 9, and
11 played a leading role and compound 3, 4, 12, 13, 14, 15, and 18
played an accessorial role in exerting ABTS scavenging activity.

In order to explore the effects of time to the antioxidant activity,
experiment was extended to 7 h. Results showed the ABTS radical
scavenging rate showed a increasing tendency, while DPPH radical
scavenging rate and FRAP value showed no significant change or
even the opposite tendency. Thus, only the result of ABTS radical
scavenging activity with the extension of time was showed in this
study, seeing Fig. 5EeH. Results revealed that samples scavenged
ABTS radical in a time and dose-dependent way within 7 h in a
concentration scope of 50e800 mg/mL, indicating that the process
of scavenging ABTS radical for EOs was quite slow. Furthermore, the
greater the concentration of samples, the faster the scavenging rate
increased. Considering the slowly releasing capability and good
ABTS free radical scavenging effects, EOs may be applied in the field
of packaging of food and medicines. Merits were that it won't bring
any dirt and pollution to the package contents.
4. Conclusions and prospects

HS-SPME has been employed to analyze volatiles, and results
revealed that some volatiles imparting C. japonicum and C. setosum
with similar grassy and fruity aromas, while some other volatiles
were responsible for the unique aromas in C. japonicum and
C. setosum. Therefore, the volatiles imparting the unique aromas to
C. japonicum and C. setosum could be further analyzed in future by
the electronic nose thus to identifying the different species with
similar appearance. Thus, this study could pave the way for the
identification and authentication of Asteraceae samples based on
the unique aromas. In addition, hydrodistillation (HD) was
employed to gather EOs, and yields of EOs by the OM from
C. japonicum and C. setosum increased by 86.58 ± 4.28% and
102.60 ± 1.57%, respectively. Chemical analysis by GCeMS revealed
that the high temperature of the optimal condition decreased the
types of EO compounds or changed some compounds into other
hot-steady compounds. Furthermore, antioxidant activity analysis
(DPPH, ABTS, and FRAP assays) indicated that EO extracting by the
RAP value); (C) ABTS radical scavenging ability of EOs from C. japonicum and C. setosum;
ts on ABTS radical of the EOs from japonicum and C. setosum. Different lowercase letters
ctivity by one-way analysis of variance-Duncan's multiple range test (p < 0.05) among
nces (p < 0.05) among different time under the same concentration. (E) ABTS radical
m C. japonicum OM; (G) ABTS radical scavenging ability of EO from C. setosum SM; (H)
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optimized condition of both C. japonicum and C. setosum possessed
much higher FRAP value and potent ABTS radical scavenging ability.
Results from the present study would play a guiding role in the
utilization of EO resources from C. japonicum and C. setosum,
especially in the pharmaceutical, cosmetic, agricultural and food
industries. As reported before, some EOs possess activity of Solid-
and Vapor-Phase antimicrobial activities (Lopez, Sanchez, Batlle, &
Nerin, 2007; Goni et al., 2009). Thus, the following studies could
evaluate the antimicrobial activities and provide much compre-
hensive reference for the utilization of EO resources from
C. japonicum and C. setosum.

Abbreviations used

EO essential oil
EOs essential oils
C. japonicum Cirsium japonicum DC
C. setosum Cirsium setosum MB
HS-SPMEheadspace solid-phase microextraction
HD hydrodistillation
SM Standard Method
OM Optimal Method
GCeMS gas chromatography-mass spectrometry
URL universal resource locator
Prof. professor
Dept. department
CAR/PDMS carboxen/polydimethylsiloxane
CT Clevenger-type apparatus
ICT improved Clevenger-type apparatus
RSM Response Surface Methodology
DPPH 2,2-diphenyl-1-picrylhydrazyl
FRAP ferric reducing antioxidant power
TPTZ 2,4,6-tripyridyl-s-triazine
ABTS 2,20-azinobis-3-ethylbenzotiazo-line-6-sulfonic acid
SPSS Statistical Product and Service Solutions
Inc. incorporated
BBD Box-Benhnken central composite design

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2016.01.017.
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a b s t r a c t

Duck intestinal homogenate isolate Enterococcus faecalis DU10 produced exopolysaccharide (EPS)
(840 mg/L) in MRS medium (35 �C, pH 6.5), was characterized for its physicochemical, biosorption,
antioxidant, antibiofilm and rheological properties. HPTLC analysis revealed fructose and arabinose are as
major, xylose and mannose are as minor constituents of EPS. And further, this EPS DU10 was charac-
terized through FTIR, 1H and 13C NMR. EPS DU10 efficiently adsorbed heavy metals Zn(II)
(515.78 ± 0.7 mg/g), Pb(II) (424.42 ± 0.9 mg/g), Cd(II) (334.4 ± 14 mg/g), and Cu(II) (232.9 ± 0.3 mg/g).
EPS DU10 exhibits broad spectrum of biofilm inhibition for bacterial pathogens and good in vitro anti-
oxidant properties by scavenging free radicals at very low concentration (0.1 mg/mL). Along with these
properties, high viscosity of EPS makes it suitable for pharmaceutical and industrial applications.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The majority of bacterial species could able to synthesize exo-
polysaccharide (EPS) which mainly consist of polysaccharides,
proteins, extracellular DNA and lipids (Flemming & Wingender,
2010) and they are widely diverse in structure, physicochemical,
rheological and other unique properties. Since in the last two de-
cades, bacterial polysaccharides have become an alternative of in-
terest for use as antioxidant, antibiofilm, immunostimulatory,
immunomodulatory, antitumor, antiviral and anti-inflammatory
agents in various medical and pharmaceutical industries (Liu
et al., 2010; Pan & Mei, 2010) and also used in the food industry
as viscosifying, stabilizing, gelling, or emulsifying agents (De Vuyst
&Degeest, 1999). In recent times, there has been increasing interest
in active application of EPS in new area of research include use as
bioflocculants, bioabsorbents, drug delivery, and heavy metal
removal agents (biosorption) (Wang, Ahmed, Feng, Li, & Song,
2008).

Due to application of heavy metals in various industrial pro-
cesses such as electroplating, manufacturing, mining, and auto-
motive results in contamination of environmental sources. The
contamination of aquatic systems by these toxic heavy metals and
their subsequent accumulation in the ecosystem has become a
worldwide concern (Axtell, Sternberg, & Claussen, 2003). Since
they are non-biodegradable and tend to accumulate in the food
chain, causing harm to the human being. For instance, intoxication
by high levels of Zn(II), Cd(II), Pb(II) and Cu(II) tend to cause res-
piratory disorders, artherosclerosis, damage of the pancreas, kidney
failure, cancer, hypertension, breakdown of central nervous system,
affect red blood cell and others (Davis, Ramirez, Mucci, & Larsen,
2004; Davis, Volesky, & Vieira, 2000; Nriagu, 2007). For removal
of heavy metal contaminant effluent, number of conventional
methods is in practice such as ion exchange, adsorption, chemical
precipitation, electrochemical treatment, membrane separation
and flotation. Among them adsorption is highly effective and
economical. Adsorption using microbial biomass can retain rela-
tively high quantities of metals by means of a passive process
known as biosorption-a novel method developed in the 1990s
(Pümpel & Schinner, 1993). Many natural materials have been
studied in biosorption including yeast, fungi, bacteria and seaweed
for recovery of metals from aqueous solution with persuasive re-
sults (Arica, Kacar, & Genc, 2001). The microbial biomass produced
by microorganisms is mostly biopolymers and is often EPS. The
biosorption of heavy metals by EPS is consider as non-metabolic,
and energy independent and performed by interaction between
metal cations and negative charge of acidic functional groups of EPS
(Kim, Kim, Kim, & Oh, 1996).

Strain Enterococcus faecalis included in lactic acid bacteria (LAB)
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group and preferably using in many commercial probiotic feed
additives to poultry, cattles, etc., due to Generally Recognized As
Safe (GRAS) status with many beneficial attributes (Fernandez,
Martinez-Bueno, Martin, Valdivia, & Maqueda, 2007; Javed,
Masud, Ain, Imran, & Maqsood, 2011). And bacteriocins producing
E. faecalis strains have been isolated from different sources and
reported by many researchers for its antagoninstic activity against
important pathogenic bacteria. In this aspect, in our previous study,
probiotic LAB strain E. faecalis DU10 have been isolated from duck
intestine and studied its beneficial probiotic attributes and antag-
onistic activity against important poultry pathogen Salmonella
(Venkatesh, Ayyanna, Ankaiah, & Arul, in press). This LAB E. faecalis
could also be able to synthesize EPS. However, an isolation and
characterization study of EPS from E. faecalis remains scarce or
limited. Therefore in this present study, EPS produced by probiotic
LAB E. faecalis DU10 was isolated and studied with respect to its
physicochemical characterization using multivariate experimental
design methodologies. Some important properties such as bio-
sorption capacity to remove heavy metal ions Cu(II), Zn(II), Pb(II)
and Cd(II), antioxidant properties, antibiofilm activity, thermosta-
bility and rheological properties were investigated. In addition,
shifting in peak positions of potential functional groups of EPS
involved in biosorption were unraveled by FTIR. Hence, this work
will afford some fundamental information, to act as a practical
guide to use of this EPS for various biological tasks. Within the
limits of our knowledge, this is the first report on detailed char-
acterization of EPS from probiont E. faecalis isolated from the in-
testinal homogenate of duck.

2. Materials and methods

2.1. Microorganism and chemicals

The bacterial strain E. faecalis DU10 (GenBank: KJ622043) was
isolated from duck intestinal homogenate in our laboratory and
maintained in MRS (deMan, Rogosa and Sharpe) agar medium and
glycerol stock. MRS, TSB (tryptone soya broth), BHI (brain heart
infusion broth), and xanthan were procured from Himedia (Mum-
bai). AKTA prime plus and Phenyl Sepharose column were pur-
chased from GE Healthcare (Sweden). Nitroblue tetrazolium (NBT),
Phenazine methosulfate (PMS), NADH (b-nicotinamide adenine
dinucleotide), butylated hydroxyl toluene (BHT), D2O (Deuterium
oxide), and trimethylsilyl (TMS) were purchased from Sigma-
eAldrich (USA). Synthetic metal solution of Cu(II), Zn(II), Pb(II), and
Cd(II) was prepared by dissolving calculated quantity of copper
sulphate, zinc sulphate, lead nitrate, and cadmium chloride
respectively in double distilled water. All reagents were used
analytical grade.

2.2. Extraction, purification, quantification and estimation of
molecular weight of EPS

Bacterial strain was inoculated (6.0 log cfu/mL) in 1000 mL MRS
medium and incubated (35 �C, 48 h) then heated (100 �C,15min) in
order to deactivate EPS degrading enzymes. Cell free supernatant
(CFS) obtained by centrifugation (8000g, 15 min, 4 �C) was added
with two fold ice cold 99% ethanol was kept at 4 �C for overnight.
The EPS pellet was collected by centrifugation (10,000g, 20 min,
4 �C) and then was dissolved in minimal volume of phosphate
buffer (50 mM, pH-7) and dialyzed against the same buffer to
overnight in the dialysis membrane (10 kDa). Dialyzed EPS was
lyophilized (Virtis) and dissolved in phosphate buffer containing
0.5 M NaCl and gel filtered through phenyl sepharose column
(AKTA prime plus) using the same phosphate buffer with flow rate
of 1 mL/min. The eluted fractions were collected and lyophilized for
further characterization.
The EPS was quantified by phenol-sulfuric acid method (Dubois,

Gilles, Hamilton, Rebers, & Smith, 1956), which was expressed
relative to a glucose standard.

Approximate molecular weight of EPS was estimated by AKTA
prime plus with size exclusion column filled with Sephadex G75.
EPS was eluted with 0.5 M NaCl solution at a flow rate of 0.5 mL/
min. Different molecular weight of dextrans 10, 15e20, 30e40, and
500 kDa (Himedia, Mumbai) were used as standards to establish a
calibration curve and from this the molecular mass of EPS was
calculated (Pan & Mei, 2010).

2.3. Characterization of EPS

The monosaccharide analysis of the EPS was carried out in
HPTLC. The EPS was hydrolyzed with 3 M trifluoroacetic acid (TFA)
(120 �C, 4 h) and then syringe filtered (0.45 mm). HPTLC analysis
was performed using winCATS Planar Chromatography Manager
(Switzerland) with 10.0� 10.0 cm TLC silica plate (Sigma, USA). Ten
mL of samples sprayed on TLC plates (8 mm band length) using N2
gas with 17.5 mm distance between tracks. Acetonitrle and HPLC
gradewater (90:10) were used asmobile phase. After 30min of run,
the platewas dried (60 �C, 5 min) and then the bands were scanned
at 254 nm. Monosaccharides were identified by comparison of their
Rf (retardation factor) values with pure standards analyzed under
the same conditions.

Functional groups of EPS was determined using Fourier trans-
formed infrared (FTIR) spectroscopy analysis. A pressed pellet of
1mg EPSwith 180mg potassium bromide (KBr) was analyzed using
IR spectrometer (Thermo Nicolet Model: 6700) in transmission
mode with a resolution of 4 cm�1 in the 4000e400 cm�1 range.

The hydrolyzed EPS was dissolved in 0.5 mL D2O and the proton
and carbon number of EPS was identified and confirmed by 1H and
13C NMR experiments using a Bruker Avance-II 400 NMR spec-
trometer (1H frequency ¼ 400.13 MHz, 13C
frequency ¼ 100.62 MHz) at 298 K using 5-mm broad band inverse
probe head equipped with shielded z-gradient and XWIN-NMR
software version 3.5 using TMS as an internal reference and the
chemical shifts are expressed in ppm.

2.4. Thermal properties of EPS by TGA and DSC

To develop the polymer nature, the pyrolysis and combustion
were carried out in thermal analyzer instrument (Model: Q600
SDT) operating at atmospheric pressure. Briefly, 10 mg EPS was
placed in a platinum crucible and heated at a linear heating rate
(10 �C/min) from 25 to 300 �C. The experiments were performed
separately in air and nitrogen atmosphere at a flow rate of 50 mL/
min. Prior to the experiment, TGA/DTA unit was calibrated for
temperature reading using indium as melting standard.

For differential scanning calorimeter (TA e Q20 DSC), 5 mg EPS
was placed in an aluminum pan and analyzed. Empty panwas used
as a reference, for determining the melting point and enthalpy
change. The heating rate was 10 �C/min from 20 to 300 �C. Xanthan
gumwas used as reference material for both TGA and DSC analysis.

2.5. Applications of EPS

2.5.1. Quantification of metal adsorption
Themetal adsorbed by EPSwas quantified according to Shuhong

et al., (2014). Briefly, 50 mL (10 mg/L) metal solution was mixed
with 2.0 mL (10 mg/L) EPS solution. Then the reaction mixture was
incubated in dark (25 �C, 5 h) and then centrifuged (10,000g,
10 min, 4 �C). The concentration of metal ions in the supernatant
was determined by AAS (GBC-SavantAA).
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2.5.2. In vitro antioxidant assays
The antioxidant activities of EPS at different concentrations

(0.005e0.25 mg/mL) on scavenging of DPPH, OH and superoxide
radical were performed and BHT was used as positive control.
Scavenging of DPPH radical on EPS was determined according to
the method described by Shimada, Fujikawa, Yahara, and
Nakamura (1992). Briefly, 4 mL reaction mixture contains 2 mL
DPPH (0.1 mM in absolute ethanol) and 2 mL EPS. The mixture was
incubated (25 �C,15min) and then the absorbancewasmeasured at
517 nm. The scavenging activity was determined by the following
formula (%) ¼ [1 � Asample/Ablank] � 100.

Scavenging of OH radical was evaluated by the method
described byWinterbourn and Sutton (1984). The reaction mixture
of 4.5 mL which contains 1 mL PBS (pH 7.4, 0.15 M), 1 mL safranin
(40 mg/mL), 1 mL EDTA-Fe(II) (0.945 mM), 1 mL H2O2 (3% (V/V)) and
0.5 mL EPS was prepared. The reaction mixture was incubated
(37 �C, 30 min) then the absorbance was measured at 560 nm. The
hydroxyl scavenging activity was evaluated by using the following
formula (%) ¼ [(Ablank e Asample)/Ablank] � 100.

The superoxide radical scavenging activity was measured ac-
cording to the method described by Liu, Ooi, and Chang (1997).
Briefly, 3 mL reaction mixture which prepared with 0.1 M sodium
phosphate buffer (pH 7.4), contains 156 mM NADH, 52 mM NBT,
20 mM PMS and1 mL EPS. The reaction mixture was incubated
(25 �C, 5 min) then the absorbance was red at 560 nm. The su-
peroxide scavenging activity was measured using the following
formula (%) ¼ (1 � Asample/Ablank) � 100.
Fig. 2. (A) Sugar composition of EPS DU10 by HPTLC. T1-hydrolyzed EPS DU10, T2-
xylose, T3-mannose, T4-arabinose, T5-fructose. (B) FT-IR spectra analysis of EPS DU10.
2.5.3. In vitro antibiofilm of EPS
The antibiofilm activity was investigated by a modified micro-

titer plate method. The reaction mixture (200 mL) was prepared by
adding 180 mL TSB/BHI broth, 10 mL biofilm forming pathogenic
bacteria culture (Listeria monocytogenes, Vibrio vulnificus, Vibrio
fischeri and Salmonella typhi), 10 mL EPS at different concentrations
(0.025, 0.050, 0.1 mg/mL). After incubation (37 �C,18 h) the reaction
mixture was discarded and washed with 200 mL PBS. The biofilm
fixed by adding 50 mL methanol and incubated for 10 min. Then the
methanol was discarded and washed with PBS. The 96 well mi-
crotiter plate was stained with 0.2% crystal violet solution. After
washingwith dis. H2O,100 mL acetic acid (0.5 M) was added and the
absorbance was measured at 570 nm. Control was prepared with
broth (without pathogens). Antibiofilm activity was calculated by
the following formula (%) ¼ Control � Test/Control � 100.
Fig. 1. Purification of EPS DU10 through phenyl sepharose column
2.5.4. Rheological properties
The viscosity measurements were carried out using Brookfield

LVDV-3 ultra programmable rheometer (USA) at room temperature
with 10 rpm. Two percentage EPS sample was made in dis. H2O to
measure the viscosity at different temperature (25 and 45 �C) and
pH (3, 6 and 9). To determine the effect of ionic solutions, EPS
sample was made by dissolving with 0.1 M NaCl, and KCl solutions.
2.6. Statistics study

All the experiments were carried out in triplicate and the results
at 280 nm using Akta Prime plus protein purification system.
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expressed as mean ± standard deviation (SD). Comparisons of data
on antioxidant and antibiofilm activity were performed using one-
way analysis of variance (ANOVA) followed by Tukey's test by using
OriginPro 8.5. Results were considered statistically different at
P< 0.05.

3. Results and discussion

3.1. Purification, quantification and molecular mass of EPS

The EPS produced by E. faecalisDU10was purified and the purity
was determined through phenyl sepharose column using AKTA
prime plus (Fig. 1). The EPS production was found to be 840 mg/L,
which is significantly greater than that reported for other LAB
strains such as Lactobacillus plantarum KF5 (75.57 mg/L) (Yanping
et al., 2010), L. plantarum (140 mg/L) and Lactobacillus para-
plantarum (297 mg/L) (Zotta, Piraino, Parente, Salzano, & Ricciardi,
2008). However, it is lower than Enterococcus faecium MC13 (1 g/L)
(Kanmani et al., 2013).

A calibration curve of known molecular weight dextrans was
established by SEC (AKTA prime plus) with Sephadax G75 size
Fig. 3. NMR analysis of EPS DU10. (A) 1H NMR
exclusion column (Fig. A). The correlation coefficient R2 value
0.9376 of this calibration curve indicates a highly significant accu-
racy and from this calibration curve the average molecular weight
of EPS DU10 was calculated to be 2.26 � 105 Da.

3.2. Characterization of EPS

HPTLC analysis showed that EPS DU10 is composed of fructose
and arabinose are as major constituents and xylose and mannose
are as minor constituents in the approximate proportion of 45.37%,
28.65%, 15.56%, 10.52% respectively (Fig. 2A).

The IR spectrum of EPS DU10 (Fig. 2B) showed an intense broad
peak around 3400 cm�1, is common to all polysaccharides, repre-
sents rounded trait typical of hydroxyl groups (OeH) and bound
water, which overlaps in part with theweak CeH stretching peak of
CH2 groups appearing at 2940 cm�1. The well-defined envelope
found between 1200 and 900 cm�1 represents skeletal CeO and
CeC vibration bands of glycosidic bonds and pyranoid ring, which
also represents the presence of carbohydrates. Observed peaks
between 850 and 970 cm�1 found in EPS DU10 correspond to the
linkages taken place between monosaccharides. A unique peak at
of EPS DU10, (B) 13C NMR of EPS DU10.



Fig. 4. A. Thermogravimetric analysis (TGA), B. Differential scanning calorimetric (DSC)
analysis of EPS DU10 isolated from Enterococcus faecalis DU10.

Fig. 5. The metal biosorption capacity of EPS DU10 for Cu(II), Zn(II), Pb(II), Cd(II). The
results are represented as mean ± SD of three independent experiments.
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1240 cm�1 of EPS DU10 will appear only in bacterial EPS including
algae (Wang et al., 2008).

Further, 1H and 13C NMR (Fig. 3) exhibits the typical bands and
peak characteristics of EPS DU10. The 13C absorption at ppm 66.55
(C-1), 114.44 (C-2), 70.63 (C-3), 72.32 (C-4), 72.99 (C-5), and 68.41
(C-6) correlated with 1H absorption at ppm 3.73 (C-1), 4.45 (C-2),
3.97 (C-3), 4.56 (C-4), 3.75 (C-5), and 3.77 (C-6) are suggest the
presence of a-D-fructose. The 13C absorption at ppm 114.44 (C-1),
93.97 (C-2), 76.08 (C-3), 93.60 (C-4), 66.55 (C-5), 60.9 (C-6) corre-
lated with 1H absorption at ppm 5.11 (C-1), 4.45 (C-2), 3.97 (C-3),
4.43 (C-4), 3.93 (C-5), and 3.68 (C-6) are corresponding to the
presence of a-D-arabinose. The 13C absorption at ppm 96.39 (C-1),
72.99 (C-2), 68.41 (C-3), 76.08 (C-4), 60.90 (C-5), and 66.90 (C-6)
correlatedwith 1H absorption at ppm 4.52 (C-1), 3.33 (C-2), 3.48 (C-
3), 3.73 (C-4), 3.97 (C-5), and 3.42 (C-6) are suggest the presence of
b-D-xylose. The 13C absorption at ppm 96.36 (C-1), 72.30 (C-2), 71.16
(C-3), 68.41 (C-4), 66.79 (C-5), and 60.90 (C-6) correlated with 1H
absorption at ppm 5.11 (C-1), 3.93 (C-2), 3.53 (C-3), 3.62 (C-4), 3.82
(C-5), and 3.73 (C-6) are corresponding to the presence of a-D-
mannose.

3.3. Thermal analysis by TGA and DSC

The thermostable property of EPS plays an essential role for its
industrial utilization (Marinho-Soriano & Bourret, 2005). The TGA
analysis (weight loss versus temperature) showed that EPS DU10
degrades in two steps (Fig. 4A). In the first step, due to moisture
content the weight loss (12.5%) was observed up to 90 �C. There-
after, in the second step, depolymerization occurred up to 275 �C
and weight loss of 46.85% was observed. This depolymerization
temperature of EPS DU10 is modest similar to reference material
xanthan gum (278 �C with 30% of weight loss) (Fig. 4A), and also
comparable with early reported polymers such as KF5 EPS
(279.59 �C) isolated from L. plantarum KF5, locust gum (278.46 �C)
(Yanping et al., 2010), at the same time, lower than EPS isolated
from Oceanobacillus iheyensis (380 �C) (Kumari, Vijay, Avinash, &
Bhavanath, 2014).

Beside chemical properties, the energy level of exopoly-
saccharides by thermal characterization determines its commercial
value in industrial purposes. So, the thermal transition of EPS DU10
was studied by differential scanning calorimetric analysis. EPS
DU10 has exhibited amorphous to crystalline transition (Tc) tem-
perature at 167 �C (Fig. 4B), thereafter themelting transition started
from 270 �C. Whereas, the reference material xanthan gum analog
showed significantly low Tc at 92 �C and slightly high melting
transition at 290 �C. The melting transition of EPS DU10 was
significantly higher than some early reported EPS such as EPS of
O. iheyensis (176 �C) (Kumari et al., 2014), L. plantarum KF5
(86.35 �C) (Yanping et al., 2010), mutant Bacillus polymyxa
(183.25 �C) (Kwon, Joo, & Oh, 1992). These thermal properties of
EPS DU10 exhibits its potential stability and proving to be useful in
model food matrices or hydrocolloids.

3.4. Potential applications of EPS

3.4.1. Metal adsorption
The metal adsorption capacity by EPS DU10 was varied against

different metal ions (Fig. 5). EPS DU10 showed excellent bio-
sorption for Zn(II) (515.78 ± 0.7 mg/g) than Pb(II) (424.42 ± 0.9 mg/
g), Cd(II) (334.4 ± 1.4 mg/g), and Cu(II) (232.9 ± 0.3 mg/g). These
biosorption are higher than EPS from Arthrobacter ps-5 for Pb(II)
(331.8 mg/g) and Cu(II) (257.9 mg/g) (Shuhong et al., 2014). Simi-
larly a biofloculant isolated from Achromobacter sp. isolated fromoil
refinery waste shows less Zn(II) (430 mg/L) and Pb(II) (30 mg/L)
adsorption than EPS DU10 (Subudhi et al.,2014). Zhou, Wang, Shen,
Hou, and Zhang (2009) also reported a novel EPS from deep sea
mesophilic bacterium able to adsorb Cu(II) and Pb(II) comparable to
EPS DU10. This is the first report of EPS produced by a bacterium



Fig. 6. IR Spectra of EPS after metal absorption (A) Cu(II), (B) Zn(II), (C) Pb(II), (D) Cd(II). The continuous line denotes the IR spectra of dialyzed EPS DU10. The discontinuous dot line
denotes the IR spectra of metal bearing EPS after biosorption.
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isolated from duck intestine showing four different metal adsorp-
tion activities.

When comparing IR spectrum of purified EPS with metal
bearing EPSs, the peak positions noted that clearly shifted (Fig. 6
A,B,C,D). The intense broad peak of hydroxyl groups (OeH) in EPS
found at 3358 cm�1 shifted to 3422, 3390, 3397, 3402 cm�1 in the
metal bearing EPSs of Cu(II), Zn(II), Pb(II) and Cd(II) respectively.
Similarly, weak CeH stretching peak of CH2 groups of EPS DU10
appeared at 2950 cm�1 shifted to 2917, 2910, 2930 and 2936 cm�1

respectively, likewise C]O peak of EPS DU10 shifted from
1645 cm�1 to 1632, 1645.7, 1651 and 1623 cm�1 respectively.
Similarly, peak found at 1242 cm�1 of EPS DU10 represents skeletal
CeO and CeC vibration bands of glycosidic bonds and pyranoid ring
shifted to 1236.7, 1236, 1236 and 1229 cm�1 respectively. The
C � O � C shifted from 1044.6 cm�1 to 1019, 1050.9, 1057 and
1057 cm�1 respectively. Moreover, decrease in intensity of peaks
was observed in all metal bearing IR spectrums.
3.4.2. Antioxidant properties
The antioxidant property of EPS DU10 was evaluated by DPPH,

OH radical and superoxide radical scavenging activity at different
concentrations (0.005e0.25 mg/mL) (Fig. 7A,B,C). The DPPH is a
stable free radical that can readily undergo scavenging by antioxi-
dant. Hence, DPPH free radical has been widely accepted as a tool
for evaluating the free radical scavenging activities of natural
compounds (Leong & Shui, 2002). EPS DU10 showed maximum
scavenging (26.6 ± 0.47%) of DPPH at 0.1 mg/mL and it was
observed that the scavenging was increased on dose dependent
manner and showed similar or slightly lower activity when
compared with BHT (Fig. 7A).

Among the oxygen radicals, hydroxyl radical is the most reactive
and induces severe damage to adjacent biomolecules. Since hy-
droxyl radicals can easily cross cell membranes, they react with
most biomolecules causing tissue damage and cell death. Therefore,
removing of hydroxyl radicals is important for the protection of
living systems (Cheng, Ren, Li, Chang,& Chen, 2002) and (Sakanaka,
Tachibana, & Okada, 2005). As shown in Fig. 7B, the hydroxyl
radical scavenging activity by EPS DU10 was dose dependent and
attainedmaximum activity (30.49 ± 0.38%) at 0.25mg/mL. BHTwas
showed to have higher activity in all tested concentrations than
EPS. On the contrary, mushroom Gomphidius rutilus produced EPS
(GREP) reported to be slightly higher than that of BHT in hydroxyl
radical scavenging activity at the tested concentrations (Chanjuan,
Zhanyong, Tingting, Jing, & Xianghua, 2012).

The occurrence of superoxide anion could cause cellular damage
due to it produces other free radicals and oxidizing agents, there-
fore indirectly commences lipid peroxidation (Athukorala, Kim, &
Jeon, 2006). The rate of superoxide scavenging of EPS DU10 and
BHT were directly proportional to their concentrations and the
inhibition by EPS DU10 is significantly similar to BHT in all used
concentrations (Fig. 7C). This result is highly supported by
Chanjuan et al., (2012). These results remarkably enlighten the



Fig. 7. Antioxidant activities of EPS DU10. (A) DPPH scavenging activity of EPS DU10. (B) OH radical scavenging activity of EPS DU10. (C) Superoxide scavenging radical activity of EPS
DU10. White and black dots bars denoted control BHT and EPS DU10 respectively. Each value is the mean ± S.D of three replicate analysis; bars with different superscript letters are
statistically significant (Oneway Anova test; p < 0.05 and subsequently multiple comparison with Tukey's method).
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potential antioxidant properties of EPS DU10.
3.4.3. Antibiofilm activity
EPS DU10 displayed significant inhibition of biofilms formation

by pathogenic strains at all tested concentrations and the reduction
was significantly (p < 0.05) increased in dose dependent manner
(Fig. 8). EPS DU10 showed maximum activity of 46.31 ± 0.68%
against S. typhi than V. fischeri (44.52 ± 0.39%), L. monocytogenes
(43.36 ± 0.47%) and V. vulnificus (40.63 ± 0.39%) at 0.1 mg/mL
concentration. The inhibition for S. typhi (46.31 ± 0.68%) by EPS
DU10 is greater than that previously reported EPS of Streptococcus
phocae PI80 (25%) with 1 mg/mL (Kanmani et al., 2011). EPS of E.
faecium MC13 and S. phocae PI80 reported that 60% and 67% of
biofilm inhibition respectively for L. monocytogenes at 1 mg/mL EPS
concentration (Kanmani et al., 2011, 2013). Hence it is worth to
notice that EPS DU10 attained 43.36 ± 047% inhibition for



Fig. 8. Antibiofilm activity of EPS DU10. Each value is the mean ± S.D of three replicate
analysis; bars with different superscript letters are statistically significant (Oneway
Anova test; p < 0.05 and subsequently multiple comparison with Tukey's method).
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L. monocytogenes at much lower concentration (0.1 mg/mL). The
mechanism of inhibition of biofilm formation by the EPS is by
inhibiting the initial attachment and autoaggregation of E. coli cells
by partially affecting the bacterial surface properties (Kim, Oh, Kim.,
.2009) (see Fig. 8).
3.4.4. Rheological properties
The effect of temperature (25 and 45 �C), pH (3, 6, 9) and ionic

conditions (0.1M CaCl2, NaCl, KCl) in the viscosity of EPS were done.
The result showed that EPS DU10 (Table 1) has high viscosity
(263 ± 5 mPa) at 25 �C than 45 �C (208 ± 4 mPa), it is due to
decreased interaction between molecules at higher temperature
loosened the polymer structure, resulting in lower viscosity
agreeing with the previous report by Freitas et al., (2009). Among
three different pH conditions EPS DU10 showed high viscosity
(271 ± 1 mPa) at pH 3 and decreased viscosity at pH 9
(231 ± 2 mPa); this is probably because the intermolecular
arrangement of charged polymers extended by electrostatic
repulsion or contracted by electrostatic attraction between the
polymer chains of ionic solution (Kanmani et al., 2011). With the
presence of 0.1 M NaCl solution EPS DU10 showed significantly
increased viscosity (277 ± 6 mPa) than 0.1 M KCl (271 ± 2 mPa)
solution. These results suggest that EPS DU10 has good stable
intrinsic viscosity.
Table 1
Viscosity of EPS DU10. The results are represented as mean ± SD of three inde-
pendent experiments.

Rheological factors EPS DU10 (mPa)

Temperature 25 �C 263 ± 5
45 �C 208 ± 4

pH 3 271 ± 1
6 269 ± 1
9 231 ± 2

Solution NaCl 277 ± 6
KCl 271 ± 2
4. Conclusion

EPS DU10 produced by duck intestinal isolate E. faecalis showed
heterogeneity in sugar composition, and thermally stable with
good intrinsic viscosity at different conditions. This EPS DU10
exhibited excellent metal biosorption for Zn(II), Pb(II), Cd(II) and
Cu(II). The antioxidant properties and excellent antibiofilm activity
against pathogenic bacteria of EPS DU10 promising its pharmaco-
logical applications. Thus, this EPS DU10 may find use as a bio-
sorbant agent in heavy metal removal as well as desirable
properties with reference to be use in biofilm making and food
industry.

Acknowledgments

Council of Scientific and Industrial Research (CSIR), New Delhi is
gratefully acknowledged by Venkatesh Perumal for his research
fellowship.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2016.01.005.

References

Arica, M. Y., Kacar, Y., & Genc, O. (2001). Entrapment of white-rot fungus Trametes
versicolor in Ca-alginate beads: preparation and biosorption kinetic analysis for
cadmium removal from an aqueous solution. Bioresource Technology, 80,
121e129.

Athukorala, Y., Kim, K. N., & Jeon, Y. J. (2006). Antiproliferative and antioxidant
properties of an enzymatic hydrolysate from brown alga, Ecklonia cava. Food
and Chemical Toxicology, 44, 1065e1074.

Axtell, N. R., Sternberg, S. P. K., & Claussen, K. (2003). Lead and nickel removal using
microspora and lemna minor. Bioresource Technology, 89, 41e48.

Chanjuan, G., Zhanyong, W., Tingting, S., Jing, Z., & Xianghua, Y. (2012). Optimisation
of exopolysaccharide production by Gomphidius rutilus and its antioxidant ac-
tivities in vitro. Carbohydrate Polymers, 87, 2299e2305.

Cheng, Z. Y., Ren, J., Li, Y. Z., Chang, W. B., & Chen, Z. D. (2002). Study on the multiple
mechanisms underlying the reaction between hydroxyl radical and phenolic
compounds by qualitative structure and activity relationship. Bioorganic and
Medicinal Chemistry, 10, 4067e4073.

Davis, T. A., Ramirez, M., Mucci, A., & Larsen, B. (2004). Extraction, isolation and
cadmium binding of alginate from Sargassum spp. Journal of Applied Phycology,
16, 537e540.

Davis, T. A., Volesky, B., & Vieira, R. H. S. F. (2000). Sargassum seaweed as biosorbent
for heavy metals. Water Research, 34, 4270e4278.

De Vuyst, L., & Degeest, B. (1999). Heteropolysaccharides from lactic acid bacteria.
FEMS Microbiology Reviews, 23(2), 153e177.

Dubois, M., Gilles, J. K., Hamilton, P. A., Rebers, P. A., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical Chem-
istry, 28(3), 350e356.

Fernandez, M., Martinez-Bueno, M., Martin, M. C., Valdivia, E., & Maqueda, M.
(2007). Heterologous expression of enterocin AS-48 in several strains of lactic
acid bacteria. Journal of Applied Microbiology, 102, 1350e1361.

Flemming, H., & Wingender, J. (2010). The biofilm matrix. Nature Reviews Microbi-
ology, 8, 623e633.

Freitas, F., Alves, V. D., Carvalheira, M., Costa, N., Oliveira, R., & Reis, M. A. M. (2009).
Emulsifying behaviour and rheological properties of the extracellular poly-
saccharide produced by Pseudomonas oleovorans grown on glycerol byproduct.
Carbohydrate Polymers, 78, 549e556.

Javed, A., Masud, T., Ain, Q., Imran, M., & Maqsood, S. (2011). Enterocins of
Enterococcus faecium, emerging natural food preservatives. Annals of Microbi-
ology, 61, 699e708.

Kanmani, P., Suganya, K., Yuvaraj, N., Pattukumar, V., Paari, K. A., & Arul, V. (2013).
Synthesis and functional characterization of antibiofilm exopolysaccharide
produced by Enterococcus faecium MC13 isolated from the gut of fish. Applied
Biochemistry and Biotechnology, 169, 1001e1015.

Kanmani, P., Satish, K. R., Yuvaraj, N., Paari, K. A., Pattukumar, V., & Arul, V. (2011).
Production and purification of a novel exopolysaccharies from lactic acid bac-
terium Streptococcus phocae PI80 and its functional characteristics activity
in vitro. Bioresource Technology, 102, 4827e4833.

Kim, S. Y., Kim, J. H., Kim, C. I., & Oh, O. K. (1996). Metal adsorption of the poly-
saccharide produced from Methylobacterium organophilum. Biotechnology Let-
ters, 18, 1161e1164.

Kim, Y., Oh, S., & Kim, S. H. (2009). Released exopolysaccharide (r-EPS) produced
from probiotic bacteria reduce biofilm formation of enterohemorrhagic

http://dx.doi.org/10.1016/j.lwt.2016.01.005
http://dx.doi.org/10.1016/j.lwt.2016.01.005
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref1
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref1
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref1
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref1
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref1
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref2
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref2
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref2
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref2
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref3
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref3
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref3
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref4
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref4
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref4
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref4
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref5
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref5
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref5
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref5
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref5
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref6
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref6
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref6
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref6
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref7
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref7
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref7
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref8
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref8
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref8
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref9
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref9
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref9
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref9
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref10
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref10
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref10
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref10
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref11
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref11
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref11
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref12
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref12
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref12
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref12
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref12
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref13
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref13
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref13
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref13
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref14
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref14
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref14
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref14
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref14
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref15
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref15
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref15
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref15
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref15
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref16
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref16
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref16
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref16
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref17
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref17


P. Venkatesh et al. / LWT - Food Science and Technology 68 (2016) 606e614614
Escherichia coli O157:H7. Biochemical and Biophysical Research Communications,
379(2), 324e329.

Kumari, K., Vijay, K. S., Avinash, M., & Bhavanath, J. (2014). Characterisation and
anti-biofilm activity of extracellular polymeric substances from Oceanobacillus
iheyensis. Carbohydrate Polymers, 101, 29e35.

Kwon, G. S., Joo, H. K., & Oh, T. K. (1992). Isolation of exopolysaccharide producing
Bacillus polymyxa KS-1 and some properties of exopolysaccharide. Korean
Journal of Applied in Microbiology and Biothechnology, 20, 34e39.

Leong, L. P., & Shui, G. (2002). An investigation of antioxidant capacity of fruits in
Singapore market. Food Chemistry, 76, 69e75.

Liu, C., Lu, J., Lu, L., Liu, Y., Wang, F., & Xiao, M. (2010). Isolation, structural char-
acterization and immunological activity of an exopolysaccharide produced by
Bacillus licheniformis 8e37-0e1. Bioresource Technology, 101, 5528e5533.

Marinho-Soriano, E., & Bourret, E. (2005). Polysaccharides from the red seaweed
Gracilaria dura Gracilariales Rhodophyta,. Bioresource Technology, 96, 379e382.

Liu, F., Ooi, V. E. C., & Chang, S. T. (1997). Free radical scavenging activities of
polysaccharide extracts. Life Sciences, 60, 763e771.

Nriagu, J. (2007). Zinctoxicity in humans. Amsterdam: Elsevier.
Pan, D., & Mei, X. (2010). Antioxidant activity of an exopolysaccharide purified from

Lactococcus lactis subsp. lactis 12. Carbohydrate Polymers, 80, 908e914.
Pümpel, T., & Schinner, F. (1993). Native fungal pellets as biosorbent for heavy

metals. FEMS Microbiology Reviews, 11, 159e164.
Sakanaka, S., Tachibana, Y., & Okada, Y. (2005). Preparation and antioxidant prop-

erties of extracts of Japanese persimmon leaf tea (kakinoha-cha). Food Chem-
istry, 89, 569e575.

Shimada, K., Fujikawa, K., Yahara, K., & Nakamura, T. (1992). Antioxidative proper-
ties of xanthan on the autoxidation of soybean oil in cyclodextrin emulsion.
Journal of Agricultural Food Chemistry, 40, 945e994.
Shuhong, Y., Zhiyang, M., Zhaofang, L., Yan, L., Meiping, Z., & Jihui, W. (2014). Effects
of carbohydrate sources on biosorption properties of the novel exopoly-
saccharides produced by Arthrobacter ps-5. Carbohydrate Polymers, 112,
615e621.

Subudhi, S., Batta, N., Pathak, M., Bisht, V., Devi, A., Lal, B., et al. (2014). Bioflocculant
production and biosorption of zinc and lead by a novel bacterial species, Ach-
romobacter sp. TERI-IASST N, isolated from oil refinery waste. Chemosphere, 113,
116e124.

Venkatesh, P., Ayyanna, R., Ankaiah, D., & Arul, V. (2015). Partial purification and
characterization of bacteriocin produced by Enterococcus faecalis DU10 and its
probiotic attributes. Preparative Biochemistry and Biotechnology. in press.

Wang, Y., Ahmed, Z., Feng, W., Li, C., & Song, S. (2008). Physicochemical properties of
exopolysaccharide produced by Lactobacillus kefiranofaciens ZW3 isolated from
Tibet kefir. International Journal of Biological Macromolecules, 43, 283e288.

Winterbourn, C. C., & Sutton, H. C. (1984). Hydroxyl radical production from
hydrogen peroxide and enzymatically generated paraquat radicals: catalytic
requirements and oxygen dependence. Archives of Biochemistry and Biophysics,
235, 116e126.

Yanping, W., Chao, L., Peng, L., Zaheer, A., Ping, X., & Xiaojia, B. (2010). Physical
characterization of exopolysaccharide produced by Lactobacillus plantarum KF5
isolated from Tibet Kefir. Carbohydrate Polymers, 82, 895e903.

Zhou, W., Wang, J., Shen, B., Hou, W., & Zhang, Y. (2009). Biosorption of copper(II)
and cadmium(II) by a novel exopolysaccharide secreted from deep-sea meso-
philic bacterium. Colloids and surfaces. B, Biointerfaces, 72(2), 295e302.

Zotta, T., Piraino, P., Parente, E., Salzano, G., & Ricciardi, A. (2008). Characterization
of lactic acid bacteria isolated from sourdoughs for Cornetto, a traditional bread
produced in Basilicata (Southern Italy). World Journal of Microbiology and
Biotechnology, 24, 1785e1795.

http://refhub.elsevier.com/S0023-6438(16)30005-6/sref17
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref17
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref17
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref18
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref18
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref18
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref18
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref19
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref19
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref19
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref19
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref20
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref20
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref20
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref21
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref35
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref35
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref35
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref22
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref22
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref22
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref23
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref24
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref24
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref24
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref36
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref36
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref36
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref25
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref25
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref25
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref25
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref26
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref26
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref26
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref26
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref27
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref27
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref27
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref27
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref27
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref28
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref28
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref28
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref28
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref28
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref29
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref29
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref29
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref30
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref30
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref30
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref30
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref31
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref31
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref31
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref31
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref31
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref32
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref32
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref32
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref32
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref33
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref33
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref33
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref33
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref34
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref34
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref34
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref34
http://refhub.elsevier.com/S0023-6438(16)30005-6/sref34


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 615e618
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Short communication
The optimization of spray drying process of Lactobacillus reuteri

Yu Liu a, b, Yang Li b, Tongrui Shi b, Jinghu Zhao a, Huaxin Wang a, Tong Liu a, Shan Yue a,
Jinling Zhou a, Liquan Yu c, Yulong Zhou a, Zhanbo Zhu a, *

a College of Animal Science and Veterinary Medicine, HeiLongJiang BaYi Agricultural University, Daqing 163319, PR China
b Veterinary Science Research Institute of HeiLongJiang Province, Qiqihar 161006, PR China
c College of Life Science and Biotechnology, HeiLongJiang BaYi Agricultural University, Daqing 163319, PR China
a r t i c l e i n f o

Article history:
Received 20 July 2015
Received in revised form
24 December 2015
Accepted 4 January 2016
Available online 7 January 2016

Keywords:
SAS
Growth curve
Quadratic orthogonal rotation combination
design
Response surface methodology
* Corresponding author. Tel.: þ86 0452 6135235; fa
E-mail address: 316023132@qq.com (Z. Zhu).

http://dx.doi.org/10.1016/j.lwt.2016.01.008
0023-6438/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

This study optimized spray drying process of Lactobacillus reuteri (L. reuteri) and increased the survival
rate of bacteria using the optimized method. Experiments were designed with quadratic orthogonal
rotation combination design. Effects of independent variables on response value were analyzed by
response surface methodology. The results showed that the spray drying process was optimized as
follows: outlet temperature was 90 �C, inlet temperature was 140 �C, skim milk concentration was 20%
(w/v), feeding speed was 1200 mL/h. The effect of optimized process was verified by showing that the
mean survival rate was 72.50%, which was basically consistent with the predicted value (74.91%). This
study showed that quadratic orthogonal rotation combination design and response surface methodology
were useful tools for optimizing the spray drying process for L. reuteri DYF5. In addition, L. reuteri
preparations produced by optimized spray drying process yielded higher numbers of viable bacteria.
Thus, our finding provided a technical reference for industrial production.

© 2016 Elsevier Ltd. All rights reserved.
Lactobacillus reuteri (L. reuteri) is a common inhabitant of the
gastrointestinal tract of humans and animals (Hayek, Shahbazi,
Worku, & Ibrahim, 2013), and it belongs to the predominant
microflora. L. reuteri is tolerant to gastric acidity and bile, and can
adhere to gastrointestinal tract. L. reuteri exhibits strain-specific
beneficial properties relevant to humans and animals health
(Spinler et al., 2014). It produces many of the essential B complex
vitamins, such as vitamin B9 and vitamin B12 (Santos et al., 2011),
possibly as well as vitamin B1 (Saulnier et al., 2014) and vitamin B2.
In addition, many strains synthesize the antimicrobial compounds,
such as reuterin, peroxide hydrogen, and organic acids, which
inhibit Helicobacter pylori, Rotavirus, and other pathogens (Mehling
& Busjahn, 2013; Pancheniak et al., 2012). Given these benefits,
L. reuteri can be used in the research of animal microecological
agents with good prospects.

Because dry formulation is convenient for transportation and
storage, a range of processes have been developed to obtain dry
formulations with prolonged shelf-life, such as freeze drying, vac-
uum drying and spray drying. Spray drying is recognized as one of
the most convenient in terms of process yield, cost and application
x: þ86 0452 6135230.
(Yonekura, Sun, Soukoulis, & Fisk, 2014).
The survival rate of spray dried probiotic is influenced by several

process conditions that need to be optimized. However, the tradi-
tional optimization method has many drawbacks, such as large
number of runs, spending time and cost. However, the interactions
between the operating variables are not fully understood (Rezaee
et al., 2014). Response surface methodology (RSM) is a collection
of mathematical and statistical techniques applied for developing,
improving and optimizing a response affected by a number of
process variables. As a result, these drawbacks can be overcome
with RSM (Ma, Zhao, Gong, Xie, & Zhou, 2014).

In order to optimize spray drying techniques for L. reuteri, ex-
periments were designed using quadratic orthogonal rotation
combination designwith four independent factors (a¼ 2), inwhich
outlet temperature (�C), inlet temperature (�C), skim milk con-
centration (% w/v) and feeding speed (mL/h) were selected as the
independent variables and coded at five levels (�a, �1, 0, þ1, þa).
The upper limits and lower limits of the variables were selected
based on the results of preliminary experiments with a single-
factor test. Coded and actual values were shown in Table 1. The
variables were coded according to the following equation:
xi ¼ (Xi � X0)/△Xi, where xi is the coded value of the independent
variable, Xi is the real value of the independent variable, X0 is the
real value of the independent variable at the center point, and △Xi
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Table 1
Independent variables and the levels.

Coded X1 X2 X3 X4

Outlet temperature (�C) Inlet temperature (�C) Skim milk (% w/v) Feeding speed (mL/h)

ea (�2) 50 100 10 500
�1 70 120 15 1000
0 90 140 20 1500
þ1 110 160 25 2000
þa (þ2) 130 180 30 2500
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is the step change value. The survival rate of spray dried L. reuteri
was the Y value.

The datawere processed by SAS V8.0 software (data not shown).
The final obtained equation based on the coded factors was as
follows:

Y ¼ 74:91667þ 0:041667X1 þ 0:041667X2 þ 0:041667X3

þ 0:375X4 � 1:572917X2
1 � 0:1875X1X2 � 0:0625X1X3

þ 0:0625X1X4 � 1:322917X2
2 þ 0:4375X2X3 þ 0:0625X2X4

� 1:447917X2
3 þ 0:1875X3X4 � 1:322917X2

4

Based on the ANOVA results, F test results showed that the
model was statistically significant (P<0.0001). Moreover, for
response (Y), significant terms of the model were
X2
1; X

2
2; X

2
3; X

2
4; X4.

The effects of the independent variables on Y value were shown
as a three-dimensional response surface plot in Fig. 1 and Fig. 2. The
survival rate decreased with increasing outlet temperature and
inlet temperature in the range of 90e130 �C and 140e180 �C,
respectively. The maximum Y value of 74.91% appeared in the
center point, where outlet temperature was 90 �C, inlet
Fig. 1. The effects between X1 (outlet tem
temperature was 140 �C, skimmilk concentrationwas 20% w/v, and
feeding speed was 1200 mL/h (Fig. 1). The observed decrease of
survival rate might be due to cellular injuries resulted from dehy-
dration, and exposed to high temperatures in the atomizer during
droplet drying (Teixeira, Castro, Moh�acsi-Farkas, & Kirby, 1997).
Relatively high temperature caused more serious cellular injury
and death, and decline of the spray dried survival rate.

The survival rate decreased with decreasing skim milk in the
range of 20e10% w/v, and increasing feeding speed in the range of
1500e2500 mL/h. The maximum Y value appeared in the center
point (Fig. 2). On one hand, low concentration of skim milk pro-
vided a lower level of protection, caused the damages of cyto-
plasmic membrane and the death of bacteria. On the other hand,
high feeding speed would increase the water content of spray dried
powder, which caused the wet powder to stick to the container
wall. As a result, we observed a decline of the spray dried survival
rate.

Previous study demonstrated that Lactobacillus delbrueckii
subsp. bulgaricus 546 acquired enhanced thermotolerance after
moderate heat shock (Gouesbet, Jan, & Boyaval, 2002). In addition,
Heat-inducible thermotolerance could be provoked in Lactobacillus
bulgaricus which had been growing exponentially when they were
perature) and X2 (inlet temperature).



Fig. 2. The effects between X3 (skim milk concentration) and X4 (feeding speed).
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subjected to the sublethal heat stress (Teixeira, Castro, & Kirby,
1994), leading to higher spray dried survival of exponential-
growing L. bulgaricus (Teixeira, Castro, & Kirby, 1992). Therefore,
further investigation is necessary in order to induce thermotol-
erance in L. reuteri DYF5.

The Lactobacillus cells were encapsulated in the milk powder
particles, that provided adequate protection during spray drying
(Gardiner et al., 2000). In addition, oligosaccharide (Ananta,
Volkert, & Knorr, 2005), polydextrose, soybean polysaccharide,
gum acacia, maltodextrin (Minemoto et al., 2002), sodium alginate,
lactose, sucrose (Goderska & Czarnecki, 2008), betaine or trehalose
(Champagne & Gardner, 2001) were reported to enhance the sur-
vival rate of bacteria subjected to spray-drying to different extent.
Furthermore, the formula of protective agent should be screened
and optimized for providing a higher level of protection at a lower
cost.
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a b s t r a c t

To evaluate the impact of fermentation with Bacillus amyloliquefaciens U304 on nutritional quality and
bioactivity of soybean meal (SBM), we analyzed the solid-state fermentation process for Bacillus amy-
loliquefaciens, Lactobacillus spp., and Saccharomyces cerevisiae. B. amyloliquefaciens showed significant
improvement in nutritional quality and bioactivity by removing the protein- and carbohydrate-based
anti-nutritional factors (ANFs), as well as allergens. The total phenolic content, reducing power, free
radical scavenging ability, and Ca2þ chelating ability of SBM, as indicators of the antioxidant activity,
increased to 195.8, 201.7% (at 10 mg/mL), 136.6% (at 10 mg/mL), and 122.3%, respectively, after Bacillus
fermentation. S. cerevisiae decomposed carbohydrate-based but not protein-based ANFs, and fermen-
tation with this organism produced similar values of the antioxidant markers of unfermented soybean
meal, except for the reducing power (160.0% at 10 mg/mL). Lactobacillus spp. was only effective for
decreasing the activity of trypsin inhibitors, but not other ANFs, resulting in lower bioactivity of fer-
mented soybean meal. B. amyloliquefaciens U304 can substantially improve both the nutritional quality
and bioactivity of SBM.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

For generations, the soybean has been an important crop in Asia.
In addition to being a component of such foods as tofu, natto, and
tempeh, this crop is used for production of soy vegetable oil.
Furthermore, the part remaining from processing of soybean-based
food, defatted soybean meal (SBM), is an important and cheap
protein source for food and animal feed. SBM is known for its high
protein content, balanced amino acid composition, and high level of
lysine in comparison with other vegetable protein sources. How-
ever, other components of SBM, namely anti-nutritional factors
(ANFs) and allergens, cause allergy reactions in childrenwith atopic
dermatitis (Kleine-Tebbe et al., 2002), and decrease digestibility
and absorption based on young animal studies (Goebel & Stein,
2011; Gu, Pan, Sun, & Qin, 2010; Schneeman & Gallaher, 1986),
thus limiting its nutrition utilization.

One of prevalent ANFs is trypsin inhibitor (TI). It is a protein-
based ANF, which inhibits pancreatic protease, proteolysis, and
the absorption of dietary proteins (Liener et al., 1988; Perez-
Maldonado, Mannion, & Farrell, 2003). Increased secretion of
trypsin is caused by activity reduction and results in endogenous
nitrogen loss, especially in sulfur-containing amino acid content
(Schneeman & Gallaher, 1986). In addition, carbohydrate-based
ANFs such as the non-digestible oligosaccharides (raffinose and
stachyose) can induce increased gas production in humans
(Sumarna, 2008) and diarrhea in poultry due to the absence of
endogenous a-(1,6)-galactosidase enzyme in these species
(Gitzelmann & Auricchio, 1965; Sun, Li, Dong, Qiao, & Ma, 2008).

The soybean is one of the “Big 8” food allergens. The allergen
proteins account for 65e80% of total protein content in the soybean
and approximately 30% in SBM. The major allergen proteins are b-
conglycinin (a, a0 subunit, b subunit), the 30-kDa allergen (Glym Bd
30), and glycinin. In human subjects, these allergens can induce
symptoms ranging from skin, gastrointestinal, or respiratory re-
actions to anaphylaxis (Holzhauser et al., 2009). They also cause
hypersensitivity in weaned piglets, with the primary adverse effect
being diarrhea (Hotz & Gibson, 2007).

Different approaches, including over-heating, chemical treat-
ment, and alcohol extraction, were used in order to solve these
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problems. However, all of these methods were able only to dena-
ture ANFs and allergens, but not to eliminate them completely. In
addition to being the most efficient method to remove the ANFs
and allergens, fermentation provides other benefits. It has been
shown that fermentation can help to reduce the immunoreactivity
and allergic reactions caused by soy products (Frias, Young,
Martínez-Villaluenga, De Mejia, & Vidal-Valverde, 2008). Fer-
mented soybean meal (FSBM) enhanced the bioavailability of
nutritious components and decreased the incidence of diarrhea in
weaned pigs (Egounlety & Aworh, 2003; Teng et al., 2012), due to
the degradation of allergens into peptides. The peptides can be
easily absorbed by an animal and transported within an organism
(Gilbert, Wong, & Webb, 2008). They also exhibit high specific
bioactivities, such as anti-oxidative activity and metal-chelating
activity. Furthermore, soybean protein hydrolysate has lipid per-
oxidation inhibitory activity attributedmainly to the low-molecular
weight (3 kDa) peptide (Karki, Maurer, & Jung, 2011; Park, Lee,
Baek, & Lee, 2010), and peptide fragments with molecular
weights of either 14.4 or 8e9 kDa exhibit high Ca2þ-binding ca-
pacity (Bao, Song, Zhang, Chen, & Guo, 2007). Soybean hydrolysate
shows high peptide content and antioxidant activity (Sefatie,
Fatoumata, & Eric, 2013). However, the overall benefits of soy-
bean hydrolysate in comparison with FSBM remain unclear.
Although soybean hydrolysate can decompose the protein-based
ANFs, the carbohydrate-based ANFs do persist. Considering the
commercial value improvement, solid-state fermentation remains
much more economical and beneficial than other methods. It has
been reported that Bacillus sp. Lactobacillus spp., and Saccharomyces
cerevisiae could reduce the level of ANFs and improve the nutri-
tional value of soybean products (Frias et al., 2008; Hansen, 2012;
Murashita et al., 2013; Seo et al., 2011; Zhao, Huang, Cai, Hong, &
Wang, 2014). However, there are needs of more information on
the nutritional effects of using solid-state fermentation on SBM.

In this study, we evaluated the changes in nutritional quality,
anti-oxidative activity and metal-chelating ability of FSBM
depending on the strain chosen for solid fermentation and made a
comparison.
2. Materials and methods

2.1. Strains

Bacillus amyloliquefaciens U304 was isolated from the Korean
traditional soybean paste, Cheonggukjang and grown in GYP me-
dium (1% glucose, 0.8% yeast extract, 0.2% soy peptone) at 37 �C
with shaking. Lactobacillus acidophilus and Lactobacillus plantarum
were isolated from the Korean traditional fermented vegetable,
Kimchi and grown in MRS medium (Difco) at 37 �C anaerobically.
Saccharomyces cerevisiae CJ1697 was isolated from the Korean rice
wine, Makgeolli and cultured in GYP medium 30 �C with shaking.
When the optical density at 660 nm for the growing cultures
exceeded 5, the strains were used in solid-state fermentation.
2.2. Fermentations

SBM with moisture content 45% was steamed at 100 �C for
30 min in an autoclave. After inoculation with a 10% ratio of
B. amyloliquefaciens U304 to L. acidophilus, L. plantarum, or
S. cerevisiae CJ1697, it was incubated at 37 �C for 24 h, 37 �C for 36 h
anaerobically, or 30 �C for 48 h, in a constant temperature and
humidity test chamber, respectively. FSBM was then dried at 60 �C
for 12 h and ground and then used for analysis.
2.3. Proximate analysis

Moisture, protein, ash and fat content of FSBMwere determined
by the official methods and recommended practices of the Amer-
ican Oil Chemists' Society (AOCS, 2006). Crude protein was
measured by the Kjeldahl method using the automatic Kjeltec
TM8400 system (Foss, Denmark) by AOCS Ba 4d-90. Ash was
determined by AOCS Ba 5a-49 and fat was measured by AOCS Ba 3-
38. The nitrogen solubility index (NSI) was measured by AOCS Ba
11-65. Shortly, sample was mixed with 40 volumes of distilled
water and incubated at 30 �C for 120 min with agitation, then
centrifuged at 1500 g for 10 min. The nitrogen content of super-
natant and sample was measured by Kjeldahl method. The NSI was
calculated as follows:

NSIð%Þ ¼ nitrogen content of supernatant
total nitogen content of sample

� 100

Methionine and lysine were determined after acid hydrolysis
with 6 N HCl for 24 h at 110 �C by high-performance liquid chro-
matography (Rayner, 1985). Samples were assessed in triplicate.

2.4. Antinutritional factors

Trypsin inhibitor (TI) was determined by AOCS Ba 12-75 using
BAPNA (Benzoyl-DL-arginine-p-nitroanilide) as substrate (AOCS,
2006). The level of raffinose and stachyose was analyzed by thin
layer chromatography (TLC). The samples were extracted in 20
volumes of water and centrifuged at 10,000 g for 5 min following
filtration using a 0.22-mm filter. The mobile phase consisted of 50%
ethyl acetate and 35% acetic acid.

2.5. Protein molecular weight distribution

2.5.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

We used 8 M urea as a solvent to extract proteins with a soni-
cator (Bandelin, GM 2070, 70W power, BR, Germany) at 35% power.
After centrifugation at 6000 g for 10 min, protein concentration in
the supernatant was measured by the BCA assay (Sapan, Lundblad,
& Price, 1999). The samples were denatured with 5 � Tris-glycine
SDS loading buffer, and 30 mg of proteins were loaded and sepa-
rated using a 10% gel for SDS-PAGE (BIO-RAD, Hercules, CA, USA) at
90 V. Protein bands were visualized by staining with Coomassie
Brilliant Blue R250 (Sigma, St. Louis, MO, USA).

2.5.2. Peptide content assay
To calculate the peptide contents, we performed gel permeation

chromatography (GPC). The proteinwere extracted as described for
SDS-PAGE, and centrifuged at 10,000 g for 5min following filtration
with a 0.22-mm polyvinylidene fluoride filter. The analysis was
performed using an Agilent HPLC system with a Superdex 75 10/
300 GL column (GE Healthcare, BKM, UK), and the protein was
detected at 214 nm.

2.6. Anti-oxidative activity assay

2.6.1. Preparation of solvent extracts
For the anti-oxidative activity assay, SBM and FSBMs were

extracted twice by shaking at 30 �C for 3 h with 70% (v/v) ethanol
(1:10, w/v) and filtered through Whatman No.1 filter paper
(Whatman, Maidstone, UK) and freeze-dried.

2.6.2. Total phenolic content
The total phenolic content of the samples extractedwith ethanol
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was determined by the method of Singleton, Orthofer, and
Lamuela-Raventos (1999) using Folin-Ciocalteu reagent with
somemodifications. One milliliter of sample (1 mg/mL) mixed with
0.5 mL of 1 N Folin-Ciocalteu reagent. After mixing, 2.5 mL of a 20%
sodium carbonate solution was added, and the mixture was placed
in the dark for 40min and the absorbancewasmeasured at 725 nm.
The concentration was calculated and expressed as gallic acid
equivalents in mg/g of sample according to the standard curve.
2.6.3. Reducing activity
The reducing activity of the samples was measured by the

method described in Oyaizu (1986). One milliliter of samples with
different concentrations was mixed with 2.5 mL of 0.2 M sodium
phosphate buffer (pH 6.6) and 2.5 mL of potassium ferricyanide and
incubated at 50 �C for 20 min. Subsequently, 2.5 mL of 10% tri-
chloroacetic acid was added to stop the reaction and centrifuged at
3000 g for 10 min. The supernatant (2.5 mL) was mixed with 2.5 mL
of deionized water and 0.5 mL of 0.1% FeCl3. After 10 min, the
absorbance was measured at 700 nm against the reagent blank. A
higher A700 indicates higher reducing activity.
2.6.4. 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
(ABTSþ) assay

Total radical scavenging capacity was determined by the
method described in Puchalska, Marina, and García (2014) ac-
cording to scavenging of the stable ABTS radical in 10 min with
some modifications. ABTS (38.5 mg) and 6.6 mg of potassium
persulfatewere dissolved separately in 5mL of deionizedwater and
then mixed. The stock solutionwas incubated at room temperature
for 12e16 h in the dark. To obtain 0.70 ± 0.02 arbitrary units (AU) at
734 nm, the stock solution was diluted with methanol. A 10-mL
sample was mixed with 990 mL of diluted stock solution and
incubated for 10 min. The absorbance was measured at 734 nm. A
calibration curve was plotted using Trolox, and radical scavenging
capacity was calculated according to the formula:

Scavenging capacityð%Þ ¼ ABlank � ASample

ABlank
� 100
2.7. Metal ion-chelating activity

Ca2þ-chelating activity was measured according to method of
Zhao et al. (2014) with some modification. One gram of sample was
mixed with 50 mL of 2.5 mg/mL CaCl2 solution with stirring for 1 h,
and centrifuged at 10,000 g for 10 min. One hundred microliters of
supernatant wasmixedwith 1mL of chromogenic agent (0.1 mMo-
CPC, 8 mM 8-hydroxyquinoline, 5 M urea, 25% ethanol, pH 10) at
room temperature for 20min. After incubation, the absorbancewas
measured at 570 nm in the spectrophotometer, and calcium con-
tent was calculated using the standard curve.

Fe2þ-chelating activity was determined according to
Thanigaivel, Vijayakumar, Mukherjee, Chandrasekaran, and
Thomas (2014) with some modifications. One gram of sample
was mixed with 1 mg/mL of FeCl2 solution, stirred for 1 h, and then
centrifuged at 10,000 g for 10 min. After dilution, 25 mL of sample
was mixed with 10 mL of deionized water in a microtiter plate. The
reactionwas initiated by the addition of 25 mL 25mM ferrozine. The
mixturewas shaken vigorously and incubated at room temperature
for 10min. The absorbancewasmeasured at 562 nm and Fe content
was calculated using the standard curve.
2.8. Statistical anaylsis

Analytical values were carried out using three independent
determinations. Statistical analyses were determined using a sta-
tistical software program (SPSS forWindows version 17.0). The data
were subjected to analysis of variance using the general linear
model to determine significant differences between samples
(p < 0.01).

3. Results and discussion

3.1. Proximate analysis

The protein content in SBM increased after fermentation with
B. amyloliquefaciens U304, L. acidophilus, L. plantarum, and
S. cerevisiae CJ1697 (Table 1) and increased by 6.42%, 0.95%, 1.91%,
and 5.61%, respectively. The result indicated that
B. amyloliquefaciens U304 and S. cerevisiae CJ1697 can decompose
carbohydrate into carbon dioxide gas, reduce the total amount of
carbohydrate, and increase the relative protein content in FSBM.
However, the protein content of FSBMs fermented with
L. acidophilus and L. plantarum was not changed much, since they
convert carbohydrate into organic acid in general. The content of
soluble protein in FSBM with B. amyloliquefaciens U304 signifi-
cantly increased, suggesting that FSBMwith this strain can improve
the hydrophilic property through the hydrolysis process. However,
FSBM with L. acidophilus, L. plantarum, and S. cerevisiae CJ1697
decreased the soluble protein content to 23.5%, 22.5%, and 55.8% of
SBM, respectively. The decrease of NSI is caused by the heat damage
during steaming. The NSI of FSBMwith Lactobacillus spp. was lower
than that with S. cerevisiae, whichmay due to the lower pH that can
cause a change in protein structure and lead to protein precipitation
(Wang, Le, Shi, & Zeng, 2014).

The content of methionine in FSBM increased by 22.2% relative
to SBM upon fermentation with B. amyloliquefaciens U304, 3.5%
with L. acidophilus, and 7.4% with L. plantarum, but decreased by
11.1% for fermentation with S. cerevisiae CJ1697. The lysine content
of FSBM fermented with B. amyloliquefaciens U304 remained the
same as that of SBM, but fermentation with the other species
lowered the lysine content relative to that of SBM.

FSBM produced with B. amyloliquefaciens U304 showed the best
improvement in the amino acid composition in comparison with
that fermented using L. acidophilus, L. plantarum, and S. cerevisiae
CJ1697 (data not shown).

3.2. Antinutritional factors

After steaming in the autoclave, TI in SBM was denatured by
heat and the level of TI reduced from 4.77 mg/g to 1.3 mg/g.
Furthermore, it is observed that TI could be further removed by
solid state fermentation with by B. amyloliquefaciens U304,
L. acidophilus, and L. plantarum, but not with S. cerevisiae CJ1697
(Table 1). We assume that B. amyloliquefaciens U304 secretes a
strong protease, which is able to decompose proteins, including TI
(Phengnuam & Suntornsuk, 2013). Alternatively, Lactobacillus spp.
may cause a structural change, such as precipitation and inactiva-
tion of TI, because of the lower pH. In contrast, fermentation with
S. cerevisiae CJ1697 could not decrease TI, because S. cerevisiae, did
neither produce protease nor change value of pH.

We performed a qualitative analysis of raffinose and stachyose
using TLC (Fig. 1). The levels of both raffinose and stachyose dras-
tically decreased in FSBMwith S. cerevisiae CJ1697. This effect might
have been caused by secretion of a-galactosidase and other car-
bohydrases, which are able to break down raffinose and stachyose
(Khattab, Arntfield,& Nyachoti, 2009). We also observed that FSBM



Table 1
Proximate and trypsin inhibitor (TI) analysis of soybean meal (SBM) and fermented soybean meal (FSBM).

Constituent (dry basis) SBM FSBM with

B. amyloliquefaciens L. acidophilus L. plantarum S. cerevisiae

Protein (%) 54.37 ± 0.12e 60.79 ± 0.20a 55.32 ± 0.15d 56.28 ± 0.18c 59.98 ± 0.07b

Ash (%) 6.71 ± 0.12b 7.41 ± 0.10a 6.66 ± 0.13b 6.64 ± 0.07b 7.29 ± 0.10a

Fat (%) 1.21 ± 0.02b 0.91 ± 0.01c 1.16 ± 0.02c 0.99 ± 0.01d 1.29 ± 0.01a

NSI (%) 17.69 ± 0.59b 70.37 ± 0.44a 4.15 ± 0.53d 3.98 ± 0.22d 9.87 ± 0.09c

Methionine (%) 0.54 ± 0.01c 0.66 ± 0.02a 0.56 ± 0.01bc 0.58 ± 0.02b 0.48 ± 0.01d

Lysine (%) 3.44 ± 0.02a 3.44 ± 0.02a 3.12 ± 0.01c 3.30 ± 0.01b 3.33 ± 0.02b

TI (mg/g) 4.77 ± 0.21a 0.67 ± 0.08cd 0.83 ± 0.19c 0.53 ± 0.09d 1.25 ± 0.06b

pH 6.80 ± 0.01b 7.56 ± 0.02a 4.52 ± 0.02e 4.72 ± 0.03d 6.43 ± 0.01c

Each value represents the mean of three replications ± standard deviation.
Means in a column with different letter were significantly different (p < 0.01).
NSI: nitrogen solubility index, TI: trypsin inhibitor.

Fig. 1. Qualitative analysis of raffinose and stachyose in soybean meal (SBM) and
Fermented soybean meal (FSBM) by thin layer chromatography. M: marker, 1: SBM, 2:
FSBM with B. amyloliquefaciens U304, 3: FSBM with L. acidophilus, 4: FSBM with
L. plantarum, 5: FSBM with S. cerevisiae CJ1697.

Fig. 2. The protein profiles of soybean meal (SBM) and fermented soybean meal
(FSBM) by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (A). The spec-
trum results of soybean meal and fermented soybean meal by gel permeation chro-
matography (B). M: marker, 1: SBM, 2: FSBM with B. amyloliquefaciens U304, 3: FSBM
with L. acidophilus, 4: FSBM with L. plantarum, 5: FSBM with S. cerevisiae CJ1697.
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with B. amyloliquefaciens U304 decomposed raffinose and sta-
chyose into an unknown oligosaccharide, which was almost
completely decomposed. These data suggest that
B. amyloliquefaciens U304 secretes glycolytic enzymes to decom-
pose the carbohydrate-based ANFs into other carbohydrates.
However, L. acidophilus and L. plantarum had no effect on the
decomposition of raffinose and stachyose, most probably due to
their inability to secrete carbohydrases.

3.3. Protein molecular weight distribution assay

The protein profile was analyzed by SDS-PAGE (Fig. 2A), a
powerful method for detection of protein-based ANFs (Gagnon,
Poysa, Cober, & Gleddie, 2010). In the SBM sample, we observed
many protein bands, including b-conglycinin (68-kDa a, 72-kDa a0

subunit, and 52-kDa b subunit), the 30-kDa allergen (Gly m Bd 30),
and glycinin (37-kDa acidic subunit and 20-kDa basic subunit).
Because of the strong proteolysis that occurred during fermenta-
tion with B. amyloliquefaciens U304, the protein-based ANFs and
allergens were almost completely decomposed and hydrolyzed into
small molecular-weight peptides. The protein larger than 28 kDa
was mostly eliminated. At the same time, the FSBM with
L. acidophilus, L. plantarum, and S. cerevisiae CJ1697 showed no
significant changes. The detailed protein distribution change was
analyzed by GPC.
The spectrum results of SBM and the FSBMs (Fig. 2B) showed a
change in the distribution of proteins. FSBM with
B. amyloliquefaciens U304 was different from that of the other
samples. The large-molecular weight proteins were decreased and
the small proteins were increased. This result suggests that
B. amyloliquefaciens U304 secretes a highly active protease that is
able to decompose the larger proteins. It is possible that the small-
molecular weight proteins have anti-oxidative activity and metal
ion-chelating activities, which can inhibit lipid oxidation and
utilization of minerals in the feed (Murashita et al., 2013; Sefatie



Table 2
Protein molecular weight distribution of soybean meal (SBM) and fermented soybean meal (FSBM).

Molecular weight (kDa) SBM FSBM with

B. amyloliquefaciens L. acidophilus L. plantarum S. cerevisiae

>75 50.58 ± 1.50a 12.24 ± 0.12c 50.25 ± 0.40a 48.66 ± 0.26b 51.39 ± 0.51a

30e75 21.47 ± 0.80a 12.72 ± 0.35c 20.00 ± 0.64b 20.10 ± 0.42b 19.42 ± 0.25b

10e30 10.50 ± 0.34c 23.61 ± 0.46a 10.38 ± 0.15c 11.21 ± 0.17b 10.45 ± 0.16c

5e10 4.89 ± 0.29c 17.80 ± 0.38a 5.05 ± 0.09c 5.57 ± 0.23b 5.18 ± 0.25bc

<5 12.56 ± 0.06e 33.63 ± 0.01a 14.32 ± 0.04c 14.46 ± 0.04b 13.56 ± 0.04d

Each value represents the mean of three replications ± standard deviation.
Means in a column with different letter were significantly different (p < 0.01).
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et al., 2013). The change in the protein distribution is demon-
strated in Table 2. The compositions of proteins under 10 kDawere
17.45%, 51.43%, 19.37%, 20.03%, and 18.74%; and those under 5 kDa
were 12.56%, 33.64%, 14.32%, 14.46%, and 13.57% in SBM and FSBM
with B. amyloliquefaciens U304, L. acidophilus, L. plantarum, and
S. cerevisiae CJ1697, respectively. It has been reported that peptides
could be more rapidly utilized than amino acids and proteins
(Kodera, Hara, Nishimori, & Nio, 2006), which might also
contribute to the anti-oxidative activity and metal-chelating ac-
tivity, discussed in detail below in Sections 3.4 and 3.5, respec-
tively. The increased peptide content can positively affect the
bioactivity of SBM, including antioxidant activity and metal-
chelating activity.
3.4. Metal ion-chelating activity

The result of the metal ion-chelating ability of FSBM is shown in
Table 3. FSBM with B. amyloliquefaciens U304 showed the highest
value for both Ca2þ and Fe2þ chelating, 122.3% and 107.2% of SBM,
respectively. FSBM with L. acidophilus and L. plantarum demon-
strated lower values, namely 51.5% and 71.9% of SBM for Ca2þ

chelating, and 59.9% and 53.1% of SBM for Fe2þ chelating, respec-
tively. For S. cerevisiae CJ1697, the level was 98.7% of SBM for Ca2þ

chelating and 102.4% of SBM for Fe2þ chelating.
As shown in Table 2, FSBM produced with B. amyloliquefaciens

U304 contained a larger amount of small molecular-weight pep-
tides than FSBM produced using the other microorganisms, where
peptides are known to possess some degree of chelating activity
(Ghribi et al., 2015; Wattanasiritham, Theerakulkait,
Wickramasekara, Maier, & Stevens, 2015; Zhang, Li, & Zhou,
2010). Therefore, the peptides in FSBM produced with
B. amyloliquefaciens U304 caused this sample to have the highest
metal ion-chelating ability. The metal chelating ability is related to
the antioxidant activity since metal chelation helps to inhibit the
peroxidation caused by transition metals (Stohs, 1995).

In addition to chelating phenolic compounds, metal ions also
bind to proteins and peptides to transport through the intestinal
epithelium (Feher & Wasserman, 1979; Johnson, Jacobs, & Purves,
1983; Johnson & Kumar, 1994; Roullet, Roullet, Martin, &
McCarron, 1994). FSBM with B. amyloliquefaciens U304 showed
high potential for metal ion transportation.
Table 3
Metal-chelating ability of soybean meal (SBM) and fermented soybean meal (FSBM).

Chelating activity (mg/g) SBM FSBM with

B. amyloliquefaciens

Ca2þ 33.12 ± 0.02b 40.49 ± 2.21a

Fe2þ 42.49 ± 0.42b 45.54 ± 0.13a

Each value represents the mean of three replications ± standard deviation.
Means in a column with different letter were significantly different (p < 0.01).
3.5. Anti-oxidative activity assay

As shown in Fig. 3, the FSBMs exhibited different anti-oxidative
activities. Soybean contains lots of phenolic compounds, which
have anti-oxidative activity and can reduce free radicals. The results
demonstrate that compared with SBM, not all the FSBMs increased
the phenolic contents (Fig. 3A). FSBM with B. amyloliquefaciens
U304 showed a significant increase to 195.8% of SBM and increases
of 64.1%, 721.1% and 99.4% were observed for FSBM with
L. acidophilus, L. plantarum, and S. cerevisiae CJ1697, respectively.

The reducing ability of the ethanol extracts of SBM and FSBM
was measured by the transformation of Fe3þ to Fe2þ. As shown in
Fig. 3B, reducing activity was also concentration-dependent. FSBM
with B. amyloliquefaciensU304 demonstrated the highest A700 value
followed by S. cerevisiae CJ1697. FSBM with L. acidophilus and
L. plantarum showed values comparable with that of SBM.

The ABTS þ assay is an important tool to determine the anti-
oxidative activity of hydrogen-donating molecules. The percent-
age of scavenging capacity is dose-dependent. In this assay FSBM
with B. amyloliquefaciens U304 was the only product surpassing
that of SBM throughout all the concentrations. This result suggests
that fermentation with B. amyloliquefaciens U304 gave the best
activity with respect to ABTS þ removal and enhanced the scav-
enging activity. However, FSBMwith L. acidophilus and L. plantarum
showed lower activity than SBM, and FSBM with S. cerevisiae
CJ1697 showed activity similar to SBM, which was still lower than
FSBM with B. amyloliquefaciens U304.

It has been reported that the fermentation of soybean with
Bacillus can increase the biological activity and physiochemical
properties of soybean, such as the polyphenol content, antioxidant
activity, reducing activity, and Fe2þ chelating ability (Hu et al., 2010;
Juan & Chou, 2010; Moktan, Saha, & Sarkar, 2008; Zhu, Fan, Cheng,
& Li, 2008). Soymilk fermented with Lactobacillus exhibited about
171.2% antioxidant activity compared to the parent material, and
the reducing power of soybean fermented with Sacchromyces was
quantified as 191.2% (Marazza, Nazareno, de Giori, & Garro, 2012;
Romero, Doval, Sturla, & Judis, 2004). We assume that the differ-
ence in the results obtained with fermentation by Lactobacillus and
Sacchromyces might be derived from the different fermentation
processes. Liquid-phase or higher moisture fermentation could
enhance the activity of the microorganism. Furthermore, the
strength of the protease secreted by the microorganism can affect
L. acidophilus L. plantarum S. cerevisiae

17.07 ± 0.24c 19.84 ± 0.09c 32.70 ± 1.67b

30.53 ± 0.87c 22.58 ± 0.07d 43.49 ± 1.21b
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the bioactivity and physiochemical properties of FSBM. Also, FSBM
produced with certain microorganisms may have enhanced total
phenolic content and radical scavenging activity relative to SBM
Fig. 3. Analyses of total phenolic contents (A), reducing power (B), and ABTS þ radical
scavenging capacity (C) of soybean meal (SBM) and Fermented soybean meal (FSBM).
Each value represents the mean of three replications ± standard deviation. Values with
different letters are significantly different (P < 0.01). SBM: soybean meal, U304: FSBM
with B. amyloliquefaciens U304 LA: FSBM with L. acidophilus, LP: FSBM with
L. plantarum, CJ1697: FSBM with S. cerevisiae CJ1697.
(Rashad, Mahmoud, Abdou, & Nooman, 2011; Samruan, Oonsivilai,
& Oonsivilai, 2012; Wang et al., 2014).

In this study, FSBM produced with B. amyloliquefaciens U304
exhibited significant improvement of the phenolic content,
reducing ability, and free radical scavenging ability relative to
parent SBM; these values were also higher than those achieved
with other microorganisms. Furthermore, FSBM produced with
L. acidophilus and L. plantarum exhibited significantly low antioxi-
dant activity. This may be caused by the lower pH of FSBM pro-
duced with L. acidophilus and L. plantarum. A lower pH in
complicated materials will reduce the susceptibility towards
oxidation by the proton shield. The improved antioxidant activity of
FSBM produced with B. amyloliquefaciens U304 is mainly attributed
to the increased phenolic content and the formation of bioactive
peptides. Other constituents such as vitamins and inorganic ions
also have antioxidant activity, but were not significantly changed
by fermentation (data not shown).

It was reported that the phenolic compounds act as reducing
agents, metal chelators, and single-oxygen quenchers (Moktan
et al., 2008). In addition to the phenolic compounds, the bioactive
peptides can also improve the antioxidant activity. Protease treat-
ment during microorganism solid-state fermentation shows higher
degree of hydrolysis and higher antioxidant activity than just fer-
mented products (Moktan et al., 2008).

4. Conclusions

Fermentation is an effective way to improve the nutritional
quality and bioactivity of SBM. The level of improvement depends
on the microorganism used for fermentation. Some microorgan-
isms positively impact the physicochemical properties only,
whereas others improve the biological properties only, and others
can improve both sets of properties. Herein, we compared the
properties of FSBM produced with several microorganisms
together to evaluate the improvement in the properties. In contrast
with FSBM produced with L. acidophilus, L. plantarum, and
S. cerevisiae, FSBM produced with B. amyloliquefaciens U304
exhibited obvious improvements, including a decrease in the level
of the carbohydrate-based and protein-based ANFs and increased
antioxidant activity and metal-chelating ability, derived mainly
from increased levels of phenolic compounds and bioactive pep-
tides. To confirm the bioactivity of FSBM produced with
B. amyloliquefaciens U304, we intend to continue our research with
an animal model.
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a b s t r a c t

The objectives of this study were to evaluate whether proofing profile influences volume and crumb
firmness in bread baked from frozen dough, and whether rye or sugar content and different kneading
times affect the microstructure of the frozen dough. Microscopy was used to explain the differences.

Wheat doughs mixed with rye (“rye”) and with sugar (“sweet”) were frozen after 3 different proofing
times (0, 18, and 38 min) and visualized with confocal laser scanning microscopy and 3-dimensional
micro-computed tomography. The baked breads were evaluated for volume and texture. Breads from
un-proofed frozen dough allowed to proof after thawing showed the highest volume (4.0 cm3/g) and the
softest crumb texture. The pre-proofed sweet bread had firmer crumbs and lower volume (2.5e3.0 cm3/
g) than the pre-proofed rye bread (2.7e3.7 cm3/g). Reasons for the differences in quality parameters
between the rye and sweet breads were investigated by studying the different influences of kneading
time and sugar content on fresh and frozen dough. The gluten network was found to be more homo-
geneously distributed in doughs with longer kneading times and lower sugar content, and less well
distributed and more lumped in frozen than in fresh dough.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The “in-store baked” market segment is steadily increasing.
Freezing has been an important advance for this industry, allowing
improved working hours and making it easier for many companies
to produce “freshly baked” bread in stores, bars, restaurants, etc.
However, while freezing has helped to increase the shelf life of
bakery products, low temperature storage is known to negatively
affect dough, damage the structure of the bread, and reduce the
final bread quality (B�arcenas & Rosell, 2006; Selomulyo & Zhou,
2007; Yi & Kerr, 2009). When the dough is subjected to tempera-
tures below zero, free water leaks and forms ice crystals that may
grow and damage the gluten network during storage (B�arcenas &
Rosell, 2006; Meziani, Jasniewski & et al., 2012; Naito et al., 2004;
Yi & Kerr, 2009). These ice crystals may also affect the yeast
membrane leading to decreased viability (Naito et al., 2004; Yi &
Kerr, 2009). These effects produce unanticipated texture, pore
size distribution (density), volume, and consumer acceptance.

Unfermented frozen doughs need time for thawing and for
.

proofing prior to baking. This method is often used for goods such
as sweet buns and pizza dough (Le Bail, Nicolitch, & Vuillod, 2010;
Meziani, Ioannou& et al., 2012). In what is often referred to as ‘pre-
fermented frozen dough’ or ‘partially fermented dough’ the dough
ingredients are mixed and left to proof; the fermentation is then
interrupted by freezing the dough (Le Bail et al., 2010). An inves-
tigation of pre-proofed doughs (Lucas, Grenier, Bornet, Challois, &
Quellec, 2010) found that those subjected to proofing before
freezing showed deformation, higher proportions of large bubbles,
lower specific volume and height, and densification of the bottom
part contributing to a greater collapse of the dough. All of these
effects seemed to be attributable to the compression of the gases in
the dough during cooling, a subsequent rupture of the dough be-
tween the air bubbles, and their resulting coalescence (Lucas et al.,
2010). The greatest collapse was observed in doughs with the
longest fermentation time previous to freezing that were thawed
before baking (Lucas et al., 2010).

Huang, Kim, Li, and Rayas-Duarte (2008) described baking
frozen sweet dough as a challenge. When the dough contains sugar,
its osmotic pressure increases and the yeast cells may dehydrate
more quickly, decreasing gas production, and leading to a lower
final volume (Huang et al., 2008; Meziani, Ioannou & et al., 2012).
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Meziani, Kaci and et al. (2012) also mentioned in their study that
sugar increases the development of yeast before freezing. Another
reported result of having sugar in frozen bread dough is the change
it induces in rheological characteristics, including the final rigidity
of the bread caused by the formation of ice crystals (Meziani et al.,
2011). However, it has also been reported that sweet doughs
require a longer mixing process than plainwhite doughs to develop
both the matrix of gluten and the porous structure of the dough
(Calder�on-Dominguez, Neyra-Guevara, Farrera-Rebollo, Arana-
Errasquín, & Mora-Escobedo, 2003; Tlapale-Valdivia et al., 2010).
Mixing is an important operation. During this process the structure
of the dough and resulting bread is formed, the visco-elastic
properties of the gluten are developed, and air is incorporated
into the dough (Dobraszczyk & Morgenstern, 2003).

Rye is known to be the cereal with the highest dietary fibre,
found mainly as arabionoxylan, fructan, and b-glucans (Andersson,
Åman, Wandel, & Frølich, 2010; Rakha, Åman, & Andersson, 2010).
In addition to its health aspects, rye flour has been noted to affect
baking processes and it has an important delaying effect on both
staling and starch retrogradation in bread due to the great amount
of water-holding arabinoxylan contained in its cell walls (Rakha
et al., 2010).

The aim of this study was to evaluate whether proofing profile
influenced volume and crumb firmness in bread baked from frozen
stored dough. Possible reasons for the different effects on quality
parameters of the breads were explored though investigating the
structure of doughs with various kneading times, sugar content,
and freezing protocols.
Table 2
Proofing treatments of doughs.

Sample type Proofing before frozen storage Proofing before baking

A e Fully
B Half Half
C Fully (thawed)
B* Half e

C* Fully e
2. Material and methods

2.1. Preparation of sweet and rye dough, pre-proofing, and freezing
regimes

The doughs for the two different types of bread, rye (wheat flour
and rye) and sweet (wheat flour with sugar), were prepared by
Fazer Bakery in Umeå 10 weeks before the study was carried out.
The recipes are shown in Table 1. The wheat flour used was “bakery
wheat flour” from Nord Mills with a protein content of 11.2e14.2 g/
100 g and ash content of max 0.7 g/100 g of dry substance. The
doughs were formed into small (60 g) buns, frozen on trays for 24 h
(�20 �C was reached after 30 min), put in plastic bags, placed in
boxes at �30 �C, and transported, frozen, to the laboratories at SIK,
Gothenburg and SLU, Uppsala, where they were stored at �20 �C
until the analyses were performed. Both dough types were pre-
pared in common industrial conditions following the same steps:
ingredient scaling, mixing (2min), kneading (9min), resting, dough
scaling, and shaping. The dough rested (5 min) and was later cut
and shaped. The formed buns were treated in three different ways
Table 1
Content of ingredients in doughs (g).

Ingredients Rye (g) Sweet (g) Swe

Water 2500 2000 2.4
Yeast (J€astbolaget) 189 191
Salt 75 28 0.04
Panolux (fat with E471) (Zeelandia) 204 158 0.21
Rye flour (fine sieved) (NordMills) 1500
Bakery wheat flour (NordMills) 2995 4640 5.8
Dark brown bakery syrup (Nordic Sugar) 252
Starbake, bread improver (Zeelandia) 32 24 0.03
Emulsifier E472 (DATEM) 14 19 0.03
Promoat®,beta-glucan (Tate & Lyle) 102
Sugar (Nordic Sugar) 772 0.96
Rapeseed oil (Zeelandia) 465 0.58
before freezing: one groupwas not proofed at all but frozen directly
(sample A), another group was half-proofed (rye: 19 min; sweet:
18 min) (37 �C, 50% RH) (sample B), and the third group was fully
proofed (rye: 38 min; sweet 36 min) (37 �C, 50% RH) (sample C).
Dough ingredients are shown in Table 1 and proofing treatments in
Table 2. Proofing times were screened in a pre-test, where the time
of the fully proofed was the time that gave the largest volume in-
crease after baking.
2.2. Baking

The non-proofed doughs were allowed to thaw for 45 min
(23 �C, 50% RH) before full proofing (37 �C, 50% RH) in a proofing
chamber and baked at 230 �C for 15 min (rye) and at 200 �C for
12 min (sweet) (sample A). Half-proofed doughs were treated in
two different ways: sample B was thawed and half-proofed before
baking and after 5 min conditioning sample B* was baked directly
under the same conditions as the non-proofed doughs. Fully
proofed doughs were also treated in two ways: sample C was
thawed before baking and sample C* was conditioned for 5 min
before direct baking.
2.3. Preparation of mini doughs in ReoMixer

Three different concentrations of sugar (96 g/kg, 44 g/kg, and
1.0 g/kg) were used in the sweet doughs prepared in a 10-g Reo-
Mixer (Reomix Instruments, Lund, Sweden) which measures the
shear torques during the kneading. The three sweet doughs were
kneaded for three different times: 2.5 min (under-kneaded), 5 min
(close to optimal kneading), and 10 min (over-kneaded). Each
recipe was prepared on 4 different occasions using each of the
kneading times. The recipes of the mini doughs are shown in
Table 1. The starting recipe was the 96 g/kg sugar recipe used in the
previous analysis of different proofing profiles. Because yeast was
not included in the mini dough recipes, the remaining ingredients
were increased somewhat over the starting recipe. Likewise, the
content of the other ingredients were increased somewhat in the
doughs with less sugar. To obtain the right consistency of the
doughs with less sugar, it was also necessary to add somewhat
et 96 g/kg (g) Sweet 44 g/kg (g) Sweet 1.0 g/kg (g) Ref (g)

2.5 2.6 3.6

0.04 0.04
0.21 0.21

6.1 6.4 6.3

0.03 0.03
0.03 0.03

0.44 0.01
0.61 0.64
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more water to them.

2.4. Mass and volume measurements

The dough samples that were withdrawn from the freezer for
proofing and baking were weighed using a ±0.01 g precision scale
while frozen. The baked samples wereweighed once more 1 h after
baking. At that point, the volume of the buns was measured by
rapeseed displacement according to the AACC's Method 10-05
(2001). The results are presented as specific volume (cm3/g).

2.5. Texture analysis

The bread texture was measured 1 h after baking using a texture
analyser Instron, 5542 (Instron, Norwood, MA, US) with a cylin-
drical specimen of 20 mm diameter, a compressive strain of 40%, an
extension of 1.7 mm/s, and a compressive load of 0.01 N. The bread
slices were approximately 1.5 cm thick. Three buns of each treat-
ment were kept in plastic bags at room temperature and their
texture was measured after 2 days using the same procedure just
described.

2.6. Macroscopic structure and 3D-micro-CT

Vertical slices of the breads were photographed with a Nikon
D70 camera (Nikon Nordic AB, Solna, Sweden) to visualize the
shape of the baked buns.

The macroscopic structure of the doughs was analysed by 3D-
micro-CT using X-ray tomography equipment (GE j phoenix V j xm
240, Wunstorf, Germany). The analysis included whole buns made
from both rye and sweet dough using three different processes:
non-proofed, half-proofed, and fully proofed before freezing. The
samples were thawed for about 1 h before the analyses. The images
were taken at 45 mm resolution. These images were obtained dur-
ing a fast cycle of 3 min and a longer one of about 21 min. The
images were analysed with FIJI, ImageJ 1.47 (Bethesda, Maryland,
US).

2.7. Chemicals used for microstructure staining

Acriflavine (1 g/l in ethanol) was used to stain the starch gran-
ules, Texas red®, Texas Red sulfonychloride, (10 g/l in water) the
protein, and BODIPY®, BODIPY FL C16 (4,4- difluoro-5,7-dimethyl-
4-bara-3a,4a-diaza-s-inda-cene-3-hexadecanoic acid) (0.2 g/l in
methanol) the fat phase. The yeast cells were visualized using a
LIVE/DEAD®BacLightTM viability kit, where the Live cells is stained
with ingredient CYTO®9 (green) and dead cells is stained with
propidium iodide (red). The dyes were purchased from Invitrogen
(Eugene, Oregon, USA).

2.8. Microstructural investigations of dough

The microstructural analyses of the sweet and rye dough were
carried out on the frozen dough. The frozen doughs were prepared
in a cryostat, Leica CM 1900 (Leica Ltd, Nussloch, Germany)
at �15 �C, sliced into 40 mm thick samples and put on objective
glasses. The samples were air-fixed in 30% dry formaldehyde for
1.5 h and then stained. Acriflavine was used to stain the starch
granules, Texas red® the protein, and BODIPY® the fat. The micro-
structural analysis of the dough prepared in the ReoMixer was
carried out on both fresh and frozen stored dough prepared on two
different occasions. A Leica TCS SP2 (Leica Ltd, Heidelberg, Ger-
many) confocal laser scanning microscope was used. The light
source was an argon laser with an emission maximum of 488 nm
and a HeNe laser with an emission maximum of 594 nm. The
emitted signals were recorded in wavelength intervals of
502e550 nm (Acriflavine and BODIPY®) and 608e673 nm (Texas
Red®). HCX APOwater objectives with 20� and 63�magnification
and numerical apertures of 0.5 and 0.90, respectively, were used.

The yeast cells were visualized using a LIVE/DEAD®BacLight™
viability kit containing CYTO®9 and propidium iodide. CYTO®9 and
propidium iodide were detected in the wavelength intervals of
502e554 nm and 619e657 nm, respectively, and an HCX PL APO CS
objective with 63 �magnification and numerical aperture 1.20 was
used.

2.9. Image analysis

To obtain a quantitative measure of the distribution of the
gluten protein in the dough structure the distribution of the area
fraction of protein was determined with the images divided into
5 � 5 ¼ 25 smaller parts. The area fraction was determined on 10
different images of each dough using Matlab, (Mathworks®, Natick,
MA, US). This measurement of the distribution assumes that a
structure with a well-distributed protein network will have almost
the same area fraction in all 25 parts, resulting in a narrow normal
distribution of the protein. When the protein is less homoge-
neously distributed the normal distribution will be broader and
there will be more parts with a very low fraction of protein.

2.10. Statistics

The specific volume and the Young's Modulus were presented as
ranges with one standard deviation around the mean. To assess the
statistical significance of the differences between treatments, a
one-way analysis of variance (ANOVA) test was applied. The null
hypothesis being that all treatment means are equal. For all tested
cases, (rye and sweet for specific volume, rye and sweet day 1 and 3
for Young's Modulus), the ANOVA analysis lead to a rejection of the
null hypothesis (P < 10�3 in all cases) using Matlab, (Mathworks®,
Natick, MA, US).

3. Results and discussion

3.1. Effect of proofing conditions of frozen rye and sweet dough on
volume and firmness of bread

Quality bread is often described as soft and voluminous.
Decreased volume of the bread baked from frozen stored dough is
one of the major quality problems of using frozen dough, and the
decrease occurs continuously during frozen storage (Eckardt et al.,
2013).

In this study rye and sweet wheat flour breads made from fully
and half pre-proofed dough were baked in the oven either after
thawing or complete proofing (samples B and C) or directly from
the freezer (samples B* and C*). These were compared with bread
made from dough that was un-proofed before freezing and thawed
and proofed after frozen storage (sample A). The different proofing
treatments of the dough are shown in Table 2. Fig. 1 shows the
specific volumes of the rye and sweet breads made using different
proofing before and after frozen storage. The largest volume of the
rye bread was obtained when the dough was either allowed to
proof fully after frozen storage (sample A) or was half-proofed
before and half-proofed after frozen storage (sample B). Dough
fully proofed before frozen storage resulted in flatter buns with a
lower volume (samples C and C*). Somewhat higher volume was
obtained when the buns were allowed to thaw before baking
(sample C). Buns half-proofed before freezing and baked without
thawing (sample B*) were higher than buns fully proofed before
freezing (samples C and C*), but had the same low total volume.



Fig. 1. Specific volume of bread containing rye flour and sweet bread. The letter in-
dicates the different processes; A enon proofed dough before freezing, thawed, fully
proofed and baked; B e half proofed dough before freezing, thawed, half proofed and
baked; C e fully proofed dough before freezing, thawed and baked, B* e half-proofed
dough before freezing, baked directly from freezer, and C* e fully proofed dough before
freezing, baked directly from freezer. The error bars show the standard deviation based
on six replicates. The diameter of the bread made using process A is 8 cm in diameter.
Different superscript letters on each graph indicate significantly different values at
P < 10�3.

Table 3
Young's Modulus (kPa) of bread containing rye flour and sweet bread on day 1 and
day 3. The letter indicates the different processes; A enon proofed dough before
freezing, thawed, fully proofed and baked; B e half proofed dough before freezing,
thawed, half proofed and baked; C e fully proofed dough before freezing, thawed
and baked, B*e half-proofed dough before freezing, baked directly from freezer, and
C* e fully proofed dough before freezing, baked directly from freezer. Different
superscript letters in each column indicate significantly different values at P < 10�3.

Sample Rye (day 1) Rye (day 3) Sweet (day 1) Sweet (day 3)

A 17 ± 5a 83 ± 9a 28 ± 4a 260 ± 32a

B 33 ± 5b 158 ± 26b 53 ± 5ab 348 ± 32b

C 48 ± 9bc 293 ± 19c 70 ± 27b 607 ± 25c

B* 63 ± 12c 130 ± 23ab 57 ± 17ab 440 ± 64d

C* 32 ± 5b 245 ± 55c 64 ± 7b 465 ± 72d
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Gabric, Ben Aissa, Le Bail, Monteau, and Curic (2011) also showed
that an increased degree of pre-proofing resulted in a reduced
bread volume. There was a larger difference between the reference
(sample A, thawed and fully proofed after freeze storage) and the
other samples that was proofed before freeze storage (sample C, C*,
B, B*) in sweet buns compared to the rye buns. The sweet bun that
was frozen and stored un-proofed (sample A) was the only sweet
bun that was truly approved and did also significantly differ from
the other treatments in specific volume. The other sweet buns had
much lower volume and a pyramidal form, especially those that
were allowed to thaw (sample C*) and half proof (sample B*) after
frozen storage (Fig. 1). Different superscript letters in the figures
indicate significantly different values of the specific volume at
P < 10�3.

Texture quality measured by Young's Modulus (Table 3) was
similar for both rye and sweet bread when measured freshly baked
directly after cooling except for the buns that had been stored as
un-proofed dough (sample A) that showed a significant softer
crumb compared to the other treatments. However, there were
larger differences between the breads after storage in plastic bags
at room temperature for 2 days. The staling of the bread strongly
depended on the processing conditions used. The Young's Modulus
after 2 days was lowest in sample A for both rye and sweet bread.
The sweet bread staled faster than the rye bread. It is clear that
bread that was pre-proofed before freezing (samples B and C) had a
higher tendency to faster staling than breadmade from un-proofed
dough before freezing. Of all the buns, those made from fully
proofed dough (sample C) staled fastest, as measured by texture
firmness. These results were consistent between rye and sweet
bread. Different superscript letters in the columns indicate signif-
icantly different values of the Young's Modulus at P < 10�3.

3.2. Structure formation of frozen rye and sweet doughs

The doughs' structures were investigated on different levels to
understand why the sweet breads decreased more in volume and
had a harder texture than the rye breads after frozen storage of the
dough. The macrostructure inside the dough was investigated us-
ing 3D-micro-CT (Fig. 2aeb). Using this technique cross-sections of
the whole buns were visualized, with the dough shown in yellow
and air bubbles in blue. In Fig. 2aeb the un-proofed rye and sweet
doughs, respectively, are shown before baking. The difference be-
tween them is clear already: the rye dough has more air bubbles
more homogeneously distributed than the sweet buns, and some
regions of the sweet buns have no pores at all. The sweet buns also
show a flatter form, which may indicate that the bun collapsed
during freezing or thawing.

Fig. 2c (rye) and 2d (sweet) shows the microstructure of the
lamellas in the dough and the distribution of the gluten protein
(red) in relation to the starch granules (green). The rye dough has a
well-distributed gluten protein network that surrounds the wheat
starch granules, while the protein in the sweet dough is more often
distributed in lumps that are not as connected as in the rye dough.
We do not know whether the sweet dough forms this gluten
microstructure when it is fresh or during frozen storage.

Another difference between the rye and sweet doughs, other
than the difference in sugar content, is that the sweet dough con-
tains more fat. In Fig. 2eef the protein networks are shown in red
and the fat in green. We see here again the well-distributed pro-
tein-gluten-protein network in the rye dough and the less homo-
geneously distributed gluteneprotein network in the sweet dough.
The sweet dough has much more fat than the rye dough, but the fat
seems well-distributed in both doughs and in domains of similar
sizes. Thus, it seems either that fat is more easily distributed in
dough than gluten or that its distribution is less likely to change
during frozen storage.

An important aspect of working with frozen dough, whether
pre-proofed or not, is estimating the condition of the yeast. Frozen
rye and sweet dough were therefore examined using the fluores-
cent dye LIVE/DEAD, which distinguishes between living and dead
cells. In Fig. 2geh living cells are shown as green spheres and dead
cells as red. Cells that are green with a red spot inside are assumed
to be not yet dead, but in poor condition. Clearly, more living cells
remain in the sweet dough (about 50%) than in the rye (about 10%)
after frozen storage, which seems logical since the yeast has more
food in the sweet dough and the sugar may protect the yeast. The



Fig. 2. Images of non-proofed rye dough (a, c, e, g) and sweet dough (b, d, f, h); m-CT (aeb), CLSM, starch in green and gluten in red (ced), CLSM, fat in green and gluten in red (eef)
and CLSM, yeast cells living in green and dead in red (geh). Scale bar is 100 mm (cef) and 10 mm (geh). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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smaller volume of the sweet buns is therefore not due to the yeast.
 However, the degeneration of the yeast in the freezer is a
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contributing cause to the generally lower volume of bread baked
from frozen stored dough than bread baked from fresh dough. We
also found that the longer the frozen storage, the more live yeast
cells die or deteriorate. After analysis at different intervals during
frozen storage, most of yeast cells were found to have died early in
the frozen storage. In fresh sweet dough about 80% of yeast cells are
living, but after 2 weeks of freezing the proportion of living cells
drops to about 60%.

3.3. Effect of kneading, sugar content, and frozen storage on dough
microstructures

To better understand why the volume of sweet bread decreases
more than that of rye after frozen storage as dough, we investigated
the effects of sugar content and kneading time on the distribution
of the gluten structure. In Fig. 3a, the wheat granules are shown in
green and the gluten in orange on 12 different doughs varying in
sugar content and kneading time. The dough containing 1.0, 44, and
96 g/kg sugar contained the same proportions of other ingredients
as the sweet dough described in the previous sections. The refer-
ence dough (ref) contained only wheat flour and water and no
sugar. Fig. 3a shows that longer kneading time with the same sugar
content produced a more developed gluten network. This is in
accord with earlier studies by Calder�on-Dominguez et al. (2003)
and Tlapale-Valdivia et al. (2010). We can also see that given the
same kneading time, the gluten network is best distributed in
doughs with the lowest sugar content and least homogeneous with
the highest sugar concentration. Most clear is the difference in
gluten distribution at different sugar contents at the kneading
times defined as close to optimal, i.e. the ones framed in red in
Fig. 3a. Fig. 3a also shows poor distribution of gluten at high sugar
contents may be compensated for by longer kneading.

To obtain a more quantitative measurement of the distribution
of the gluten protein, a calculation of the area fraction was per-
formed on the images divided into 5� 5 squares. The distribution is
shown as the relative intensity (0e70%) versus area fraction (0e1).
When gluten proteins are well distributed the distribution will be
narrowly and normally distributed, i.e. the distribution of gluten
protein and starch are roughly equal in the 25 squares. When the
gluten distribution is less homogeneous, many squares show a low
proportion of protein resulting in a broader distribution on the left
(low fraction of protein) in the diagrams in Fig. 3a. These results
show by the shift to the left of the distribution that values of the
protein area fraction are lower with higher sugar content.

The gluten network distribution is also influenced by frozen
storage. In Fig. 3b, themicrostructure after different kneading times
of the reference dough is shown before and after 6 weeks of frozen
storage. The fresh reference dough has a very well-distributed
gluten network, but that becomes less homogeneous after frozen
storage when large areas without gluten appear. Part of the
explanation of why the quality of sweet bread is more negatively
influenced by freezing than non-sweet bread is likely that the
higher sugar content causes additional coarseness.

3.4. Impact of water and ice

Understanding how the water content behaves during freezing
and frozen storage is probably the key to understanding the
different final textures of various breads. Since the water exists first
as a liquid and then as ice states, it will shift during freezing and
thawing, with accompanying changes in the number and size of ice
crystals in proportion to the volume of free movable water. Ideally,
the dough should contain as much non-frozen water as possible,
which can be achieved by adding substances that lower its freezing
point or by distributing the water in such small confined areas that
it will not freeze (Chen, Swenson, Van der Meulen, & Villman,
2013). This study showed that staling was faster in breads that
were frozen and stored as proofed dough than in breads from
dough frozen and stored un-proofed. This may be because pre-
proofed dough contains more large voids in which large ice crys-
tals can form than un-proofed dough. One reason why dough re-
tains more water during frozen storage than bread at room
temperature is that the dough has a greater number of small pores
in which the water can remain either un-frozen or in small crystals
even after long-term frozen storage (Chen et al., 2013).

3.5. The influence of water and ice on the dough structure and
components

Extra-cellular ice crystals destroy the yeast and the gluten
structure, whilemovingwater during all parts of the process results
in either less retained water or poorly distributed water in the
dough or the bread. It is generally recommended to use as low
freezing temperature as possible to speed freezing and avoid the
formation of ice crystals or at least make them as small as possible.
However, dough is an exception to this general rule because it
contains yeast, which is a living organism. There is a risk in quick
freezing that water will not be transported out of the yeast cell
quickly enough, which increases the risk of ice crystals forming
within the cells.

Degeneration of gluten results, as would be expected, in less
gluten in the dough and higher gluten content is known to de-
creases the rate of staling (Callejo, Gil, Rodríguez, & Ruiz, 1999).
Therefore, reducing degeneration of (or retaining) gluten content
would be expected to reduce staling. In general, bread made from
dough stored proofed in the freezer had both lower volume and a
harder crumb than that stored un-proofed. One reason for this is
that the proofed dough buns partially collapsed during frozen
storage. The results of this study showing more collapse with
longer proofing times before frozen storage is consistent with
earlier studies by Lucas et al. (2010). This collapse of the bubble
structure may be attributable to the underdevelopment of the
gluten network, which was also the case for the sweet breads.
However, the rye doughwas also affected during the frozen storage.
This study showed that the gluten network contracts during frozen
storage, as shown by others who have noted that gluten is degraded
by depolymerisation during freezing (Wang et al., 2014). Increasing
the concentration of gluten is a well-known method of strength-
ening the gluten network, while changing and prolonging the
mixing and kneading time are less common. Enzymes are also now
available on the market to facilitate the linkage of gluten to form
long elastic threads.

Adding substances to lower the freezing point keeps the water
in an un-frozen state for a longer time, but these substances can
influence the texture by affecting the distribution of gluten, as was
shown in this study by the addition of sugar. Another way to keep
the water in the product during frozen storage is to bind it to highly
water-absorbing substances such as fibres. We saw that the staling
rate was lower in the rye breads than in the sweet breads. The high
content of arabinoxylan in the rye bread had a positive effect on
retarding the rate of staling (Rakha et al., 2010).

4. Conclusions

Bread from both rye and sweet doughs had larger volume if they
were baked from frozen stored un-proofed dough compared to
frozen stored proofed dough. In addition, sweet breads baked from
pre-proofed frozen stored dough were pyramidal shaped. Staling
was also significantly higher for bread that was stored as fully
proofed dough in the freezer.



Fig. 3. CLSM images of dough with varying amount of sugar prepared with different kneading times. The effect of sugar concentration for 5 min kneading time is shown as intensity
of the area fraction of gluten when the images were divided in 5 � 5 parts (a). CLSM images of fresh and freeze stored reference dough at different kneading times (b). Scale bar is
100 mm (a) and 25 mm (b). Starch granules are shown in green and gluten in yellow-red. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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The importance shown in this study was the different demands
on doughs arising with increasing sugar content:

� The higher the content of sugar in the dough, the longer
kneading time is necessary to obtain a well-distributed and
homogeneous gluten network.

� Frozen storage involves contraction of the gluten network
resulting in a less well-distributed gluten structure.

Thus, increasing the kneading time of the dough, especially for
the sweet dough, might help to improve the quality of bread made
from frozen dough.
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a b s t r a c t

The purpose of the present study was to investigate the effect of microwave (MV) irradiation on the
microstructure of rape seeds, recovery of oil, and to examine changes in oxidative stability, composition
of FA, and contents of tocochromanols and canolol of rapeseed oil. Rapeseeds (Brassica napus) of two
varieties, Kana and Bakara, adjusted to moisture contents of 7 and 9%, undergone MV pretreatment
under 800 W for 0, 3, and 7 min, prior to oil extraction by cold-press. Tocochromanol contents were
differently affected by the MV pretreatment of rapeseed prior to pressing. Depending on the adjusted
seed moisture content both individual and total tocopherol contents increased to the maximum at
different microwave times. The amount of canolol detected in cold-pressed oil samples ranged from
16.34 to 16.97 mg/g of oil; this was increased to 926.42 and 821.86 mg/g by MV pretreatment for 7 min (at
7% moisture level). The oxidative stability prolongation from 3.64 to 4.09 h up to 11.52e12.75 h was
observed. Regarding the FA composition of the oils, no significant changes (P > 0.05) in the fatty acid
composition occurred during seeds MV pretreatment.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Along with soybean and palm oil, rapeseed is one of the most
important oil crops in the world and a major source of edible
vegetable oil in Poland. In the years 2013/2014 production acreage
increased to 1million ha, and rapeseed production amounted to 2.8
million tons, while worldwide production of rapeseed oil reached
26.98 million tons (www.faostat.fao.org). Rapeseed oil is consid-
ered one of the healthiest cooking oil, particularly due to its
beneficial balance of fatty acids. Moreover, it contains nutritionally
favourable linoleic (u-6) to a-linolenic (u-3) essential fatty acids
ratio of 2:1 (Przybylski, Mag, Eskin, & McDonald, 2005).

Recently, the extraction of oil using cold-pressed method is re-
blooming (Febrianto & Yang, 2011). As a result, in the past 20
years, a new interest in virgin oils beyond virgin olive oil arose
s).
steadily (Matthaüs, 2008). Despite the many advantages of me-
chanical pressing, low oil extraction yield hindering the develop-
ment of this technique to become commercially viable. However,
this may be improved by oilseeds heat pretreatment by roasting or
microwave irradiation. In reference to microwave irradiation, both
initial seedsmoisture content andmicrowave exposure time exert a
significant effect on oil extraction yield rather than the level of
potency. Azadmard-Damirchi, Habibi-Nodeh, Hesari, Nemati, and
Achachlouei (2010) found that rapeseed microwave pretreated for
2 and 4 min can increase oil yield by 10%. Nonetheless, no infor-
mation was given regarding seeds moisture content prior exposure
to microwave irradiation. Yang et al. (2013) treated rapeseeds,
adjusted to moisture content of 9, 11, 13, 15%, with microwaves for
1e7 min (1 min interval) and reported the lowest residual oil
content in cake, when seeds, adjusted to 9%moisture content, were
MV-treated for 7 min. However, no specific data was given
regarding oil yield after such seeds heat treatment with
microwaves.

The oils produced through cold-pressing retain all of their
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bioactive components, due to strict pressing temperature regimen.
However, recent studies suggest that through thermal pretreat-
ment of seeds via conventional oven heating (Kralji�c et al. 2013;
Siger, Kaczmarek, & Rudzi�nska, 2015) or by microwave pretreat-
ment (Azadmard-Damirchi et al., 2010; Yang et al., 2013) greater
amount of bioactive compounds may penetrate into the produced
oil. The effects of rapeseed roasting prior to pressing on oil
compositional changes have been well investigated. Kralji�c et al.
(2013) found that conditioning rapeseeds at 80 �C for 30 min
increased the amount of tocopherols, phytosterols and phenolic in
the oil. Similar results were presented by Rękas, Wroniak, and
Rusinek (2015), who reported that along with rapeseed roasting
temperature elevation (80e140 �C for 1 h), a significant increase in
the content of total tocopherols and a slight increase of total sterols
concentration occurred. Siger et al. (2015), who studied the effects
of high roasting temperatures, namely 140, 160, 180 �C on the
contents of the native antioxidants (tocopherols, PC-8, phenolic
compounds, canolol, and phytosterols), found higher content of
these compounds in oils pressed from seeds that had previously
undergone roasting. On the other hand, researchers studying mi-
crowave irradiation as a rapeseed heat pretreatment prior to cold-
pressing have so far focused on the content of tocopherols and
phytosterols in the resulting oil and their impact on the oxidative
stability (Azadmard-Damirchi et al., 2010; Yang et al., 2013), but
there is insufficient data on the effect of microwave pretreatment
on the canolol content and fatty acid composition of rapeseed oil.
Canolol, formed by thermally initiated CO2 splitting off from sinapic
acid, constitute a major phenolic compound found in rapeseed oil
obtained from seeds that had previously undergone thermal
treatment (Pudel et al., 2014). Spielmeyer, Wagner, and Jahreis
(2009) reported that the maximum canolol formation in rapeseed
was achieved after rapeseeds 7.5-min microwave exposure
(800 W), with a final temperature of 160 �C (increase from 0.58 to
72 mg/100 g). However, extractionwith organic solvent (petroleum
ether) was used to recover the oil from seeds.

The objectives of this study were to investigate the changes in
oxidative stability, composition of fatty acids, and contents of
tocochromanols and canolol in rapeseed oil extracted by pressing
after different microwave pretreatments as well as to examine the
impact of pretreatment by microwave irradiation on the micro-
structure and recovery of oil.
2. Materials and methods

2.1. Rapeseed

Seeds of winter type rapeseed: Kana and Bakara, were provided
by the Plant Breeding Strzelce Ltd. Co. e IHAR Group, Poland. Seeds
were harvested in optimum maturity, and did not contain any
impurities or broken seeds. They were stored in paper bags in at-
mospheric conditions at 15 ± 2 �C.

Oil content of seeds and cake was determined by automated
Soxhlet extraction (Soxtec™ 2050 Auto Fat Extraction System, Foss
North America, Eden Prairie, USA). The samples (5 g) were weighed
into thimbles and inserted into the extraction unit. The 4-step
extraction consisted of boiling, rinsing, evaporation/solvent recov-
ery and pre-drying. The dried samples were accurately re-weighted
and the oil content in seeds and cake was expressed as % of dry
mass.

Moisture content of seeds and cake was determined according
to ISO standard method (ISO 5509, 2000; ISO 665, 2000). The
measured mass loss was expressed as percentage of water content
in the sample.
2.2. Reagents

Analytical standards of g-, a-, d-, and b-tocopherols (pu-
rity > 95% by HPLC) were purchased from Calbiochem-Merck Bio-
sciences (Darmstadt, Germany). HPLC-grade n-hexane, methanol,
acetonitrile (ACN), orthophosphoric acid, and 1.4-dioxane were
obtained from Merck (Darmstadt, Germany). Potassium hydroxide
(KOH), methanol (MeOH), and hexane were bought from POCH
(Gliwice, Poland).

2.3. Microwave pretreatment

Whole seeds of two rape, Kana and Bakara, with initial moisture
content of 5.5 and 5.7%, respectively, were equilibrated at refrig-
erated temperature (4 ± 2 �C) in closed containers for 24 h to 7 and
9% moisture contents. For each microwave (MV) pretreatment,
500 g of seeds were placed in glass beaker (16-cm diameter) inside
the microwave (Model: NN-J155W, 800 W). Samples were micro-
wave treated at a frequency of 2450 MHz for two times of radiation
(3 and 7min). Immediately after every heating run the temperature
of the seeds was determined using handheld infrared thermometer
(KCe180B, Tynaxtools, Poland). Rapeseed sample without micro-
wave radiation (0 min radiation time) was used as a control sample.
Each experiment was performed in triplicate for every rapeseed
variety. Following each heating run, seeds were allowed to cool to
ambient temperature and thoroughly mixed to obtain a homoge-
nous sampling.

2.4. Oil extraction by cold-pressing

The oil was pressed with the use of screw press (Farmet, Czech
Republic) at room temperature. The temperature inside the press
was 60 ± 10 �C and the temperature of the outflowing oil was
39 ± 1 �C. After pressing oils were filtered to remove particles, and
afterwards kept in dark glass bottles (vol. of 65 ml) under refrig-
erated temperature (4 ± 2 �C) until analysed.

Oil yield was calculated on the basis of the following formula
(Swetman & Head, 1998):

Y ¼ 100� Rs
Rc

where: Y e oil yield, Rs e the ratio of non-lipid components in seed
to the oil content in seed, Rc e the ratio of non-lipid components in
cake to the residual oil content in cake.

2.5. Seeds microstructure

Changes in the structure of rapeseeds were determined based
on the analysis of sample images using an electron scanning mi-
croscope (FEI Quanta 200 ESEM, USA) equipped with an energy-
dispersive spectrometer (EDS) and digital image recording. Rape-
seed samples (raw and MV-treated), previously cut with razor
blade, were microscopically examined to determine the visible ef-
fect of MV pretreatment on the kernel cotyledon/cell structure.
Specimens were observed without earlier preparations of the
samples at pressures of 100e133 Pa, under accelerating voltage of
25 or 30 kV. Graphical elaboration of seeds structure were per-
formed using MultiScan v.18.03 software (Computer Scanning
System).

2.6. Determination of tocochromanols and canolol

Tocochromanols (a-, b-, g-, and d-tocopherols and PC-8) and
canolol were determined according to the method described by



M. Wroniak et al. / LWT - Food Science and Technology 68 (2016) 634e641636
Siger et al. (2015). Separation was performed using a Waters HPLC
system (Waters, Milford, MA, USA) coupled with a FLD detector
(Waters 474), a PDA detector (Waters 2998), and a LiChrosorb Si 60
column (250 � 4.6 mm, 5 mm, Merck Millipore, Darmstadt, Ger-
many). The mobile phase was a mixture of n-hexane with 1,4-
dioxane (96:4 v/v) with a flow rate 1.0 ml min�1. Quantification of
tocochromanols was conducted using data from the FLD with
excitation/emission wavelengths of 295/330 nm, respectively. The
plastochromanol-8 contents were assayed and calculated following
method described by Siger et al. (2014). The concentration of can-
olol was evaluated spectrophotometrically according to its specific
absorption coefficient: 29,000 l ¼ 218 nm) and 13,000
(l ¼ 269 nm) (Aachary & Thiyam-Holl€ander, 2013). Peak identity
and homogeneity was verified using HPLC-MSn.

2.7. Fatty acid composition

Fatty acid methyl esters (1 ml), prepared by ISO 5509 standard
method, were separated on a GCeFID system (TRACE™ 1300,
Thermo Scientific, Waltham, MA, USA) equipped with a BPX 70
capillary column (60 m length, 0.22 mm i.d., 0.25 mm film thick-
ness). Helium was used as a carrier gas at a flow rate of
1.5 ml min�1. A split/splitless injector was operated at a tempera-
ture of 230 �Cwith a split rate set to 100:1, and the detector was The
GCeFID interface temperature was 220 �C, the ion source temper-
ature was 200 �C. The GC's oven temperature was programmed as
follows: 80 �C hold for 2 min, ramped to 230 �C at a rate of
2.5 �C min�1, hold for 5 min. Fatty acids were identified by
comparing their retention times with authentic standards, and the
results were reported as weight percentages.

2.8. Oil stability index

Oxidative stability of the oil samples was evaluated byMetrohm
Rancimat apparatus model 743 (Herisau, Switzerland). Briefly, oil
samples wereweighed (2.5 g) into the reaction vessel and heated to
120 �C under air flow of 20 L/h. The oil stability index (OSI) values
were expressed in hours (h).

2.9. Statistical analysis

Data are expressed as Mean ± SD or as percentage. Variables
were compared by one-way ANOVA, when the variables fulfilled
parametric conditions, or by the KruskaleWallis test when these
were non-parametric, using Statistica v. 12 software (StatSoft, Inc.,
Tulsa, USA). Significant differences between means were deter-
mined through Tukey'sMultiple Range Tests. P values less than 0.05
were considered as statistically significant.

3. Results and discussion

3.1. Effect of MV pretreatment on oil extraction yield and seed
microstructure

To investigate the effect of MV pretreatment on oil extraction
yield, pressings were performed by MV-treated and untreated
rapeseed samples. The moisture contents of the unroasted rape-
seed oilseeds of variety Kana and Bakara were 5.7 and 5.5%,
respectively. The oil content amounted to 42.4 and 40.9%, respec-
tively (unpublished data). It was found, that along with prolonged
exposition toMV irradiation decrease of seed moisture content was
observed, which directly influenced the amount of oil extracted
from the seeds (Table 1). According to the literature data the opti-
mum moisture for rapeseed/canola pressing is in the 6.5e7.5%
range, lower seed moisture content may results in lower oil yield
and higher press temperatures (Ferchau, 2000). As can be seen
from Table 1, seeds reached optimum moisture content when
samples, adjusted to moisture content of 9%, were MV-treated for
3 min. The respective oil yield ranged from 63.8 to 65.3% (oilseeds
of Bakara and Kana, respectively), which was 16e19% greater,
compared to the control. Similar pre-pressing moisture content of
5.3e5.9% was achieved when seeds of 7% adjusted moisture con-
tent were exposed for 3 min, as well as at 9% adjusted moisture
content, when the applied MV exposure timewas 7min. Rapeseeds
pretreatment under the above mentioned conditions gave
5.46e8.93% greater yields than that of seeds from untreated rape-
seed sample.

For both rapeseed varieties tested, the amount of extracted oil
was the minimum when seeds were adjusted to moisture content
of 7% and when MV exposure time was 7 min. The respective oil
yields were as follows: 22.3 and 23.6%, which was from 51.5 to
59.6% lower, compared to the control sample (rapeseeds of Bakara
and Kana variety, respectively).

Fig. 1A presents the original structure of raw rapeseed kernel,
while the effect of MWpretreatment on rapeseed internal structure
is depicted in Fig. 1B (sample with moisture content of 9%, MV-
treated for 3 min).As can be seen from Fig. 1B, microwave heating
vaporizes the water of the vegetable substrate microstructure,
which is accompanied by the rupture of cell membrane. Water, as a
polar molecule, is important heat transfer medium. The low
moisture in the MV-treated seeds can make them more brittle,
which can lead to a greater rupture of tissue and facilitate
extractability of the oil during the mechanical pressing. However,
too low moisture content in oilseeds will make the material plas-
ticity and elasticity poor, the material will be pressed to powder,
and as a consequence, such effect disallow to keep operating
pressure in pressing chamber, and press the oil (Uquiche, Jer�ez, &
Ortíz, 2008; Yang et al., 2013).

Plant seeds are complex structures that consist of three major
components: (1) the embryo, composed of cotyledon(s), hypocotyl,
and radicle; (2) the endosperm; and (3) the seed coat, which sur-
rounds the embryo and the endosperm (Hu et al., 2013). Rapeseed
belongs to the dicotyledonous plants in which the embryo consti-
tutes as much as 80% of the mature seed. The embryo is formed by
the cotyledon storage parenchyma cells, containing protein bodies
and lipid bodies embedded in cytoplasmic protein network (Fig.1C)
(Błaszczak & Fornal, 2011). Microscopic studies of MV-treated
rapeseed (Fig. 1D) distinctly showed structural changes in protein
bodies as a result of thermally induced denaturation, as well as
damages in the lipoprotein membrane surrounding individual lipid
bodies. This kernel microstructural changes caused enhanced
release of oil from lipid bodies and facilitated passage of oil from
the cell membrane, which led to improved efficiency of the press-
ing extraction of oil from oilseeds.

3.2. Effect of MV pretreatment on tocochromanol contents

The major tocochromanols identified in the rapeseed oil sam-
ples were as follows: a-, g-, d-tocopherol, and plastochromanol-8.
In the study, trace amounts of b-tocopherol were detected
(Table 2). Tocopherol proportions of 60e74% g-T and 26e35% a-T
are commonly found in the various rapeseed varieties (Dolde,
Vlahakis, & Hazebroek, 1999).

The effects of MV pretreatment on total and individual
tocopherol contents of the oils of the two rapeseed varieties tested
(Kana and Bakara, respectively) are shown in Table 2 g-T was the
predominant component (41.41 and 38.79 mg/100 g, respectively),
followed by a-T (23.40 and 30.28 mg/100 g, respectively), and d-T
contents were 0.61 and 0.50 mg/100 g, respectively. These values
are comparable with the results reported by Schwartz, Ollilainen,



Table 1
Oil extraction yield (%) in a function of microwaving time (min) and the residual water content in cake (%).

Rapeseed variety Adjusted moisture content (%) Microwave time (min) Oil yield (%) Residual water content in cake (%)

Kana 7 0 55.7 ± 0.29ab 7.0 ± 0.05b

3 57.9 ± 0.38bc 5.8 ± 0.08c

7 23.6 ± 3.39d 2.5 ± 0.05d

9 0 53.9 ± 0.85a 9.0 ± 0.24e

3 65.3 ± 0.71e 7.8 ± 0.22f

7 59.8 ± 3.54c 5.3 ± 0.33g

Bakara 7 0 55.1 ± 0.57ab 7.0 ± 0.15b

3 58.5 ± 2.69a 5.9 ± 0.05c

7 22.3 ± 2.94c 3.1 ± 0.24d

9 0 53.3 ± 2.55b 9.0 ± 0.05e

3 63.8 ± 0.85d 7.5 ± 0.10f

7 59.1 ± 0.71ad 5.4 ± 0.16g

Different superscript letters within each column indicate significant differences (P < 0.05).

Fig. 1. Scanning electron micrographs showing the microstructure and microstructural changes in: A euntreated rapeseed kernel; B e kernel of rapeseed MV-treated at 9% moisture
content for 3 min; C euntreated parenchymal cells of cotyledon; D e MV-treated at 9% moisture content for 3 min parenchymal cells of, with protein bodies and lipid bodies
embedded in cytoplasmic protein network.

Table 2
Tocochromanol contents of oils produced by cold-pressing or pressing after rapeseed MV pretreatment.

Rapeseed
variety

Adjusted moisture
content (%)

Microwave
time (min)

Tocopherol contents (mg/100 g) PC-8 content
(mg/100 g)

a-T b-T g-T d-T Total

Kana 7 0 23.40 ± 0.18d trace 41.41 ± 0.33b 0.61 ± 0.08a,b 65.42 ± 0.21c 2.81 ± 0.11b

3 23.86 ± 0.08d,e trace 38.43 ± 0.07a 0.60 ± 0.02a,b 62.89 ± 0.32a 3.83 ± 0.17c

7 20.35 ± 0.19a trace 42.83 ± 0.18d 0.83 ± 0.09c 64.01 ± 0.20b 4.52 ± 0.13d

9 0 22.73 ± 0.11c trace 42.04 ± 0.19c 0.64 ± 0.06a,b,c 65.41 ± 0.31c 2.02 ± 0.19a

3 21.98 ± 0.21b trace 41.91 ± 0.14b,c 0.49 ± 0.03a 64.38 ± 0.18b 3.58 ± 0.13c

7 24.01 ± 0.14e trace 46.25 ± 0.06e 0.68 ± 0.08a,b,c 70.94 ± 0.26e 6.14 ± 0.11e

Bakara 7 0 30.28 ± 0.11d trace 38.79 ± 0.18b 0.50 ± 0.03a 69.57 ± 0.25c 2.15 ± 0.18a

3 30.36 ± 0.05d trace 37.97 ± 0.25a 0.48 ± 0.03a 68.81 ± 0.32b 3.09 ± 0.17c

7 29.78 ± 0.20c trace 45.29 ± 0.05e 0.52 ± 0.10a 75.59 ± 0.25e 3.83 ± 0.15d

9 0 30.22 ± 0.18d trace 41.26 ± 0.09d 0.51 ± 0.05a 71.99 ± 0.19d 2.54 ± 0.06b

3 21.50 ± 0.19a trace 40.22 ± 0.10c 0.52 ± 0.06a 62.24 ± 0.22a 3.31 ± 0.14c

7 23.16 ± 0.14b trace 44.94 ± 0.15e 0.72 ± 0.04b 68.82 ± 0.32b 5.69 ± 0.10e

Different superscript letters within each column indicate significant differences (P < 0.05).
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Piironen, and Lampi (2008), and Azadmard-Damirchi et al. (2010).
Results presented in Table 2 showed that individual and total
tocopherol contents were differently affected by the MV pretreat-
ment of rapeseed prior to pressing. Similarly to Yang et al. (2013)
depending on the initial moisture of seeds, both individual and
total tocopherol contents increased to the maximum at different
microwave times.When analysing changes in the content of indi-
vidual tocopherol homologues, it was found that, in both varieties,
the amount of g-T homologue first decreased (after 3-min MV
pretreatment), and then increased to the maximum after 7-min
exposure, regardless of adjusted moisture content. Respective g-T
percentage increase at givenMV exposure time ranged from 9.72 to
20.98%, for oil produced from Kana and Bakara variety, respectively.
On the other hand, with increasing MV pretreatment time, the
concentration of a-T homologue was found, in general, to decrease.
This observation concurs with the results obtained by Yang et al.
(2013) who also found the smallest amounts of a-T in 7-min MV-
treated samples, while Azadmard-Damirchi et al. (2010) reported
that the content of g- and a-T in oil extracted from 2 to 4-min MV-
treated rapeseeds decreased with increasing exposure time. The
unroasted samples of Kana and Bakara variety possessed 2.81 and
2.15 mg PC-8 per 100 g of rapeseed, respectively. MV pretreatment
of rapeseed prior to pressing significantly (P < 0.05) increased the
content of PC-8 in the analysed oil samples (Table 2). At 9%moisture
level, after 7-min MV exposure, the maximum PC-8 content of 6.14
and 5.69 mg/100 g was obtained.

3.3. Formation of canolol during microwave pretreatment

Canolol, also referred as 4-vinylsyringol, is formed by thermally
initiated CO2 splitting off from sinapic acid (Pudel et al., 2014). The
amount of canolol detected in cold-pressed oil samples ranged
from 10.0 to 16.97 mg/g of oil, for oil obtained from seeds of Bakara
and Kana variety, respectively. MV pretreatment significantly
increased canolol content in rapeseed (Fig. 3). Canolol contents
increased with increasing microwave time, which led to a greater
water evaporation and higher seeds temperature reached during
MV pretreatment (Tables 1 and 3). At 7% moisture content, when
the applied MV exposure time was 7 min, the content of canolol in
the samples increased drastically, the amount of which increased
48-fold (821.86 mg/g for Kana variety) and 92-fold (926.42 mg/g for
Bakara variety) in relation to control. Under these conditions
applied, the respective seeds temperature reached during MV
pretreatment was in the range of 145 and 147 �C. However, when
seeds were adjusted to moisture content of 9%, after 7 min expo-
sure the canolol concentrationwas nearly 3-fold lower compared to
seeds with 7% water content (314.88 and 354.02 mg/g, varieties
Kana and Bakara, respectively).Respective seeds temperature
measured immediately after MV pretreatment was as follows: 115
and 117 �C.

Spielmeyer et al. (2009) reported that MV pretreatment of
rapeseeds for 6 min, with a final temperature of 146 �C, caused an
increase in canolol content from 5.8 to 592.6 mg/g, while further MV
exposure prolongation to 7.5 min (160 �C), resulted in a maximum
canolol formation in rapeseed (720 mg/g). However, 9 min rapeseed
sample MV pretreatment (171 �C) led to a considerable loss of
canolol content (320.2 mg/g). However, initial moisture content of
rapeseeds used in a study conducted by Spielmeyer et al. (2009)
was not specified.

3.4. FA composition

FA compositions of control and MV-treated rapeseed oil are
given in Table 4. The principal FA components of the control
rapeseed oil varieties Kana and Bakarawere typical for 00-rapeseed



Fig. 3. HPLC chromatograms of tocochromanols and canolol of rapeseed oil (seeds of Kana variety) produced from: A e seeds adjusted to moisture content of 7% and MV-treated for
0, 3 and 7 min; B e seeds adjusted to moisture content of 9% and MV-treated for 0, 3 and 7 min.
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e the dominant fatty acid was oleic acid (C18:1), followed by
linoleic (C18:2) and a-linolenic acid (C18:3) in concentrations of
61.21, 60.57; 18.52, 20.48; 10.52, 8.88%, respectively. When both
these varieties were MV-treated for 3 and 7 min, noticeable
changes in MUFAs, PUFAs and SFAs composition percentage were
not observed. Moreover, the results of the FA analysis showed no
formation of any trans FA during microwave pretreatment (Fig. 2).

The changes in quality, which occur during MV pretreatment of
rapeseeds, have been well investigated (Azadmard-Damirchi et al.,
2010; Niu, Jiang, Wan, Yang, & Hu, 2013; Spielmeyer et al., 2009;
Yang et al., 2013); however, information on the effect of MW
treatment on the FA composition of rapeseed oil is scarce. Takagi,
Ienaga, Tsuchiya, and Yoshida (1999), Yoshida, Hirakawa,
Tomiyama, Nagamizua, and Mizushina (2005), Anjum, Anwar,
Jamil, and Iqbal (2006), Yoshida, Tomiyama, Hirakawa, and
Mizushina (2006), and Uquiche et al. (2008) studied the effect of
MV pretreatment on soya bean (Glycine max), peanut seeds
(Arachishypogaea L.), sunflower seeds (Heliantusannuus L.), pump-
kin seeds (Cucurbita spp.), and Chilean hazelnuts (Gevuinaavellana
Mol), respectively. These authors reported microwave-induced
alteration in the fatty acid composition of vegetable oils, namely a
decrease in the amount of PUFAs and a slight increase of MUFAs and
SFAs concentration. On the other hand, Wijesundera, Ceccato,
Fagan, and Shen (2008), Kralji�c et al. (2013), Rękas et al. (2015),



Table 3
Canolol contents and oxidative stability index (OSI) of oils produced by cold-pressing or pressing after rapeseed MV pretreatment.

Rapeseed
variety

Adjusted moisture
content (%)

Microwave
time (min)

Seeds temperature reached
after heating (�C)

Canolol content
(mg/g)

Oxidative stability
index (h)

Kana 7 0 20 18.97 ± 0.36a 3.91 ± 0.03a

3 98 92.04 ± 0.15d 6.62 ± 0.15d

7 145 821.86 ± 0.36f 11.52 ± 0.10f

9 0 21 21.21 ± 0.54b 4.14 ± 0.04b

3 87 39.88 ± 0.26c 5.71 ± 0.01c

7 115 314.88 ± 0.44e 7.22 ± 0.09e

Bakara 7 0 20 16.34 ± 0.18a 3.44 ± 0.02a

3 99 116.03 ± 0.34d 4.97 ± 0.08d

7 147 926.42 ± 0.48f 12.75 ± 0.14g

9 0 20 23.75 ± 0.52b 4.58 ± 0.01c

3 89 54.02 ± 0.19c 6.03 ± 0.12e

7 117 354.02 ± 0.68e 6.86 ± 0.14f

Different superscript letters within each column indicate significant differences (P < 0.05).

Table 4
Fatty acid compositions of oils produced by cold-pressing or pressing after rapeseed MV pretreatment.

Rapeseed
variety

Adjusted
moisture
content (%)

Microwave
time (min)

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C22:0

Kana 7 0 4.27 ± 0.13a 0.21 ± 0.05a 2.06 ± 0.23a 61.21 ± 0.24a 18.52 ± 0.13b 10.52 ± 0.07b 0.61 ± 0.06a 1.30 ± 0.02a 0.16 ± 0.03a

3 4.33 ± 0.14a 0.21 ± 0.05a 2.08 ± 0.14a 61.17 ± 0.14a 18.71 ± 0.17c 10.28 ± 0.11a 0.64 ± 0.01a 1.34 ± 0.05a 0.16 ± 0.00a

7 4.32 ± 0.12a 0.20 ± 0.01a 2.11 ± 0.12b 61.19 ± 0.31a 18.45 ± 0.21a 10.72 ± 0.16b 0.59 ± 0.15a 1.29 ± 0.07a 0.14 ± 0.04a

9 0 4.30 ± 0.05a 0.22 ± 0.01a 2.10 ± 0.14b 61.23 ± 0.26a 18.46 ± 0.21a 10.63 ± 0.13b 0.61 ± 0.04a 1.31 ± 0.05a 0.15 ± 0.04a

3 4.34 ± 0.11a 0.24 ± 0.04a 2.12 ± 0.20b 61.20 ± 0.18a 18.53 ± 0.19b 10.45 ± 0.08a 0.63 ± 0.01a 1.35 ± 0.04a 0.16 ± 0.02a

7 4.32 ± 0.13a 0.25 ± 0.09a 2.14 ± 0.10b 61.18 ± 0.16a 18.43 ± 0.05a 10.56 ± 0.11b 0.59 ± 0.03a 1.30 ± 0.06a 0.16 ± 0.01a

Bakara 7 0 4.17 ± 0.10A 0.17 ± 0.04A 1.10 ± 0.16A 60.57 ± 0.31A 20.48 ± 0.10A 8.88 ± 0.16A 0.61 ± 0.03A 1.14 ± 0.07A 0.31 ± 0.01A

3 4.20 ± 0.05A 0.18 ± 0.02A 1.14 ± 0.15A 61.01 ± 0.23A 20.51 ± 0.14A 8.90 ± 0.14A 0.59 ± 0.06A 1.14 ± 0.02A 0.33 ± 0.03A

7 4.18 ± 0.13A 0.17 ± 0.05A 1.12 ± 0.17A 60.59 ± 0.12A 20.50 ± 0.11A 8.88 ± 0.10A 0.62 ± 0.02A 1.15 ± 0.04A 0.34 ± 0.01B

9 0 4.19 ± 0.16A 0.17 ± 0.09A 1.11 ± 0.5A 61.03 ± 0.01A 20.54 ± 0.29A 8.91 ± 0.04A 0.60 ± 0.01A 1.16 ± 0.01A 0.35 ± 0.02B

3 4.22 ± 0.02A 0.17 ± 0.04A 1.15 ± 0.17A 60.58 ± 0.17A 20.50 ± 0.17A 8.89 ± 0.17A 0.60 ± 0.00A 1.15 ± 0.00A 0.30 ± 0.03A

7 4.18 ± 0.18A 0.16 ± 0.05A 1.14 ± 0.12A 61.01 ± 0.12A 20.54 ± 0.05A 8.92 ± 0.15A 0.59 ± 0.05A 1.18 ± 0.03B 0.31 ± 0.01A

Different superscript letters within each row indicate significant differences (P < 0.05).
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and Siger et al. (2015) found no differences in FA composition of
rapeseed oil produced from seeds that had previously undergone
roasting (conventional oven heating) at different temperatures and
times.

3.5. Effect of microwave pretreatment on oil oxidative stability

Oxidative stability of vegetable oils is defined as the resistance
to oxidation during processing and storage (Choe & Min,
2006).The fatty acid composition of oil is one of the most
important factors determining the oxidative stability of oils.
However, MV pretreatment of rapeseed prior to pressing did not
alter the FA composition, but it led to a significant increase of OSI
of oils (Table 3). Both the MV period and adjusted seed moisture
content were found to have significant impact on the OSI values.
For both Kana and Bakara varieties, the lowest oxidative stability
was found in untreated rapeseed samples (an average of 4 h),
while after 3-min MV pretreatment it increased to 6.62 and 4.97 h
(7% moisture level), and 5.71 and 6.03 h (9% moisture content),
respectively. Oxidative stability of oils increased to 11.52e12.75 h
and 6.86e7.22 h, after 9 min MV exposure of seeds adjusted to
moisture content of 7 and 9%, respectively. It has recently been
reported that oil produced from microwave-treated rapeseed
shows a markedly improved oxidative stability mainly due to
enhanced extractability of components with antioxidative ca-
pacity such as canolol (phenolic-type compound), tocopherols,
and phytosterols (Azadmard-Damirchi et al., 2010; Wijesundera
et al., 2008; Yang et al., 2013). Shrestha, Gemechu, and De
Meulenaer (2013) pointed out that lipophilic Maillard type
browning reaction products and phospholipids, in addition to
canolol, may also be responsible for enhanced antioxidant activity
of oil produced from seeds that had previously undergone thermal
pretreatment.
4. Conclusions

Based on the above results the following conclusions may be
drawn:

a) Along with prolonged exposition to MV irradiation decrease
of seed moisture content was observed, which directly
influenced the amount of oil extracted from the seeds; 3-min
MV pretreatment of rapeseeds, adjusted to moisture content
of 9%, enabled up to 64.5% of the oil to be extracted.

b) The amount of individual and total tocopherols varied
significantly (P < 0.05), depending on both the microwave
time and adjusted moisture content of the rapeseed.

c) MV pretreatment of rapeseed prior to pressing did not alter
the fatty acid composition of oils, relevant from the nutri-
tional point of view.

d) MV irradiation significantly increased concentration of can-
olol in rapeseed. The highest amount of canolol was found for
a MV pretreatment period of 7 min, when the seeds adjusted
moisture content was 7%.

e) An increase in the canolol content of the oils caused a
marked IP prolongation, the value of which increased 3-fold
in relation to the control.
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a b s t r a c t

The main aim of this study was to produce and optimize spice fused tamarind seed starch edible films for
meat packaging. Among fourteen different spices examined for incorporation with tamarind starch
edible films, ball milled Syzygiumaromaticum and Cinnamomum cassia were selected because of its high
preservative properties. Ball milled spices were found to have break point for release of active com-
pounds. Break point sample of S. aromaticum was found to have high antioxidant property with total
phenolic content of 29.31 ± 0.31 mg GAE/g. Break point sample of C. cassia was found to have high
antibacterial activity against a panel of food pathogenic and meat putrefying bacteria. Edible films
prepared from tamarind seed starch were studied for its mechanical properties. Artificial Neural Network
(ANN) model was developed for prediction of mechanical properties of edible film using central com-
posite design experimental data. Examined model of Probabilistic neural network was found to be fit for
experimental data with average correlation coefficient (R2) of 0.989. Minimum inhibitory concentration
mixture of S. aromaticum and C. cassia was supplemented with optimized edible film mixture and
improvement in antioxidant and antibacterial properties of edible films were observed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Packing of food had been in practice for several decades. In old
days, main motive of packing was easier transportation of mate-
rials, not much importance was given to protection of food. Later
with developments in the field of science, packing became pack-
aging, where its early aim was to derive solutions for physical and
mechanical hazards of packaging. Lately, during last decade due to
advancement in technologies, many researchers have worked on
preventing food from chemical and microbial hazards. Thus,
advancement in technology resulted in many advanced packaging
methods such as retort, tetra pack and aseptic packaging (McMillin
et al., 2008). Edible film packaging is one of the advanced methods
for packaging of foodmaterials, especially meat andmeat products.
Production of edible films by polymerization of proteins
(Saremnezhad, Azizi, Barzegar, Abbasi, & Ahmadi, 2011) and sac-
charides (Sayanjali, Ghanbarzadeh, & Ghiassifar, 2011) has been
mar).
under study for many years. In last five years, researchers focused
on using protein and starch wastes of any industrial process as a
source of matrix for production of edible films. Tamarind seeds are
one of such waste materials coming out of a tamarind pulp in-
dustry. There is no proper method available for usage of tamarind
seeds. Tamarind seeds are rich in starch, which can be used as a
source of matrix for production of edible films, but there is a lack of
efficient method for production of edible film from tamarind seed
starch. Thus, derivation of production method and optimization of
constituents became inevitable for improvement of edible film
properties.

Spices play an important role in the edible film packaging,
mainly because of its superior antioxidant and antimicrobial
properties (Sadaka et al., 2014). Number of researchers studied the
antimicrobial and antioxidant properties of many spices and plant
extracts (Radha krishnan et al., 2014). Incorporation of spices ex-
tracts for embracement of antioxidant and antimicrobial properties
of edible film was under extensive research for last ten years.
Recent research expeditions proved that long time consumption of
high concentration of spice extracts can affect absorption of
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nutrients in human intestine (Hygreeva, Pandey, & Radha krishna,
2014).

Artificial neural networks (ANN) were found to be an exclusive
tool for prediction and optimization of different experimental
features (Ji et al., 2012). In last three years, many researchers have
used ANN to examine its effect on optimization and statistical
analysis of their research data. Some researchers have also reported
that ANN is most suitable for optimization and predictive modeling
of experimental data.

Present study's clear aim was to produce edible films from
tamarind seed starch and to optimize the constituents of edible film
for improvement of its mechanical properties. Another aim of this
study was to investigate antibacterial and antioxidant properties of
(particle size reduced) spice powders. Artificial Neural Networks
predictive models were used for optimization of edible film con-
stituents. Spice powders were incorporated with tamarind seed
starch edible film for improvement of its antioxidant and antibac-
terial properties. Infrared spectroscopic analysis was used for ex-
amination of interactions between edible film constituents.

2. Materials and methods

2.1. Raw materials

Fourteen different dried spices Kapok (Bombax ceiba), Pepper
(Piper nigrum), Tailed Pepper (Piper cubeba), Cardamom (Elettaria
cardamomum), Fennel (Foeniculum vulgare), Star anise (Illicium
verum), Mace (Myristica fragrans), Coriander (Coriandrum sativum),
Turmeric (Curcuma longa), Black Stone Flower (Parmotrema perla-
tum), Bay leaf (Laurus nobilis), Clove (Syzygium aromaticum), Cin-
namon (Cinnamomum cassia) and Oregano (Origanumvulgare) were
obtained fromNuts and Spices Super market, Chennai, India. All the
microbial strains were bought from Microbial type culture collec-
tion (MTCC), India. Tamarind seeds were collected from nearby
villages, in and around Chennai, Tamil Nadu, India. All the chem-
icals were bought from local supplier for Merck Millipore (Merck
specialties Pvt. Ltd.). Purity: EMPARTA ACS grade for analysis.

2.2. Spices

2.2.1. Particle size reduction of spices
Dry spice samples were frozen to �25 �C in freezing chamber.

These frozen spice samples were first milled with a coffee grinder
(to an approx. size of about 5 mm). Grounded coarse spice powders
were frozen again to �25 �C, then it was milled again with Spex
8000M high-energy ball milling machine. The spice powders were
ground in a milling vial with balls (1/4 inch in diameter) made of
440C hardened steel. The weight ratio of powder to ball was set as
1:10. The organic solvent n-Hexane (99.8% purity) was used as the
milling medium and oleic acid (90%) was used as the surfactant
during milling. The amount of surfactant used was ~5%e7% and the
solvent used was about 50% of the weight of the starting powder.
Special care was taken to avoid rise in temperature during milling
process. Ball milling process was continued till constant average
particle size of 80 mm is achieved. Ball milled (spice powder e n-
Hexane) dispersion was subjected to freeze drying for removal of
excess n-Hexane. These particle size reduced spice powders were
stored in �5 �C till next use.

2.2.2. Antioxidant activity
DPPH radical scavenging activity, ABTS cation decolorization

assay, Total phenolic content and Total flavonoid content assays
were carried out as per themethods described in our previous work
(Radha krishnan et al., 2014). Trolox was taken as a positive control
for DPPH and ABTS assays. Gallic acid and quercetin was taken as
positive control for total phenolic content and total flavonoid
content assays respectively.

2.2.3. Antibacterial activity
Antibacterial properties of particle size reduced spices were

evaluated using agar well diffusion method, described in our pre-
vious work (Radha krishnan et al., 2014). Bacterial strains used for
this study were Escherichia coli (MTCC 40), Salmonella sp. (MTCC
1169), Shigella flexneri (MTCC 1457), Vibrio parahaemolyticus (MTCC
451), Vibrio cholera (MTCC 3904), Pseudomonas aeruginosa (MTCC
4673), Lactobacillus delbrueckii (MTCC 911) and Brochothrix sp.
(MTCC 2963). Minimum inhibitory concentration of spices was
evaluated according to method described in our previous work
(Radha krishnan et al., 2014).

Spices having good antioxidant and antibacterial activity were
selected and they were used to study the effect of particle size
reduction on its properties.

2.2.4. GCeMS analysis of spices
GCeMS analysis of spices was performed using Agilent-6890 N

gas chromatographer with an HP 5973 mass spectrometer detector.
Analysis was carried out according to method described in our
previous study (Radha krishnan et al., 2014). Compounds in the
extracts were identified by matching their mass spectra and
retention times with those of pure compounds whenever possible.
NIST (National Institute of Standards and Technologies) USA, Mass
Spectra Library was also used as a reference.

2.2.5. Synergistic properties of clove and cinnamon
Synergistic antioxidant and antibacterial activity of spice mix-

tures were estimated for different combinations of spices. Clove
concentrations [0.5, MIC (1), 1.5] (g/100 mL) and Cinnamon con-
centrations [1.5, MIC (2), 2.5] (g/100mL) were taken for the analysis
and they were mixed in 9 different possible proportions. These
proportional mixtures were analyzed for antioxidant and antibac-
terial activity using DPPH assay and well diffusion assay as
described earlier.

2.3. Particle size analysis

Particle size distribution of ball milled spice powders were
measured with a laser diffraction system. 10 mg of each sample
were dispersed in 3 mL of De-ionized water then they were loaded
in to laser diffraction system (HELOS-BR, Sympatec Inc., New Jersey,
USA) at wavelength of 632.8 nm.

2.4. Extraction of tamarind seed starch

The process of synthesizing Tamarind seed starch involves
roasting followed by pulverizing. Tamarind seeds are roasted in oil-
fired roaster and decorticated to remove skin. Seeds are then
broken in to smaller pieces in a grinder. These broken pieces are
then finally pulverized to make starch powder. These powdered
Tamarind seed starch were defatted (soxhleted with methanol at
65 �C for 10 h followed by n-hexane at 69 �C for another 10 h) using
soxhlet extraction. Defatted starch was blended with 70% ethanol
and 0.1 M NaOH for 5 min in each solvent, respectively. The filtrate
was centrifuged at 11,000� g for 15min. The starch powder residue
thus obtained was mixed with water, re-filtered twice using
200 mesh screen and Whatman analytical grade No.5 filter paper
with 2.5 mm pore size, and then washed successively with 0.1 M
NaOH and deionized water (Fabian, Ayucitra, Ismadji, & Ju, 2011).
Finally, starch powder was dried in oven at 50 �C till it reaches
constant weight. Prepared starch powder was packed and stored in
polythene lined gunny bags at �5 �C for further studies.
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2.4.1. Proximate analysis
Total starch content was analyzed using the modified method of

Association of Analytical Communities (AOAC, 1996). The protein
and ash content were determined by Nitrogen-Ammonia-Protein
Modified kjeldahl and firestone Methods (AOCS 4a, 1997 & AOCS
5a, 1997) respectively.

The amylose content was determined by a colorimetric method
(EN ISO 6647 parts I and II), which is based on amyloseeiodine
complex formation. The absorbance was measured at 620 nm using
UVeViseNIR Spectrophotometer (UV-3600, Shimadzu, Japan).
Pure amylose was used as standard for estimation of amylose in
starch.

2.5. Preparation and characterization of edible films

Tamarind seed starch powder was taken in different percentage
(1, 2, 3, 4, 5, 6 and 7 g/100 mL) compositions with distilled deion-
ized water and gelatinized at 105 �C. Then the gelatinized solution
was casted over aluminum trays for edible film formation. All the
films were casted over aluminum trays and were kept for drying in
electric tray dryer for 3e4 h at 60 �C. Because of improper forma-
tion of edible films, viscosity measurement was taken as an
analytical parameter for optimization of tamarind starch compo-
sition. Viscosity was measured using brook field viscometer.

Xanthan gum (gumming agent) was taken in different per-
centage compositions (0.10, 0.20, 0.30, 0.40 and 0.50 g/100 mL)
with selected concentration of tamarind seed starch. Thus obtained
different edible film composition mixtures were used for prepara-
tion of edible film using above mentioned process. Tensile strength
(TS) (Mpa) and elongation at break (EB) (%) parameters (mechanical
properties) were measured using Universal testing machine (DL
10000) (Thechnosys instruments) according to the standard testing
method ASTM D882-97 (Mu, Guo, Li, Lin, & Li, 2012).

TS (Mpa) was calculated by the following equation:

TS ¼ Fmax
A

(1)

where, Fmax is maximum load (N) needed to pull the sample apart;
A is cross-sectional area (m2) of the samples.

EB (%) was calculated by following equation:

EB ¼
�

L
25

�
� 100 (2)

where, L is film elongation at the moment of rupture (mm); 25 is
initial grip length (mm) of samples.

Sorbitol, Glycerol and Polyethylene glycol-400 were investi-
gated for selection of plasticizing agent. These plasticizers were
added in different percentage (5, 10, 15, 20, 25 mL/100 mL) com-
positions with optimized edible film mixture. Edible films were
prepared from above mixture and their properties were analyzed
for initial selection and optimization.

2.5.1. FTIR analysis
Fourier transform infrared spectroscopy (FTIR) analysis was

performed using PerkineElmer Co., USA model spectrum with
dried samples dispersed in the pellets of KBr. The spectral mea-
surements were carried out in the transmittance mode. The mea-
surements were carried out in the mid-infrared range from 4000 to
400 cm�1 with plain KBr pellet used as the background reference.

2.6. Artificial neural networks for optimization of edible films

Artificial neural networks were used for construction of
predictive model for mechanical properties of edible film. Con-
centration difference of tamarind seed starch, xanthan gum and
glycerol were taken as fixed input parameters. Mechanical prop-
erties such as tensile strength and elongation at break of edible
films were taken as output parameters. Neuro solutions infinity
software was used for construction of ANN predictive model. Major
model parameters for investigation of fitness of the model are R2

(Correlation coefficient), MAE (Mean absolute error), MSE
(Mean square error). They were calculated through formulas given
below.

R2 ¼
Pn

i¼1ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðxi � xÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðyi � yÞ2

q (3)

MAE ¼ 1
n

Xn
i¼1

ðxi � yiÞ (4)

MSE ¼ 1
n

Xn
i¼1

ðxi � yiÞ2 (5)

where, xi e experimental values, yi e predicted values, x emean of
experimental values, y e mean of predicted values, n e number of
values. Percentage R2 values were taken as model scores.

2.7. Measurement of O2 and CO2 permeability

Gas (O2 and CO2) permeability at 25 �C was measured in a
designed stainless steel cell using a check point e Handheld gas
analyzer (Dansensor, Denmark) following the method described by
(Garcia, Martino, & Zaritzky, 2000). Pure O2 and CO2 gases were
filled separately in sides of the film chamber. Gas composition on
either side of edible film was monitored at different time intervals
(5min). The gas permeability (GP) was calculated according to the
following equation:

GP ¼ d
A
*
DV
Dt

*
1
DP

(6)

where, DP is gas pressure difference between the two sides of the
film, d is thickness of film (0.45 mm), A is surface area (10 cm�
10 cm) of film through which gas diffusion takes place and DV/Dt is
the rate of the gas diffusing through the film.

2.8. Statistical analysis

All the analyses were carried out in triplicates, mean and stan-
dard deviations of the datawere used for reporting all investigation
results. Two-way Analysis of variance (ANOVA) was used for esti-
mation of significant differences of given parameters.

3. Results and discussions

3.1. Antioxidant and antibacterial analysis of spice powders

Antioxidant properties of ball milled spice powders were
investigated through DPPH Assay and their results were depicted in
Fig. 1. Clove was found to have highest antioxidant activity with
86.26 ± 0.74% inhibition of DPPH. This may be due to the presence
of high concentration of polyphenols (Gulcin, Elmastas, & Aboul-
Eneinc, 2012).

Zone of inhibition results for ball milled spice powders are
tabulated in Table 1. Cinnamon (particle size 69.87 ± 7.95 mm)
showed high antibacterial activity against almost all bacterial
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Fig. 1. Anti-oxidant activity of fourteen different spice samples expressed as % inhibition of 2, 2-diphenyl-2-picryl hydrazyl. (all data were denoted as Mean ± S.E).

Table 1
Average particle size of ball milled spice powders and their antibacterial activities.

Spices Average
Particle size

Zone inhibition (mm)

Scientific name mm Escherichia
coli

Salmonella
sp.

Shigella
flexneri

Vibrio
parahaemolyticus

Vibrio
cholerae

Pseudomonas
aeruginosa

Lactobacillus
delbrueckii

Brochothrix
sp.

Kapok (Bombax ceiba) 78.45 ± 5.54 (�) 13 ± 0.8 16 ± 1.2 24 ± 1.4 17 ± 1.2 (�) (�) (�)
Pepper (Piper nigrum) 75.87 ± 6.32 23 ± 2.4 22 ± 1.7 21 ± 1.4 21 ± 1.8 25 ± 0.6 10 ± 0.5 29 ± 1.5 30 ± 0.4
Tailed Pepper (Piper cubeba) 80.86 ± 4.57 30 ± 2.3 32 ± 2.0 37 ± 1.6 38 ± 0.6 31 ± 2.0 17 ± 0.6 25 ± 0.7 11 ± 0.6
Cardamom (Elettaria

cardamomum)
79.36 ± 7.32 36 ± 1.8 28 ± 0.7 33 ± 2.0 32 ± 1.2 22 ± 1.8 16 ± 0.8 20 ± 0.3 13 ± 0.3

Fennel (Foeniculum vulgare) 70.68 ± 4.35 (�) 11 ± 0.2 36 ± 1.3 31 ± 1.5 15 ± 0.8 12 ± 0.2 13 ± 0.4 (�)
Star anise (Illicium verum) 78.51 ± 5.87 19 ± 1.7 (�) 15 ± 0.8 (�) 27 ± 1.4 (�) (�) (�)
Mace (Myristica fragrans) 72.68 ± 4.98 (�) 13 ± 0.6 (�) 25 ± 0.8 20 ± 0.8 15 ± 0.8 17 ± 0.6 (�)
Coriander (Coriandrum sativum) 74.85 ± 6.35 23 ± 1.7 (�) 23 ± 1.1 31 ± 1.8 (þ) 10 ± 0.4 16 ± 0.4 (�)
Turmeric (Curcuma longa) 69.87 ± 4.52 24 ± 1.2 (�) 24 ± 1.7 31 ± 1.5 35 ± 1.7 12 ± 0.9 13 ± 0.8 17 ± 0.5
Black stone flower (Parmotrema

perlatum)
76.58 ± 6.85 15 ± 1.1 28 ± 0.5 30 ± 0.5 47 ± 1.2 31 ± 1.5 20 ± 0.7 22 ± 1.4 20 ± 0.7

Bay leaf (Laurus nobilis) 78.75 ± 5.84 (�) (�) (�) (�) (�) (�) (�) (�)
Clove (Syzygium aromaticum) 74.84 ± 6.49 35 ± 2.4 32 ± 2.0 (�) 22 ± 1.4 35 ± 1.7 13 ± 0.3 18 ± 0.8 (�)
Cinnamon (Cinnamomum

cassia)
69.87 ± 7.95 45 ± 0.8 30 ± 2.0 35 ± 1.6 38 ± 0.6 35 ± 1.4 25 ± 0.6 40 ± 0.7 25 ± 0.5

Oregano (Origanum vulgare) 78.64 ± 8.37 20 ± 1.7 20 ± 0.8 31 ± 1.5 24 ± 1.4 20 ± 2.0 12 ± 0.2 20 ± 0.6 30 ± 0.8

(�) ineffective; (þ) 100% activity; 20mg/well; Well diameter: 6 mm.
Results are denoted as mean ± S.E. calculated from three independent determinations.
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species, which may be due to presence of natural antimicrobial
agents (Goni et al., 2009).

Minimum inhibition concentration (MIC) results of investigated
spice samples are tabulated in Table 2. Clove showed high mini-
mum inhibition concentration of 10 mg/mL against P. aeruginosa
and Brochothrix sp. Cinnamon showed high MIC of 20 mg/mL
against Brochothrix sp.

Both Minimum inhibitory concentration (MIC) and zone of in-
hibition results were taken in to consideration for selection of
C. cassia as a natural anti-bacterial agent. Considering zone of in-
hibition results C. cassia was found to have maximum zone
compared to other spice samples (also it was found to have more or
less same MIC on comparison with oregano). Thus S. aromaticum
and C. cassiawere selected as natural antioxidant and antibacterial
agent for preparation of spice mix to incorporate with tamarind
starch edible films. These shortlisted spices were further analyzed
for effect of particle size reduction on its properties.
3.2. Effect of particle size reduction

3.2.1. Antioxidant activity of S. aromaticum and C. cassia
Ball milled spice powders were sampled at different time in-

tervals and they were analyzed for its particle size, antioxidant and
antibacterial properties. Effect of particle size reduction on anti-
oxidant properties of S. aromaticum and Cinnamomum cassia were
examined and the results are tabulated in Table 3. S. aromaticum
spice powder (particle size e 180 mm) was found to be rich in free
radical quenchers and electron donors with high DPPH and ABTS
assay values of 9.12 ± 0.31 and 5.32 ± 0.12 m mol TE/g respectively.
Total phenolic content and total flavonoid content of S. aromaticum
was found to be 26.24 ± 0.54 mg GAE/g and 13.41 ± 0.33 mg
quercetin/g respectively. Thus, high phenolic and flavonoid content
was found to be responsible for antioxidant activity of
S. aromaticum. Similar observations were reported by other re-
searchers (Zhou & Yu, 2006). Reduction in particle size of



Table 2
Minimum inhibition concentration for spices.

Spices Escherichia coli Salmonella sp. Shigella flexneri Vibrio parahaemolyticus Vibrio cholerae Pseudomonas aeruginosa Lactobacillus delbrueckii Brochothrixc sp.

Minimum inhibition concentration (mg/mL)
Kapok (�) 10.0 10.0 5.0 10.0 (�) (�) (�)
Clove 5.0 5.0 5.0 5.0 2.5 10.0 5.0 10.0
Pepper 2.5 7.5 2.5 10.0 5.0 5.0 12.5 20.0
T.Pepper 7.5 5.0 5.0 5.0 5.0 5.0 10.0 20.0
Cardamom (�) 10.0 7.5 5.0 10.0 12.5 12.5 (�)
Fennel 10.0 (�) 15.0 (�) 7.5 (�) (�) (�)
Star anise (�) 10.0 (�) 10.0 2.5 12.5 10.0 (�)
Mace 7.5 (�) 10.0 7.5 2.5 12.5 10.0 (�)
Coriander 5.0 (�) 10.0 10.0 5.0 15.0 15.0 20.0
Turmeric 10.0 10.0 5.0 12.5 7.5 7.5 7.5 20.0
BSF (�) (�) (�) (�) (�) (�) (�) (�)
Bay leaf 2.5 12.5 (�) 5.0 10.0 12.5 15.0 (�)
Cinnamon 5.0 10.0 5.0 10.0 10.0 12.5 5.0 20.0
Oregano 2.5 5.0 5.0 2.5 2.5 20.0 10.0 10.0

(�) ineffective.
Values were determined after triplicate analysis.

Table 3
Effect of particle size reduction on antioxidant activity of Syzygium aromaticum (clove) and Cinnmomum cassia (cinnamon).

Ball milling time Average particle size DPPH ABTS TPC TFC

m mol TE/g m mol TE/g mg GAE/g mg quercetin/g

Syzygium aromaticum
1hr 180 mm 9.12 ± 0.31 5.32 ± 0.12 26.24 ± 0.54 13.41 ± 0.33
2hr 142 mm 9.25 ± 0.28 5.49 ± 0.22 27.35 ± 0.14 13.82 ± 0.24
3hr 113 mm 9.48 ± 0.24 5.73 ± 0.41 27.83 ± 0.25 14.10 ± 0.11
4hr 85 mm 9.87 ± 0.36 5.98 ± 0.25 29.31 ± 0.31 14.68 ± 0.16
5hr 50 mm 9.89 ± 0.24 6.05 ± 0.12 29.35 ± 0.11 14.72 ± 0.23
6hr 42 mm 9.90 ± 0.11 6.08 ± 0.32 29.37 ± 0.41 14.72 ± 0.14
Cinnmomum cassia
1hr 184 mm 7.13 ± 0.25 3.85 ± 0.22 18.25 ± 0.36 8.86 ± 0.18
2hr 140 mm 7.24 ± 0.22 3.93 ± 0.26 18.53 ± 0.11 8.98 ± 0.42
3hr 125 mm 7.38 ± 0.18 4.13 ± 0.13 18.85 ± 0.16 9.23 ± 0.37
4hr 92 mm 7.86 ± 0.35 4.58 ± 0.41 19.36 ± 0.26 9.57 ± 0.41
5hr 58 mm 7.88 ± 0.41 4.59 ± 0.38 19.38 ± 0.34 9.60 ± 0.36
6hr 45 mm 7.91 ± 0.23 4.62 ± 0.27 19.41 ± 0.27 9.62 ± 0.24

Results are denoted as mean ± S.E. calculated from three independent determinations.
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S. aromaticum was found to be influencing its antioxidant proper-
ties, positively. This may be due to increase in release of active
compounds present in particle size reduced spice. As the size of
spice particles reduced, more surface area of dry spice samples will
be exposed to extraction medium which in-turn will result in
release of more active compounds. Rate of increase in antioxidant
properties of S. aromaticum was high till its average particle size
reaches 85 mm at 4th hour sample. But at further sampling hours
increase in antioxidant properties of S. aromaticum were found to
be minimal. Reduction in rate of increase in antioxidant activity
may be due to decrease in release of active compounds as it reaches
its maximal extraction point. Thus 4th hour ball milled sample of
S. aromaticum with average particle size of 85 mm was found to be
breaking point for release of its antioxidant compounds. Similar
observation of break point for release of antioxidant compounds
were noted for C. cassia with average particle size of 92 mm. But
antioxidant properties of C. cassia were found to be much lower in
comparison with S. aromaticum.

3.2.2. Antibacterial activity of S.aromaticum and C.cassia
Antibacterial properties of particle size reduced S. aromaticum

and C. cassia was examined and there results are tabulated in
Table 4. Antibacterial properties of both S. aromaticum and C. cassia
were found to be increasing with reduction of its particle size. This
may be due to increased release of active compounds of spices with
reduction in its particle size (Radha krishnan et al., 2013). Due to
breaking point in release of active compounds stable antibacterial
properties were noted for 4th hour sample of ball milled
S. aromaticum and C. cassiawith average particle sizes of 85 mm and
92 mm respectively. Further reduction in particle size of spices
resulted in fewer and unstable increase in antibacterial properties
(unstable with high standard error values). Antibacterial properties
of S. aromaticum and C. cassiawere represented as inhibition zones
(mm) against different bacterial growth. Antibacterial analysis re-
sults indicated that C. cassia has high antibacterial activity when
compared with S. aromaticum. But against Brochothrix sp.,
S. aromaticum was found to be more effective than C. cassia.

3.2.3. Estimation of active compounds and mode of actions
Chemical compositions of particle size reduced S. aromaticum

and C. cassia were examined through GCeMS analysis of its water
extracts. The composition (percentage of total peak area) of the
constituents was given in Table 5. Eugenol (78.15%) was found to be
major active compound present in S. aromaticum. Similar obser-
vation was made in other research studies (Gill & Holley, 2006).
High phenolic content (Eugenol) contributes to antioxidant ca-
pacity of S. aromaticum through its hydrogen donating capacity.
Cinnamaldehyde (82.67%) was found to be major active compound
present in C. cassia (Gill&Holley, 2004). The antibacterial activity of
cinnamon is due to the presence of cinnamaldehyde, an aromatic
aldehyde that inhibits amino acid decarboxylase activity
(Wendakoon & Sakaguchi, 1995), and has been proven to be active



Table 4
Effect of particle size reduction on antibacterial properties of Syzygium aromaticum (clove) and Cinnmomum cassia (cinnamon).

Ball milling time Average particle size EC SA SF VP VC PA LD BT

Zone of inhibition (mm)

Syzygium aromaticum
1hr 180 mm 4.5 ± 0.3 4.3 ± 0.4 5.2 ± 0.2 5.1 ± 0.2 5.3 ± 0.4 4.4 ± 0.6 6.2 ± 0.4 6.5 ± 0.8
2hr 142 mm 9.4 ± 0.5 8.4 ± 0.4 7.9 ± 0.3 9.3 ± 0.5 6.8 ± 0.3 6.9 ± 0.4 8.8 ± 0.6 8.3 ± 0.2
3hr 113 mm 15.3 ± 0.6 14.2 ± 0.5 16.8 ± 0.2 14.8 ± 0.3 15.4 ± 0.8 7.8 ± 0.7 13.7 ± 0.3 18.9 ± 0.9
4hr 85 mm 23.2 ± 0.4 22.3 ± 0.7 21 ± 0.4 21.2 ± 0.8 25.3 ± 0.6 10.2 ± 0.5 29 ± 0.5 30 ± 0.4
5hr 50 mm 23.4 ± 1.8 22.5 ± 1.8 21.1 ± 1.5 21.3 ± 1.8 25.3 ± 1.5 10.2 ± 1.8 29.3 ± 1.5 30.2 ± 1.2
6hr 42 mm 23.5 ± 1.7 22.5 ± 1.2 21.3 ± 1.7 21.5 ± 1.8 25.2 ± 1.7 10.2 ± 1.4 29.4 ± 1.6 30.5 ± 1.2
Cinnmomum cassia
1hr 184 mm 5.3 ± 1.5 5.2 ± 0.8 6.5 ± 0.5 6.8 ± 0.7 6.7 ± 0.4 5.8 ± 1.2 7.6 ± 0.9 6.2 ± 0.2
2hr 140 mm 8.2 ± 0.4 9.1 ± 0.3 8.4 ± 0.1 9.9 ± 0.6 9.5 ± 0.7 10.2 ± 0.8 10.5 ± 0.8 9.4 ± 0.5
3hr 125 mm 14.3 ± 1.32 15.2 ± 0.6 14.3 ± 1.3 13.6 ± 0.7 14.4 ± 0.4 15.4 ± 0.3 16.8 ± 0.5 16.1 ± 0.8
4hr 92 mm 45 ± 0.8 30 ± 0.2 35 ± 0.6 38.2 ± 0.6 35.1 ± 0.4 25 ± 0.6 40 ± 0.7 25 ± 0.5
5hr 58 mm 45.8 ± 1.3 30.5 ± 1.5 36.4 ± 1.4 38.5 ± 1.8 35.2 ± 1.6 25.3 ± 1.5 40.5 ± 1.2 25.4 ± 1.3
6hr 45 mm 45.9 ± 1.4 30.8 ± 1.5 36.6 ± 1.8 38.6 ± 1.3 35.4 ± 1.5 25.5 ± 1.8 40.6 ± 1.1 25.4 ± 1.7

Results are denoted as mean ± S.E. calculated from three independent determinations.
Abbreviations: EC e Escherichia coli; SA e Salmonella sp.; SF e Shigella flexneri; VP e Vibrio parahaemolyticus; VC e Vibrio cholera; PA e Pseudomonas aeruginosa; LD e

Lactobacillus delbrueckii; BT e Brochothrix sp.

Table 5
Chemical composition of spice extracts of Syzygium aromaticum and Cinnmomum cassia.

Syzygium aromaticum Cinnmomum cassia

Components Retention time (min) Composition % Components Retention time (min) Compositions %

Eugenol 24.38 78.15 Cinnamaldehyde 29.65 82.67
Eugenol acetate 27.67 10.28 Coumarin 22.32 7.35
b-Caryophyllene 25.54 9.54 Linalool 28.31 5.22
Humulene 25.78 0.35 1,8-Cineole 14.58 2.12
1,8-Cineole 15.25 0.34 p-cymene 26.79 0.78
Caryophyllene oxide 29.12 0.31 b-Caryophyllene 24.62 0.55
Muurolene 26.38 0.23 O-methoxycinnamaldehyde 34.05 0.35
Cubebene 22.35 0.21 Cinnamyl acetate 32.64 0.22
Cadinene 27.42 0.18 a-Pinene 13.28 0.19
4-(2-propenyl)-Phenol 19.89 0.15 Borneol 24.94 0.17
Farnesene 26.49 0.13 Myrcene 13.93 0.16
4-Methylbenzaldehyde 26.15 0.13 Benzaldehyde 20.83 0.13

e e e d-3-Carene 21.07 0.08

e e e Carvacrol 32.57 0.01

GCeMS analysis was done for quantification of spice components extracted from spice powders ball milled for 4hr.
Compositions are expressed as percentage of the total peak area.
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against many pathogenic bacteria (Suresh, Ingle, & Vijayalakshima,
1992). Cinnamaldehyde, which is highly electro-negative com-
pound interfere in biological processes involving electron transfer
and react with nitrogen-containing components. On comparison
with the results of our previous study (Radha krishnan et al., 2014),
composition of active compounds (eugenol and cinnamaldehyde)
were found to be in higher range. This increase in active compound
concentration may be due to reduced particle size of S. aromaticum
and C. cassia.
3.3. Synergistic antioxidant and antibacterial activity of spice mix

Synergistic activities of ball milled C. cassia and S. aromaticum
are tabulated in Table 6. Both antioxidant and antibacterial activity
showed significant (P < 0.05) increase as the concentration of clove
increases. Due to un-palatability of clove and cinnamon in high
concentrations, optimized MIC concentration with synergistic
antioxidant and antibacterial effect (highlighted in Table 6) was
selected for supplementation with optimized edible film mixture.
3.4. Proximate analysis of extracted tamarind seed starch

Initial proximate composition analysis of raw tamarind seed
powder showed presence of 65 (total starch), 12.7 (protein), 3.5
(ash), 3.2 (crude fiber), and 15.69 (other compounds) (compositions
are in g/100 g basis). These tamarind seed powders were defatted
through soxhlet extraction. But protein separation was found to be
difficult. This may be due to the complex nature of protein binding
with amylose and amylopectin. Washing agents like water and
sodium hydroxide (0.1 N) were used for removing proteins from
tamarind seed starch (Yuliana, Huynh, Ho, Truong, & Ju, 2012).
Proximate compositions of defatted Tamarind seed starch are
tabulated in Table 7. Defatted Tamarind seed starch was found to
have amylose content of 27.55 g/100 g and amylopectin content of
72.45 g/100 g. Through these results tamarind seed starch was
found to be an amylose rich starch.
3.5. Preparation and characterization of edible films

3.5.1. Optimization of edible films constituents
Increase in concentration of tamarind starch found to increase

the viscosity of its gelatinized solution. Thus moderate 5 g/100 mL
concentration of gelatinized tamarind seed starch solution with
viscosity of 320.64 ± 11.57 cp (centi poise) was selected for further
optimization studies (Table 8A). Xanthan gumwas investigated as a
gumming agent for production of tamarind starch edible films.



Table 6
Synergistic anti-oxidant and anti-microbial effect of clove and cinnamon.

Runs Clove
concentration (g/
100 mL)

Cinnamon
concentration (g/
100 mL)

Antioxidant
activity

Escherichia
coli

Salmonella
sp.

Shigella
flexneri

Vibrio
parahaemolyticus

Vibrio
cholerae

Pseudomonas
aeruginosa

Lactobacillus
delbrueckii

Brochothrix
sp.

% Inhibition Zone of inhibition (mm)

1 0.5 1.5 80.32 ± 1.84 44 ± 2.74 28 ± 1.52 34 ± 2.46 36 ± 1.39 32 ± 2.17 28 ± 1.57 36 ± 1.46 38 ± 1.34
2 0.5 2 82.53 ± 2.74 49 ± 1.56 34 ± 2.64 40 ± 1.54 41 ± 2.48 39 ± 1.57 34 ± 2.46 41 ± 2.45 38 ± 2.45
3 0.5 2.5 85.88 ± 2.25 56 ± 2.61 36 ± 1.34 47 ± 2.34 43 ± 1.67 44 ± 2.67 39 ± 1.74 46 ± 2.34 39 ± 1.43
4 1 1.5 88.46 ± 1.57 43 ± 1.35 30 ± 1.74 33 ± 1.24 38 ± 2.81 36 ± 1.23 30 ± 2.46 38 ± 2.74 43 ± 1.74
5 1 2 92.14 ± 1.46 54 ± 1.74 40 ± 2.32 45 ± 1.56 46 ± 3.46 45 ± 1.52 38 ± 3.44 47 ± 1.64 44 ± 1.52
6 1 2.5 92.52 ± 2.74 63 ± 1.76 47 ± 2.28 53 ± 2.72 54 ± 2.27 52 ± 2.37 46 ± 2.55 54 ± 3.23 45 ± 1.37
7 1.5 1.5 94.32 ± 1.64 40 ± 1.37 25 ± 2.47 30 ± 2.37 35 ± 2.37 31 ± 2.94 23 ± 2.95 37 ± 1.12 41 ± 2.47
8 1.5 2 94.53 ± 2.34 52 ± 2.68 37 ± 2.76 42 ± 1.43 45 ± 2.46 42 ± 1.74 33 ± 1.46 47 ± 1.43 45 ± 2.44
9 1.5 2.5 95.33 ± 1.76 67 ± 2.32 53 ± 1.58 57 ± 2.74 59 ± 1.74 57 ± 1.74 48 ± 2.74 62 ± 2.45 47 ± 1.35

Results are denoted as mean ± S.E. calculated from three independent determinations.

Table 7
Proximate composition of extracted tamarind seed starch powder.

Parameter Percentage (g/100 g)

Starch 84.68
Protein 0.97
Ash 3.5
Crude fiber 3.2
Others 7.65

Amylose content: 27.55 (g/100 g) Amylopectin content: 72.45 (g/100 g)

Table 8
Concentration optimization of tamarind seed starch (A) and xanthan gum (B) for
production of edible film and Effect of plasticizer concentration (C) on mechanical
properties of edible film.

(A) Tamarind seed starch concentration (g/100 mL) Viscosity (cp)

1 32.53 ± 2.32
2 70.54 ± 2.65
3 120.76 ± 5.46
4 230.43 ± 4.74
5 320.64 ± 11.57
6 410.34 ± 15.24
7 496.56 ± 13.45

(B) Xanthan gum concentration (g/
100 mL)

Tensile strength
(Mpa)

Elongation at break
(%)

0.10 58.74 ± 3.49 20.57 ± 5.42
0.20 67.73 ± 5.38 18.64 ± 4.86
0.30 78.56 ± 4.16 15.73 ± 6.53
0.40 N.T. N.T.
0.50 N.T. N.T.
N.T.
N.T.

(C) Plasticizer Concentration (mL/
100 mL)

Tensile strength
(Mpa)

Elongation at
break (%)

Sorbitol 5 52.51 ± 5.63 28.36 ± 5.34
10 45.32 ± 4.27 43.72 ± 2.75
15 30.56 ± 7.34 58.63 ± 8.74
20 27.38 ± 2.58 65.42 ± 6.41
25 24.16 ± 4.65 73.57 ± 5.26

Glycerol 5 45.15 ± 4.85 30.52 ± 4.36
10 39.32 ± 6.34 46.15 ± 7.41
15 35.18 ± 3.67 62.68 ± 4.68
20 30.56 ± 2.54 75.86 ± 6.41
25 28.67 ± 3.16 85.56 ± 4.38

Polyethylene
glycol

5 49.32 ± 1.54 23.75 ± 6.74

10 42.78 ± 5.43 37.68 ± 7.41
15 37.63 ± 3.46 48.15 ± 2.67
20 32.35 ± 4.53 55.43 ± 6.53
25 29.56 ± 3.64 67.32 ± 4.71

N.T e Not taken.
Results are denoted as mean ± S.E. calculated from three independent
determinations.
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Xanthan gumwas added to gelatinized tamarind starch in different
concentrations (0.1e0.3 g/100 mL). Edible films produced from
above mixtures were investigated for its tensile strength and
elongation at break using universal testing machine (Table 8B).
Increase in tensile strength and decrease in elongation at break was
noted for constant increase in xanthan gum concentration
(0.10e0.30 g/100 mL) of edible film solution. Addition of xanthan
gum as gumming agent increases the viscosity of gelatinized
tamarind seed starch solution, thus higher concentration of xan-
than gum found to hinder film formation. So it was not possible to
estimate the mechanical properties of edible film with high con-
centration of xanthan gum (above 0.30 g/100 mL). 0.2 g/100 mL of
xanthan gum was found to be best optimized concentration with
optimal tensile strength (67.76 ± 5.38Mpa) and elongation at break
(18.64 ± 4.86%).

Different concentrations of plasticizers (5e25 mL/100 mL) were
added to optimized solution of edible film. Effect of plasticizers on
Fig. 2. FTIR Infrared transmittance bands of a) Tamarind seed starch, b) Xanthan gum,
c) Glycerol, d) Edible film. (transmittance bands were expressed within wavelengths of
4000e500 cm�1).



Table 9
Bond assignment for infrared spectral bands of edible film and its constituents.

Tamarind seed starch Xanthan gum Glycerol Edible film Bond assignment

Spectral bands (cm�1)

3340 cm�1 SB 3360 cm�1 SB Hydroxyl group, H-bond (OeH stretch)
SB 3416 cm�1 e 3435 cm�1 Normal ‘‘polymeric’’ OH stretch
2933 cm�1 2919 cm�1 2949 cm�1 - 2891 cm�1 2995 cm�1 e 2954 cm�1 e 2856 cm�1 (þ) CeH asy/sym stretch

e 1928 cm�1 e e COOH (Carboxilic acid group)

1620 cm�1 e e SB Secondary amine, NeH bend

e 1614 cm�1 e e COO� (C]O) stretch

e e e 1652 cm�1 (þ) C¼C stretch

e e 1425 cm�1 e CeH plane bend

e 1404 cm�1 e e OeH bend

e 1371 cm�1 e 1432 cm�1 CeC stretch (Skeletal vibration)

e 1248 cm�1 e e OeH in plane bend

1127 cm�1 1157 cm�1 e e CeO stretch

e e 1117 cm�1 e 1049 cm�1 1070 cm�1 (þ) CeO stretch (Alcoholic)

e 1067 cm�1 e e (CeC/CeO) stretch

SP e Super bounded curve; (þ) e Additional bonds in Edible film mixture; O e oxygen; H e Hydrogen; C e Carbon; asy e asymmetry; sym e symmetry.
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mechanical properties of edible films was studied and results are
tabulated in Table 8C. Decreases in tensile strength and increases in
elongation at break were noted for every increase in concentration
of plasticizer. Glycerol supplemented edible films showed higher
increase in elongation at break compared to other two plasticizers.
Thus glycerol was found to be a good plasticizer. Many researchers
investigated glycerol as plasticizer for production of edible film and
found that glycerol retains more moisture than other plasticizers
(Wittaya, 2013). This retention of moisture can hinder the antimi-
crobial and antioxidant property of edible film. Thus, minimal
percentage of glycerol (5 mL/100 mL) was found to be optimal for
best mechanical properties (Tensile strength e 45.15 ± 4.85 Mpa
and elongation at break e 30.52 ± 4.36%) of edible film.

3.5.2. FTIR analysis for examination of interactions between edible
film constituents

Infrared (%) Transmittance spectra of tamarind seed starch (a),
xanthan gum (b), glycerol (c), and edible film (d) are depicted in
Fig. 2 and bond assignments were given for distinctive spectral
Table 10
Central composite design with experimental and network outputs of edible film mechan

Run Tamarind starch (g/100 mL) Xanthan gum (g/100 mL) Glycerol (mL/100 mL)

1 5 0.2 4
2 5 0.2 6
3 5 0.1 4
4 3 0.1 4
5 5 0.2 5
6 7 0.3 4
7 3 0.3 6
8 5 0.1 6
9 5 0.3 5
10 3 0.1 5
11 7 0.1 4
12 3 0.2 6
13 5 0.3 6
14 5 0.1 5
15 7 0.3 6
16 3 0.1 6
17 3 0.2 5
18 5 0.3 4
19 3 0.3 4
20 7 0.2 5

Results are denoted as mean ± S.E. calculated from three independent determinations.
bands (Table 9). Bond assignments were done with the help of
infrared spectral interpretation guide (Coates. 2000).

Infrared spectra of tamarind seed starch showed broad intense
bands at 3340 cm�1 and 1620 cm�1 (Secondary amine, NeH bend).
Presence of residual proteins (0.97 g/100 g) in extracted tamarind
starch may be responsible for this amine bend. Intense band at
1127 cm�1 was also found in infrared spectra of tamarind seed
starch. Similar infrared spectrum was observed for different starch
samples by other researchers (Mitrus, Wojtowicz, & Moscicki,
2009).

Spectra of xanthan gum showed broad intense peaks at
3416 cm�1, 1614 cm�1 and 1067 cm�1. Other minor bands were also
noted and bonds were assigned. Similar spectral bands for xanthan
gum were observed by other researchers (Lii, Liaw, & Tomasik,
2003).

Infrared spectra of glycerol showed broad intense peaks at
3360 cm�1 and 2949 - 2891 cm�1. Other minor peaks were also
noted and bonds were assigned. Similar spectral bands were
observed for glycerol by Zhang et al., 2011.
ical properties for optimization and predictive modeling of edible film constituents.

Experimental output Predictive network output

Tensile strength Elongation at break Tensile strength Elongation at break

Mpa % Mpa %

50.46 ± 1.53 29.61 ± 1.62 49.58 ± 1.53 30.01 ± 1.62
43.45 ± 1.45 35.74 ± 2.11 43.87 ± 1.45 34.89 ± 2.11
51.46 ± 1.54 28.37 ± 1.41 48.11 ± 1.54 28.39 ± 1.41
23.57 ± 2.43 33.27 ± 1.74 23.21 ± 2.43 34.10 ± 1.74
46.32 ± 2.01 31.52 ± 2.24 46.48 ± 2.01 31.90 ± 2.24
48.68 ± 1.24 21.64 ± 1.54 48.69 ± 1.24 21.67 ± 1.54
28.46 ± 1.65 39.57 ± 1.67 28.81 ± 1.65 39.36 ± 1.67
31.47 ± 2.12 36.53 ± 1.58 32.63 ± 2.12 34.86 ± 1.58
53.48 ± 2.05 21.59 ± 1.79 50.48 ± 2.05 24.11 ± 1.79
19.47 ± 1.43 37.81 ± 1.12 20.73 ± 1.43 36.72 ± 1.12
62.41 ± 1.41 18.37 ± 2.35 62.08 ± 1.41 18.61 ± 2.35
34.62 ± 2.45 38.74 ± 1.42 34.80 ± 2.45 38.65 ± 1.42
39.54 ± 1.21 33.28 ± 2.10 42.27 ± 1.21 30.97 ± 2.10
36.76 ± 2.10 28.47 ± 1.86 38.20 ± 2.10 29.91 ± 1.86
45.89 ± 1.74 27.84 ± 1.57 45.82 ± 1.74 27.88 ± 1.57
28.37 ± 1.54 38.82 ± 1.56 20.86 ± 1.54 37.51 ± 1.56
40.73 ± 1.62 33.46 ± 1.57 35.49 ± 1.62 38.03 ± 1.57
57.28 ± 1.57 18.43 ± 2.03 52.86 ± 1.57 21.95 ± 2.03
42.76 ± 1.34 26.76 ± 1.24 41.55 ± 1.34 30.25 ± 1.24
48.79 ± 2.11 28.76 ± 1.01 47.14 ± 2.11 30.87 ± 1.01
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Edible film infrared spectra showed super bounded band of
Hydroxyl group, H-bond (OeH stretch) and Normal ‘‘polymeric’’
OeH stretch at 3435 cm�1. Other deviated asymmetric/symmetric
peaks of CeH stretch were also noted at 2995, 2954 and 2856 cm�1.
Deviated peak (1070 cm�1) of alcoholic CeO stretch and additional
peak at 1654 cm�1(C]C stretch) was observed in infrared spectra
of edible film. These deviated peaks of CeH stretch, CeO stretch
and additional peak of C]C stretch may be responsible for binding
of edible film constituents to form proper edible film.

3.6. ANN optimization studies of edible films

Central composite design tabulated in Table 10, was done as an
experimental trail for optimization of edible film constituents for
improvement in mechanical properties. These experimental allo-
cated data were investigated with series of models for goodness of
fit, using multiple network analysis. Different models which were
analyzed with experimental data for goodness of fit were tabulated
with fit scores in Table 11A. Probabilistic neural network (PNN)
(0.101) base model with 3 inputs was found to be best model with
fitness score of 95.5.
Table 11
ANN: (A) Data analysis and model selection for prediction of tensile strength and
elongation at break, (B) Model and input statistics for selected network (PNN (0.101)
w/3 inputs).

(A) Best Models

Score Name

95.5 Model#1 - PNNa(0.101) w/3 inputs (Base Model)
95.3 Model#21 - PNN(0.076) w/3 inputs (Evolving Model#4)
95.3 Model#4 - PNN(0.051) w/3 inputs (Evolving Model#1)
94.8 Model#16 - MOD2d(3,3,RPROP) w/3 inputs (Evolving Model#1)
94.2 Model#3 - PNN(0.203) w/3 inputs (Evolving Model#1)
94.1 Model#14 - PNN(0.090) w/2 inputs (Evolving Model#1)
92.8 Model#13 - MOD1(3,RPROPf) w/3 inputs (Evolving Model#1)
92.5 Model#15 - MLP2g(3,3,RPROP) w/3 inputs (Evolving Model#1)
92.3 Model#17 - Combine#6,#2
92.2 Model#20 - Combine#4,#2
92.0 Model#11 - MLP1(3,RPROP) w/3 inputs (Evolving Model#1)
91.8 Model#8 - GFF1h(3,RPROP) w/3 inputs (Evolving Model#1)
91.8 Model#18 - GFF2(3,3,RPROP) w/3 inputs (Evolving Model#1)
91.8 Model#12 - Combine#3,#2
91.7 Model#10 - LRegi(RPROP) w/3 inputs (Evolving Model#1)
91.4 Model#7 - PNN(0.090) w/2 inputs (Evolving Model#1)
91.1 Model#6 - Combine#1,#2
90.1 Model#19 - PNN(0.063) w/1 input
89.3 Model#9 - PNN(0.125) w/1 input (Evolving Model#5)
88.8 Model#2 - PNN(0.090) w/2 inputs (Evolving Model#1)

(B) Model statistics Experiment (training) Project (test)

Data set Optimization Leave-N-Out
Score 95.504 92.165
Average Correlationb 0.989 0.940
Average Normalized MSEc 0.075 0.116
Average Normalized MAEe 0.061 0.087
Training Epochs 3
Training Seconds 1

Input Statistics Percentage sensitivity

Tamarind starch 50.6%
Glycerol 26.0%
Xanthan gum 23.4%

a Probabilistic neural network.
b Correlation coefficient (R2).
c Mean square error.
d Modular neural network.
e Mean absolute error.
f Resilient back propagation algorithm.
g Multi-layer perceptron neural network.
h Generalized feed forward neural network.
i Linear regression neural networks.
Model test statistics and input sensitivity statistics for PNN
(0.101) model was evaluated and results were tabulated in
Table 11B. Average training correlation coefficient for PNN model
was estimated to be 0.989, which implies 98.9% fitness of the
constructed model for given training experimental data. Average
normalized mean square error (MSE) and average normalized
mean absolute error (MAE) were estimated during training of
network to be as low as 0.075 and 0.061 respectively. This proves
the fitness of training data with constructed model.

Above selected Probabilistic neural network (PNN) (0.101) base
model was analyzed with test experimental input data. Tests were
carried out at the rate of 3 Epochs per second same as training rate.
One epoch means analysis of input data for desired outputs in
single swipe during training (Niamnuy, Kerdpiboon, & Devahastin,
2012). Average test correlation coefficient for PNN model was
estimated to be 0.940, which implies 94% fitness of the constructed
model with test experimental data. During testing of network with
raw data, Average normalized mean square error (MSE) and
average normalized mean absolute error (MAE) were estimated to
be 0.116 and 0.087 respectively. This proves the fitness of the
constructed model.

Sensitivity analysis was performed with selected network to
evaluate the dependence of output data on individual input data.
Sensitivity was denoted in percentage (%). Concentration of tama-
rind seed starch was found to be a major factor for any change in
elongation at break and tensile strength values of edible film with
percentage sensitivity dependence of 50.6%. Concentration of
glycerol and xanthan gum had percentage sensitivity of 26% and
23.4% respectively. These sensitivity values are only for statistical
modeling of data. Thus it need not to have influence on experi-
mental values.

Predicted values (given in Table 10) of both the tensile strength
and elongation at break were compared with experimental values
(using XeY scatter plot) for analysis of individual output fitness.
Figs. 3 and 4, depicts the results for comparison of experimental
and (ANNmodel) predictive data. Linear trend lines were drawn on
XeY scatter plots of experimental and predictive data. R2 values
were found to be 0.9513 and 0.9287 for tensile strength and elon-
gation at break respectively. Thus it was proved that constructed
PNN basic model have goodness of fit score of 92.165 for raw
experimental data. This predictive model can be used for further
prediction and optimization of edible film constituents for
improvement in mechanical properties of edible film within its
given range of central composite design.

ANN Optimization studies confirmed the effect of different
edible film constituents on themechanical properties of edible film.
Change in concentration of glycerol was found to be influencing the
elongation properties of edible films. Change in concentration of
tamarind seed starch was found to be influencing the tensile
strength properties of edible film. Through central composite
design analysis, composition of edible film constituents can be
selected for desired mechanical properties. Specific edible film
compositions can be selected for packaging of specific food prod-
ucts with desired mechanical properties though above developed
PNN model. In this study, specific food or meat product was not
selected for packaging. Thus, initially optimized mixture of 5 g/
100 mL tamarind starch, 0.2 g/100 mL xanthan gum and 5 mL/
100 mL glycerol was chosen for further spice incorporation studies
(Table 8 A, B, C & Trial 5 of central composite design).

3.7. Effect of spice mix on edible film properties

Initially optimized mixture of 5 g/100 mL tamarind seed starch,
0.2 g/100 mL xanthan gum and 5 mL/100 mL glycerol was used for
preparation of edible films. Optimized ball milled spice mix of 1 g/
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100 mL S. aromaticum and 2 g/100 mL C. cassiawas added to above
mixture and films were produced.

Tensile strength and elongation at break for spice supplemented
edible films were estimated to be 48.24 ± 2.57 (Mpa) and
27.32 ± 1.75 (%) respectively. These results indicated increase in
tensile strength and decrease in elongation at break of edible films,
which may be due to influence of ball milled spice mix. Similar
observations were noted by Hoque, Benjakul, & Prodpran, 2011. O2
and CO2 permeability of spice fused edible films were estimated to
be 1.6� 10�10 (cm3/m.s.Pa) and 0.8� 10�10 (cm3/m.s.Pa)
respectively.

Antioxidant and antibacterial properties of optimized tamarind
starch edible film (before addition of spice mix) were found to be
negligible. The comparative antioxidant and antimicrobial results
of spicemix and spice fused edible films are depicted in Fig. 5. There
was significant (P < 0.05) increase in antioxidant property noted in
spice mix supplemented edible film. Spice supplemented edible
films showed significant (P < 0.05) decrease in antibacterial
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properties when compared with synergistic antibacterial activity of
spice mix. But, incorporation of spice mix to edible film signifi-
cantly increased its antioxidant and antibacterial properties, thus it
can be an efficient packaging material of meat and other food
products.

4. Conclusions

Tamarind seed starch was found to be a good supplement ma-
trix for preparation of edible films. Film constituents were opti-
mized for its mechanical properties using Probabilistic neural
network predictive model with high correlation coefficient (R2)
values for tensile strength (0.9513) and elongation at break
(0.9287). Edible films incorporated with spice mix of S. aromaticum
(rich in phenolic content of 29.31 ± 0.31 mg GAE/g) and C. cassia
(rich in antibacterial properties) were found to be rich in antioxi-
dant and antibacterial properties. Thus, it can be a good edible
packaging material for food and meat products.
R² = 0.9287
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edible films) (all data were denoted as Mean ± S.E).
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a b s t r a c t

This paper presents the influence of fat replacement on flow and thermal properties of dairy powders.
The research was undertaken by measuring flow properties of four different milk powders (whole milk
powder, skim milk powder and two fat-filled milk powders with palm oil at 6.63 g/100 g and 25.5 g/
100 g fat content, respectively) by using shear test. Fat content has a major influence on milk powder
cohesiveness, with greater content resulting in greater cohesiveness. Fat content and type has also
significant influence on flowability of milk powder. Fat-filled spray-dried milk powder is characterized by
better flowability than whole milk powder with the same content of fat. The DSC curves showed that
milk fat tended to melt in a lower temperature region than vegetable fat.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Considerable increase in the use of powders in food products
forces the necessity to expand our knowledge concerning the
conditions and characteristics of their processing (Fitzpatrick, Iqbal,
Delaney, Twomey, & Koegh, 2004; Teunou, Fitzpatrick, & Synnott,
1999). The intended use of powders as food products and their
mechanical properties, including rheological ones, implicate a
range of requirements concerning designing of installations for
transport, storage and packaging (Fitzpatrick, Barringer, & Iqbal,
2004; Horabik & Grochowicz, 2002; Szulc & Lenart, 2010). Me-
chanical properties of powders depend on the parameters of
technological processes and storage conditions. Chemical compo-
sition of powders, including their fat content (mainly surface fat), is
also of special importance (Ganesan, Rosentrater, &
Muthukumarappan, 2008; Iqbal & Fitzpatrick, 2006; Murrieta-
Pazos et al., 2011).

An important aspect in powder processing technology is flow-
ability and reaction to consolidation (Szulc & Lenart, 2010). Powder
flowability depends first of all on size and shape of its particles and
on cohesive forces observed between them ( Horabik &
Grochowicz, 2002). Practical problems resulting from distur-
bances during their flow, such as formation of powder overlaps in
chambers, incomplete flow, or tank outlet crusting, occur during
loose materials utilization. Recognition of mechanical properties of
powder is essential in solving such problems (Fitzpatrick, Iqbal
et al., 2004; Schwedes, 2002).

The parameters of plastic flow characterize the conditions in
which powders loose the properties characteristic for solids and
start to behave like liquids (Horabik&Grochowicz, 2002; Opali�nski,
Chutkowski, & Stasiak, 2012). These parameters include effective
angle of internal friction, kinetic angle of internal friction,
compression strength, cohesion, and flow index. Analysis of plastic
flow parameters enables determination of mechanical properties of
examined powders (Fitzpatrick, Barringer et al., 2004; Fitzpatrick,
Barry et al., 2007; Fitzpatrick, Iqbal et al., 2004; Horabik &
Grochowicz, 2002). The method of direct shearing, used in fria-
bility studies, allows determining conditions and character of
plastic flow of powdered materials. It also finds a practical appli-
cation in designing storage tanks (determination of minimum inlet
diameter guaranteeing undisturbed flow of powder) (Fitzpatrick,
Barringer et al., 2004).
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Most dairy products from spray-dryers are amorphous. For
example, milk powders contain lactose in its amorphous state.
Amorphous components are thermodynamically unstable and in a
state of high energy, thereby making themmore likely to convert to
a more stable crystalline form, which causes difficulties in pro-
cessing and storage. Crystallisation occurs only when the powder
temperature is greater than its glass transition temperature,
whereby the molecules have sufficient mobility to initiate crystal-
lisation. The crystallisation may be preceded by the formation of
liquid bridges between powder particles, which increase cohe-
siveness and caking ability of the powder (Ebrahimi & Langrish,
2015; Fitzpatrick, Barry et al., 2007; Fitzpatrick, Iqbal et al., 2007).
Caking is a phenomenon whereby free-flowing particles aggregate
to form larger lumps of particles through a time-dependent pro-
cess, usually to the detriment of powder handling and quality
(Descamps, Platzer, Roos, & Fitzpatrick, 2013). Therefore, an un-
derstanding of the flow behaviour and the knowledge of glass
transition temperature is important to predict the quality of milk
powders.

The aim of this study was to determine the effect of fat type and
content and on flowability and thermal properties of dairy
powders.
2. Materials and methods

2.1. Materials

Four industrial-scale milk powders obtained from OSM Koło
(Koło, Poland) were studied. The fat content was measured
respectively for skimmilk powder (SMP) (0.40 g/100 g), whole milk
powder (WMP) (26.0 g/100 g) and two fat-filled milk powders:
with low vegetable fat (palm oil) content e 6.63 g/100 g total mass
(LVMP) and high e 25.50 g/100 g (HVMP). A fat-filled is an
economical replacer of milk powders, especially whole milk pow-
der based upon vegetable fat. Main applications for fat-filled milk
powder include: ice cream, bakery, confectionery, chocolate, bis-
cuits, bread and cookies.
2.2. Powder properties

Water content was measured by mass (1 g of sample) loss after
drying at 105 �C for 4 h. Water activity was measured by using a
Rotronic HydroLab C1 (Rotronic AG, Bassersdorf, Germany) at
temperature 24 ± 1 �C. Particle size distribution was determined
by laser diffraction using a Cilas Particle Size Analyzer 1190 (Cilas,
Orleans, France) and the results expressed as the median particle
size (D50). Loose and tapped bulk density was measured using a
volumeter (J. Engelsmann A.G., Ludwigshafen, Germany), where
the volume of a given mass of powder after 100 taps was
measured to calculate the tapped bulk density (Szulc & Lenart,
2010). Particle density was measured using a gas stereo-
pycnometer (Quantachrome Instruments, Boynton Beach, FL, USA).
A sample was placed in the sample cell and degassed by purging
with a flow of dry gas (helium) by a series of pressurization cycles.
Porosity of the sample was calculated using the relationship be-
tween the tapped bulk density and particle density of the powder
(Szulc & Lenart, 2013). Wettability (A/S Niro Atomizer, 1978) with
modification: 100 mL of distilled water (at 21 �C) was poured into
a beaker. A powder sample (10 g) was placed around the pestle
(inside the funnel so that it blocked the lower opening) and lifted
the pestle and a stopwatch was started. Finally, time was recorded
when the powder became completely wetted (visually assessed
when all the powder particles penetrated the surface of the
water).
2.3. Flow properties

Direct shear tests were conducted using an apparatus with
95 mm diameter (Apek, Warsaw, Poland) (Jenike, 1964). The tests
were performed following the procedure of consolidating stress
17.33 kPa and shearing speed of 1 mm min�1. The yield locus was
obtained by measuring the horizontal stress required to make the
powder fall at the following normal stresses: 17.33, 13.17, 9.01 and
4.86 kPa. The values of unconfined yield strength (UYS), major
consolidation stress (MCS), angle of internal friction, effective angle
of friction and cohesion were obtained from Mohr's circles. The
relationship between UYS and MCS regarded as a flow functionwas
also calculated (Ganesan et al., 2008; Schwedes, 2002).

2.4. Thermal properties

Before the calorimetric experiments, all samples were dried for
24 h in a vacuum under pressure of 13 kPa and at temperature of
40 �C. The dairy powders were stored in a desiccator until mea-
surement. Water activity of samples was close to the value of water
activity of CaCl2 at 25 �C. Dairy powders were studied by DSC (DSC,
TA Instruments Q 200, USA) in a normal pressure cell. The cell was
purged with dry nitrogen at 50 mL/min and calibrated for baseline
on an empty oven and for temperature using standard pure indium.
Specific heat capacity was calibrated using a sapphire. Samples
were cooled with a mechanical refrigeration cooling system
(intracooler). An empty sealed aluminium pan was used as a
reference in every test. The dairy powders (10e15 mg) were non-
hermetically sealed in aluminium pans and heated from �60 �C
up to 240 �C with the heating rate of 5 �C/min. The DSC technique
was used to obtain curves of heat flow (Wg�1) versus temperature
curves (DSC curves) (Ostrowska-Ligęza, G�orska, Wirkowska, &
Koczo�n, 2012).

2.5. Statistical analysis

All measurements were made in triplicate for each sample.
Results are expressed as mean ± standard deviations (SD). A one-
way analysis of variance (ANOVA) and Tukey's test (P < 0.05)
were used to establish the significance of differences among the
mean values of the physical, flow and thermal properties of the
spray-dried powders. The data were analysed using the Stat-
graphics Plus 5.1 version software (StatPoint Technologes, Inc.,
Warrenton, VA, USA).

3. Results and discussion

3.1. Powder properties

Water content in milk powders was below 5 g/100 g and was
significantly lower for the powders filled with palm oil (HVMP,
LVMP) compared to milk powders containing milk fat (WMP, SMP)
(Table 1). Further increase in palm oil content in the powder did not
result in lowering water content. Lower milk fat content in
powdered milk resulted in decrease in its water content. The
reverse relationship was presented in the study by Fitzpatrick,
Barry et al. (2007). Martins and Kieckbusch (2010) also concluded
that water content in maltodextrin powders with palm oil de-
creases with an increase in their oil content. Lowering of water
content in LVMP in comparison to SMP was observed in the study.
SMP was characterized by considerably lower water activity than
WMP (Table 1). Water activity of powders containing palm oil
(HVMP and LVMP) was significantly lower than that in powders
containing milk fat (WMP and SMP). Water activity of milk powder
with added palm oil, i.e. HVMP and LVMP, was similar to that



Table 1
Physical properties of dairy powders*.

Powder Water content (g/
100 g)

Water activity
(�)

Median particle size
(mm)

Loose bulk density
(kg m�3)

Tapped bulk density
(kg m�3)

Particle density
(kg m�3)

Porosity
(%)

Wettability
(s)

WMP 5.0 ± 0.2c 0.36 ± 0.00d 55.5 ± 0.9a 460.7 ± 0.3b 551.2 ± 1.5a 1138.5 ± 3.7b 51.6 ± 0.1b >300b

SMP 4.3 ± 0.2b 0.11 ± 0.00c 91.2 ± 1.5d 562.0 ± 9.6c 654.8 ± 12.8b 1179.6 ± 3.8c 44.5 ± 1.1a 45 ± 3a

HVMP 2.6 ± 0.1a 0.07 ± 0.00b 61.2 ± 2.0b 445.0 ± 5.8a 551.7 ± 8.1a 1122.6 ± 1.8a 50.9 ± 0.7b >300b

LVMP 2.6 ± 0.2a 0.06 ± 0.00a 84.5 ± 1.3c 436.5 ± 9.1a 552.8 ± 11.9a 1190.4 ± 1.0d 53.6 ± 1.0c 40 ± 3a

*Powder: WMPewhole milk powder, SMPe skimmilk powder, LVMPe 6.63 g/100 g vegetable fat-filled milk powder, HVMPe 25.5 g/100 g vegetable fat-filled milk powder.
a Values followed by a different letter in the same column are significantly different at P < 0.05 level.
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Fig. 1. Yield loci of dairy powders. WMP e whole milk powder, SMP e skim milk
powder, LVMP e 6.63 g/100 g vegetable fat-filled milk powder, HVMP e 25.5 g/100 g
vegetable fat-filled milk powder.
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observed in the plant oil microcapsulated using the carrier of
maltodextrin and arabic gum mixture in the study conducted by
Turchiuli, Eloualia, Mansouri, and Dumoulin (2005).

WMP was characterized by higher contribution of fine particles
compared to SMP (Table 1). Fitzpatrick, Barry et al. (2007) also
studied physical properties of milk powders, including SMP and
WMP. Lower particle diameter was demonstrated in SMP, and a
diameter of WMP particles was almost twice as big.

Bulk density of milk powders depends on granulometric
composition; higher particle size affects decrease in bulk density.
WMP, HVMP and LVMP were thus characterized by considerably
lower bulk density (Table 1) (Szulc & Lenart, 2010). No statistically
significant differences in bulk density of HVMP and LVMP were
noted. Introduction of palm fat (LVMP and HVMP) to skim milk
powder (SMP) caused an increase in particle density (Table 1).
Compared to powders containing milk fat (WMP and SMP), pow-
ders containing palm oil were characterized by a considerably
higher particle size and lower values of bulk density.

Density of SMP powder was higher than that of WMP (Table 1).
Milk fat was characterized by lower density than other milk com-
ponents. The same was found for plant oil in LVMP and HVMP
(Table 1). It was also observed by Fitzpatrick, Iqbal et al. (2004). The
density of powder containing plant oil was significantly lower than
the density value obtained by Turchiuli et al., 2005 and Fuchs et al.,
2006.

The porosity of the examined powders was connected to their
bulk density: the lower bulk density, the higher their bed porosity.
WMP was characterized by higher porosity than SMP and a similar
tendency was noted in the case of milk powders with plant oil
(Table 1). An increase in plant oil content in powders resulted in
increased porosity. Further rise in palm oil content contributed to a
significant decrease in porosity.

Surface composition of powder particle plays a significant role
in the process of powder reconstruction in liquid (Vega & Roos,
2006). High fat content in milk powder contributed to poor
wettability (Table 1). The wettability for WMP and HVMP was
considerably above 5 min. Addition of palm oil (6.63 g/100 g) in
LVMP did not influence the wettability compared to SMP.
3.2. Flow properties

The yield loci of the four dairy powders are presented in Fig. 1.
Two clusters of curves were observed, the first one for skim milk
powder (SMP) and whole milk powder (WMP), the second one for
twomilk powders with palm oil content of 6.63 g/100 g (LVMP) and
25.50 g/100 g (HVMP) (fat-filled powders). Such a course of the
plasticity line may be influenced by water content, granulometric
composition or particles surface composition (e.g. fat presence on
particle surface) (Fitzpatrick, Iqbal et al., 2004; Fitzpatrick, Barry
et al., 2007; Kim, Chen, & Pearce, 2009; Teunou et al., 1999).

The bulk density of consolidated material was the highest for
SMP, and its value decreased with increase in fat content, which is
consistent with the study conducted by Martins and Kieckbusch
(2010) (Table 2). Fat content in powdered dairy products signifi-
cantly affects the cohesiveness of loose material (Table 2). The
cohesion of skim milk powder, SMP, is considerably lower
compared to whole milk powder, WMP. The results obtained were
confirmed by the study of Fitzpatrick, Iqbal et al. (2004), Fitzpatrick,
Barry et al. (2007) who proved that coherence of whole milk
powder particles considerably exceeds that of skim milk powder.
SMP and LVMP were characterized by similar cohesion. The kinetic
and effective internal friction angle of food powders are presented
in Table 2. The powders containing plant oil (HVMP and LVMP)
were characterized by the lower values of internal friction angle.
The value of effective friction angle was higher compared to the
value of kinetic internal friction angle for WMP which proves
poorer friability compared to SMP, HVMP, LVMP, for which the ratio
of effective to kinetic internal friction angle was close to unity (non-
cohesive powders) (Jenike, 1964).

According to the classification provided by Fitzpatrick, Iqbal
et al. (2004), based on the flow index, the milk powders may be
classified as easily flowing material, WMP, and freely flowing: SMP,
LVMP, HVMP (Table 2). Particle surface determines the interaction
force between them, which, in turn, affects their behaviour during
flow (Fitzpatrick, Iqbal et al., 2004). Studying the effect of chemical
composition on flow ability of milk powders, Fitzpatrick, Iqbal et al.
(2004), Fitzpatrick, Barry et al. (2007) observed that high fat con-
tent on the powder surface influences its friability deterioration.
WMP showed higher susceptibility to cohesion than SMP, which is
mainly caused by a lack of fat presence on surface of powder par-
ticles in SMP. Fat presence is higher on WMP surface compared to
SMP (Kim et al., 2009; Murrieta-Pazos et al., 2011). In the studies
conducted by Turchiuli et al., 2005 and Fuchs et al., 2006 it was



Table 2
Flow properties of dairy powdersa.

Powderb Bulk density of consolidating material
(kg m�3)

Cohesion
(kPa)

Kinetic angle of internal
friction (deg)

Effective angle of internal
friction (deg)

MCS
(kPa)

UYS
(kPa)

Flow index
(�)

Classification

WMP 901.9 ± 5.6a 2.06 33 37 41.0 7.5 5.5 Easy flow
SMP 1003.1 ± 7.8d 0.13 40 40 48.9 0.5 >10 Free flowing
HVMP 935.3 ± 2.2b 0.00 31 31 35.2 0.1 >10 Free flowing
LVMP 947.5 ± 4.1c 0.17 25 24 29.5 0.5 >10 Free flowing

a Consolidating stress 17.32 kPa.
b Powder: WMP e whole milk powder, SMP e skim milk powder, LVMP e 6.63 g/100 g vegetable fat-filled milk powder, HVMP e 25.5 g/100 g vegetable fat-filled milk

powder.
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demonstrated that spray drying of plant oil on maltodextrin-arabic
gum carrier results in only small amount of fat present on particles
surface. It may be supposed that milk powder with plant oil (HVMP
and LVMP) contains only small amount of fat on particles surface,
and thus its friability is close to that of SMP.

In the study conducted by Foster, Bronlund, and Paterson (2005)
it was demonstrated that caking ability (clumping) of milk powders
is influenced by temperature and presence of surface fat. In whole
milk powder, fat milk is present on the surface in considerable
amounts, and that fat may be subject to faster consolidation than
surface fat of powdered milk filled with palm oil. That may also
affect powdered milk features, and its ability for formation of
strong intermolecular bonds, thus lowering its flowing ability. In
addition, bigger particle size of HVMP and LVMP, as compared to
SMP and WMP, also contributes to improvement in friability
(Fitzpatrick, Iqbal et al., 2004). Fitzpatrick, Barringer et al. (2004)
demonstrated influence of particles size on powder friability.
They concluded that a decrease in particles size causes lowering of
powder ability to flow.
3.3. Thermal properties

Fig. 2 shows four DSC curves obtained for the studied samples:
whole milk powder (WMP), skim milk powder (SMP), and two fat-
filled milk powders: low vegetable fat (palm oil) content 6.63 g/
100 g (LVMP) and high, 25.50 g/100 g (HVMP).

The endothermic peaks were observed for all DSC curves of
dairy powders at temperature 105 �C. The differences between
levels of temperature ranged from 105.01 (LVMP) to 105.62 �C
(WMP). Ostrowska-Ligęza et al. (2012) obtained similar results
Fig. 2. DSC curves of dairy powders: a) WMP e whole milk powder, b) SMP e skim
milk powder, c) LVMP e 6.63 g/100 g vegetable fat-filled milk powder, d) HVMP e

25.5 g/100 g vegetable fat-filled milk powder.
studying the effect of heat treatment on skim milk powder and
powder mixtures of baby formulas. The first endothermic peak in
DSC curve of skim milk powder was observed at temperature of
104.23 �C. The temperature levels of protein (b-lactoglobulin)
denaturation were very similar (Baeza & Pilosof, 2002; G�orska,
Ostrowska-Ligęza, Szulc, & Wirkowska, 2012; Vardhanabhuti,
Yucel, Coupland, & Foegeding, 2009).

The DSC curves of WMP, SMP, LVMP and HVMP were charac-
terized by two distinctive endothermic peaks (Fig 2). The first
endothermic peak located at the temperature range from 157.26
(LVMP) to 163.23 �C (SMP) were observed. This peak was respon-
sible for water evaporation of lactose. The second endothermic
peak on the DSC diagrams of dairy powders pointed to the start of
melting of lactose. The transition temperature was observed in the
range from 184.68 (SMP) to 191.24 �C (LVMP). Gombas, Szabo-
Revesz, Kata, Regdon, and Er€os (2002) and Szepes, Fiebig, Ulrich,
and Szabo-Revesz (2007) studied the temperature of phase tran-
sitions of amorphous and crystalline lactose and observed endo-
thermic peaks on the DSC diagrams at 144 �C (water evaporation)
and 213 �C (genuine melting of lactose), respectively. The melting
temperature of lactose in the analysed powders was lower
compared to pure lactose. According to literature data (Gombas
et al., 2002, Szepes et al., 2007) melting point temperature of
lactose depends on the state of sugar. Other ingredients of dairy
powders could also be responsible for the change in melting tem-
perature of lactose (Fern�andez, Schebor, & Chirife, 2003). The first
exothermic peak on the DSC curves for all powders was observed
above 205 �C. The peak was a result of sample decomposition
(Fierz, 2009).

The DSC curves of WMP (Fig. 2a) contain two endothermic
peaks of phase transitions, located at 16.75 and 38.28 �C, which are
typical for milk fat. That characteristic peaks indicate the melting
process of milk fat in this range of temperature (Ostrowska-Ligęza
et al., 2012). Fitzpatrick, Hodnett et al. (2007) confirmed that fat
content influences the course of DSC curves and changes thermal
properties of milk powder. Afifi, Abu Shelaibi, Laleye, and Ismail
(2009) determined the thermal properties of mixtures of whole
milk powder and fruit juices. Changes in milk fat were observed on
the DSC curves of whole milk powder. The DSC curve of skim milk
powder did not characterize milk fat phase transitions (Fig. 2b).
Milk fat is the most comprehensive of natural fats. With more than
400 fatty acids it contains, about 70% are saturated fatty acids and
about 25% are monounsaturated fatty acids (Lopez, Kalnin, &
Ollivon, 2009; Murrieta-Pazos et al., 2011). The range of melting
temperatures of milk fat is very wide. A feature of triacylglycerols
which is revealed during the process of melting and crystallization
is polymorphism (Bouzidi&Narine, 2012). Fats in solid state exhibit
this phenomenon, which may exist in several crystal forms. Poly-
morphic form of triacylglycerols can be described in one of three
formsmarked by their increasing temperature and heat of fusion as
an a, b'and b (Kowalski, 1990). The fat in the liquid state by rapid
cooling proceeds in the form of a slow heating and then solidifying
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causes the passage in the form of b '. Form b0 is the more stable of
form a. From form b0 obtained form b in an analogousmanner. Form
b is the most stable form of milk fat (Ten Grotenhuis, Van Aken, Van
Malssen, & Schenk, 1999; _Zbikowska, 2012). There is also a fourth
form g (sub-a), it is characterized by a lower melting temperature
than the form a and b02 and directly convert in the form of b' (Ten
Grotenhuis et al., 1999). Triacylglycerols characterized by an
asymmetric structure (fatty acids of various chain lengths, arranged
at different positions sn-1 or sn-3) usually take the form b'. Milk fat
may crystallize taking on three different polymorphic forms: g, a
and b'. Themost stable form of milk fat is the form b'. The least form
of milk fat is form g (Lopez et al., 2001; Ten Grotenhuis et al., 1999).
Polymorphic transitions have very strong influence on rheological
properties (plasticity, texture, grain) and other physical character-
istics of fats and products containing them ( _Zbikowska, 2012). On
the DSC curves of LVMP sample the first endothermic peak was
observed at 22.62 �C and 37.81 �C. The peak was characterized by
two gentle spikes (Fig. 2c). The DSC curves of HVMP sample were
also characterized by a distinct, endothermic peak at maximum
temperature of 32.64 �C (Fig. 2d). The phase transitions showed
melting of vegetable fats contained in fat-filled milk powders. The
temperature range of melting fat was from 15.14 to 45.07 �C.
Braipson-Danthine and Gibon (2007) investigated different mix-
tures of pure palm oil. The observed melting temperature range
was 3e8 �C. Palm oil has polymorphic nature, the difference in
composition between palm fat and milk fat influences thermal
characteristics (melting temperature) of dairy powders (Fig. 2c, d).

4. Conclusions

Chemical composition of milk powders, including type and
amount of fat, significantly affected their physical properties. The
presence of milk fat (26 g/100 g) in dairy products increased their
water activity, while in the case of milk powders filled with plant
oil, the reverse was noted. Compared to the other powders skim
milk powder was characterized by the lowest size of particles with
a tendency to increased density and lower porosity. Addition of
even small amount of plant fat to milk powders resulted in the
increase in particle size, lowering of density and increase in
porosity in comparison to skim milk powder. Type of fat signifi-
cantly influenced water activity, particle size, bulk density and
particle density. Milk powder in which milk fat was replaced with
plant fat showed higher particle size with a tendency for lower
water activity and bulk density. Whole milk powder was charac-
terized by considerably higher water activity when compared to
the other three milk powders. The parameters of flow of the
examined milk powders, with and without plant oil, allowed
determining their characteristics, useful for quality assessment. The
examined powderswere classified as freely flowingmaterials (skim
milk powder (SMP), two milk powders filled with plant fat (low
content of palm oil, LVMP, and high content of palm oil, HVMP)),
while whole milk powder (WMP) was classified as easily flowing
material. None of the research materials were characterized by
cohesion forces capable of forming disturbances during the flow.
The replacement of milk fat with vegetable fat (palm oil), irre-
spective of its content, affected mechanical properties of the
powders by improving their friability. The DSC curves showed that
milk fat tended to melt in a lower temperature region than vege-
table fat. Capillary forces caused by the formation liquid fat bridges
may explain the increase in cohesion of whole milk powder in this
range.
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a b s t r a c t

The effect of calcium and sodium caseinate supplements (2 g/100 g) on the behavior of rice-buckwheat
dough and bread quality was compared to the effect of xanthan gum and carboxymethyl cellulose. The
addition of caseinates significantly (P < 0.01) increased dough weakening, which became similar to
dough with xanthan gum. During heating, the gelatinization rate became similar to dough with car-
boxymethyl cellulose. Moreover, peak complex viscosity was decreased by 0.4$105 Pa s. Additionally,
hydrocolloid supplements impacted bread crumb characteristics. An open structure was found in crumb
with added calcium caseinate, carboxymethyl cellulose as well as xanthan gum. The hardness of rice-
buckwheat crumb without hydrocolloids (12.2 N) was decreased by calcium caseinate (4.3 N), xanthan
gum (9.1 N) and carboxymethyl cellulose (9.3 N), however, no significant effect of sodium caseinate was
recorded (11.5 N). The overall sensory acceptability of rice-buckwheat bread (7.1) was increased by so-
dium caseinate (7.5), calcium caseinate (7.7) and carboxymethyl cellulose (7.8). The acceptability of bread
with xanthan gum (5.9) was negatively impacted by dry, coarse crust and extremely sticky crumb. It can
be concluded caseinates may be alternative substances with satisfactory impact on the rheological
characteristics of rice-buckwheat dough, as well as bread quality.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The absence of structure-forming protein network (gluten) in
gluten-free (GF) dough results in the leakage of leavening gas
during proofing and baking, resulting in insufficient bread quality.
Many substances (enzymes, proteins and hydrocolloids) were
tested for the ability to mimic wheat gluten potential to trap
leavening gas by preventing the collapse of the thin dough film
surrounding gas bubbles (Fidantsi & Doxastakis, 2001; Singh &
MacRitchie, 2001). Hydrocolloids most often used in GF bread-
making are xanthan gum, carboxymethyl cellulose, etc. Xanthan
gum (XG) is an extracellular polysaccharide produced by the
microorganism Xanthomonas campestris. Xanthan gum does not
form gels, but its pseudoplastic behavior affects rheological char-
acteristics of GF dough (Lazaridou, Duta, Papageorgiou, Belc, &
Biliaderis, 2007; Moreira, Chenlo, & Torres, 2011; Sworn, 2009),
which makes it able to mimic gluten properties (Anton & Artfield,
2007; Lazaridou et al., 2007). XG high water-holding capacity is
attributed to the presence of hydroxyl groups, allowing more water
interactions through hydrogen bonding (Guarda, Rosell, Benedito,
& Galotto, 2004). XG addition improves volume, texture, moisture
retention and sensory acceptability of bread (Rosell, Rojas, &
Benedito de Barber, 2001; Shittu, Aminu, & Abulude, 2009).

Similarly, carboxymethyl cellulose (CMC) increases dough water
absorption and is also used as an anti-sticking agent. CMC increases
dough viscosity, has a positive effect on dough extensibility and
elasticity and improves the structure and volume of bread (Collar,
Martinez, & Rosell, 2001; Lazaridou et al., 2007).

GF products are often made from refined flour or starch,
resulting in a lower amount of nutrients, particularly calcium, iron,
etc. (Anton & Artfield, 2007; Gallagher, Gormley, & Arendt, 2004;
Thompson, Dennis, Higgins, Lee, & Sharrett, 2005). The consump-
tion of traditional sources of calcium (milk and dairy products) may
be harmful for people initially diagnosed with celiac disease, since
they may have a secondary form of lactose intolerance. The forti-
fication with various calcium salts and milk powders with high
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protein and low lactose contents (calcium caseinate) can affect not
only the nutritional and sensory quality of GF bread, but impact the
behavior of GF dough during heating as well (Krupa-Kozak,
Altamirano-Fortoul, Wronkowska, & Rosell, 2012; Krupa-Kozak,
Bączek, & Adamowicz, 2014; Krupa-Kozak, Bączek, & Rosell,
2013; Krupa-Kozak, Troszy�nska, Bączek, & Soral-�Smietana, 2011).
Additionally, themilk proteins are able to form a thin tenacious film
at gaseliquid interface, making the incorporation and stabilization
of a large amount of leavening gas in GF dough possible (O'Regan,
Ennis, & Mulvihill, 2009). Moreover, to a certain extent, Caþ

bonds can replace disulphide bridges, affecting gluten rheological
characteristics (Stathopoulos & O'Kennedy, 2008).

Gallagher, Gormley, and Arendt (2003) and Sadrabadi, Ardakani,
and Azizi (2013) found the improving effect of sodium caseinate
supplement on GF bread shape, volume, crumb and crust. However,
the consumption of bread with added sodium caseinate can in-
crease the already high sodium intake which is often associated
with a rise in blood pressure and the risk of cardiovascular disease
(He & MacGregor, 2009). Calcium caseinate can be a nutritionally
more valuable alternative to sodium caseinate. A certain stabilizing
effect of calcium caseinate on GF dough can be expected, even if its
foaming properties are known to be weaker (Abascal & Gracia-
Fadrique, 2009). Additionally, the impact of different hydrocol-
loids on the characteristics of dough and bread crumb is known to
be highly dependent on raw materials, the nature and quantity of
hydrocolloids and water availability (Sciarini, Ribotta, Le�on, &
P�erez, 2012). It is therefore very difficult to predict the real effect
of hydrocolloid on the formulation. Hence the aim of the research
was to investigate the impact of calcium and sodium caseinate
addition on thermally-induced changes in GF dough, crumb char-
acteristics and sensory evaluation of composite rice-buckwheat
bread. The effect of both caseinates was compared to the effect of
hydrocolloids used in GF breadmaking (XG, CMC). Moreover, the
applicability of caseinates in GF breadmaking was evaluated.

2. Material and methods

2.1. Flours and hydrocolloids

Buckwheat and rice flours were kindly provided by Extrudo
Be�cice, s.r.o., Czech Republic. Rice flour is usually preferred in GF
products because of its colorlessness, nutritional characteristics,
bland taste and low hypoallergenic properties (Gujral & Rosell,
2004). Buckwheat flour is a good source of polyphenol com-
pounds and is used to improve the nutritional quality of GF breads
(Alvarez-Jubete, Wijngaard, Arendt, & Gallagher, 2010). A blend
containing 30 g of buckwheat and 70 g of rice flour per 100 g of dry
blend was used in this study. The effect of sodium caseinate, cal-
cium caseinate (Moravia Lacto, a.s., Czech Republic), CMC and XG
(Sigma Aldrich, Czech Republic) additions (2 g/100 g) on thermally-
induced changes of dough rheological characteristics and the
quality of GF bread was compared.

2.2. Rheological characterization of dough during heating

The effect of hydrocolloid additions on the rheological charac-
teristics of dough was studied at 30e90 �C temperature ramp
simulating dough baking. Rheological measurements were per-
formed using HAAKE RheoStress 1 (Thermo Scientific, Czech Re-
public). The dough samples were prepared according the
formulation used in breadmaking (see 2.3), excluding yeast and
ascorbic acid. After mixing, the dough sample was rested at 30 �C
for 5 min in a sealed bowl to allow relaxation of stresses generated
during the sample preparation. Themeasurements were performed
using 35 mm P35 Ti L parallel plates. The dough sample was placed
between the parallel plates and compressed to reach a gap of
1.5 mm. Dough edges were afterwards trimmed with a spatula. The
exposed side of the dough was coated with methyl silicone oil M15
(Lu�cební z�avody a.s. Kolín, Czech Republic) to prevent the dough
from drying out during the measurement. After a 5-min rest be-
tween the plates the temperature dependence of dough rheological
characteristics was measured using temperature sweep test,
increasing the temperature from 30 �C to 90 �C at 0.058 �C/s. Stress
sweep test at the frequency of 1 Hz was previously performed at
temperatures of 30, 40, 50, 60, 70, 80 and 90 �C to determine the
linear viscoelastic region (0.01e1%). Temperature sweep test was
performed at strain of 0.1% and frequency 1 Hz. The values of elastic
modulus G0, viscous modulus G0 0, complex viscosity h* and loss
factor tan d were obtained. Each test was performed on dough
samples prepared at least in three replicates. The given results are
represented as mean values.

If the thermally-induced changes of dough behavior are
measured by empirical mixolab, parameters a, b, g are calculated as
the slopes (angles) between the ascending and descending parts of
curve and defined as protein breakdown a, gelatinization rate b and
cooking stability rate g (Collar, Bollain, & Rosell, 2007). The
thermally-induced processes in dough can be measured by
fundamental dynamic rheometry as well. The main advantage of
dynamic rheometry is its ability to differentiate between the elastic
behavior of dough (elastic modulus G0) and viscous behavior
(viscous modulus G0 0). This differentiation allows greater precision
and objectivity in the description of dough properties (Weipert,
1990). Moreira, Chenlo, and Torres (2011) previously reported the
acceptable agreement between the results obtained bymixolab and
rheometry, hence the applicability of the mixolab evaluation
method on dynamic rheology can be expected. Thus, aG0, bG0 and gG0

were used to characterize the angles between the ascending and
descending parts of the elastic modulus curve, aG0 0, bG0 0 and gG0 0

were used to characterize the viscous modulus curve and finally,
ah*, bh* and gh* were used to characterize the complex viscosity
curve.

2.3. Bread preparation

The dough was made from flours blend (300 g), saccharose
(1.86 g/100 g), active dry yeast (1.80 g/100 g), salt (1.50 g/100 g), the
hydrocolloid (2.00 g/100 g) and water (80 g/100 g); these weights
were related on the dry flour basis. The amount of added water was
adequate to form a consistent dough.

Dry yeast was reactivated for 10 ± 1 min in a sugar solution
(35 ± 1 �C). The dough ingredients were placed in the Spar mixer
bowl (Spar Food Machinery MFG, Co., Ltd. Taiwan) and mixed for
6 min. The prepared dough was scaled into three bread pans and
placed into a proofer for 20 min at 30 �C and 85% relative air hu-
midity. The loaves were baked for 20 min at 180 ± 5 �C in a steamy
oven. After baking, the breads were stored at room temperature for
2 h, then analyzed. Each test was performed on different dough
samples, prepared at least in three replicates. The given results are
represented as mean values.

Dough formulation and baking conditions were selected in
agreement with Gujral and Rosell (2004), Krupa-Kozak et al. (2012),
Lazaridou et al. (2007), Moore, Schober, Dockery, and Arendt (2004)
and Rosell et al. (2001), who reported 90e130 g of water per 100 g
of flour and baking at 175e190 �C.

2.4. Loaf specific volume

Loaf volume was determined in triplicate using plastic granu-
lates of rape-seed size. Loaf weight was measured using top-pan
balance. Loaf specific volume (ml/g) was obtained by dividing the



I. Bure�sov�a et al. / LWT - Food Science and Technology 68 (2016) 659e666 661
bread volume by bread weight.

2.5. Bread crumb porosity

The bread crumb pictures were saved as bitmap files, with a 300
DPI resolution in real-color format (RGB, 256 million colors). The
images were then cropped to the resolution of 420 � 420 pixels.
The cropped images were duplicated and one of each was con-
verted into an 8-bit grayscale image. The grayscale images were
thresholded using the software Paint Shop Pro (Corel Corporation,
Canada), which allowed the conversion of the images into black and
white colors. Pore number per image was calculated using the
histogram tool in Paint Shop Pro.

2.6. Textural properties of bread

The textural properties of bread crumb were measured using
texture profile analysis (TPA) on texture analyzer TA.XT plus (Stable
Micro Systems Ltd., UK). Each loaf was cut by a bread slicer machine
to 10 mm thick slices. Each slice was cut by hand using 40 mm
round stainless steel cutter. The crumbwas squeezed and deformed
during cutting, resulting in a sample with a diameter closer to the
diameter of the cylinder probe P/36 R. The sample was placed on
the analyzer base and compressed twice to 4 mm. The pre-test
speed of the probe was 1.00 mm/s, test speed 5.00 mm/s and
post-test speed 5.00 mm/s. The crumb parameters (hardness,
stickiness, elasticity, cohesiveness and chewiness) were deter-
mined by ExponentLite software.

2.7. Sensory evaluation

The breads were subjected to sensory evaluation by a semi-
consumer panel of 50 members (the department staff and stu-
dents), both male and female between the age of 19e55 years. A
nine-point hedonic scale was used to evaluate the characteristics of
bread crumb and crust.

2.8. Statistical analysis

The results were statistically analyzed using analysis of variance
(ANOVA). The differences were tested on a ¼ 0.01 and a ¼ 0.05
significance levels using Fisher LSD test. Statistical analysis was
performed using Statistica CZ 9.1 (StatSoft, CR, Ltd).

3. Results and discussion

Dough prepared with either constant consistency or constant
water addition is used for testing the effect of added substances.
The latter, previously used by Krupa-Kozak et al. (2011, 2012) and
Nunes, Ryan, and Arendt (2009), was selected in this study, because
recorded differences in dough behavior may be directly related to
the added hydrocolloid. Moreover, this approach allows better
objectivity in the comparison of the availability of water for starch
gelatinization.

3.1. Effect of temperature and hydrocolloid supplement on dough
rheological characteristics

Heating performed in the 30e90 �C range was used to monitor
the baking behavior of rice-buckwheat dough and the effect of
hydrocolloids on processes occurring in the dough during baking.
The hydrocolloids significantly increased doughweakening aG0, aG0 0,
ah* in the temperature range of 30e65 �C, decreased peak complex
viscosity and the speed of enzymatic degradation bG0, bG0 0, bh*
occurring in the rice-buckwheat dough (Table 1, Fig. 3). The similar
weakening effect of hydrocolloids was previously described by
Smitha, Rajiv, Begum, and Indrani (2008). However, the impact on
dough behavior varied among tested hydrocolloids. The addition of
XG increased the values of elastic modulus G0, viscous modulus G0 0

and complex viscosity h* (Figs. 1e3) of rice-buckwheat dough,
which can be associated with XG water-holding capacity and the
characteristics of XG solution published by Garcia-Ochoa, Santos,
Casas, and Gomez (2000). XG was dissolved during dough prepa-
ration (30 �C), hence an ordered conformation allowing interaction
between xanthan and polysaccharide molecules can be expected
(Garcia-Ochoa et al., 2000). Starch granules coated with rigid
xanthan molecules strengthen the dough at the beginning of
measurement (Fig. 1). Even if XG is resistant to thermal degradation
(Rosalam & England, 2006), its viscosity decreases with increasing
temperature (Garcia-Ochoa et al., 2000). This behavior caused
dough weakening in the temperature range of 30e60 �C, which is
evident from the values of aG0 and ah* (Table 1). The restricted
amount of water available in dough, together with the starch
granules coated with XG protected them from swelling, can be a
probable explanation for the significantly reduced values of bG0, bG0 0

and bh*, reduced peak complex viscosity (Fig. 3), low values of tan d,
as well as glass transition temperature Tg delayed by 9 �C (Fig. 4).

Even if high water-holding capacity 42.3 g H2O/g of CMC (Cash
& Caputo, 2009) increased the values of elastic modulus G0, viscous
modulus G00 and complex viscosity h* of rice-buckwheat dough at
30 �C, the increase was lower than in dough with incorporated XG
(Figs. 1e3). The dough weakening recorded in the temperature
range of 30e60 �C (aG0 ¼ �3.81$103 Pa/�C, aG0 0 ¼ �0.81$103 Pa/�C,
ah* ¼ �0.42$103 Pa s/�C) was significantly more extensive than the
weakening of doughs with other hydrocolloid supplements
(Table 1). After the temperature of 70 �C was reached, the values of
elastic modulus, viscous modulus and complex viscosity started to
rise. It can be assumed the thermally-induced changes in com-
posite dough were modified by CMC. At the beginning of heating,
the polymer chain of CMC was partly in a helical conformation.
When the dough was heated its viscosity decreased rapidly, since
the watereCMC interactions weakened. Subsequently, after
reaching 70 �C, the CMCeCMC interactions occurring in the dough
likely increased the dough viscosity (Sudhakar, Singhal, &
Kulkarni, 1992; Yaşar, To�grul, & Arslan, 2007). Due to the syn-
ergy between CMC and starch (Cash & Caputo, 2009), CMC-starch
interactions can be expected as well. These interactions protected
the starch granules from swelling by the similar mechanism as
described for XG.

The additions of calcium caseinate and sodium caseinate
affected dough behavior nearly identically. These supplements
decreased the values of elastic and viscous modulus G0, G00 and the
values of complex viscosity h* in the 30e60 �C temperature range
(Figs. 1e3). Dough weakening similar to the dough with XG is
evident from the values of aG0, aG0 0 and ah* (Table 1). In the later
stages of heating (60e80 �C) both types of caseinates decreased the
dough gelatinization rate expressed as bG0, bG0 0 and bh* similarly to
CMC. Peak viscosity of composite dough, representing the ability of
starch granules to swell before breaking, was decreased by the
addition of caseinates by 0.4$105 Pa s (Fig. 3). The behavior of dough
during heating was likely affected by the interactions between
hydrophilic caseinates and starch granules and their competition
for water uptake. It can be assumed caseinates absorbed a certain
amount of water during dough mixing. Due to the temperature-
dependent hydration of caseinates, known to decrease from
3 g H2O/g at 25 �Ce0 g H2O/g at 80 �C (Crowley et al., 2002; Fox &
McSweeney, 1998), water entrapped by caseinates was released
during heating. This behavior can explain the high tan d associated
with viscous character of the dough as well as the decrease of glass
transition temperature Tg by 5e7 �C (Fig. 4).



Table 1
Curve slopes of elastic modulus G0 , viscous modulus G0 0 and complex viscosity h* of composite rice-buckwheat dough with a hydrocolloid supplement (2 g/100 g). The mean
values ± standard deviation (n ¼ 3) in one row followed by different letters differ significantly different P < 0.01.

RB RB þ CCa RB þ CMC RB þ CNa RB þ XG

Elastic modulus G0

103 Pa/�C
aG0 �0.52 ± 0.01c �1.43 ± 0.08b �3.81 ± 0.04a �1.46 ± 0.06b �1.54 ± 0.18b

bG0 49.6 ± 0.9c 24.9 ± 0.5b 23.8 ± 0.9b 24.4 ± 0.9b 10.3 ± 0.4a

gG0 �31 ± 2a �12 ± 1c �25 ± 1b �8.0 ± 0.1d �3.4 ± 0.4e

Viscous modulus G0 0

103 Pa/�C
aG0 0 0.59 ± 0.01d �0.21 ± 0.02bc �0.81 ± 0.05a �0.23 ± 0.01b �0.13 ± 0.01c

bG0 0 5.4 ± 0.3d 4.7 ± 0.3c 3.5 ± 0.1b 4.9 ± 0.2cd 1.7 ± 0.3a

gG0 0 �8.0 ± 0.1a �3.2 ± 0.2b �5.1 ± 0.1b �3.8 ± 0.1c �3.6 ± 0.1c

Complex viscosity h*
103 Pa s/�C
ah* �0.08 ± 0.01c �0.28 ± 0.03b �0.42 ± 0.01a �0.29 ± 0.04b �0.32 ± 0.03b

bh* 5.2 ± 0.1c 3.9 ± 0.3b 3.2 ± 0.1b 4.1 ± 0.4b 1.5 ± 0.2a

gh* �5.0 ± 0.3a �2.1 ± 0.3c �1.4 ± 0.6c �1.5 ± 0.2c �2.8 ± 0.2b

RB: rice-buckwheat dough; CCa: calcium caseinate; CMC: carboxymethyl cellulose; CNa: sodium caseinate; XG: xanthan gum.

Fig. 1. Temperature dependence of elastic modulus G0 of composite rice-buckwheat (RB) dough with a hydrocolloid supplement (2 g/100 g of flour blend). Data replications were
taken at least in triplicate. ▬ rice-buckwheat dough with added sodium caseinate,: rice-buckwheat dough with added calcium caseinate,; rice-buckwheat dough with added
carboxymethyl cellulose, ┿ rice-buckwheat dough with added xanthan gum, e rice-buckwheat dough without any hydrocolloids.
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3.2. Effect of hydrocolloid supplement on quality of composite rice-
buckwheat bread

High quality of bread crumb is associatedwith an open structure
and the presence of large pores. This open structure, however, is not
typical for GF bread (Sciarini et al., 2012). Even if the pore size in
composite bread crumb without the added hydrocolloids was
satisfactorily large, enclosed pores were surrounded by thick cell
walls (Fig. 5). The presence of calcium caseinate, CMC and XG
improved the bread crumb by forming an open structure. Surpris-
ingly, even if the thermally-induced changes of rheological char-
acteristics were nearly identical, the crumb of the bread with
calcium caseinate was open, while the pores in the crumb with
sodium caseinate were enclosed. Better foaming properties of so-
dium caseinate (Abascal & Gracia-Fadrique, 2009) can explain this
difference. Thin tenacious film formed in the presence of sodium
caseinate at the gaseliquid interface allowed larger quantities of
leavening gas to be incorporated into the dough (O'Regan et al.,
2009) resulting in the formation of large pores and enclosed
crumb structure.
Despite the pore size being an important factor, pore distribu-

tion is an important characteristic of bread quality as well.
Compared to the control bread without the hydrocolloid supple-
ment (48%), the porosity was increased by sodium caseinate (52%),
calcium caseinate (55%) and XG (57%) additions (Table 2) as well;
pore distribution in bread crumb with added XG was, however, not
uniform and the porosity was increased by only a few large pores.
Contrarily, CMC supplement decreased the crumb porosity (40%).
This negative impact of CMC was indicated by high complex vis-
cosity (Fig. 3). High dough viscosity is known to restrict the ability
of dough surrounding pores to expand, resulting in small pores
(Mondal & Datta, 2008).

Even if the porosity was affected by the added hydrocolloid, the
differences were not significant. Pores did not have a defined
border, decreasing the accuracy of porosity determination, evident
from the high values of standard deviation; this can explain the
absence of any relation between the porosity and loaf specific
volume (Table 2).



Fig. 2. Temperature dependence of viscous modulus G0 0 of composite rice-buckwheat (RB) dough with a hydrocolloid supplement (2 g/100 g of flour blend). Data replications were
taken at least in triplicate. ▬ rice-buckwheat dough with added sodium caseinate,: rice-buckwheat dough with added calcium caseinate, ; rice-buckwheat dough with added
carboxymethyl cellulose, ┿ rice-buckwheat dough with added xanthan gum, e rice-buckwheat dough without any hydrocolloids.

Fig. 3. Temperature dependence of complex viscosity h* of composite rice-buckwheat (RB) dough with a hydrocolloid supplement (2 g/100 g of flour blend). Data replications were
taken at least in triplicate. ▬ rice-buckwheat dough with added sodium caseinate,: rice-buckwheat dough with added calcium caseinate, ; rice-buckwheat dough with added
carboxymethyl cellulose, ┿ rice-buckwheat dough with added xanthan gum, e rice-buckwheat dough without any hydrocolloids.

I. Bure�sov�a et al. / LWT - Food Science and Technology 68 (2016) 659e666 663
The hydrocolloids affected the behavior of GF bread crumb
during TPA test imitating chewing (Table 2). The hardness of rice-
buckwheat crumb without the hydrocolloid (12.2 N) was
decreased by calcium caseinate (4.3 N), XG (9.1 N) and CMC (9.3 N).
Similar positive effect of calcium caseinate was previously
described by Krupa-Kozak et al. (2013). Contrarily, no significant
effect of sodium caseinate was recorded (11.5 N). These results
might be in close relation with the crumb structure, hence softer
crumb was found in bread with an open crumb structure.

Additionally, the relationship between crumb stickiness and
peak complex viscosity was observed. Bread with the highest
crumb stickiness (1034$10�3 N s) was prepared from dough with
added XG. This dough exhibited high peak complex viscosity
70$103 Pa s (Fig. 3). Stickiness of bread with CMC supplement was
significantly lower (357$10�3 N s) and lower peak viscosity
(63$103 Pa s) was reached as well. Lastly, the lowest stickiness of
bread with added caseinates can be associated with the lowest
peak complex viscosity (55$103e58$103 Pa s) of these doughs. The
results can be explained by the presence of hydrocolloids that
modified the dough behavior during heating (see 3.2). These



Fig. 4. Temperature dependence of loss factor tan d of composite rice-buckwheat dough with a hydrocolloid supplement (2 g/100 g of flour blend). Data replications were taken at
least in triplicate. ▬ rice-buckwheat dough with added sodium caseinate, : rice-buckwheat dough with added calcium caseinate, ; rice-buckwheat dough with added car-
boxymethyl cellulose, ┿rice-buckwheat dough with added xanthan gum, e rice-buckwheat dough any hydrocolloids.

Fig. 5. Differences in crumb porosity of composite rice-buckwheat bread with hydrocolloid supplement (2 g/100 g of flour blend). CCa: calcium caseinate e open structure with
large pores, pores surrounded by thick dough; CMC: carboxymethyl cellulose e open structure with small pores, pores surrounded by thick dough; CNa: sodium caseinate e

enclosed structure with large pores, pores surrounded by thick dough; XG: xanthan gum e relatively open structure with pores of non-uniform size, pores surrounded by thick
dough; RB: composite buckwheat-rice bread without hydrocolloid supplement: enclosed structure with relatively satisfactory pore size, pores surrounded by thick dough.
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Table 2
The characteristics of composite rice-buckwheat crumbwith hydrocolloid supplement (2 g/100 g). Themean values ± standard deviation (n¼ 3) followed by different letters in
the column differ significantly (P < 0.01).

Flour þ hydrocolloid Loaf specific volume (cm3/g) Porosity (%) Hardness (N) Stickiness (10�3 N s) Elasticity (s) Cohesiveness 10�3 Chewiness (N s)

RB þ CCa 1.8 ± 0.5a 55 ± 6a 4.3 ± 0.2a 163 ± 10a 14.1 ± 0.4c 747 ± 30b 77 ± 7a

RB þ CMC 1.8 ± 0.3a 40 ± 7a 9.3 ± 0.2b 357 ± 3cd 13.0 ± 0.4b 752 ± 10b 131 ± 20cd

RB þ CNa 1.8 ± 0.3a 52 ± 8a 11.5 ± 0.3c 171 ± 20ab 13.6 ± 0.2bc 236 ± 40a 84 ± 2a

RB þ XG 1.9 ± 0.5a 57 ± 5a 9.1 ± 0.3b 1034 ± 80e 11.2 ± 0.2a 614 ± 10b 116 ± 3bc

RB 1.8 ± 0.3a 48 ± 5a 12.2 ± 0.8c 434 ± 10d 12.8 ± 0.3b 760 ± 30b 141 ± 11e

RB: rice-buckwheat blend; CCa: calcium caseinate; CMC: carboxymethyl cellulose; CNa: sodium caseinate; XG: xanthan gum.
Porosity: the proportion of pores on slice of bread.

Table 3
Sensory evaluation scores of composite rice-buckwheat bread with added hydrocolloids. The mean values ± standard deviation (n ¼ 50) followed by different letters in the
column differ significantly (P < 0.05).

Blend þ hydrocolloid Crust appearance and color Crumb appearance and color Aroma and taste Overall acceptability

RB þ CCa 7.3 ± 0.2ab 6.8 ± 0.3b 7.7 ± 0.7b 7.5 ± 0.2bc

RB þ CMC 8.2 ± 0.9c 8.0 ± 0.4d 7.8 ± 0.5b 7.8 ± 0.4c

RB þ CNa 8.0 ± 0.8bc 7.6 ± 0.4cd 8.1 ± 0.9c 7.7 ± 0.4c

RB þ XG 7.1 ± 0.1a 5.7 ± 0.3a 6.8 ± 0.5a 5.9 ± 0.6a

RB 6.5 ± 0.1a 7.2 ± 0.3bc 7.5 ± 0.6ab 7.1 ± 0.8b

Score range: 1: dislike extremely; 9: like very much.
RB: rice-buckwheat flour blend; CCa: calcium caseinate; CMC: carboxymethyl cellulose; CNa: sodium caseinate; XG: xanthan gum.
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modifications impacted the creation of crumb.
Moreover, the results confirmed a close relationship between

crumb structure and elasticity. A crumb structure with a prevailing
proportion of small pores surrounded by thick dough walls
required shorter recovery time (11.2 s), as recorded for bread with
added XG. Contrarily, the bread with an open crumb structure
(calcium caseinate, CMC) or crumb with large pores (sodium
caseinate) required longer time to recover.

Bread crumb cohesiveness was only affected by sodium
caseinate, which significantly reduced the parameter. Moreover,
chewiness (141 N s) was significantly reduced by the incorporation
of both caseinates (77 N s; 84 N s), which can be associated with
large pores in the bread crumb.
3.3. Sensory evaluation

Sensory evaluation of fresh breads was carried out using a he-
donic scale (Table 3). The overall acceptability of breads with both
caseinates added (7.5e7.7) was similar to the quality of bread with
CMC (7.8), as well as significantly higher than the evaluation of
breadwith XG (5.9). The results are in close relationwith the results
obtained by the other methods used. It can be assumed the added
caseinates and CMC promoted dough weakening, limited gelatini-
zation rate and decreased the complex viscosity during the final
stages of heating. This behavior increased the ability of rice-
buckwheat dough to accumulate leavening gas inside pores,
resulting in improved crumb characteristics recorded by TPA as
well as high sensory scores. However, crust and crumb color, as well
as bread aroma and taste can be evaluated only by the panelists.
The appearance and color of rice-buckwheat bread crust (6.5) and
crumb (7.2) were significantly improved by sodium caseinate (8.0;
7.6) and CMC (8.2; 8.0). Moreover, sodium caseinate significantly
increased the aroma and taste of composite bread from 7.5 to 8.1.
Contrarily, the evaluation of bread with added CMC (7.8) was
decreased by undefined, unexpected and strange flavors recog-
nized by some panelists. The relatively high sensory scores of bread
with calcium caseinate were negatively impacted by an unexpect-
edly soft crumb (Table 2). Sensory scores of bread with the incor-
porated XG were negatively impacted by dry and coarse crust and
extremely sticky crumb, which is in general agreement with the
results published by Lazaridou et al. (2007) and Shittu et al. (2009).

4. Conclusions

The improving effect of added calcium and sodium caseinate on
the quality of rice-buckwheat bread is similar to the effect of car-
boxymethyl cellulose. Even if the mechanism varied, these sub-
stances significantly reduced the stiffness of composite rice-
buckwheat dough, increased dough weakening at the beginning
of heating and reduced peak complex viscosity. These modifica-
tions of dough behavior seemed to be essential for obtaining soft,
non-sticky and elastic crumb with large pores or open structure.
However, very soft crumb of bread with incorporated calcium
caseinate is not acceptable for some consumers. It can be concluded
the fortification of rice-buckwheat dough by calcium as well as
sodium caseinate can result in bread with improved quality.
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Electrospray technique was used to prepare alginate beads with controllable size from about 200 mm to
1.3 mm by adjusting the working voltage. The encapsulation ability of alginate beads for gallic acid, a
model hydrophilic phenolic compound, was investigated. Loading amount of gallic acid varied from 7 g/
100 ge12 g/100 g among alginate beads samples. Fourier-transform infrared and differential scanning
calorimetry result confirmed the inclusion of gallic acid. Moreover, no autoxidation of gallic acid was
observed in the formulated alginate beads. Release profile result indicated that in simulated intestinal
fluid the release was faster than that in gastric fluid. The release pattern was influenced by both loading
amount of gallic acid and size of alginate beads. Our results suggest that alginate beads fabricated by
electrospray method is a promising delivery system for water soluble phenolic compound like gallic acid.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Gallic acid (3,4,5-trihydroxybenzoic acid) is a well-known nat-
ural antioxidant agent widely available from food such as tea leaves,
bearberry, mango and many others (Karamaæ, Kosi~nska, & Pegg,
2006; Soong & Barlow, 2006). In the food analysis, gallic acid is
commonly used as a reference standard material in the conven-
tional FolineCiocalteau assay to determine the total phenol con-
centration. Apart from its strong antioxidant ability, gallic acid has
also been demonstrated to possess various physiological functions
such as antiaging, anti-inflammatory, and anticarcinogenic activity
(Arunkumar, Ilango, Manikandan,& Ramalakshmi, 2009;Manosroi,
Jantrawut, Akihisa, Manosroi, & Manosroi, 2010). However, gallic
acid has strong astringency and bitterness which may decrease its
preference and limit its potential applications in the functional
food. Moreover, gallic acid, when dissolved in aqueous solution, has
his work.
the tendency to autoxidize into dimer and oligomer structure (Neo,
Ray, et al., 2013; Neo, Swift, et al., 2013).

The properties of gallic acid require certain delivery system to
mask its unfavorable flavor as well as prevent autoxidation.
Encapsulation is a promising approach to deliver bioactive com-
pounds like gallic acid. In recent decades, micro and nano-delivery
systems have been investigated for various applications in func-
tional food and related areas. Gallic acid loaded zein submicron
fiber was fabricated to prepare an active packaging material (Neo,
Ray, et al., 2013; Neo, Swift, et al., 2013). The authors concluded
that gallic acid loaded zein fiber mats have strong antibacterial
activity and is a suitable food package material. On the other hand,
inorganic nanoparticles such as Fe3O4 and silica nanoparticles were
also exploited to deliver gallic acid for controlled release (Dorniani
et al., 2012; Hu, Nie, Feng, & Suo, 2013).

To prompt its applications in food system, various biopolymer
based hydrogel beads were developed to encapsulate, protect and
deliver gallic acid. In previous studies, chitosan, b-cyclodextrin,
xanthan, acetylated starch and inulin have been used to encapsu-
late gallic acid (Robert, Garcia, Reyes, Chavez, & Santos, 2012; da
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Rosa et al., 2013). Meanwhile, gallic acid was encapsulated in the
carriers through various formulation techniques such as spray
drying, lyophilization, emulsification and electrospinning (da Rosa
et al., 2013; Medina-Torres et al., 2013; Nagpal, Singh, & Mishra,
2013; Neo, Ray, et al., 2013; Neo, Swift, et al., 2013).

As a natural polysaccharides isolated from brown algae, alginate
acid possesses several advantages compared with other commonly
used biopolymers for formulating hydrogel beads. It is a biocom-
patible, biodegradable, non-toxic biomaterial which has a broad
spectrum of applications in both food and pharmaceutical industry
due to its gelling properties when crosslinked with divalent ions
like calcium and ferrous cation (Ribeiro, Afonso, Vila-Real, Alfaia, &
Ferreira, 2010). The ‘egg-box’ structure of alginate bead is the basis
for trapping targeted materials, either it be aqueous herbal extract
or drug (Alborzi, Lim,& Kakuda, 2014; Stojanovic et al., 2012). In the
food matrix, the size of the hydrogel beads has significant impact
on parameters including texture, stability and mouthfeel, and thus
should be carefully manipulated before incorporated into food for
different end-use applications. Electrospray is a versatile device
that use electrostatic force to prepare bioactive compound encap-
sulated particles or fibers with tunable size (Alborzi et al., 2014). Its
basic structure is composed of a syringe pump, a spinneret and a
high voltage direct-current (DC) supply as illustrated in our recent
publication (Lee, Li, Chen, & Park, 2015). Compared with other
encapsulation techniques, electrospray requires no harsh working
conditions and toxic organic solvent. The size of fabricated carrier
could be optimized by fine tuning the nozzle size, voltage, collec-
tion distance, as well as the spraying speed (Tapia-Hern�andez et al.,
2015).

In the present study, gallic acid was encapsulated as a model
water soluble phenolic compound in alginate beads via the elec-
trospray technique. Size of alginate beads could be adjusted by
changing the working voltage. Encapsulation of gallic acid was
verified by FTIR, DSC as well as FolineCiocalteau test. The impacts
of beads size and loading amount of gallic acid on the release profile
in simulated digestion fluid were also investigated.

2. Materials and methods

2.1. Materials

Sodium alginate with molecular weight around 22 kDa was
purchased from Junsei Chemical (Tokyo, Japan). Gallic acid mono-
hydrate, sodium carbonate, sodium chloride, sodium hydroxide,
potassium dihydrogen phosphate, hydrogen chloride and calcium
chloride dihydratewere provided by Duksan Pure Chemical (Ansan,
Korea). FolineCiocalteu's reagent (FCR) was obtained from Sigma-
eAldrich (St. Louis, MO, USA). Distilled water was produced from a
Milli-Q system of Millipore (Milford, MA, USA).

2.2. Preparing alginate bead

Sodium alginate was dispersed in distilled water at the con-
centration of 1 g/100 mL. After full hydration with the aid of
magnetic stirring, the sodium alginate solutionwas left to stand for
about 2 h to remove any air bubbles in the solution. Collection
solution was prepared by dissolving CaCl2 in distilled water (5 g/
100 mL). A syringe pump was applied to deliver sodium alginate
solution through a hose the other end of which was connected with
a 30 gauge blunt-end stainless steel needle (outer diameter:
0.3112mm, inner diameter: 0.159mm). The voltage between the tip
of the needle and the collection solution was modulated by a DC
power supply. After preliminary studies, the extrusion speed was
set at 10 mL/h, and the distance between the tip of the needle and
the surface of the collection solution was set at 20 cm. Voltage was
varied from0, 5, 7.5 and 10 kV. To prepare gallic acid loaded alginate
beads, gallic acid was first dissolved in distilled water (1 g/100 mL
and 0.5 g/100 mL) and then sodium alginate (1 g/100 mL) was
dispersed into the solution. The collection solution for gallic acid
loaded alginate beads contained the same level of gallic acid (at 1 g/
100 mL and 0.5 g/100 mL respectively) to reduce the loss of gallic
acid during gelling period. All other parameters for electrospray
were the same. The beads sample was soaked in the CaCl2 solution
for about 10min before collection by paper filtration. Lyophilization
at�60 �C for 48 h was applied to prepare the dried form of alginate
beads. All lyophilized bead samples were stored in a refrigerator
at �20 �C until use.

2.3. Water content

The water content of both wet alginate beads and the freeze
dried ones were measured gravimetrically on a moisture analyzer
(MX-50, A&D Company, Tokyo, Japan). Sample was weighted to the
analyzer and heated at 105 �C until no weight change can be
observed. The difference between the original weight and the final
weight was considered as the water content.

2.4. Gallic acid content measurement

Gallic acid content was examined by the FolineCiocalteau assay
according to our previous study (Li, Shin, Chen, & Park, 2015).
Briefly, the sample was added to 2 g/100mL sodium citrate solution
to disintegrate the alginate beads. After fully dissolved, 0.4 mL of
the solution alongwith 1.6 mL of sodium carbonate (7.5 g/100mL in
distilled water) was pipetted into 2 mL of 0.2 mol/L
FolineCiocalteau reagent solution. The mixture was left for 1 h
before the absorption at 765 nm was recorded on a UVevis spec-
trophotometer (Optizen Pop, Daejeon, Korea). The concentration of
gallic acid was calculated based on a calibration curve using gallic
acid as the standard reference under the same conditions.

2.5. Loading ability and loading efficiency

Loading ability of alginate beads was calculated by the weight
ratio of gallic acid and the weight of dried alginate beads using the
following formula:

Loading ability ¼ gallic acid weight/weight of dried alginate
beads � 100.

While the loading efficiency was expressed as the gallic acid
determined in the beads divided by the initial amount of gallic acid
using the following formula:

Loading efficiency ¼ amount of gallic acid in the beads/original
amount of gallic acid � 100.

2.6. Size and morphology study

Photographs were acquired on a microscope equipped with a
digital camera Olympus DP 22 (Tokyo, Japan). The mean size of the
beads was calculated by the diameters provided in the images. For
each sample group, at least 10 beads were measured and recorded.

2.7. Attenuated total reflecting-Fourier-transform infrared (ATR-
FTIR) investigation

The interaction between gallic acid and alginate bead matrix
was investigated by ATR-FTIR which was recorded on a Perki-
nElmer Spectrum 100 spectrophotometer (Waltham, MA, USA).
Powder of freeze dried sample was sandwiched between the ATR
accessory and the diamond crystal. Spectra of samples were
recorded in the wavelength region between 400 and 4000 cm�1.
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Each spectrum was obtained by averaging 32 scans at a resolution
of 4 cm�1.

2.8. Differential scanning calorimetry (DSC) measurement

Thermal transition properties of gallic acid, sodium alginate,
gallic acid and sodium alginate physical mixture, blank alginate
beads, and gallic acid loaded beads were measured on a model Q20
differential scanning calorimeter (TA Instrument, New Castle, PA,
USA). Sample powder (about 5.0 mg) was weighted and sealed in
an aluminum DSC pan. After holding isothermally at 30 �C for
1 min, DSC scanning was performed from 30 �C to 350 �C at a
heating rate of 10 �C/min under dry nitrogen purge of 50 mL/min.
An empty pan served as reference.

2.9. Gallic acid release profile in simulated digestion fluid

Release property of gallic acid in simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF) was investigated in accordance
with previous publications with certain modifications (Esmaili
et al., 2011; Paramera, Konteles, & Karathanos, 2011). SGF was
prepared by dissolving 2.0 g of NaCl and 7.0mL of HCl (36 g/100mL)
into 1 L of distilled water. For SIF, 6.8 g of KH2PO4 and 0.616 g of
NaOH was dissolved in 1 L of distilled water. The pH value was
adjusted to 1.2 and 6.8 for SGF and SIF respectively. About 30 mg
beads sample was weighted to a glass vial to which 50 mL of pre-
warmed SIF or SGF was added. Glass vials were transferred to a
water bath set at 37 �C and 120 rpm of shaking for the release
measurement. Release of gallic acid was monitored by measuring
the total phenol concentration using the FolineCiocalteau assay as
aforementioned.

2.10. Statistical analysis

All the data in this study were processed by SPSS (Version 20.0;
SPSS Inc., Chicago, IL, USA). Comparisons were made using the one-
way analysis of variance (ANOVA) with Least Significant Difference
(LSD) multiple comparison procedure. P value of <0.05 was
considered as statistically significant difference.

3. Results and discussion

3.1. Size, water content, morphology and loading properties of
alginate beads

In the present study, high (50%) and relatively low (33%) amount
of gallic acid was used to formulate alginate beads. Gallic acid has
water solubility of about 12 g/L at room temperature. Gallic acid
(1 g) along with 1 g of sodium alginate were dissolved in 100 mL of
distilled water to prepare 50% alginate beads. The 33% beads
sample was formulated with 0.5 g of gallic acid along with 1 g of
sodium alginate in 100 mL of distilled water. The size and water
content of wet and dried beads are listed in Table 1. As expected,
higher voltage values reduce the beads size significantly. For the
blank alginate beads (without loading of gallic acid), the size was
about 1359 mmwhen no voltage was applied. The size was reduced
to 1156 mm when 5 kV was used. But when 7.5 kV and 10 kV was
applied, the sizes were significantly decreased to about 400 and
200 mm respectively. During the electrospraying, voltage higher
than 7.5 kV changed the alginate solution flow from drip to jet
which was accounted as the main reason for the reduced size. It has
been reported that when applied voltage is lower than 5 kV, the
spraying mode is dripping; while voltages higher than 7 kV change
the spraying mode to jet and produce much smaller beads
(Moghadam, Samimi, Samimi, & Khorram, 2008). When gallic acid
was incorporated into alginate bead, the size tended to increase
when the voltage was lower than 10 kV. Voltage at 10 kV produced
smaller gallic acid loaded alginate beads than that of blank ones.
Wet beads contained about 92 g/100 ge96 g/100 g water which
was comparable with that of reported values (C�ordoba, Deladino, &
Martino, 2013). Meanwhile, the gallic acid may have impact on the
water absorption ability of the alginate beads as revealed in the
water content result (Table 1). Lower water content was measured
in the gallic acid-loaded beads than in blank beads in both the wet
and dried form. Alginate can absorb large amount of water due to
its hydroscopic naturewhichmay be affected by themixing of gallic
acid. As indicated in the FTIR result (Section 3.2), gallic acid forms
certain interactions with the calcium-alginate matrix which may
replace water bondages at certain degree, thus reducing water
content in the alginate beads. After freeze drying, the size tended to
decrease. Water content of freeze dried beads suggested that about
30 g/100 g of water still exist in the beads which could not be
removed by the lyophilization. Water existed in the freeze dried
beads should be bound water strongly hold by the alginateecal-
cium complex. The morphology of the wet and dried beads was
observed by microscope and demonstrated in Fig. 1. Beads pro-
duced at 0 and 5 kV voltage were roughly spherical with certain
degree of deformation which may be caused by the press of
neighboring beads. Higher voltages produced smaller and spherical
beads with unimodal size distribution. Blank beads showed more
transparent appearancewhile the beads loadedwith gallic acid was
milky. After freeze drying, the shape of the beads changed to
roughly round with many edges. The morphology variation may be
ascribed to the fast removal of water during freeze drying. It was
reported that alginate beads dehydrated by the thermostatic oven
has similar size with that of wet beads (Stojanovic et al., 2012). But
in our preliminary study, oven drying tended to render beads
conjugated with each other and adhered to the container. Spray-
drying is a more economic and speed way to produce alginate
beads at micro and even nano level (Bagheri, Madadlou, Yarmand,
& Mousavi, 2014). But using spray drying, it is difficult to manip-
ulate the size of alginate beads.

In this study, gallic acid was encapsulated into alginate beads at
relatively high loading level (50% and 33%). The same amount of
gallic acid and sodium alginate was used to prepare 50% beads,
while for 33% beads half amount of the gallic acid was mixed with
sodium alginate. However, the loading ability and efficiency were
much lower than theoretical values (shown in Table 2). The loading
ability for 50% varied from 7.58 g/100 ge12.76 g/100 g. For 33%
beads, the loading ability was around 7 g/100 g. It has been sug-
gested that gallic acid administrated at the level higher than 50mg/
kg body weight would effectively suppress high fat diet-induced
dyslipidaemia, hepatosteatosis and oxidative stress (Hsu & Yen,
2007). Based on the loading ability result, about 30 g of dried
beads is required for daily consumption to exert its nutraceutical
properties.

On the other hand, loading efficiency was a little higher than
20% except for 50% 0 kV which was about 15%. In our study,
collection solution contained gallic acid at the same concentration
with the sodium alginate solution to prevent the loss of gallic acid
during hardening period. Similar method was used in previous
study for encapsulation aqueous herb extraction (Stojanovic et al.,
2012). But the loading efficiency obtained in our study was much
lower. It was assumed that gallic acid was loaded at much higher
level than alginate beads could encapsulate. In contrast, Lupo et al.
prepared alginate beads loaded with cocoa extract at the concen-
tration of 1 g/100 g and 3 g/100 g (Lupo, Maestro, Gutierrez, &
Gonzalez, 2015). During the gelling process, sodium alginate is
crosslinked by the Ca2þ forming the ‘eggbox’ structure. At the same
time, the amount of free water decreased which increased the true



Table 1
Water content and mean size of wet and freeze dried beads.

Sample group Size (wet beads) mmb Water content (wet beads) g/100 g Size (dry beads) mm Water content (dry beads) g/100 g

Blank 0 kVa 1359a 93.3ef 945b 31.9bc
Blank 5 kV 1156b 96.2ab 714d 30.9c
Blank 7.5 kV 414d 96.8a 290f 33.5a
Blank 10 kV 238e 96.9a 168g 33.2ab
33% 0 kV 1369a 92.3fg 1094a 26.6d
33% 5 kV 1159b 94.3de 867c 23.4c
33% 7.5 kV 530c 94.0de 367e 23.5c
33% 10 kV 209e 93.6de 165g 27.6d
50% 0 kV 1393a 91.9g 948b 23.6c
50% 5 kV 1223b 93.2ef 777d 24.9c
50% 7.5 kV 521c 95.5bc 288f 24.6c
50% 10 kV 210e 94.6cd 156g 23.8c
Pooled standard deviation 40 0.5 42 0.7

a Sample group is named by the theoretical loading content and voltage applied: blank is beads contains no gallic acid, 33% is beads contains theoretically 33 g of gallic acid
in 100 g of dried alginate beads, while 50% is beads contains theoretically 50 g of gallic acid in 100 g of dried alginate beads.

b Size is expressed as the mean of ten alginate beads while water content is expressed as the mean of three replications, and values with different online superscripts in the
same column are significantly different (p < 0.05) analyzed by ANOVA.
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concentration of gallic acid inside the beads. Subsequently, true
concentration of gallic acid inside alginate beads was higher than
that of collection solution which induced gallic acid migrating into
the collection solution. In this way, gallic acid was squeezed out of
the beads into the surrounding solution which led to the lower
encapsulation ability than expected. Nevertheless, the loading
ability was still higher than many of the reported values suggesting
that the high loading strategy is successful (Zeeb, Saberi, Weiss, &
McClements, 2015).
3.2. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) investigation

The FTIR spectra of sodium alginate, gallic acid, physical mixture
of gallic acid and sodium alginate, blank alginate beads and gallic
acid loaded alginate beads at 50% and 33% loading were depicted in
Fig. 2. Broad peak at around 3300 cm�1 was assigned to OH
stretching. Peaks at 1596 cm�1 and 1404 cm�1 were attributed to
COO� symmetrical and asymmetrical stretching vibrations (Li, Lee,
Shin, Chen,& Park, 2015). In the spectrum of blank alginate beads, a
very broad peak at around 3300 cm�1 was revealed indicating that
beads contain certain amount of water. While the peaks for
asymmetrical and asymmetrical stretching vibrations of carboxyl
group were shifted to higher wavenumber at 1603 cm�1 and
1439 cm�1 respectively, confirming that Ca2þ crosslinked alginate
at the COO� group. In the spectrum of gallic acid, several small
bands from 3000 cm�1 to 3500 cm�1 can be ascribed to the OeH
stretching and hydrogen bonds. Bands at 1693 cm�1 and 1306 cm�1

were attributed to the carbonyl group while strong peak at
1018 cm�1 was corresponding to the benzene ring vibration (Hu
et al., 2013). The FTIR spectra of the gallic acid-loaded alginate
beads resembled those of the physical mixture of gallic acid and
sodium alginate, but some differences were obvious. Most of the
peaks attributed to gallic acid were shaper than theywere in that of
pure gallic acid. This may be attributed to possible interaction be-
tween gallic acid and alginateecalcium complex as similar results
have also been reported (C�ordoba et al., 2013). But no new peakwas
discerned in the gallic acid loaded beads. As mentioned in one
previous report, gallic acid is prone to autoxidation forming dimer
or oligomer while electrospinning gallic acid loaded zein fibers
(Neo, Ray, et al., 2013; Neo, Swift, et al., 2013). But our results
indicate that using similar technique, gallic acid is relatively stable
in the formulated alginate beads.
3.3. Differential scanning calorimetry (DSC) investigation

The thermal transition properties of sodium alginate, gallic acid
and alginate beads as measured by DSC analysis were summarized
in Fig. 3. For gallic acid, two endothermic peaks were revealed in
the thermogram. One endothermic peak at around 113 �C was
related to the loss of bound water. The other peak at about 260 �C
was due to themelting of the crystal structure of gallic acid (Nagpal,
Singh, & Mishra, 2012). One significant exothermic peak at about
237 �C was determined as the decomposition of sodium alginate
which was absent in the thermogram of alginate beads (Soares,
Santos, Chierice, & Cavalheiro, 2004). In the thermogram of gallic
acid loaded alginate beads, peak at 259 �C verified the incorpora-
tion of gallic acid in the beads. Two small endothermic peaks
existed in the blank beads thermogram were absent in the gallic
acid loaded beads. This may be caused by the impact of gallic acid
on the molecular arrangement of alginateecalcium complex.
Moreover, thermograms of blank beads and gallic acid loaded beads
showed no obvious exothermic peak at around 237 �C, corrobo-
rating that the beads were more thermal stable than sodium
alginate.
3.4. Release profile of gallic acid from alginate beads in simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF)

The release characteristic of gallic acid from alginate beads was
examined in simulated gastrointestinal fluid. Digestive enzymewas
not added into the simulated gastrointestinal fluid since alginate is
resistant to digestive enzymes (Matulka et al., 2009). Alginate
beads encapsulated with aqueous extract or hydrophilic compound
usually exhibit characteristic fast release profile because alginate
beads present a porous structure which provides little barrier effect
to the payload (Crittenden, Weerakkody, Sanguansri, & Augustin,
2006; Lupo et al., 2015). Release profile of gallic acid in SGF and
SIF was illustrated in Figs. 4 and 5 respectively. Similar with pre-
viously reported results, about 70%e80% of gallic acid was released
from alginate beads when incubated in SGF within 30 min.
Meanwhile, the release properties were affected by the loading
amount as well as the bead size. Beads 33% at 0 kV had large size as
well as low level of gallic acid loading which correlated with its
slow release speed. Meanwhile, beads 50% at 5 kV had the highest
loading amount which may contribute to the high release level,
especially in the later stage. Beads with small size possess high
surface area which provides large transfer interface for gallic acid.
While high level of loading provides high concentration difference



Fig. 1. Microscope photos of wet and freeze dries alginate beads prepared under various voltage. A-0, A-5, A-7.5 and A-10 are the blank wet alginate beads prepared with voltage of
0 kV, 5 kV, 7.5 kV and 10 kV respectively, while Ad-0, Ad-5, Ad-7.5 and Ad-10 are the blank freeze dried alginate beads prepared with the same conditions respectively; photos
numbered with B stands for 50% alginate beads and C is 33% alginate beads loaded with of gallic acid (numbers are voltages applied and d means freeze dried form, scale bar is
1000 mm).
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which accelerates the release speed. The whole release profile may
reflect the outcome of the two contributing factors. Alginate beads
are stable in acidic solution but will swell and degrade under higher
pH value (Figure S1). The release level of gallic acid in the SIF was
higher than that in SGF. More than 90% of gallic acid was released in
all the beads samples within 60 min of incubation. The higher
release rate was contributed by swelling and partial disintegration
of the alginate beads in the SIF as shown in Figure S1. It is notable to
mention that the diffusion of gallic acid was the major factor
contributing to the release while beads disintegration only
contributed minor effect. This was corroborated by the fact that
alginate beads in the SGF kept its bead formwhenmore than 90% of
gallic acid was released. Several studies have investigated the
method to decrease the release speed from the alginate beads.
Biopolymers like inulin and bovine serum albumin may work as
filler to slow down the fast release (Bel�s�cak-Cvitanovi�c et al., 2015;
Stojanovic et al., 2012). However, blending with filler may reduce
the effective loading amount of active compounds.

4. Conclusion

In this study, electrospray was utilized to fabricate alginate
beads encapsulated with gallic acid. By adjusting the working
voltage of the electrospray device, the size of alginate beads can be
modulated from about 200 mm to about 1.3 mm which is an ad-
vantageous feature for food applications. FTIR spectra demonstrate
that gallic acid is stable during the electrospray, revealing no
autoxidation in the spectra of alginate beads. In the in vitro release
test, gallic acid released quickly from alginate beads which is
influenced by both the loading amount of gallic acid and the bead
size. Further studies are required to modulate the release speed.
Our results imply that alginate beads formulated by electrospray is



Table 2
Loading ability and loading efficiency of beads.

Sample groupa Loading ability (g/100 g)b Loading efficiency %

33% 0 kV 6.9g 21.0cd
33% 5 kV 8.4d 25.3a
33% 7.5 kV 7.7e 23.3b
33% 10 kV 7.1fg 21.6cd
50% 0 kV 7.6ef 15.2f
50% 5 kV 12.8a 25.5a
50% 7.5 kV 11.0b 22.0bc
50% 10 kV 10.2c 20.3e
Pooled standard deviation 0.3 0.6

a Sample group is named by the theoretical loading content and voltage applied:
33% is beads contains theoretically 33 g of gallic acid in 100 g of dried alginate beads,
while 50% is beads contains theoretically 50 g of gallic acid in 100 g of dried alginate
beads.

b All the data are expressed as the mean of three replications and values with
different online superscripts in the same column are significantly different (p< 0.05)
analyzed by ANOVA.

Fig. 2. Attenuated total reflecting-Fourier-transform infrared (ATR-FTIR) spectra of (A)
sodium alginate, (B) gallic acid, (C) sodium alginate and gallic acid physic mixture, (D)
blank beads, (E) 33% alginate beads and (F) 50% alginate beads.

Fig. 3. Differential scanning calorimetry (DSC) results of (A) gallic acid, (B) sodium
alginate, (C) sodium alginate and gallic acid physic mixture, (D) blank beads, (E) 50%
alginate beads.

Fig. 4. Release profile of gallic acid from alginate beads prepared under different
voltage and loading amount in the simulated gastric fluid. Symbols: 33% 0 kV,
33% 5 kV, 33% 7.5 kV, 33% 10 kV, 50% 0 kV, 50% 5 kV, 50%
7.5 kV, 50% 10 kV.

Fig. 5. Release profile of gallic acid from alginate beads prepared under different
voltage and loading amount in the simulated intestinal fluid. Symbols: 33% 0 kV,

33% 5 kV, 33% 7.5 kV, 33% 10 kV, 50% 0 kV, 50% 5 kV,
50% 7.5 kV, 50% 10 kV.
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a promising delivery system for water soluble phenolic compound
like gallic acid to increase its applications in food industry.
Acknowledgment

This research was supported by Kyung-Nong Company, the In-
ternational Research & Development Program of the National
Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (MEST) of Korea (Grant No.
2012K1A3A1A20031356), a Korea University grant, Korea
University.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2016.01.012.

References

Alborzi, S., Lim, L. T., & Kakuda, Y. (2014). Release of folic acid from sodium alginate-
pectin-poly(ethylene oxide) electrospun fibers under in vitro conditions.
LWTeFood Science and Technology, 59(1), 383e388.

Arunkumar, S., Ilango, K., Manikandan, R. S., & Ramalakshmi, N. (2009). Synthesis
and anti-inflammatory activity of some novel pyrazole derivatives of gallic acid.

http://dx.doi.org/10.1016/j.lwt.2016.01.012
http://dx.doi.org/10.1016/j.lwt.2016.01.012
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref1
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref2


J. Li et al. / LWT - Food Science and Technology 68 (2016) 667e673 673
E-Journal of Chemistry, 6, S123eS128.
Bagheri, L., Madadlou, A., Yarmand, M., & Mousavi, M. E. (2014). Spray-dried algi-

nate microparticles carrying caffeine-loaded and potentially bioactive nano-
particles. Food Research International, 62, 1113e1119.

Bel�s�cak-Cvitanovi�c, A., ÐorCevi�c, V., Karlovi�c, S., Pavlovi�c, V., Komes, D., Je�zek, D.,
et al. (2015). Protein-reinforced and chitosan-pectin coated alginate micropar-
ticles for delivery of flavan-3-ol antioxidants and caffeine from green tea
extract. Food Hydrocolloids, 51, 361e374.

C�ordoba, A. L., Deladino, L., & Martino, M. (2013). Effect of starch filler on calcium-
alginate hydrogels loaded with yerba mate antioxidants. Carbohydrate Polymers,
95(1), 315e323.

Crittenden, R., Weerakkody, R., Sanguansri, L., & Augustin, M. (2006). Synbiotic
microcapsules that enhance microbial viability during nonrefrigerated storage
and gastrointestinal transit. Applied and Environmental Microbiology, 72(3),
2280e2282.

Dorniani, D., Bin Hussein, M. Z., Kura, A. U., Fakurazi, S., Shaari, A. H., & Ahmad, Z.
(2012). Preparation of Fe3O4 magnetic nanoparticles coated with gallic acid for
drug delivery. International Journal of Nanomedicine, 7, 5745e5756.

Esmaili, M., Ghaffari, S. M., Moosavi-Movahedi, Z., Atri, M. S., Sharifizadeh, A.,
Farhadi, M., et al. (2011). Beta casein-micelle as a nano vehicle for solubility
enhancement of curcumin; food industry application. LWTeFood Science and
Technology, 44(10), 2166e2172.

Hsu, C. L., & Yen, G. C. (2007). Effect of gallic acid on high fat diet-induced dysli-
pidaemia, hepatosteatosis and oxidative stress in rats. British Journal of Nutri-
tion, 98(4), 727e735.

Hu, H. F., Nie, L., Feng, S. B., & Suo, J. P. (2013). Preparation, characterization and
in vitro release study of gallic acid loaded silica nanoparticles for controlled
release. Pharmazie, 68(6), 401e405.

Karamaæ, M., Kosi~nska, A., & Pegg, R. B. (2006). Content of gallic acid in selected
plant extracts. Polish Journal of Food and Nutrition Sciences, 15(56), 1.

Lee, I. W., Li, J., Chen, X., & Park, H. J. (2015). Electrospun poly (vinyl alcohol)
composite nanofibers with halloysite nanotubes for the sustained release of
sodium d-pantothenate. Journal of Applied Polymer Science. http://dx.doi.org/
10.1002/app.42900.

Li, J., Lee, I. W., Shin, G. H., Chen, X., & Park, H. J. (2015). Curcumin-Eudragit® E PO
solid dispersion: a simple and potent method to solve the problems of curcu-
min. European Journal of Pharmaceutics and Biopharmaceutics, 94, 322e332.

Li, J., Shin, G. H., Chen, X. G., & Park, H. J. (2015). Modified curcumin with hyaluronic
acid: combination of pro-drug and nano-micelle strategy to address the cur-
cumin challenge. Food Research International, 69, 202e208.

Lupo, B., Maestro, A., Gutierrez, J. M., & Gonzalez, C. (2015). Characterization of
alginate beads with encapsulated cocoa extract to prepare functional food:
comparison of two gelation mechanisms. Food Hydrocolloids, 49, 25e34.

Manosroi, A., Jantrawut, P., Akihisa, T., Manosroi, W., & Manosroi, J. (2010). In vitro
anti-aging activities of Terminalia chebula gall extract. Pharmaceutical Biology,
48(4), 469e481.

Matulka, R. A., Lyon, M. R., Wood, S., Marone, P. A., Merkel, D. J., & Burdock, G. A.
(2009). The safety of PolyGlycopleX (R) (PGX (R)) as shown in a 90-day rodent
feeding study. Nutrition Journal, 8, 1e11.
Medina-Torres, L., Garcia-Cruz, E. E., Calderas, F., Laredo, R. F. G., Sanchez-
Olivares, G., Gallegos-Infante, J. A., et al. (2013). Microencapsulation by spray
drying of gallic acid with nopal mucilage (Opuntia ficus indica). LWTeFood
Science and Technology, 50(2), 642e650.

Moghadam, H., Samimi, M., Samimi, A., & Khorram, M. (2008). Electro-spray of high
viscous liquids for producing mono-sized spherical alginate beads. Particuology,
6(4), 271e275.

Nagpal, K., Singh, S. K., & Mishra, D. N. (2012). Nanoparticle mediated brain targeted
delivery of gallic acid: in vivo behavioral and biochemical studies for improved
antioxidant and antidepressant-like activity. Drug Delivery, 19(8), 378e391.

Nagpal, K., Singh, S. K., & Mishra, D. N. (2013). Nanoparticle mediated brain targeted
delivery of gallic acid: in vivo behavioral and biochemical studies for protection
against scopolamine-induced amnesia. Drug Delivery, 20(3e4), 112e119.

Neo, Y. P., Ray, S., Jin, J., Gizdavic-Nikolaidis, M., Nieuwoudt, M. K., Liu, D. Y., et al.
(2013). Encapsulation of food grade antioxidant in natural biopolymer by
electrospinning technique: a physicochemical study based on zein-gallic acid
system. Food Chemistry, 136(2), 1013e1021.

Neo, Y. P., Swift, S., Ray, S., Gizdavic-Nikolaidis, M., Jin, J., & Perera, C. O. (2013).
Evaluation of gallic acid loaded zein sub-micron electrospun fibre mats as novel
active packaging materials. Food Chemistry, 141(3), 3192e3200.

Paramera, E. I., Konteles, S. J., & Karathanos, V. T. (2011). Stability and release
properties of curcumin encapsulated in Saccharomyces cerevisiae, beta-
cyclodextrin and modified starch. Food Chemistry, 125(3), 913e922.

Ribeiro, M. H. L., Afonso, C., Vila-Real, H. J., Alfaia, A. J., & Ferreira, L. (2010).
Contribution of response surface methodology to the modeling of naringin
hydrolysis by naringinase Ca-alginate beads under high pressure. LWTeFood
Science and Technology, 43(3), 482e487.

Robert, P., Garcia, P., Reyes, N., Chavez, J., & Santos, J. (2012). Acetylated starch and
inulin as encapsulating agents of gallic acid and their release behaviour in a
hydrophilic system. Food Chemistry, 134(1), 1e8.

da Rosa, C. G., Borges, C. D., Zambiazi, R. C., Nunes, M. R., Benvenutti, E. V., da
Luz, S. R., et al. (2013). Microencapsulation of gallic acid in chitosan, beta-
cyclodextrin and xanthan. Industrial Crops and Products, 46, 138e146.

Soares, J., Santos, J., Chierice, G., & Cavalheiro, E. (2004). Thermal behavior of alginic
acid and its sodium salt. Ecl�etica Química, 29(2), 57e64.

Soong, Y. Y., & Barlow, P. J. (2006). Quantification of gallic acid and ellagic acid from
longan (Dimocarpus longan Lour.) seed and mango (Mangifera indica L.) kernel
and their effects on antioxidant activity. Food Chemistry, 97(3), 524e530.

Stojanovic, R., Belscak-Cvitanovic, A., Manojlovic, V., Komes, D., Nedovic, V., &
Bugarski, B. (2012). Encapsulation of thyme (Thymus serpyllum L.) aqueous
extract in calcium alginate beads. Journal of the Science of Food and Agriculture,
92(3), 685e696.

Tapia-Hern�andez, J. A., Torres-Chavez, P. I., Ramirez-Wong, B., Rascon-Chu, A.,
Plascencia-Jatomea, M., Barreras-Urbina, C. G., et al. (2015). Micro-and nano-
particles by electrospray: advances and applications in foods. Journal of Agri-
cultural and Food Chemistry, 63, 4699e4707.

Zeeb, B., Saberi, A. H., Weiss, J., & McClements, D. J. (2015). Formation and char-
acterization of filled hydrogel beads based on calcium alginate: factors influ-
encing nanoemulsion retention and release. Food Hydrocolloids, 50, 27e36.

http://refhub.elsevier.com/S0023-6438(16)30012-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref2
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref3
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref4
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref5
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref6
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref7
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref8
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref9
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref10
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref11
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref11
http://dx.doi.org/10.1002/app.42900
http://dx.doi.org/10.1002/app.42900
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref13
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref14
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref15
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref16
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref17
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref18
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref19
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref20
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref21
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref22
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref23
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref24
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref25
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref26
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref27
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref28
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref29
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref30
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref31
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref32
http://refhub.elsevier.com/S0023-6438(16)30012-3/sref32


lable at ScienceDirect

LWT - Food Science and Technology 68 (2016) 674e680
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Characterization of edible gum cordia film: Effects of beeswax

Muhammad Abdul Haq a, *, Abid Hasnain a, Feroz Alam Jafri a,
Muhammad Faheem Akbar b, Adnan Khan c

a Department of Food Science & Technology, University of Karachi, Karachi, 75270, Pakistan
b Department of Agriculture & Agribusiness Management, University of Karachi, Karachi, 75270, Pakistan
c Department of Microbiology, University of Karachi, Karachi, 75270, Pakistan
a r t i c l e i n f o

Article history:
Received 5 August 2015
Received in revised form
4 January 2016
Accepted 5 January 2016
Available online 8 January 2016

Keywords:
Emulsified film
Permeation properties
Thermal properties
Light scattering granulometry
* Corresponding author.
E-mail address: abdul.haq@uok.edu.pk (M.A. Haq)

http://dx.doi.org/10.1016/j.lwt.2016.01.011
0023-6438/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

In order to expand the applications of gum cordia films, beeswax was added into the gum and properties
of resulting films were studied. Film forming emulsions were prepared by gum cordia, polyethylene
glycol 400, beeswax (0.05e0.20 g g�1 of gum cordia) and glycerol monostearate. The emulsions were
stable during film preparation process. Lipid droplets were found to be homogenously disperse into gum
cordia with the average size of about 1.3 mm. Films were prepared by emulsion casting method. Addition
of beeswax reduced tensile strength, Young's modulus and elongation at break of the films. Water vapor
permeability (WVP) of beeswax containing films was 0.06e0.33 � 10�10 g m�1 s�1 Pa�1 which is about
one magnitude less than the films without wax. The activation energy of WVP was found to be higher (15
e18 kJ mol�1) for the films incorporated with beeswax than of beeswax free film (6.6 kJ mol�1). We also
observed that addition of beeswax at the concentration of 0.05 g g�1 increased oxygen permeability (OP)
by a factor of about 50 (from 0.39 to 18.73 g m�1 s�1 Pa�1). However, further increase in beeswax did not
increase the OP.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Edible packaging provides safe, healthy, convenient and envi-
ronment friendly food to the ever conscious consumer and this
drives the interest of advanced research activities in this field
(Janjarasskul, Rauch, McCarthy, & Krochta, 2014). A number of
macromolecules (biopolymers) have been reported as edible
packaging material. Proteins e.g. gelatin, casein and glutenwhereas
carbohydrates e.g. starch, modified cellulose and pectin have been
used this purpose. Lipids are generally used as coatings rather than
standalone films due to their low mechanical strength. The mate-
rials include waxes, fatty acids, and acetylated glycerides (Kester &
Fennema, 1989). Biopolymers can also be combined to achieve
desired property of the film as one can do in conventional plastic
films (Kowalczyk& Baraniak, 2014). Combination of polysaccharide
with lipid merges the high moisture barrier property of lipids with
structural integrity of polysaccharides. There are two methods to
achieve this combination; one is known as bi-layer and the other is
emulsification. Layering method is tedious and constituted of
.

several cycles of casting and drying. On the other hand, the emul-
sified films are easy to prepare as they do not require extra casting
and drying steps. A number of studies have been recently published
on the incorporation of lipids such as wax into the polysaccharide
film to cause the modification of several properties of hydrocolloid
films (Galus & Kadzi�nska, 2015).

Gum cordia, an anionic polysaccharide, has been recognized to
produce flexible, transparent films with excellent oxygen barrier
properties (Haq, Hasnain, & Azam, 2014a). It also carries the anti-
oxidants effectively for the protection of oxygen sensitive products
(Haq, Alam, & Hasnain, 2013). Furthermore, it possesses excellent
emulsifying properties (Benhura & Chidewe, 2004). However, high
oxygen but lowmoisture barrier properties render it unsuitable for
fresh commodities. As mentioned above, polysaccharide based
films can be modified by blending with lipids to overcome this
problem. Therefore, in order to broaden the applications of gum
cordia, this work is designed to study the effects of beeswax on gum
cordia film.

2. Materials and methods

The fruits of Cordia myxa were collected from Karachi, Pakistan
and gum was extracted as described previously by our group (Haq
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et al., 2013). Other chemicals of reagent grade were purchased from
Sigma (SigmaeAldrich GmbH, Sternheim, Germany).

2.1. Film forming emulsions (FFE) and film fabrication

Film forming emulsions (FFE) were prepared according to recipe
described in Table 1. Molten beeswax and glycerol monostearate
(GMS) was added to the polyethylene glycol (PEG 400) containing
gum solution and the mixture was homogenized at 11,000 rpm for
10 min. During homogenization, temperature was maintained at
70 �C i.e. above the melting point of the beeswax, using water bath.
After degassing, FFE were poured into glass petri dishes (diameter
15.5 cm) and dried at 40 �C for 48 h in an environmental chamber
(Lab TechModel LCT 1075C, Korea). The volume of FFE was adjusted
to maintain a consistent mass of solids (1.6 g) in each petri dish to
minimize the variation in film thickness among treatments.
Thickness of the films was measured using a digital micrometer
(Mitutoyo, Model MDH-25M, Japan). Five random positions around
each film of six film samples were used for average thickness
estimation. The samples were conditioned to 58% RH for 72 h
before measurements.

2.2. Emulsion stability index

Emulsion stability index (ESI) of the FFE was determined by
turbidimetry as described by Kowalczyk and Baraniak (2014) with
some modifications. In the freshly prepared emulsions potassium
sorbate at the rate of 0.0001 g g�1 of emulsion was added (to avoid
microbial growth) and then emulsions were transferred into test
tubes and the tubes were incubated at 40 �C in water bath. 500 mL
portions of the emulsions were pipetted from the bottom of the test
tubes after 5 min (time zero), 24, 48 and 168 h and diluted with
0.001 g g�1 sodium dodecyl sulphate (SDS) solution to obtain a
dilution of 1/100. The absorbance of diluted emulsions was
measured against diluted control solution (beeswax free) at
500 nm. Measurements were performed in triplicate. ESI was
calculated from the following equation:

ESIð%Þ ¼ At

A0
� 100

where: At is the absorbance at time of 24, 48 and 168 h, and A0 is the
absorbance at time zero.

2.3. Laser light scattering granulometry

Laser light scattering based instrument (Malvern Mastersizer
3000, Malvern Instruments Ltd., Malvern, U.K.) was used to deter-
mined the particle size of beeswax in FFE after dilution in water or
0.001 g g�1 SDS. For dried FFE i.e. films, the samples were prepared
by dispersing 1 g of film in 50 mL of either deionized water or
0.001 g g�1 SDSwithmoderatemagnetic stirring. Themean particle
size was recorder as the D3,2 diameter i.e., the mean diameter over
Table 1
Formulation of film forming emulsions and thickness of the resulting films.a

Treatment Recipe ratio gum: PEG 400:BW:GMS Gum cord

Control 1:0.2:0.0.00:0 1
With beeswax without GMS 1:0.2:0.0.05:0 1
With beeswax and GMS 1:0.2:0.05:0.005 1

1:0.2:0.1:0.01 1
1:0.2:0.15:0.015 1
1:0.2:0.2:0.02 1

a BW¼ beeswax, PEG 400¼ polyethylene glycol PEG 400, GMS¼ glycerol monostearate
and means with different superscript alphabets in the column are significantly different
the size distribution based on the specific surface per unit volume
(Fabra, Jimenez, Atares, Talens, & Chiralt, 2009).

2.4. Microstructure of the films

Microstructure of the films was observed using a scanning
electron microscope (JEOL JSM-5410, Japan). Films were dried by
placing them in a desiccator containing P2O5 for 15 days. Then films
were frozen in liquid N2 gently and randomly broken to investigate
the cross section of the samples as describe by Fabra et al. (2009).
Films were fixed on copper stubs; gold coated, and observed using
an accelerating voltage of 10 kV.

2.5. Thermal properties

Glass transition temperature (Tg) of films was determined by
DSC (TA instrument Q10, USA). The samples were weighed (ca.
10 mg) in aluminum pans followed by sealing with inverted lids.
Reference was an empty aluminum pan sealed in a same manner.
Both pans were then equilibrated at �90 �C for 30 s to stabilize the
baseline followed by scanning till 90 �C at a heating rate of
15 �C min�1. Thermograms were recorded and analyzed by TA In-
strument software (Universal Analysis 2000, Version 4.1D). The Tg
was identified as the inflexion point of the baseline caused by the
discontinuity in the specific heat of the sample. The melting point
(Tm) of the films was also determined.

2.6. Tensile properties of the films

Tensile properties were measured using Universal Testing Ma-
chine (Zwick Roell, Ulm, Germany) according to ASTM Standard D-
882 (ASTM, 1996a) using rectangular (100х30 mm) specimen with
the test speed of 100 mm min�1. Data was analyzed by Zwick
software (Test Xpert V11.02).

2.7. Water vapor permeability

Water vapor permeability (WVP) was determined by ASTM
gravimetric method E-96 1996 (ASTM, 1996b). In the cup silica gel
was taken to maintain 0% RH for all experiments. Test cups were
then sealed with the films and placed in individual desiccators
saturated with various salts (sodium bromide, sodium chloride and
barium chloride) solutions, which provide the relative humidity of
58, 75 and 90% at 25 �C (Greenspan, 1977). The cups were then
weighed every after 2 h till 72 h. To study the effect of temperature
on WVP, in the desiccators saturated sodium chloride was taken
and the experiments were conducted at 5, 25 and 30 �C. At these
temperatures the humidity of saturated sodium chloride solution is
75.65 ± 0.27, 75.29 ± 0.12, and 75.09 ± 0.11% respectively
(Greenspan, 1977). Data was analyzed for WVP as describe in our
previous report (Haq et al., 2014a,Haq, Hasnain, Jamil, & Haider,
2014b).
ia (g) PEG 400 (g) Beeswax (g) GMS (g) Film thickness (mm)

0.2 0 0 73.3 ± 1.8a

0.2 0.05 0 ND
0.2 0.05 0.005 73.7 ± 1.9a

0.2 0.10 0.010 74.8 ± 2.1a

0.2 0.15 0.015 74.6 ± 1.4a

0.2 0.20 0.020 73.8 ± 1.2a

, ND¼ not determined, For film thickness data is presented asmean ± standard error
(P < 0.05).



Fig. 1. Representative particle size distribution curve of film forming emulsion pre-
pared from gum cordia, PEG 400, beeswax and glycerol monostearate.
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2.8. Oxygen permeability

Oxygen permeability was measured using steady state tech-
nique as described by Ayranci and Tunc (2003).

2.9. Statistical analysis

All tests were performed in triplicate unless otherwise specified.
Data was analyzed using statistical package for social scientists
(SPSS version 17). Analysis of variance (ANOVA) followed by Dun-
can multiple range test was used to distinguish the treatments at
p < 0.05.

3. Results and discussions

3.1. Film thickness

Films of uniform thickness (73.3e74.8 mm)were achieved in this
study, and it was not found to vary among treatments (Table 1). In
solution castingmethod, the amount of solids poured into themold
greatly affects the thickness of the resulting films. In previous
studies of emulsified films, two different methods in terms of
casted amount of film forming emulsion (FFE) have been reported.
In one method constant weight or volume of FFE is casted
(Bauemler, Carelli, & Martini, 2014; Tongnuanchan, Benjakul,
Prodpran, & Nilsuwan, 2015), whereas in other method; the vol-
ume of FFE is adjusted so that the constant weight of solids is casted
in all treatments (Fabra et al., 2009; Janjarasskul et al., 2014;
Kowalczyk & Baraniak, 2014; Perez-Gago & Krochta, 2001). The
later method was preferred in this study, because it minimizes the
variation in film thickness, which may affects the permeability of
the films other than treatment effect. Thickness of emulsified films
may also be affected by the difference in densities of phases and
their interaction. The lipid phase may impede the alignment of
polymer chains and as a result, loose and unordered structure is
developed which results in increase in thickness of emulsified films
(Tongnuanchan et al., 2015). However, this effect was not observed
in this study, probably due to low amount of lipid phase.

3.2. Emulsion stability & laser light scattering granulometry

Water vapor permeability (WVP) and tensile properties of films
are affected by lipid particle size (Perez-Gago & Krochta, 2001).
Small and homogenous particles increase polymerelipid in-
teractions at the lipid interfaces; result in stronger films with lower
WVP. The lipid droplet size was found to be in the range of
1.31e1.34 mmwith average standard deviation of about 6% (Table 2)
Table 2
Mean particle Diameter D3,2 (mm) of film forming emulsion prepared from gum
cordia and beeswax.a

Emulsion
sample

Beeswax
concentration
based on gum
cordia weight
(g g�1)

Before drying After drying

Water SDS Water SDS

Without
GMS

0.05 1.37 ± 0.08a 1.34 ± 0.08a 12.78 ± 1.03a 8.32 ± 0.98a

With
GMS

0.05 1.32 ± 0.06a 1.33 ± 0.07a 1.33 ± 0.07b 1.36 ± 0.05b

0.10 1.31 ± 0.06a 1.29 ± 0.06a 1.41 ± 0.06b 1.38 ± 0.04b

0.15 1.31 ± 0.07a 1.39 ± 0.07a 1.39 ± 0.07b 1.39 ± 0.07b

0.20 1.34 ± 0.08a 1.36 ± 0.07a 1.33 ± 0.09b 1.38 ± 0.07b

a Ratio of gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2:x:0.1x,
where x represent the concentration of beeswax, Data is presented as
mean ± standard deviation, n¼ 3, Means with different superscript alphabets in the
column are significantly different (P < 0.05).
and it was not affected by the beeswax content. Furthermore, the
particle size distribution was homogeneous and normal (Fig. 1). It
reveals that the emulsification process was efficient and consistent
(Talens & Krochta, 2005).

Emulsion stability index determined by turbidimetry was found
to be 100% for all the samples even after one week (data not
shown). Emulsions are inherently unstable. However, destabiliza-
tion is a kinetic phenomenon and FFE must be stable during drying
to form homogeneous film. The primary processes leading to
instability are creaming, aggregation, and coalescence. Due to dif-
ference in densities of two phases the lipid droplets move upward
which is called creamingwhich is governs by Stokes' law. According
to this law, creaming rate is directly proportional to the difference
of densities of two phases and square of the diameter of lipid
droplets and is inversely proportional to the viscosity of the
continuous phase i.e. gum solution in our case. It means that, small
particles and high viscosity favors the stable emulsion. According to
Perez-Gago and Krochta (2001), lipid phase separation occurred in
beeswax containing whey protein isolate (WPI) emulsionwhen the
droplets diameter was between 1.5 and 2.0 mm. They used the
0.1 g g�1 solution of WPI, which possesses the viscosity of about
2.5 mPa s. Since the viscosity of gum cordia is much higher (about
400 mPa s (Mukherjee, Dinda, & Barik, 2008)) than WPI, therefore
creaming was not expected. The other mechanisms of destabiliza-
tion of emulsion are aggregation and coalescence. Aggregation
occurs when droplets collide, due to the prevailing attractive forces
at a determined distance between them. Coalescence is the merg-
ing of droplets and hence increases in droplet size. Aggregation and
coalescence can be avoided by decreasing the surface energy at two
phases, which is the function of emulsifier. Dispersing the emulsion
in an anionic surfactant such as SDS, allows to distinguish between
coalescence and aggregation. SDS disperses the aggregates but does
not affect on coalesced particles (Phan et al., 2002). Aggregation is
evident when the mean particle diameter is smaller when gran-
ulometry analysis is done in the dissociating medium i.e. SDS. Since
there is no difference in mean particle size in water and in SDS,
therefore aggregation was not occurred before or after preparation
of film (Table 2) except in case when GMS was not added during
emulsification. Even this emulsionwas stable before drying and the
mean particle size is not different from GMS containing samples.
Furthermore mean particle size in water is same before and after
drying (Table 2) which reveals that coalescence was also not
occurred. This shows that gum cordia has the sufficient surface
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activity to form stable emulsion with beeswax, which is consistent
with the previous reports on emulsifying ability of gum cordia
(Benhura & Chidewe, 2004; Mukherjee et al., 2008). Severe coa-
lescence and aggregation was observed in the film which was
prepared by emulsion without addition of GMS, which is not only
evidence by particle size analysis but was also observable visually.
Therefore, this film was not further characterized. This unusual
behavior can be explained by the fact that the protein portion plays
an important role in protein containing polysaccharide stabilized
emulsions (Evans, Ratcliffe, &Williams, 2013) and this protein may
undergoes conformational changes during drying step of film for-
mation. These changes possibly alter the ability of protein to adsorb
at the lipidewater interface and thus the emulsion is destabilized.
Gum cordia contains about 0.12 g g�1 protein (Haq et al., 2014b).
Although, the role of protein portion in viscosity of gum cordia has
been reported (Benhura & Chidewe, 2011), its exact function in
emulsion stability is not established and therefore requires detailed
study on this aspect.

3.3. Microstructure of the films

SEM micrographs of the surface and freeze-fractured cross
section of gum cordia films with and without beeswax at different
levels are shown in Fig. 2. The surface and cross section of the
control film (without beeswax) was smoother and more homoge-
neous than those films incorporated with beeswax. In non-
emulsified films, the homogeneous structure has been observed
in other biopolymer e.g. casein, amaranth flour and soy protein
based films (Soazo, Perez, Rubiolo, & Verdini, 2013). The homoge-
nous structure of the control film reveals that the polymer chains
were evenly and densely packed to form the film during drying
which is good for mechanical properties. The microstructure of the
emulsified film is affected by the arrangement of the different
components in the emulsion and their interaction during drying.
When FFE is dried some of the lipid particles may hang to the
surface and make it rough (Tongnuanchan et al., 2015), this effect
was more profoundly observed at high beeswax level (0.15 and
0.20 g g�1) probably due to limited capacity of the polymer to
completely coat the beeswax. However, the cross sectional struc-
ture of top (expose to air) and bottom layer (in contact with petri
dish) of the filmwas same, showing no gross migration of beeswax
during drying, which is consistence with the emulsion stability
discussion. Furthermore, a layer by layer (laminar) structure was
observed in the cross section of the emulsified films, which is ex-
pected to be due to the self association of the lipid fraction during
Fig. 2. SEM micrographs of surface and cross-section (1000� magnification) of films from g
upper surface represents the film surface exposed to the air during film casting.
drying. These successive lipid layers in the film matrix greatly
contribute to reduce water permeability, thus improve the water
barrier properties (Fabra et al., 2009). In other studies with wax
containing films, this layered structurewas not observed (Bauemler
et al., 2014; Fabra et al., 2009; Janjarasskul et al., 2014), probably
due to absence of any amphiphilic emulsifier (GMS in this work) in
those studies.

3.4. Thermal properties

Two different thermal transitions were observed in the films
(Fig. 3). First transition (�25 to �30 �C) is associated with the glass
transition of gum cordiawhile second transition around (48e53 �C)
is due to the combine melting of GMS and beeswax because the
melting points of GMS and beeswax are 58e59 �C and 62e64 �C
respectively. Food materials may show the first-order thermal
transitions e.g. melting, crystallization and transitions between
polymorphic states in fats and a second order phase transition e.g.
glass transition in amorphous or partially amorphous food mate-
rials. The amorphous region of biopolymermay be present as glassy
or rubbery state depending on the temperature. When glassy form
of polymer is subjected to change in temperature, polymer chains
may become flexible which results in large changes in physical
properties. This phenomenon is referred as glass transition and
corresponding temperature is called glass transition temperature
(Tg). Incorporation of beeswax decreased the Tg of the gum cordia
(Table 3). Low Tg indicates high mobility of polymer chains. This
means that the addition of beeswax impeded the polymer chains
interaction in film matrix, thereby increased their mobility. In-
crease in mobility of the polymer chain (plasticization effect) by
lipids has been reported in other polymers and lipids systems
(Talens & Krochta, 2005; Tongnuanchan et al., 2015).

A combinemelting peak of GMS and beeswax was also observed
(second transition). The melting temperature was found to gradu-
ally decrease from 53 �C in 0.2 g g�1 beeswax containing film to
48 �C in the film containing 0.05 g g�1 beeswax (Fig. 3). This change
in temperature can be explained by different crystal structure of
beeswax at different level. Beeswax is a complex material con-
taining about 300 different substances, mainly fatty acid esters and
alcohols and it has been reported to crystallize upon cooling from
molten state (Pinzon, Torres, Hoffmann,& Lamprecht, 2013). Lipids,
in general, tend to take multiple forms in a crystal lattice (poly-
morphism) which exhibit different melting temperature. Apart
from molecular structure, external factors like rate of cooling,
pressure, impurities and shear rate influences polymorphism (Sato,
um cordia incorporated with beeswax at different levels. In cross-sectional images, the



Fig. 3. DSC thermogram of films from gum cordia incorporated with beeswax at different levels. Different lines represent the concentration of beeswax (g g�1) in the film forming
emulsion based on gum cordia weight. The ratio of gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2:x:0.1x, where x represent the concentration of beeswax.

Table 3
Glass transition temperature (Tg) of films from gum cordia incorporated with
beeswax at different levels.a

Film sample Beeswax concentration based
on gum cordia weight (g g�1)

Tg (�C)

Control film 0 �18.37 ± 0.48a

Emulsified film 0.05 �25.19 ± 0.57b

0.10 �26.30 ± 0.31c

0.15 �27.67 ± 0.54d

0.20 �29.12 ± 0.49e

a Ratio of Gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2:x:0.1x,
where x represent the concentration of beeswax, Data is presented as
mean ± standard error, n ¼ 3, Means with different superscript alphabets in the
column are significantly different (P < 0.05).
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2001). Slow cooling results in stable polymorphic form having high
melting point. Since, samples containing high level of beeswax are
expected to cool slowly-heat capacity of beeswax is lower than
water, therefore it is expected that beeswax formed the crystals at a
slower rate in these sample and hence stable ones (high melting
point). However, crystallization in emulsion is a complex phe-
nomenon (Coupland, 2002) and high melting point of the beeswax
at high level requires further investigation.
Fig. 4. Effects of beeswax on tensile strength, elongation at break and Young's modulus
of films from gum cordia. The ratio of gum cordia: PEG 400: beeswax: glycerol mon-
ostearate is 1:0.2:x:0.1x, where x represent the concentration of beeswax (
Tensile strength, Elongation at break, Young's modulus).
3.5. Tensile properties of the films

Effects of beeswax on tensile strength (TS), Young's modulus
(YM) and elongation at break (EAB) on gum cordia film are shown
in Fig. 4. Addition of beeswax reduced TS, YM and EAB. This is ex-
pected to be due to the development of a global heterogeneous film
structure by the incorporation of beeswax which makes the film
less compact and discontinuous. Furthermore, it resulted in dilu-
tion of gum cordia polymer by the beeswax in the film matrix.
Beeswax is non-polar and they have very low interaction between
themselves or the polar gum cordia polymer, which resulted in
poor tensile properties. In literature, both increase and decrease in
mechanical properties has been reported by the addition of lipid in
protein and carbohydrate films. This modification depends on
several factors e.g. nature of polymer, type, physical state and level
of lipid phase and film fabrication process. Depending on these
factors, TS and EAB may increase or decrease. The reduction in
mechanical properties by addition of lipid component has been
reported by several authors e.g. Bravin, Peressini, and Sensidoni
(2006) observed up to 50% reduction in TS and EAB by the addi-
tion of cocoa butter emulsified with GMS. Phan et al. (2002) re-
ported that addition of hydrogenated palm kernel Oil (HPKO) at
30% reduces TS and EAB by a factor of 0.8e3 depending on the
nature of emulsifier and drying conditions. In contrast to these
reports, Ma et al. (2012) have been reported that addition of olive
oil increases TS and EAB of gelatin film. They explained this phe-
nomenon by phase separation and possible cross linking of protein
chains by the phenolic compounds present in the olive oil. As the
immiscible oil phase increases the protein moves to protein rich
phase and greater links between protein chains are formed thus TS



Fig. 5. Effects of beeswax on water vapor permeability of films from gum cordia.
Different lines represent the relative humidity (RH) of the measurement chamber. The
ratio of gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2:x:0.1x, where x
represent the concentration of beeswax ( 58% RH, 75% RH, 90%
RH).

Table 4
Activation energy (Ea) of water vapor permeability of films from gum cordia incor-
porated with beeswax at different levels.a

Film
sample

Beeswax concentration based on gum cordia
weight (g g�1)

Ea (kJ mol�1) R2

Control
film

0 3.75 ± 0.1 0.967

Emulsified
film

0.15 16.02 ± 0.21 0.998
0.10 17.91 ± 0.31 0.990
0.15 18.30 ± 0.12 0.995
0.20 18.71 ± 0.09 0.962

a Ratio of Gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2: x:0.1x,
where x represent the concentration of beeswax, Data is presented as
mean ± standard error, n ¼ 3.

Table 5
Oxygen permeability (OP) of films from gum cordia incorporated with beeswax at
different levels.a

Film sample Beeswax concentration based
on gum cordia weight (g g�1)

OP (10�15 g m�1 s�1 Pa�1)

Control 0 0.39 ± 0.03a

Emulsified Film 0.05 18.73 ± 1.19b

0.10 24.37 ± 2.30c

0.15 23.41 ± 1.69c

0.20 23.10 ± 1.07c

a Ratio of Gum cordia: PEG 400: beeswax: glycerol monostearate is 1:0.2:x: 0.1x,
where x represent the concentration of beeswax, Data is presented as
mean ± standard error, n ¼ 3, Means with different superscript alphabets in the
columns are significantly different (P < 0.05).
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and EAB increases. Phan, Debeaufort, Voilley, and Luu (2009) re-
ported, decrease in TS but increase in EAB by the addition of hy-
drogenated fat in agar and cassava starch film.

3.6. Water vapor permeability

Water vapor permeability (WVP) of beeswax (0.05 g g�1) con-
taining film was found to be 0.08e0.24 � 10�10 g m�1 s�1 Pa�1

which is about one magnitude less than the films without wax
(Fig. 5). However, further increase in beeswax up to 0.2 g g�1

resulted in only 50% decrease in WVP and this effect was more
pronounced at higher partial pressure difference (Fig. 5). For all
films, WVP was found to increase by the increase in applied partial
pressure difference. According to the definition; WVP is indepen-
dent of applied partial pressure difference (Schwartzberg, 1986).
However, the hydrophilic films show high WVP at higher partial
pressure differences. This non ideal behavior is due to the
assumption of linear isotherm in Fick's law which is used to derive
the expression for WVP. However, edible films exhibit nonlinear
isotherm. When humidity at high partial pressure side is high,
water interacts with polymer matrix easily and the polymer chains
become more flexible (plasticization effect of water), hence offer
less resistance to mass transfer, which results in high WVP. Plasti-
cization effect of water in edible films is well known and it was also
observed in our previous study with gum cordia based edible films
(Haq et al., 2014a,b). Decrease in WVP by the addition of lipid
component has been previously reported for carbohydrate based
films. Phan et al. (2009) reported that addition of vegetable oil
reduces WVP of agar and cassava starch films by a factor of
approximately 4 and 2 respectively. Yang and Paulson (2000) found
that addition of beeswax reduces WVP of gellan film from 1.5 to
0.5 � 10�10 g m�1 s�1 Pa�1.

Effects of temperature on WVP are presented in Table 4.
Arrhenius equation was fitted well on experimental data
(R2 > 0.90). The activation energy was also found to be higher
(15e18 kJ mol�1) in beeswax containing films than of control film
ewithout beeswax (6.6 kJ mol�1). Increase in activation energy by
the addition of wax has been previously reported by Kester and
Fennema (1989) for wax laminated cellulose film. However they
reported about 4 times higher (59.4 kJ mol�1) value than this study.
The reason for this difference may be explained by the mechanism
of incorporation of wax. They used the layering technique to form
the filmwhereas in this study the emulsification method was used.
3.7. Oxygen permeability

Oxygen plays an important role in the quality of food products.
Generally it is involved in deterioration such as oxidative rancidity,
microbial growth and enzymatic browning. However, its presence
is essential for storage of certain food commodities e.g. fruits and
vegetables. These products require an optimum level of oxygen
permeability (OP) of packaging for maximum shelf life (Pesis,
2005). Biopolymer based films possesses lower OP than synthetic
films. In situationswhere high OP is required, lipophilic compounds
can be combined with biopolymers. Effects of beeswax on OP of the
gum cordia films are shown in Table 5. Incorporation of beeswax at
the level of 0.05 g g�1 increased the OP by a factor of about 50. This
is expected to be due to the low oxygen barrier of non polar
beeswax compared to polar polymer (Ayranci & Tunc, 2003).
However, further increase in beeswax exhibited no change in OP. It
can be hypothesized that beeswax created an interconnected
network within the gum cordia matrix which provided the diffu-
sion path of the lower oxygen barrier which is supported by the
SEM images (Fig. 2). Furthermore, this network was fully created at
lowest beeswax concentration i.e. 0.05 g g�1 therefore, further in-
crease in beeswax did not increase the OP.
4. Conclusion

This study demonstrates the potential of gum cordia to combine
with lipid in order to tailor the properties of the resulting film. The
findings of this study will facilitate the uses of abundant but
underutilized plant resource Cordia myxa. It will also provide the
foundation for further development in edible packaging from gum
cordia especially as coating for fresh commodities.
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a b s t r a c t

The phenotypic and genotypic variability of 54 lactobacilli isolated from mature Graviera Kritis cheese
made at two dairies, was investigated. Classical biochemical tests, SDS-PAGE and 16S rRNA gene
sequencing used for species assignation, showed that Lb. brevis and Lb. paracasei were the predominant
species. RAPD-PCR and PFGE analysis of the 48 isolates of predominant species distinguished 21 geno-
type fingerprints, revealing a high genotypic heterogeneity. The examination of the technological
properties of lactobacilli showed a significant (P<0.05) variation, in respect of their acidification and
proteolytic activity. Genotypic clustering of lactobacilli and Principal Component Analysis (PCA) of their
technological properties indicated that lactobacilli are associated with their particular production dairy
ecosystem. Overall, polyphasic characterization of lactobacilli isolated from mature cheese, based on
genotypic and phenotypic data, provides solid basis for understanding their distribution and their
functional significance and may be used as a tool to select strains appropriate as adjuncts cultures.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Graviera is a hard PDO cheesemade from sheep’s milk at various
Greek areas and traded under the name of the region where it is
produced (Graviera Kritis, Naxou, Mytilinis, etc.). Traditionally, it is
produced from raw milk that is curdled at 33-36oC by using rennet
from the stomach of small ruminants. The coagulum is cut into
small pieces, and cooked at 48-50oC under continuous stirring.
After pressing into moulds for 24h, the cheese is put on shelves in
the salting rooms (14-16oC) where it is surface salted by 35-40,
depending on the cheese height. The cheese ripens for 3-4 months.
Nowadays, the cheese milk is pasteurized and starter is used for
cheese manufacture in large-scale dairies (Anifantakis, 1991).

Artisanal Graviera Kritis cheese is manufactured traditionally
without starter on small scale creameries (called ‘mitato’) of Kriti
island from raw sheep milk by farmers. Hence, initial acidification
of milk and curd are driven by autochthonous LAB deriving from
-Tzanetaki).
milk and the environment. Mature Graviera cheese exhibits varied
sensory properties which could reflect a great diversity in their
microbial ecosystem.

It is well known that the typicality of raw milk cheeses is linked
mainly to NSLAB originating from the milk (Berthier, Beuvier,
Dasen, & Grappin, 2001). The biodiversity of lactic acid bacteria
(LAB) involved in raw milk cheese production could therefore be
considered to be a fundamental factor for the features and quality
of these artisanal products (Morandi, Brasca, & Lodi, 2011). At the
various steps of raw milk cheese manufacture and ripening,
different nonstarter lactic acid bacteria (NSLAB) are found. In the
curd, lactococci (mainly Lc. lactis subsp. lactis) predominate
(Pavlidou, Bozoudi, Hatzikamari, Litopoulou-Tzanetaki, & Tzane-
takis, 2011) and leuconostocs constitute a significant part of the
NSLABmicrobiota. In this aspect, a high heterogeneity for lactococci
isolates from Graviera Kritis in respect of acidifying, proteolytic and
antibacterial activity has been previously determined (Pavlidou
et al., 2011). Lactobacillus paracasei, Lb. plantarum and obligately
heterofermentative lactobacilli are also found in the curd at low
proportions while predominate (90.9% of the isolates) in the
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mature cheese (Litopoulou-Tzanetaki & Tzanetakis, 2011). Recent
studies on cheese lactobacilli revealed a considerable genotypic
and phenotypic heterogeneity between strains of the same species,
and selected strains could be appropriate as adjuncts (Bozoudi
et al., 2015; Floros, Hatzikamari, Litopoulou-Tzanetaki, & Tzaneta-
kis, 2012; Papanikolaou et al., 2012).

At present, a wide range of molecular approaches have been
successfully used for identifying and typing lactobacilli. Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) has
been proved to be a useful and rapid method to identify and
characterize lactobacilli from different sources (Sanchez, Sesena, &
Palop, 2003; Lombardi et al., 2002). Genotypic methods such as
plasmid profiling, PFGE, RAPD-PCR fingerprinting and other typing
techniques, have been also successfully used to type dairy lacto-
bacillus strains (Martin-Platero, Maqueda, Valdivia, Purswani, &
Martinez-Bueno, 2009; Prashant et al., 2009). Furthermore, poly-
phasic taxonomy, based on the use in combination of many of the
above methods, seems promising to differentiate species with
similar phenotypic and/or genotypic characteristics (Vandamme
et al., 1996). In dairy biotechnology, polyphasic taxonomy has
found interesting applications in studying ecological relationships
between lactic acid bacteria and in evaluating microbial diversity in
cheeses and starter cultures (Cocconcelli, Parisi, Senini, & Bottazzi,
1997; Giraffa, De Vecchi, Rossi, Nicastro, & Fortina, 1998).

The aim of this study was: (i) to isolate, characterize and eval-
uate the genetic diversity of NSLAB isolates from mature Graviera
Kritis cheese by using a polyphasic approach and (ii) to study the
heterogeneity of the isolates in respect of their technologically
important properties. Since selected strains of lactobacilli may be
useful as cheese ripening cultures, these studies could be helpful to
select strains with interesting characteristics to be used as adjuncts.

2. Materials and Methods

2.1. Cheese samples

The cheese samples used in this study were collected from two
dairies (dairy I and dairy II) that produced traditional Graviera Kritis
cheese at two different areas of Kriti island. Three batches of
mature cheese (3 months old), that were made in spring in each
dairy, were analyzed.

2.2. Microbiological analyses

Representative 10g of the Graviera Kritis cheese samples were
homogenized with 90mL of sterile 20g/l sodium citrate solution at
45oC in a Stomacher 400 Laboratory blender (Seward, UK) for 4min
at maximum speed. Decimal dilutions were made in a quarter
strength Ringer solution (Lab M Limited, UK) and plated in the
respective media.

NSLAB were grown on MRS agar (pH 6.2; Reuter, 1985), incu-
bated anaerobically (GasPak system, BBL, USA) at 30oC for 5 days
and lactobacilli on Acetate agar at 30oC for 5 days. Cycloheximide
(Sigma, USA) was added (100mg/ml) to prevent the growth of
yeasts in MRS agar (Kandler & Weiss, 1986). Randomly selected
isolates (5 from each medium) were purified by streaking on MRS
agar plates and stored in MRS broth pH 6.2 plus glycerol (75:25) at
-80oC. Totally, 54 isolates were obtained fromMRS and Acetate agar
plates of the mature cheese of six cheese manufactures made in
two dairies, three in each, dairy I (isolates A, B, C) and dairy II
(isolates D, E, F).

2.3. Identification of the NSLAB isolates

Tests applied on all isolates were Gram staining, growth in MRS
broth at 15oC and 45oC, growth on acetate agar and CO2 production
from glucose (Axelsson,1993), in order to roughly classified them at
genus level.

In order to obtain optimal results, each strain was extracted
twice and then subjected to SDS-PAGE analysis to characterize
them at species level, as described previously (Papatsaroucha et al.,
2012). Registration of the protein electrophoretic patterns,
normalization of the densitometric traces, grouping of strains by
the Pearson product moment correlation coefficient (r) and Un-
weighted Pair Group Method using Average Linkages (UPGMA)
cluster analysis, were performed applying the techniques described
by Pot, Vandamme, & Kersters, (1994), using the GelCompar v.4.6
software (Applied Maths, Belgium) for image analysis. Reproduc-
ibility of the whole cell extraction and of the SDS-PAGE electro-
phoretic procedures was estimated by comparing duplicate
extracts and by performing duplicate runs of a single extract on the
same gel as well as on separate gels.

Representative isolates of each group formed within the SDS-
PAGE profile of mature Graviera Kritis cheese microbiota, were
randomly chosen for DNA amplification and sequencing. DNA
extraction was performed with a commercial kit (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions and
16S rRNA gene fragments of ~545 bp were identified by sequencing
the V1-V3 region of 16S rRNA gene with the primers Lab159aF (5’-
GGAAACAGATGCTAATACC-3’) and Lab677R (5’-CACCGCTACA-
CATGGA-3’; Heilig et al., 2002). Amplification products were
separated by electrophoresis on 1% (w/v) agarose gel in 0.5� TBE
buffer, stained with ethidium bromide (0.5mg/ml) and visualized
under UV light (DNR Bio-Imaging Systems, Jerusalem, Israel). The
PCR products were purified with a PCR Clean-Up System kit
(MACHEREY-NAGEL, Germany) and sequenced (CEMIA, Larisa,
Greece). Homology searches of the 16S rRNA gene sequences were
performed in the GenBank database using the BLAST algorithm
(http://www.ncbi.nlm.nih.gov/BLAST/). The gene sequences sub-
mitted to the GenBank database were given the following nucleo-
tide accession numbers: KJ764646, HE983621, KJ958416, KJ958411,
KJ764645, KM009083, NR121787, ΚМ257681, KJ764640, KJ702578,
KF297815, KJ994405, KJ994501, KJ994499, KJ994485, KJ994483,
KJ994409, KJ160508, ΚМ257684, KM200717, KM203837, KF029499
and KJ806307.

2.4. RAPD-PCR and PFGE analyses

For the RAPD-PCR analysis, bacterial cells were grown overnight
in 10ml MRS broth. Genomic DNA was extracted by the Genomic
DNA Mini Kit (Invitrogen, Carlsbad CA, USA) according to the
manufacturer’s instructions. RAPD-PCR reactions were performed
with primers M14 and Coc (Ζapparoli, Torriani, & Delaglio, 1998;
Cocconcelli, Porro, Galandini, & Senini, 1995). Amplification prod-
ucts were separated by electrophoresis on 1.5% (w/v) agarose gels
in 0.5x TBE buffer.

For the PFGE analysis, the preparation of intact genomic DNA in
agarose blocks was performed as described by Ventura & Zink,
(2002). Restriction enzyme digestion was performed with 20U of
SmaI (New England Biolabs Inc., UK) according to the supplier's
instructions. DNA fragments were resolved in 1% (w/v) PFGE
certified agarose (Bio-Rad Laboratories Ltd, UK) in 0.5x TBE buffer
using the CHEF-DR III Pulsed Field Electophoresis Systems unit
(Bio-Rad Laboratories, UK). To obtain optimal separation of frag-
ments, the gels were run at 6 V/cmwith pulse time ramped from 1
to 6 sec linear, field angle 120o linear for 22h at 14oC. The agarose
gels were stained with ethidium bromide (0.5mg/ml) and visualized
under UV light.

RAPD-PCR and PFGE profiles were scanned, and subsequently
the gel images analysed using the GelCompar v. 4.6 software

http://www.ncbi.nlm.nih.gov/BLAST/
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(Applied Maths, Belgium). Calculation of the similarity of the band
profile and grouping of the RAPD-PCR and PFGE patterns was based
on the Pearson correlation coefficient, and the Unweighted Pair
Group Method using Averages Linkages (UPGMA cluster analysis).

2.5. Technological characterization of lactobacilli

Acidifying, caseinolytic and proteolytic activities after growth in
milk of the isolates were tested as described previously (Pavlidou
et al., 2011). The aminopeptidase activity of the isolates was
tested on the substrates Lys-p-nitroanilide (PepN/C), Glu-p-NA
(PepA) and Pro-p-NA (PepI) by the method of Requena, Pelaez, &
Desmazeaud, (1991) as modified by Arizcun, Barcina, & Torre,
(1997). All assays were performed in triplicate.

2.6. Aminoacid decarboxylase activity

Aminoacid decarboxylase activity was estimated in the decar-
boxylase agar medium of Joosten & Northolt (1989) containing
tyrosine, histidine, lysine or ornithine (20g/l) as precursors. The
assay was performed in triplicate.

2.7. Haemolysis

Blood haemolysis was tested by inoculating activated cultures
onto Blood agar plates (Oxoid, England) supplemented with 5%
human blood.

2.8. Statistical analysis

Box plot representation was used to assess the variability of
lactobacilli according to their technological properties. Statistically
significant differences between cheeses of the two dairies and
species, were determined by the Tukey’s test using the Minitab
statistical package.

Principal components analysis (PCA) was applied on the corre-
lation matrix of 11 variables (DpH6h, DpH24h, mML-Gly24h, mML-
Gly7d, PepN/C, PepA, PepI, b-CN24h, b-CN7d, as-CN24h, as-CN7d) for
the isolates, in order to study the grouping, similarities and dif-
ferences among the strains isolated from cheeses of the two dairies.
Statistical analyses were performed with the SPSS v.15 and XLSTAT
v.7.5.2 packages. In all hypothesis testing procedures, the signifi-
cance level was predetermined at P<0.05.

3. Results and discussion

3.1. Identification of NSLAB

In total, 54 isolates (27 from dairy I and 27 from dairy II) from
mature Graviera cheese were studied. The isolates were Gram
positive, catalase negative rods, able to grow at 15oC and on acetate
agar. Twenty-six of them (23 from dairy I; 3 from dairy II) produced
CO2 from glucose and they were considered as obligately hetero-
fermentative lactobacilli, while 28 were facultatively hetero-
fermentative lactobacilli (4 from dairy I; 24 from dairy II) (Axelsson,
1993).

According to the numerical analysis of their SDS-PAGE protein
profiles (Fig.1), at a similarity level of 88% or above, all isolates were
grouped into 12 distinct clusters (A-L). The repeatability of the
method after electrophoresis of the same strains was set at 88%
similarity level and the intragel reproducibility was recorded at
92.4% (data not shown). Representative isolates from each cluster
as well as single strain clusters (B3, A10, C6, A3, A1, B7, B8, B6, C5,
D713, D715, E767, E763, F810, F783, C3, B9, D731, F811, F786, E802,
F813, F812) were selected for identification, using 16S rRNA gene
sequencing approach. Homology searches of the sequences
revealed that isolates of groups A, B, C, D and E belonged to the
species Lb. brevis, group F to Lb. casei and groups G, H, I, J, K and L to
Lb. paracasei group. There were two single strain clusters (strain B8
and C5) that molecularly identified as Lb. casei and Lb. paracasei
respectively, while single strain clusters E802, F813 and F812
belonged to Lb. plantarum group of species. The strains under
consideration shared 99-100% similarity with the respective spe-
cies. Lb. brevis and Lb. paracasei were the most dominant species in
dairy I (85% of the isolates) and dairy II (70%), respectively. Lb. casei
was present at minor levels in both dairies, whereas Lb. plantarum
group of species was found only in dairy II.

The above results suggest that the NSLABmicrobiota of the same
cheese variety made at different dairies could be composed of
different species and the resulting cheeses possibly develop dif-
ferential characteristics. This microbiota originates from raw milk
and from the environment where it is present at low cell densities,
as a result of contamination (Berthier et al., 2001). It seems that
both Lb. brevis and Lb. paracasei, adjust well in Graviera Kritis
cheeses and finally predominate over the other NSLAB, as also
observed for Lb. rhamnosus in Parmigiano Reggiano cheese (Bove,
Lindner, Lazzi, Gatti, & Neviani, 2011). The prevalence of lactoba-
cilli in artisanal Graviera Kritis cheese may occur under specific
environmental factors that favor the predominance of species with
specific genes, which confer a high degree of adaptation to selective
cheesemaking variations. The lactobacilli isolates of the present
study had been obtained from 3-months-old mature Graviera Kritis
cheese. It has been reported previously (Litopoulou-Tzanetaki &
Tzanetakis, 2011) that lactococci and leuconostocs constitute a
significant part of the lactic microbiota in curd (day 1), but after 90
days the contribution of lactobacilli to cheese ripening seems
possible. Furthermore, Samelis et al., (2011) who studied the LAB
microbiota from commercial Graviera cheese, found that the pre-
dominant species were Lb. casei/paracasei as well as Lb. plantarum/
pentosus. Therefore, the predominance of lactobacilli at the end of
ripening in Graviera Kritis cheeses from raw ewe’s milk should be
considered as an important factor for the development of cheese
flavor, due to their proteolytic and peptidolytic activities (Gobbetti,
2004).

3.2. Genotypic diversity of Lb. brevis and Lb. paracasei isolates

A consensus dendrogram of the combined patterns of RAPD-PCR
and PFGE analyses, was used to assess the genotypic diversity of the
two principal NSLAB species Lb. brevis and Lb. paracasei of mature
Graviera Kritis cheese (Fig. 2). The lowest similarity level obtained
by repeated analysis of the same strain was 90.9% (data not shown)
and combined patterns with homology above this percentage were
considered identical. At a similarity level of 59.4% or above, all
isolates were grouped into two main clusters, A and B, which cor-
responded to the species Lb. paracasei and Lb. brevis, respectively.
Clustering of lactobacilli genotypes revealed a high degree of
intraspecies diversity as well as strain specificity to the production
dairy. Cluster A, which mainly included isolates from dairy II (19 of
22), was able to distinguish thirteen different genotypes while in
cluster B, mainly consisted of isolates from dairy I (23 of 26), eight
different genotypes were observed. Furthermore, cluster analysis
revealed that genetically identical isolates of Lb. paracasei (C3, C5,
B9, E766 and E767) as well as of Lb. brevis (B7, B10, B3, C2, F787 and
E785) were found in both production dairies.

The dispersion of genetically similar isolates among the pro-
duction dairies, is indicative of the existence of strains with specific
genomic characteristics that determine their ability to adapt to
multiple environmental niches. Combined numerical analysis
resulting frommore than one molecular method is of great value in



Fig. 1. Dendrogram of protein patterns, after SDS-PAGE of cell-free extracts for the isolated lactobacilli from mature Graviera Kritis cheese. The Pearson product moment correlation
coefficient (r) was used; cluster analysis was achieved by the UPGMA method.
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lactobacilli typing (Lombardi et al., 2002). The high degree of ge-
netic polymorphism among lactobacilli frommature Graviera Kritis
observed in this study, is in accordance with results from previous
studies such as industrial Graviera (Samelis et al., 2011) and Bitto
Italian cheese (Morandi et al., 2011).
3.3. Technological properties of the isolates

The distribution of acid production, proteolysis, caseinolytic
activity and aminopeptidase activity of lactobacilli according to
their origin and species, are shown in Fig. 3 and Fig. 4, respectively.
The amount of acid produced by the isolates from mature Graviera



Fig. 2. Combined dendrogram derived from comparison of the RAPD-PCR and PFGE patterns for the isolates from mature Graviera Kritis cheese produced in two dairies. The
Pearson product moment correlation coefficient r was used; cluster analysis was achieved by the UPGMA method.
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Kritis cheese was almost equal for both dairies after 6h, while
 isolates from dairy II exhibited higher mean acidifying activity after



Fig. 3. Box plot diagrams showing the distribution of NSLAB isolates according to their technological properties, separated by cheese origin. The box plot indicates the 25% quartile,
median (line inside box), mean (x), and 75% quartile. Whiskers display minimum and maximum values. Outliers are marked with circle (C) and the identity of strains is shown.
Different letters on each box represent significant differences between cheeses, within the same time, as determined by Tukey method (P<0.05).
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24h. A high degree of diversity was also observed among the iso-
lates from dairy II, regarding their acidifying ability after 24h
(Fig. 3A). Furthermore, isolates belonging to Lb. paracasei (LPP) and
Lb. casei (LC) species exhibited a notable variability and both of
them included strains with the highest acidifying values (Fig. 4A).
Overall, since a DpH24h < 1.0 drop was determined, isolates from
both dairies were characterized by low acidifying ability compared
to isolates from other traditional Greek cheeses (Floros et al., 2012;
Papanikolaou et al., 2012). According to these results, lactobacilli
isolates from Graviera Kritis seems to be of little importance as
starter, in respect of their ability to decrease milk pH rapidly, but
may be useful as adjunct cultures to promote flavor formation in
cheese manufacture during ripening (Crow, Curry, & Hayes, 2001).
These strains are in fact promising candidates as adjunct cultures
(Georgieva et al., 2009) in Graviera Kritis cheese production, since
they might have a contribution on cheese flavor.

Regarding the amount of amino acids (in mM of L-glycine) that
accumulated in milk after 24h, isolates from dairy II exhibited
higher mean values. However, after 7 days of incubation, isolates
from both dairies appear to have similar proteolytic activity, while a
wide heterogeneity was also observed for each isolation source
(Fig. 3B). This heterogeneity was mainly linked to Lb. brevis (LB) and
Lb. paracasei (LPP) species that both of them also included isolates
with the highest proteolytic values (Fig. 4B). Proteolysis in cheese
during ripening, contributes in the development of texture as well
as flavor. However, free amino acids released in cheese are not
solely responsible for the typical cheese flavor, mainly because their
levels are lower than their taste threshold values, with the excep-
tion of proline, which might thus play a direct role in the taste of
cheese (Kubickova & Grosh, 1998).

Concerning their caseinolytic activity, isolates from dairy I and
dairy II exhibited a similar behavior. Both caseins (as-CN, b-CN)
underwent a similar degradation after 24h and 7 days by the total
of the tested isolates, in the two dairies. Furthermore, a wide het-
erogeneity was observed for each isolation source (Fig. 3C). Finally,
the distribution of caseinolytic activity according to the species
showed that the observed high variability is not linked to a
particular species (Fig. 4C). A similar behavior was previously re-
ported for lactobacilli from other Greek traditional cheeses
(Papanikolaou et al., 2012).

Lactobacilli from dairy II exhibited higher peptidase activities
than that shown for the isolates from dairy I (Fig. 3D). In addition, a
high degree of diversity among strains of the same species was
recorded (Fig. 4D). Peptidase activity of lactobacilli has been a
subject of wide investigation. Particularly, the strong Pro-p-NA
activities of lactobacilli make them of potential interest for use as
adjuncts, because of their capacity to release large amounts of
proline from caseins during cheese ripening (Aquilanti et al., 2007).
Aminopeptidases release aminoacids in the cheese environment,
with the latter serving as precursors of several flavor compounds
(Piraino, Zotta, Ricciardia, McSweeney, & Parente, 2008). These
enzymes can also have a debittering effect during cheese ripening
(El-Soda, Macedo, & Olson, 1991).

Variability of technological properties of isolates from natural



Fig. 4. Box plot diagrams showing the distribution of NSLAB strains within species, according to their technological properties. LB, Lb. brevis; LC, Lb. casei; LPL, Lb. plantarum; LPP, Lb.
paracasei. The box plot indicates the 25% quartile, median (line inside box), mean (x), and 75% quartile. Whiskers display minimum and maximum values. Outliers are marked with
circle (C) and the identity of strains is shown. Different letters on each box represent significant differences between species, within the same time, as determined by Tukey
method (P<0.05).
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sources is very common for traditional cheeses (Aquilanti et al.,
2007; Bozoudi et al., 2015; Pavlidou et al., 2011). To investigate
possible discrimination based on the technological properties of
the Lactobacillus isolates, a PCA was applied (Fig. 5). The first two
Principal Components (PCs) explained ca. 59.01% of the total vari-
ance. Along the first and second component, the isolates were
clearly grouped into two clusters, suggesting that isolates
belonging into the same cluster share relevant characteristics.
Lactobacilli from dairy I were grouped in a cluster on the left part of
the plot, whereas isolates from dairy II were grouped into a more
scattered cluster on the right side of the plot.

Interestingly, although genotypic clustering of lactobacilli and
PCA analysis of their technological properties used in the present
work are completely independent approaches, they both indicated
association of the isolates with their particular habitat of origin.
Therefore, polyphasic strain characterization based on genotypic
and phenotypic data, provides a more solid basis for understanding
their distribution in different environmental niches, as well as the
functional and ecological significance of different biotypes in nat-
ural dairy microbiota. The ability to distinguish strains from two
ecological niches at the genotypic level, can be technologically and
ecologically useful. This technique may be used to select strains
that are more appropriate for a given cheese process (Giraffa, Gatti,
Rosetti, Senini, & Neviani, 2000).

None of the isolates exhibited either amino acid decarboxylase
or haemolytic activity and in this respect they are considered as safe
to be used as adjuncts.
4. Conclusions

The NSLAB population of Graviera Kritis cheese composed of
facultatively and obligately heterofermentative lactobacilli differ in
species composition and predominance and therefore the cheese
may develop differential flavor characteristics, according to the
production dairy. The combination of RAPD-PCR and PFGE was
successfully used to differentiate lactobacilli at strain level and the
results suggested a high genetic heterogeneity, as well as disper-
sion of same strains at different environments. In parallel, their
technological properties may differ according to the cheese pro-
duction dairy, as also confirmed by PCA, and this supports the
feasibility of polyphasic approach to characterize NSLAB isolated
from the cheese. Genetic diversity data from polyphasic study
suggest that the microbial diversity exists within traditional Grav-
iera Kritis cheese and its contribution to the flavor must be
considered when preparing a culture. Bacterial biotypes with
technologically interesting properties tend to corroborate the the-
ory that the predominance of strains with particular capabilities is
connected to a specific environment, therefore the autochthonous
microbiota of traditional cheeses represent a heritage that needs to
be protected and conserved (Morandi et al., 2011).



Fig. 5. Score and loading plots of first and second principal component after principal component analysis based on the technological characteristics of lactobacilli isolated from
Graviera Kritis. Clusters I and II are indicated by dotted ellipses. White circles and black circles correspond to isolates from Graviera cheese produced in dairy I and dairy II,
respectively. Technological characteristics: DpH6h, DpH24h, acidifying activity; mML-Gly24h, mML-Gly7d, proteolytic activity; as-CN24h, as-CN7d, b-CN24h, b-CN7d, caseinolytic activity;
PepN/C, PepA, PepI, aminopeptidase activity.
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a b s t r a c t

The aim of this study was to evaluate the use of different functional substrates (soybean hydrolyzed
extract, colostrum and honey) to design novel probiotic beverages using kefir grains as starter culture.
The fermentations were carried out at 30 �C for 24 h and physical-chemical composition and functional
aspects were determined. It was found that fermentation processes with kefir grains increased the
functional quality of all substrates evaluated. Honey-based kefir beverage had higher antioxidant activity
and its microbial composition was assessed using molecular approaches (Rep-PCR and 16S rRNA gene
sequencing). High levels of lactic acid bacteria and yeast populations (over 106 CFU/mL) were found in
the product and were mainly composed of potential probiotic strains of Lactobacillus statsumensis, Leu-
conostoc mesenteroides, Bacillus megaterium, Saccharomyces cerevisiae and Lachancea fermentati. In
addition, the honey-based kefir beverage showed protection effect on DNA damage and had a high
sensory quality compared to traditional kefir beverage. The results demonstrated that honey could be an
ideal alternative substrate for the production of functional cultured beverage, especially for vegans and
lactose intolerant consumers.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Probiotic food products are formulations containing sufficient
numbers of selected live microorganisms (106e107 CFU/mL) that
can beneficially modify the intestinal microbiota of the host
(Rathore, Salmer�on,& Pandiella, 2012). Kefir beverage is commonly
manufactured by fermentingmilk with kefir grains, which supports
a complex microbial symbiotic mixture of lactic acid bacteria (e.g.,
Lactobacillus, Lactococcus, Leuconostoc and Streptococcus) and yeasts
(e.g., Kluyveromyces and Saccharomyces) (Magalh~aes, de Melo
Pereira, Campos, Dragone, & Schwan, 2011). Some of these
different bacteria and yeasts found in kefir have been recognized as
tment, Federal University of
þ55 41 33 613 191; fax: þ55
probiotics, e.g., Leuconostoc mesenteroides and Saccharomyces cer-
evisiae (Leite et al., 2015).

Kefir grains can be applied to ferment different substrates be-
sides milk. These include cheese-whey, fruit juice and molasses or
sugar syrups (Cui, Chen, Wang, & Han, 2013; Puerari, Magalh~aes, &
Schwan, 2012). The development of alternative substrates used in
production of fermented kefir beverage is an ideal way for the
conversion of sugars to produce organic acids and alcohol. It is
considered a simple and valuable biotechnology based method for
maintaining and/or improving the safety, nutritional, sensory and
shelf-life properties of fermented beverages (Prado, Parada, Pandey,
& Soccol, 2008). Colostrum is a dairy substrate of great interest due
to its positive functional properties (De Dea Lindner, Neviani,
Santarelli, Soccol, & Yamaguishi, 2011). It is a complex biological
fluid and a source of immunological compounds and nutrients,
many proteins, immunoglobulins, non-protein nitrogen, fat, vita-
mins and minerals that can be used to treat or prevent infections of
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the gastrointestinal tract (Uruakpa, Ismond, & Akobundu, 2002).
Additionally, soybean hydrolyzed extract and honey are both non-
dairy matrixes with attractive color, good aroma and sweet sour
mouthfeel, besides being a source of natural antioxidants and other
functional benefits, such as hypolipidemic, anticholesterolemic,
antiatherogenic and the effects of fructooligosaccharides presented
in these substrates (Escriche, Kadar, Juan-Borr�as, & Domenech,
2011; Pandey & Mishra, 2015). Soybean hydrolyzed extract and
honey can serve as healthy alternatives for dairy probiotics to
overcome problems as lactose intolerance, allergenic milk proteins
and cholesterol contents (Soccol et al., 2012; Soccol& Prado, 2007).

The aim of this study was to evaluate the use of different
functional products as raw material (soybean hydrolyzed extract,
colostrum and honey) to design a probiotic beverage using kefir
grains as starter culture. Functional characteristics and physic-
chemical composition of these novel beverages were determined
and compared to traditional milk kefir. In addition, the microflora,
sensory quality and DNA protection effect of honey kefir beverage
was evaluated due to its higher antioxidant activity. The bioprocess
for the production of honey beverage fermented with kefir grains is
part of a patented application process (No. BR 102014021724 0)
authored by Soccol, Fiorda, Prado, & Bellettini, 2014.

2. Material and methods

2.1. Kefir grains and inoculum preparation

Kefir grains from Tibet (Province of Sigatse) and Mexico (Prov-
ince of Guanajuato) were obtained from families that traditionally
consumed kefir. The samples of Tibetan Kefir were preserved in
sterilized milk (5%, w/v) and the samples of Mexican Kefir were
preserved in brown sugary solution (10% w/v). To preserve the kefir
grains the substrate was renewed daily for a period of seven days.
The grains were then washed with sterile distilled water and sub-
sequently used to inoculate different raw materials (soybean hy-
drolyzed extract, colostrum and honey).

2.2. Must preparation

2.2.1. Soybean hydrolyzed extract
Mature soybean seeds were obtained from local market in

Curitiba, Paran�a - Brazil. The seeds were thoroughly washed and
soaked overnight at 25 �C with 10 times their weight of distilled
water. Using a blender, the soybean seeds were homogenized at
low speed for 1 min. Soybean hydrolyzed extract was obtained
from the resulting slurry by the removal of an insoluble residue
(soybean pulp fiber) by filtration. The soybean hydrolyzed extract
was heated at 96 �C for 40 min and then cooled to room temper-
ature (25 �C).

2.2.2. Honey media
Honey was obtained from local market in Curitiba, Paran�a -

Brazil. Honey-based media was prepared by mixing honey with
sterile distilled water in proportion to obtain a must of 40 oBrix,
therefore, was used the Equation (1).

Whoney � oBrixhoney ¼ Wmust � 40oBrix (1)

Where Whoney is the necessary amount of honey and Wmust is
the amount of must is desired to produce. After determining the
required amount of honey, the amount of water being added was
estimate by Equation (2). The honey must was pasteurized at 63 �C/
30 min before use.

Wwater ¼ Wmust � Whoney (2)
2.2.3. Bovine colostrum
Bovine colostrum was collected within the first 12 h after

calving from three healthy cows (breed “jersey”) kept under vet-
erinary supervision at a dairy farm localized in the city of Castro
(24� 470 2800 S and 50� 000 4300 W) Southern of Brazil. The colostrum
was defatted by centrifugation (3000� g/20 min/2 �C), pasteurized
at 63 �C/30 min and divided into aliquots that were kept frozen
at �20 �C until use (De Dea Lindner et al., 2011).

2.3. Production of kefir beverage

The Tibetan kefir grains were inoculated into soybean hydro-
lyzed extract, colostrum and cow milk substrates, while Mexican
kefir grains were inoculated into honey must. The selection of raw
material and its respective kefir inoculum (Tibetan or Mexican)
was based on preliminary tests carried out with biomass growth
(data not shown). Wet weight cells of 100 g were transferred into
2 L of fermentation substratum. A batch aerobic fermentation was
carried out in static conditions at 30 �C for 24 h. The pH kinetic of
the fermented kefir beverages was determined using a pH meter
and measured after 0, 12, 24, 36 and 48 h. Even thought the
fermentation time was 24 h, the pH was measured until 48 h in
order to determine the change in pH over the period of fermen-
tation time.

2.4. Physical-chemical characterization of kefir beverages

2.4.1. Volatile flavor compounds
Aroma compounds of kefir beverages produced after 24 h of

fermentation were measured by headspace analysis in a gas chro-
matograph (Shimadzu model 17A) equipped with a flame ioniza-
tion detector at 230 �C. Aroma compounds were identified by
comparing the peak retention times against those of authentic
standards purchased from Sigma. The operation conditions were as
follows: a 30 m � 0.32 mm HP-5 capillary column, column tem-
perature of 40e150 �C at a rate of 20 �C/min, injector temperature
at 230 �C. Individual volatiles were expressed as mmol/L of head-
space, as ethanol equivalent (Pereira et al., 2014).

2.4.2. HPLC analyses
Sugars (glucose and lactose), ethanol and lactic acid were

quantified by high-performance liquid chromatography (HPLC).
The kefir beverages were separated by centrifugation at 6000 � g
and filtered through 0.22-mm pore size filter (Millipore Corp., Bill-
erica, MA). The filtered samples were injected (50 mL) into HPLC
system equipped with an HPX-87H column (300 by 7.8 mm; Bio-
Rad Laboratories, California) connected to a refractive index (RI)
detector (HPG1362A; HewlettePackard Company). The columnwas
eluted with a degassed mobile phase containing 5 mM H2SO4 at
60 �C at a flow rate of 0.6 mL/min (Prado et al., 2015).

2.4.3. Functional aspects
The functional aspects (antioxidant activity and exopoly-

saccharides production) were performed in samples at the start of
the fermentation (0 h) and after 24 h of fermentation.

2.4.3.1. DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical scavenging
assay. The DPPH radical scavenging activity was measured in kefir
beverages (0 and 24 h of fermentation) according to the procedure
described by Rufino et al. (2010). A DPPH$ solution (80 mM) was
freshly prepared in 95% methanol. A volume of 250 mL of this
solution was allowed to react with 35 mL sample and the absor-
bance was measured at 515 nm, for 30 min. The capability to
scavenge the DPPH radical was calculated using the following
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equation:

DPPH radical scavenging activity (%) ¼ (Ac � A/Ac) � 100 (3)

Where Ac is the absorbance of the control solution and A is the
absorbance of the samples. The results were plotted and analyzed
by exponential regression to obtain the concentration of antioxi-
dant necessary to decrease the initial DPPH concentration by 50%
(IC50).

2.4.3.2. ABTS (2,20 -azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid))radical scavenging assay. The ABTS assay was performed ac-
cording to Vasconcellos, Woiciechowski, Soccol, Mantovani, and
Soccol (2014). The ABTS solution was produced by reacting 7 mM
ABTS stock solution with 2.45 mM potassium persulfate (final
concentration) for 12e16 h, in the dark, at room temperature. Prior
to use, the ABTS working solution was prepared by diluting the
stock solutionwith EtOH to an absorbance of 0.70 ± 0.02 at 734 nm.
The samples and Trolox standards (20 mL) were combined with the
ABTS working solution (170 mL, absorbance 0.70 ± 0.02) in 96-well
microplate. After 6 min of incubation at 30 �C, the absorbance at
734 nmwas read with a microplate reader. The antioxidant activity
was calculated throughout the range of the response curve of
Trolox (M Trolox/g of sample) and expressed as Trolox equivalent
antioxidant capacity (TEAC).

2.4.3.3. Quantification of exopolysaccharides (EPS). For EPS quanti-
fication, the samples were centrifuged at 8000 � g at 5 �C for
20 min. EPS in the supernatant fluid was precipitated by adding
three times volume of chilled 95% ethanol (�20 �C) and put at 4 �C
for 24 h. The samplewas then centrifuged at above given conditions
and the pellet was retained. The sample was re-dissolved in
distilled water. The quantification was followed by Phenolesulfuric
acid method (Cuesta, Suarez, Bessio, Ferreira, & Massaldi, 2003).

2.5. Enumeration of potential probiotic bacteria and yeasts of
honey-based kefir beverage (HKB)

The HKB was chosen to be analyzed microbiologically due its
higher antioxidant capacity. Ten milliliters of HKB sample was
added to 90 mL sterile saline-peptone water, followed by serial
dilution. Enumeration of microorganisms was carried out using
MRS agar (lactic acid bacteria population), M17 agar (Lactococcus
population) and YM agar (yeast population). Plating was per-
formed, in triplicate, with 100 mL of each diluted sample. Plates
were incubated aerobically at 37 �C for 48 h for bacteria and 30 �C
for 72 h for yeast. Following incubation, the colony forming units
(log10 c.f.u./mL) were quantified. For each type of medium a square
root of the number of isolated colonies (numbers of microorgan-
isms identified of each species jnj ¼ √n) was taken at random for
identification (Holt, Krieg, Sneath, Staley, & Williams, 1994). Iso-
lates were purified by streaking and the yeast species were sepa-
rated from bacteria after microscopic examinations. The purity of
bacteria isolates was monitored by catalase activity and Gram
staining.

2.6. rRNA gene sequencing and Rep-PCR

Bacterial and yeasts isolates were re-suspended in 40 mL of PCR
buffer and the DNA from pure cultures was extracted using a
QIAamp DNA Mini kit (MachereyeNagel, Düren, Germany), ac-
cording to the manufacturer's instructions.

The isolates were identified by sequence analysis of the partial
16S rRNA gene or the ITS region for bacteria and yeast, respectively.
The primers 27F and 1492R were used to amplify 16S rRNA gene of
bacteria isolates (Lane et al., 1985) while the primers ITS4 and ITS5
were used to amplify ITS region of yeast (Bertini et al., 1999). The
PCR products were sequenced using an ABI3730 XL automatic DNA
sequencer. The sequences were then compared to the GenBank
database and the searches were performed to determine the closest
known relatives of the partial ribosomal DNA sequences obtained,
using the BLAST algorithm (National Center for Biotechnology In-
formation, MA, USA).

The isolates were characterized at strain level using repetitive
extragenic palindromic (Rep)-PCR technique with GTG5 primer
(Pereira, Miguel, Ramos, & Schwan, 2012). The amplified products
were separated by electrophoresis in a 1% (w/v) agarose gel at
80 V for 40 min and stained with ethidium bromide (0.5 mg/mL,
Sigma). The size of the products was estimated using a 100-bp
DNA ladder. The gels were visualized via UV trans-illumination
LTB20 � 20 HE (Loccus, Brazil) and images were captured using
a camera.
2.7. Protection against DNA breakage

The assay was conducted to determine the protective ability of
the HKB against supercoiled DNA by the method of Kang et al.
(2008) with some modifications. Escherichia coli DH5a cells were
transformed with pPICZalpha C plasmid DNA and then grown
overnight in the LB medium containing ampicillin (50 mg/mL) at
37 �C. Plasmid DNA was purified using the QIAGEN Plasmid Kit
(MachereyeNagel, Düren, Germany). The “damage” solution (1 mM
OH) was prepared by adding 3.1 mL of 30% H2O2 into 100 mL of
1 mM FeSO4. The reaction solution consisted of 5 mL of plasmid
DNA, 5 mL of “damage” solution, and 5 mL of the HKB sample. As a
negative control, HKB sample was replace for sterile water. Three
microliters of loading buffer [30mMEDTA, 36% (v/v) glycerol, 0.05%
(w/v) xylene cyanol FF and 0.05% (w/v) bromophenol blue] were
added after 1 h of incubation in dark, and the reaction products
were then electrophoresized in 1% of agarose gel for 60 min under
120 V condition. Agarose gel was stainedwith 0.05% (w/v) ethidium
bromide and then analyzed with image analyzer (LTB20 � 20 HE,
Loccus, Brazil).
2.8. Sensory evaluation

The sensory characteristics of HKB were compared with tradi-
tional kefir beverage (TKB), fermented in brown sugar solution (10%
w/v) for 24 h at 30 �C. The sensory evaluation was conducted by a
panel of 100 untrained panelists. Color, aroma, appearance, thick-
ness, taste and overall acceptability were evaluated using in a he-
donic rating scale with 9-point, where 1 was the lowest value
(disliked extremely) and 9 the highest (liked extremely) (Stone &
Sidel, 1993). In addition, buying intent was evaluated using a 5-
point scale (5 ¼ would certainly buy, 1 ¼ would certainly not buy).
Samples were refrigerated at 5 �C and 20 mL were served imme-
diately after their opening under white light. The beverages tested
were numerically coded and tap water was provided to the panelist
for cleansing their palate between sampling. Data were expressed
as the mean of all the scores.
2.9. Statistic analyses

The results were expressed as mean ± standard deviation from
3 replicate determinations. Differences were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey's post-hoc
test. P-values < 0.05 were considered to be statistically
significant.



Fig. 1. Time evolution of pH on fermented beverages using kefir grains. CMKB: Cow
Milk-based Kefir Beverage; SMKB: Soybean-Milk Kefir Beverage; CKB: Colostrum-
based Kefir Beverage; HKB: Honey-based Kefir Beverage.
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3. Results and discussion

3.1. pH kinetic

The pH value decreased mainly during 24 h and reached similar
values (~4.0) at the end fermentation processes (Fig. 1). Typical pH
of kefir beverages made in dairy factory is between 4.0 and 4.4
(Irigoyen, Arana, Castiella, Torre,& Ib�a~nez, 2005) and the measured
values in this study were in this range. These results demonstrate
that the kefir grains were well adapted to the raw materials tested
and the bacteria and yeast metabolism resulted in pH reduction
along with the production of organic acids, ethanol, carbon dioxide
and other volatile compounds (Athanasiadis, Paraskevopoulou,
Blekas, & Kiosseoglou, 2004).
3.2. Physical-chemical characterization of kefir beverages

The analytical parameters measured in the kefir beverages
produced in this study are shown in Table 1. Colostrum-based kefir
beverage (CKB) was very similar to traditional milk kefir, with high
lactose and lactic acid content and low ethanol concentration. This
higher lactic acid content in dairy matrixes could probably be due
to the characteristics of colostrum and milk, that are richer in nu-
trients (primarily proteins) than honey or soybean hydrolyzed
extract, and stimulates the development of lactic acid bacteria. This
result is important since lactic acid provides pleasant taste and
inhibits the development of undesirable or pathogenic
Table 1
Chemical characteristics of fermented beverages obtained after 24 h incubation with kefi

Compounds Kefir beverage

CMKB

GC Analyzes* Ethyl acetate ND
2,3-butanedione 11.3 ± 0.3b

Ethyl propionate ND
Acetaldehyde ND

HPLC Analyzes** Lactose 25.15 ± 1.07a

Glucose 0.44 ± 0.03c

Lactic acid 30.45 ± 1.63a

Ethanol 3.54 ± 0.09bc

ND: not detected. Means in each row bearing the same letters are not significantly diffe
CMKB: Cow Milk-based Kefir Beverage; SMKB: Soybean-based Kefir Beverage; CKB: Colo
*Values expressed in mmol/l of ethanol equivalent as means of triplicate (mean ± standa
**Values expressed in g/L (mean ± standard deviation).
microorganisms (Magalh~aes, De Melo Pereira, Dias, & Schwan,
2010).

Honey-based kefir beverage (HKB) was characterized by highest
content of glucose and ethanol and lower levels of lactic acid. This
demonstrates that the microbial metabolism during honey
fermentation was more selective, increasing the conversion of
glucose into ethanol, and could indicate alterations in carbohydrate
metabolism of the kefir microorganisms in relation to milk
fermentation. Although yeasts such as Saccharomyces, Hansenias-
pora and Pichia (Table 2) are primarily responsible for the conver-
sion of sugar into ethanol during kefir fermentation, some
heterofermentative bacteria (e.g. Lactobacillus kefir) are also
capable of producing ethanol. Acetaldehyde - which imparts floral
and fruity flavor to the final beverage (Sanz, Maeztu, Zapelena,
Bello, & Cid, 2002) - was also found in high concentration in HKB
(Table 1). It is possible that acetaldehyde is derived from com-
pounds present in the floral plants where of bees collect pollen to
produce the honey used in this study. Acetaldehyde has been
identified in previous studies on honey aromatics compounds
(Escriche et al., 2011). In addition, it may also have been formed by
streptococci or yeast groups during fermentation process (Pereira
et al., 2014).

In the case of soybean-based kefir beverage (SMKB), the main
positive characteristic was related to the high content of volatile
esters, namely ethyl propionate and ethyl acetate (Table 1). These
compounds were not detected in soybean hydrolyzed extract prior
to inoculation with the kefir grains (data not shown). Volatile
compounds are important contributors to the flavors of beverages,
as they determine different desirable sensory characteristics (Rossi
et al., 2009). The above esters are known for their fruity aroma
contribution and may have been derived from soybean hydrolyzed
extract and/or as a secondary metabolism of kefir yeasts
(Kourkoutas et al., 2002; Pereira et al., 2014). This attribute makes
SMKB an attractive beverage with enhanced aromatic value.

3.3. Functional aspects

3.3.1. Antioxidant activity
It was found that fermentation of kefir grains increased the

functional quality of all substrates tested, in terms of increased
levels of DDPH (reduction of IC50 values; Fig. 2A) and Trolox
equivalent antioxidant capacity (Fig. 2B). This indicates that some
antioxidants components present in the kefir grains were trans-
ferred to the product during fermentation (Liu, Chen, & Lin, 2005).
Interestingly, HKB and SMKB had higher antioxidant capacities
compared to dairy matrixes (i.e., colostrum and cow milk), as
determined by both tests employed in this study (Fig. 2). The
antioxidant properties of soy and honey have been attributed to
r grains.

SMKB CKB HKB

2.5 ± 0.1b ND ND
ND ND ND
0.8 ± 0.1b ND ND

ND ND 74.8 ± 7.8a

1.45 ± 0.20c 24.34 ± 1.35a ND
1.14 ± 0.10b 0.75 ± 0.12c 106.41 ± 8.40a

5.65 ± 0.47c 13.67 ± 1.55b 3.51 ± 0.19b

4.50 ± 1.19b 1.80 ± 0.08c 9.34 ± 0.74a

rent (p > 0.05) from one another, using Tukey's test.
strum-based Kefir Beverage; HKB: Honey-based Kefir Beverage.
rd deviation).



Table 2
Identification of representative bacteria and yeasts isolated from honey-based kefir beverage.

Isolates species Number of isolates identified Number of rep-PCR genotypes Identity GenBank accession n�

Bacteria
Lactobacillus satsumensis 12 5 98% NR028658.1
Lactobacillus sp. 4 3 99% AY681129.1
Bacillus sp. 7 1 99% HM566766.1
Bacillus megaterium 4 1 99% KF933665.1
Leuconostoc mesenteroides 17 3 99% KF697619.1
Lysinibacillus sphaericus 1 1 99% GQ279292.1

Yeast
Hanseniaspora uvarum 4 2 97% KF953898.1
Issatchenkia orientalis 3 1 96% EF198000.1
Issatchenkia sp. 1 1 98% DQ667976.1
Lachancea sp. 2 1 99% KJ451620.1
Lachancea fermentati 3 1 99% GQ340439.1
Pichia sp. 2 1 99% KM252959.1
Pichia membranifaciens 2 2 99% DQ223427.1
Pichia kudriavzevii 4 1 97% AB369918.1
Saccharomyces cerevisiae 12 2 99% KC515373.1
Saccharomycetes sp. 1 1 92% HM224412.1
Zygosaccharomyces fermentati 2 1 99% AY046206.1
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high levels of specific flavonoids, i.e., genistein and daidzein in
soybeans (Pratt & Birac, 1979) and rutin in honey (Oomah&Mazza,
1996). In addition, it is important to highlight that kefir fermen-
tation improved the antioxidant activity of both these substrates.
Some studies have demonstrated that lactic acid bacteria (e.g.,
Lactobacillus acidophilus, L. bulgaricus, Streptococcus thermophilus,
and Bifidobacterium longum) scavenge reactive oxygen species and
some of this species are found in kefir microbiota (Nishino,
Shibahara-Sone, Kikuchi-Hayakawa, & Ishikawa, 2000).

3.3.2. Quantification of exopolysaccharides (EPS)
The amount of EPS in kefir beverages did not exceed 1.527 g/L

(Fig. 3). The higher EPS content in dairy beverages, i.e., CKB and
CMKB, can be due to bacterial cells interaction with milk protein,
which may remain attached to the cells and/or interact with pro-
teins (Vlahopoulou, Bell,&Wilbey, 2001). The EPS content of SMKB
(0.401 g/L) and HKB (0.61 g/L) probable came from glucose and
other carbon source present in these substrates (Table 1), which is
converted into EPS by the microbial growth. Generally, limiting
concentrations of some nutrients and excess carbohydrate assists
the production of polysaccharides (Ernandes & Garcia-Cruz, 2011;
Fig. 2. e A - IC50 values of kefir beverages in antioxidant assays. B - Trolox equivalent antiox
letters show significant differences between different beverages, and lower-case letters sho
test (p < 0.05). CMKB: Cow Milk-based Kefir Beverage; SMKB: Soybean-based Kefir Bevera
Sutherland, 2001).

3.4. Identification of potential probiotic bacteria and yeast in HKB
fermentation

The microbial composition of HKB was assessed in subsequent
experiments due its higher antioxidant activity. It has been sug-
gested that fermented products required probiotic bacteria at
107 cfu/mL in order to give health benefits to the gastrointestinal
tract when consumed (Mirdula & Sharma, 2015; Ouwehand &
Salminen, 1998). In this study, the microbial density immediately
after inoculation was lower 103 cfu/mL (data not shown). After
fermentation, high levels of Lactococcus population (107; M17 me-
dium), total lactic acid bacteria (106 cfu/mL; MRS medium) and
total yeast (107 cfu/mL; YM medium) in the manufactured HKB.
These results indicated that honey offers a good potential as vehicle
for the production of probiotic beverages.

Seventy-five isolates (39 bacteria and 36 yeasts) were identified
by partial rRNA gene sequencing. A number of yeast species
(Hanseniaspora uvarum, Issatchenkia orientalis, Lachancea fermen-
tati, Pichia membranifaciens, P. kudriavzevii, Saccharomyces
idant capacity (mM Trolox/g). *Mean ± standard deviation of 3 replicates. **Upper-case
w significant differences between the beverage 0 h and 24 h, as determined by Tukey's
ge; CKB: Colostrum-based Kefir Beverage; HKB: Honey-based Kefir Beverage.



Fig. 5. Sensory assessment of honey-based kefir beverage and traditional kefir
beverage produced at the end of the 24 h fermentation.*Attributes ± standard devi-
ation followed by a different letter are significantly different (p < 0.05) as determined
by Tukey's test.

Fig. 3. Exopolysaccharides (EPS) amounts in different kefir beverages.
*Mean ± standard deviation of 3 replicates. **Means followed by a different letter are
significantly different (p < 0.05) as determined by Tukey's test. CMKB: Cow Milk-based
Kefir Beverage; SMKB: Soybean-based Kefir Beverage; CKB: Colostrum-based Kefir
Beverage; HKB: Honey-based Kefir Beverage.
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cerevisiae and Zygosaccharomyces fermentati), LAB (e.g., Leuconostoc
mesentereoides, Lactobacillus satsumensis and Lysinibacillus sphaer-
icus) and Bacillus megaterium were identified. Previous studies
showed that a variety of different species of Lactobacillus and Leu-
conostoc have been isolated and identified in kefir grains from
around theworld (Güzel-Seydim,Wyffels, Seydim,&Greene, 2005;
Magalh~aes et al., 2010). These LAB species commonly produce
antimicrobial substances with effect against gastric and intestinal
pathogens and/or compete for cell surface and mucin binding sites
(Berry, 2012).

Very few yeast strains have been studied as possible bio-
therapeutics agents and most reported effects of yeasts as probiotic
organisms in clinical trials for alleviation of antibiotic-associated
diarrhea, infectious diarrhea, irritable bowel syndrome and in-
flammatory bowel diseases (Folign�e, Dewulf, Vandekerckove,
Pign�ede, & Pot, 2010). This study demonstrated that HBK was
composed of a wide variety of yeast species (Table 2). The presence
of yeast contributes to the enhancement of the sensory quality of
the probiotic beverage, promoting a strong and typically yeasty
aroma, as well as its refreshing, pungent taste (Magalh~aes et al.,
2010). In addition, some of these yeast species also reduces the
Fig. 4. DNA damage protection potential of honey-based kefir beverage based on
movement of bands with differents DNA structures. *Molecular Marquer (1 Kb); **
Positive Control (plasmid DNA without the addition of damage solution) ***Negative
Control (water þ plasmid DNA þ damage solution).
concentration of lactic acid, removes the hydrogen peroxide and
produces compounds that stimulate the growth of other bacteria,
thus increasing the production of kefiran exopolysaccharides
(Cheirsilp, Shoji, Shimizu, & Shioya, 2003).

The variation of strain composition of yeast and bacteria isolates
was analyzed by repetitive element PCR (Rep-PCR). By using the
(GTG)5-primer pair, rep-PCR produced strain-specific DNA finger-
prints (Table 2), including those of L. satsumensis (5 strains), Leu-
conostoc mesenteroides (3 strains), Lactobacillus sp. (3 strains),
Saccharomyces cerevisiae (2 strains), Hanseniaspora uvarum (2
strains) and Pichia membranifaciens (2 strains). Besides identifica-
tion, the potential of rep-PCR to help determine strain level varia-
tion would facilitate selection of bacterial and yeast strains with
desirable attributes for controlled fermentation or for their utili-
zation in newer functional foods. In addition, particular yeast and
bacteria strains may positively influence development of high
levels of secondary compounds, such as volatile, flavoring com-
pounds in beverage production process (Oliveira, Cardello,
Jerônimo, Souza, & Serra, 2005).
3.5. DNA protection effect of HKB

In this study, DNA protection capacity was used to further
investigate the effect of HKB. Plasmid DNA has three forms on
agarose gel electrophoresis, namely supercoiled circular DNA, open
circular form and linear form (Fig. 4). The hydroxyl (.OH) radicals
(negative control) were able to cleave DNA strand resulting in the
cleavage of supercoiled circular DNA to open circular and linear
forms. As shown in Fig. 4, the HKB (0 and 24 h) showed DNA pro-
tection effect against damage caused by hydroxyl radical. It is
known that some human diseases such as cancer and neurode-
generative disease involve in imbalance between oxidant and
antioxidant defense system and oxidative DNA damage caused by
reactive oxygen species including hydroxyl radical, superoxide
anion, and hydrogen peroxide are responsible for these diseases
(Lin et al., 2012). Therefore, DNA protection capacity of HKB may
contribute in defense system against oxidative damage reactions,
avoiding formation of free radicals and/or repairing the damage
caused by them.
3.6. Sensorial evaluation

The sensory assessment of HKB and traditional kefir beverage
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(TKB) produced at the end of the 24 h fermentation is shown in
Fig. 5. For all attributes assessed, HKB received significantly
(p < 0.05) higher approval scores and had an average score of 7.5 on
a 9 point scale. This corresponded to the “liked moderately” and
“liked very much” level in the score sheet. In the buying intention
test, the HKB received an average score of 4.01 on a 5 point scale,
corresponding to a classification between “would certainly buy”
and “possibly would buy”. In addition, HKB received a score two
times higher than TKB in the panel feedback (Fig. 5). The results
demonstrate the high sensory quality of the HKB produced in this
study.

4. Conclusion

The results of the present study provided evidence indicating
that soybean hydrolyzed extract, colostrum and honey could serve
as raw materials/substrates for the production of kefir-like bever-
ages with functional and flavoring properties. The results demon-
strated that honey could be an ideal alternative substrate for
production of fermented beverage with high antioxidant activity,
low lactose content and potential probiotic composition. Addi-
tionally, the beverage had protective effect to DNA damage caused
by hydroxyl radical and had very good sensory qualities. The study
showed that non-dairy probiotic beverage using honey as base
substrate could lead to a product which has enhanced health
benefits and sensory qualities.
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a b s t r a c t

The development of gluten-free pastas made with brown rice (BR) and corn meal (CM) was proposed. A
32 central composite rotation design was used to evaluate the effects of the extrusion variables, i.e.,
temperature, feed moisture and CM content, on the pasting properties and cooking quality of the
extrudates. Sensory factors, texture and chemical composition were also analysed to determine the best
treatments. The pasting properties allowed verification of the transformations/interactions among the
components of the dough after the extrusion process. An increase of the feed moisture content (up to
43.4 g/100 g) caused an increase in cooking loss, but for CM flour (up to 46.8 g/100 g), this increase
caused an increase in cooking time. The temperature levels did not influence the cooking characteristics.
The pasta with the highest BR flour content (87 g/100 g) had higher contents of lipids and fibre, as well as
better mineral and amino acid profiles. The pasta produced with a ratio of 40:60 (CM:BR), 30 g/100 g of
moisture content, and at 70 �C received better evaluations with respect to texture (sensory and
instrumental) compared with pasta made with a ratio of 13.2:86.8 (CM:BR) and 35 g/100 g moisture
content at 80 �C.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Pasta is a starchy staple food widely consumed across the world
and is popular with consumers for its ease of transportation,
handling and cooking, as well as its storage properties (Foschia,
Peressini, Sensidoni, & Brennan, 2013). Pasta products made from
wheat are characterized by proteins that form a viscoelastic
network and optimal dough properties during the mixing and
extrusion steps (Mariotti, Iametti, Cappa, Rasmussen, & Lucisano,
2011), thus producing better strength and stability in the final
product. In gluten-free (GF) pasta, the viscoelastic gluten network is
absent, and the intensive heating applied during the extrusion
process has necessitated important modifications to the starch
organisation, leading to the creation of a new structure formed by
retrograded or partially gelatinized and retrograded starch
. Silva).
(Lucisano, Cappa, Fongaro, & Mariotti, 2012). Thus, the develop-
ment of a farinaceous GF product is not a simple process because it
is necessary to create a matrix that is uniform and sufficiently
cohesive to withstand the cooking process and confer quality at-
tributes on the final product (Gimenez et al., 2013). Therefore, the
incorporation of alternative (to wheat) ingredients for pasta pro-
duction requires processing adjustments and additives
(Schoenlechner, Drausinger, Ottenschlaeger, Jurackova, &
Berghofer, 2010).

The common ingredients in GF pasta are flour and/or starch from
corn, rice, potato (or other tubers),with the addition of protein, gums,
and emulsifiers whichmay partially act as substitutes for gluten. The
diversity of GF raw materials help to increase the quantity and the
quality of products for celiacs. Formulating GF pasta requires, firstly, a
thorough knowledge of the component properties of GF flours and
starches. Then, appropriate additives may be selected to promote a
cohesive mass in the product (Marti & Pagani, 2013).

Rice flour is commonly used as a raw material in preparation of
GF products because of its bland taste, high digestibility and
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hypoallergenic properties (Rosell & Marco, 2008). Most of the
extruded GF products found in the market include corn and white
or polished rice as their main ingredients due to their abundance,
low cost and high expansion capacity, as well as their suitability for
celiacs (Gimenez et al., 2013). However, white or polished rice is
low in fibre and has relatively poor technological properties for
interaction and development of a cohesive network.

The extrusion-cooking method is an alternative technology that
is suitable for manufacturing of GF pasta-like products because it
involves unification of the pre-gelatinisation and formation steps
(Amerayo, Gonzalez, Drago, Torres, & De Greef, 2011; Marti,
Seetharaman, & Pagani, 2010).

Although the effects of different starch sources have been
extensively investigated (Islas-Rubio, Calder�on de la Barca, Cabrera-
Ch�avez, Cota-Gast�elum, & Beta, 2014; Larrosa, Lorenzo, Zaritzky, &
Califano, 2013; Marti et al., 2010), little information is available on
the use of brown rice mixed with corn meal flour, its suitability for
pasta making, and its cooking behaviour.

The main objectives of this study were (a) to study the effects of
such extrusion variables as temperature, feed moisture and corn
meal content on the pasting properties and cooking quality of pasta
made with brown rice flour, and (b) to analyse the sensory attri-
butes, instrumental texture and chemical composition (proximate
composition, mineral profile and amino acids) of the best treat-
ments made with a brown rice and corn meal blend.
2. Materials and methods

2.1. Materials preparation and particle size

Non-parboiled brown rice was donated by the Josapar company
(Pelotas, Rio Grande do Sul, Brazil). Corn grits were purchased at a
local food market (Rio de Janeiro, RJ, Brazil). Each raw material was
milled separately into flour on a knife-hammer mill using a sieve
with a 1 mm opening (TREU, S~ao Paulo, Brazil). The particle size
distribution of the brown rice flour and the corn meal flour was
determined by sifting 100 g of each flour for 10 min through a plan
sifter equipped with seven sieves (Ro-Tap RX 29-10, Ohio, USA)
with different opening sizes (420, 300, 250, 180, 150, 105 and
75 mm), according to ASAE Standards method S319.2 (1995).
2.2. Amino acid profile and essential amino acids score

In order to characterize the raw materials, the amino acid pro-
files of the brown rice and corn meal flour were determined in
duplicate according to the AOAC (2005) method 994.12, and
quantification of amino acids was performed using a high perfor-
mance liquid chromatograph (HPLC) (Alliance Waters 2695 -
Massachusetts, USA) with fluorescence detection (Alliance Waters
2475 - Massachusetts, USA). The essential amino acids score (EAAE)
was calculated with reference to the standard recommended by the
FAO/WHO for children 2e5 years old, children 10e12 years old, and
adults (FAO, 1985). The score calculation and interpretation of re-
sults are consistent with the methodology of Pires, Oliveira, Rosa,
and Costa (2006) (Equation (1)).
EAEE ¼ mg amino acids=g of protein
FAO�WHO recommendationðmg amino acids=g of protein
2.3. Dough preparation and extrusion processing

Brown rice and corn meal flours were mixed in proportions
established by the experimental design (Table 1) to obtain 1 kg of
the total mixture. Flour moisture content was determined in order
to establish the amount of added water necessary to adjust the
moisture content of the blend to the required levels of
26.59e43.41 g/100 g. Additionally, 1.5 g/100 g of an emulsifier was
added to each mixture (monoglyceride Nu-Rice - Ribus, Inc., St.
Louis, MO, USA), both relative to the total flour. The final blends
were held for 18 h under refrigerated conditions (4 �C) in a sealed
plastic bag prior to the extrusion process.

The extrusion process was performed in a single-screw extruder
Brabender 20DN DSE coupled to a module 330 Food Torque
Rheometer (Duisburg, Germany). The feed rate of 2.5 kg/h and
screw speed of 80 rpm were held constant throughout the process
at a pressure of 9e11 MPa. The screw configuration was L/D 1:2
(compression ratio) and included a laminar die with a 1 mm
aperture flat sheet head and a 2 cm width, with temperature
regulation performed by a corresponding Brabender® Circulatory
System. The extrusion trials were started after the equilibrium
temperatures of the feed zone (zone 1¼50 �C) and transition (zone
2 ¼ 60 �C) zone were reached, and these temperatures remained
constant throughout the process. In the third zone, temperature
variations were applied according to the experimental design
(Table 1). The extrudates were collected 3 min after the start of
processing, when the product reached equilibrium with respect to
temperature and homogeneous material and was free of bubbles
and beads on the surface. After extrusion, the pasta was cut into
pieces with lengths of 15e20 cm (using scissors) and dried at 40 �C
and 80e85% RH for 1 h in an air circulation oven (Fabbe-Primar e
S~ao Paulo, Brazil). After the drying process, the pasta was held in-
side the oven for another 15min at 70% RH. The pasta samples were
cooled at room temperature until they reached a moisture content
of approximately 12 g/100 g. The samples were placed in individual
sealed plastic bags and stored at room temperature until analysis.
These drying conditions were set in preliminary tests.
2.4. Pasting properties

The pasting properties of the extruded samples were analysed
in duplicate using a Rapid Visco Analyzer (RVA Super-4 model,
Newport Scientific Pvt. Ltd, Australia). The viscosity profiles were
recorded using sample suspensions consisting of 3.0 g (14 g of
water/100 g) of a samplemilledwith a Pertenmill model and 25mL
of water. The sample was held at 25 �C for 2 min, heated to 95 �C
(held for 3 min) and cooled to 25 �C, and the test was completed
within 20 min. The heating and cooling phases were performed
with a temperature gradient of 6 �C/min. The values of the peak
viscosity (PV), breakdown (BD), final viscosity (FV) and setback (SB)
were expressed in Pascal-seconds (Pa.s). For the RVA, samples with
particle sizes between 125 and 250 mm were used.
2.5. Cooking quality

The pasta samples were subjected to cooking tests in duplicate
according to AACC method 16e50 (AACC, 2000) and were
Þ (1)



Table 1
Full experimental design and results** of pasting properties and cooking properties of brown rice and corn meal flour pasta samples.

Coded variables* Decoded variables PV (Pa.s) BD (Pa.s) FV (Pa.s) SB (Pa.s) OCT (min) WI (g/100 g) VI (g/100 g) CL (g/100 g)

Treatments X1 X2 X3 T
(�C)

M (g/
100 g)

CF (g/
100 g)

1 �1 �1 �1 70 30 20 0.655 0.248 1.900 1.493 8.00 205.65 66.67 5.33
2 1 �1 �1 90 30 20 0.617 0.101 1.408 0.891 7.00 216.75 66.67 6.24
3 �1 1 �1 70 40 20 0.393 0.053 1.514 1.175 5.20 208.77 66.67 11.27
4 1 1 �1 90 40 20 0.395 0.005 1.104 0.714 5.45 235.17 66.67 22.30
5 �1 �1 1 70 30 40 0.641 0.255 1.616 1.263 6.30 206.06 66.67 6.37
6 1 �1 1 90 30 40 0.598 0.080 1.331 0.813 6.30 213.78 66.67 6.40
7 �1 1 1 70 40 40 0.358 0.034 1.418 1.094 5.20 193.78 66.67 22.60
8 1 1 1 90 40 40 0.285 0.007 0.906 0.629 4.24 219.63 100.00 13.78
9 0 0 0 80 35 30 0.404 0.026 1.339 0.962 5.08 196.26 66.67 19.04
10 0 0 0 80 35 30 0.425 0.047 1.223 0.845 5.00 197.67 66.67 14.37
11 0 0 0 80 35 30 0.468 0.121 1.486 1.140 5.20 215.63 100.00 10.50
12 0 0 0 80 35 30 0.513 0.120 1.487 1.095 5.30 213.60 25.00 7.85
13 0 0 0 80 35 30 0.487 0.092 1.332 0.937 5.30 208.89 66.67 8.24
14 0 0 0 80 35 30 0.438 0.043 1.508 1.113 5.00 188.05 28.57 13.66
15 �1.682 0 0 63.2 35 30 0.410 0.033 1.557 1.181 6.40 194.85 50.00 16.92
16 1.682 0 0 96.8 35 30 0.309 0.056 0.541 0.288 7.00 208.82 25.00 10.44
17 0 �1.682 0 80 26.6 30 0.646 0.239 1.543 1.135 11.30 221.51 66.67 5.54
18 0 1.682 0 80 43.4 30 0.398 0.003 1.184 0.789 3.44 201.80 66.67 11.48
19 0 0 �1.682 80 35 13.2 0.550 0.031 1.800 1.281 6.00 205.59 33.33 4.97
20 0 0 1.682 80 35 46.8 0.396 0.047 1.366 1.017 5.50 205.53 80.00 13.96
Mean ±

standard
deviation
of the
central
point

e e e e e e 0.455 ± 0.04 0.074 ± 0.04 1.395 ± 0.11 1.015 ± 0.11 5.15 ± 0.14 203.35 ± 10.98 58.93 ± 28.07 12.28 ± 4.27

Pooled
standard
deviation

e e e e e e 0.007 0.007 0.05 0.05 0.09 0.36 0.35 0.46

Coefficient
of variation
(%)

e e e e e e 24.0 95.6 21.5 26.9 26.8 5.2 33.1 46.9

*X1: Temperature (T) (�C); X2: Moisture (M) (g/100 g of the total flour); X3: Cornmeal flour (CF) (g/100 g of the total flour). M:moisture; CF: cornmeal flour; PV: peak viscosity;
BD: breakdown; FV: final viscosity; SB: setback; OCT: optimum cooking time; WI: weight increase; VI: volume increase; CL: cooking loss.
**Data expressed as the mean of two replicates.
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characterized by optimum cooking time (OCTmin), weight increase
(WI g/100 g), volume increase (VI g/100 g) and cooking loss (CL g/
100 g). According to the approved method, the OCT was defined as
the time at which the white centre and core colour of ungelatinized
starch in the pasta strands disappeared. After cooking, the pasta
samples were cooled in cold water for 1 min and drained for 3 min
prior to analysis.

2.6. Sensory analysis

The best treatments selected from the cooking test were sub-
jected to an acceptability test using a 7-point hedonic scale to
evaluate the overall acceptability, flavour and taste, where
1 ¼ dislike extremely and 7 ¼ like extremely. For texture, an un-
structured scale rangewas used, where 1¼ very hard, 5¼ ideal and
9 ¼ very soft. In addition, purchase intention was evaluated using a
structured 7-point scale, where 1 ¼ certainly would not buy and
7 ¼ certainly would buy. To evaluate the influence of product in-
formation on the judging of sample quality, among the 80 panellists
who voluntarily agreed to participate in the study, half of the
assessmentwas performed blindly (without any information on the
product) and the other half with information supplied on the
nutritional composition and benefits of the pastas. Each sample
was cooked according to its OCT. After cooking, the samples were
drained, and a portion of approximately 100 g was served with
organic tomato sauce prepared with mild spices. The samples were
served in dishes, were monadic and randomly presented in booths
under white light, and accompanied by mineral water and the
product evaluation forms.
2.7. Instrumental texture

The best treatments selected from the cooking test were ana-
lysed for the “firmness” parameter (AACC, 2000; method 16e50).
The cooked pasta (OCT) texture was measured after cooling the
pasta in cold water for 1 min, draining the water, and resting for
10 min in a sealed container to avoid dehydration; the measure-
ments were collected using a TA-Texturometer XT2i (Stable Micro
Systems, Surrey, UK) interfaced with computer software. The
equipment was calibrated for a load cell of 5 kg. Operation of the
device was performed according to the model applied (maximum
force in compression), pre-test speed (0.5 mm/s), test speed
(0.17 mm/s), post-test speed (10.0 mm/s), distance (4.5 mm), and
trigger type (button, initial height of 5 mm). The cooked pasta was
cut into pieces of with lengths of 7 cm each prior to the test. Five
readings were collected for each treatment, and the results were
expressed in Newtons (N).

2.8. Proximate composition, amylose and mineral profile

The proximate composition of each raw material and the best
two treatments were determined in duplicate according to AOAC
(2005) standards: moisture (method 930.15), protein (method
990.03), lipids (method 920.39), ash (method 942.05) and fibre
(method 985.29). Total carbohydrates were calculated according to
difference (100 e moisture þ protein þ lipids þ ash). Energy was
calculated by considering (carbohydrate x 4.1 kcal) þ (protein x
4.1 kcal) þ (lipids x 9.3 kcal). The final result was converted to
kilojoule (kJ). The amylose contents of the brown rice and corn
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meal flours were determined according to the International Orga-
nization for Standardization (ISO) method nº 6647, 1987. The min-
eral composition of the raw material and the pastas (best
treatments) were measured in triplicate in a plasma emission
spectrophotometer ICP Spectroflama flame with the determination
made by atomic emission spectrometry after complete digestion of
the samples with nitric and perchloric acids, according to AOAC
(2005) method 999.11, item 1.9.09.

2.9. Regression modelling and statistical analysis

The results of the analysis with replicates were expressed in
terms of the mean, pooled standard deviation and coefficient of
variation. A 32 central composite response surface methodology was
used to show the effects of interactions of temperature
(63.2e80e96.8 �C), feed moisture (26.6e35e43.4 g/100 g) and corn
meal flour (13.2e30e46.8 g/100 g) on the cooking test variables of
the extrudates. Overall, 20 experimental runs were performed, each
with eight factorial points studied at three levels (�1, 0, þ1) and six
star corner points (two for each variable) using a ¼ 1.68 as a rot-
ability factor and six central points to meet the statistical design
requirements. Actual levels were selected according to preliminary
studies and literature data for suitable extrusion cooking. The entire
model included linear (L), quadratic (Q) and cross-product terms.
The effect of each term and the statistical significance of the response
variables were analysed from the standardized Pareto chart. Stu-
dent's t-test was performed to compare the means of two groups/
samples, and the Tukey test was used for additional groups/samples
at a confidence level of 95%. All analyses were performed using the
software Statistica version 10.0 (Statsoft Inc, Tulsa, OK, USA).

3. Results and discussion

3.1. Particle size distribution

After sieving, 84.2 g/100 g of the particles in the brown rice flour
fell within the size range of 300 and 150 mm (Table 2). Overall, corn
meal flour was thinner than brown rice flour, with 72.1 g/100 g of
the particles >420 but <180 mm. Additionally, corn meal presented
coarser particles than brown rice (12.6 g/100 g of the particles
remained on top of the 75 mm screen). Differences in particle size
distribution could affect the hydration process during cooking
(Islas-Rubio et al., 2014). Non-uniform granulation, in conjunction
with the presence of fibre, inhibited uniform hydration of the
material during mixing. In this case, it is desirable to extend the
mixing time of the dough components, but this could result in
decreased productivity of the line and consequently an increase in
production costs (Sobota, Rzedzicki, Zarzycki,& Kuzawinska, 2015).

3.2. Amino acid profile and essential amino acids score

The results of amino acid levels for BR flour were mostly similar
to those reported by Zhang, Rong, Shi, Wu, and Shi (2011) and Ning
et al. (2010) and the amino acid values for CM flour (Table 3) as
Table 2
Particle size distribution of brown rice and corn meal flour.

Sieve size (mm) Brown rice flour (g/100 g) Corn meal flour (g/100 g)

420 7.2 20.4
300 20.6 24.0
250 23.4 14.1
180 16.1 13.6
150 24.1 7.6
105 4.3 7.4
75 3.8 12.6
observed by Naves, Silva, Cerqueira, and Paes (2004). Cereals are
widely known in the literature to present limitations in some
essential amino acids such as lysine. Additionally, the amino acid
contents can vary according to the type of the cultivar, soil, relative
humidity, and climate, among other factors. According to the
essential amino acid scores, CM flour contained the amino acids
threonine, lysine, tryptophan and methionine þ cysteine to a
limited extent (score <1.00) for children 2e12 years old. Addi-
tionally, the amino acids valine and phenylalanine þ tyrosine were
noted as limited for children 2e5 years old. The amount of limited
amino acids decreased as the age group increased, e.g., for adults.
The BR, although a cereal, had a more complete amino acid content
and presented only the amino acids lysine and
methionine þ cysteine as limited for children 2e12 years old.
Although the amino acid content of the pasta has not been evalu-
ated, it is important to note that all heat treatment may promote a
reduction of amino acids retention in foods. Loss of essential amino
acids resulting from the Maillard reaction during the extrusion
process is the main concern in developing a nutritionally high-
quality product (Singh, Gamlath, & Wakeling, 2007). But, the
extend of modifications in nutritional properties of the extruded
product is largely dependent upon the feed mixture composition
and extrusion parameters (Cheftel, 1986). So, to attain greater
nutritional value, selection of raw materials is very important. For
Singh, Wakeling, and Gamlath (2007) lysine showed the lowest
retention (up to 40%), in extruded product made with egg and milk
protein (mixed with reducing sugars). Retention of other essential
amino acids varied from 80 to 100% (at 110 �C and 125 �C barrel
temperature; 13 g/100 ge23.5 g/100 g feed moisture). The same
level of lysine retentionwas observed by Noguchi, Mosso, Ayamard,
Jeunink, and Cheftel (1982) in soy protein-enriched starch biscuits.
It is important to point out that, for these authors, greater lysine
retention was found at a lower temperature and higher feed
moisture. So, usually to produce thermoplastic extruded pasta the
same conditions are required, as evidenced in the present study
(63.2 �C to 96.8 �C barrel temperature; 26.6 g/100 ge43.4 g/100 g
feed moisture). These authors attributed the addition of moisture
lowers the shearing, dissipation of mechanical energy, viscosity and
product temperature, thus causing high retention of amino acids.
Also, among the essential amino acids, die diameter may have a
significant effect on leucine. A larger die play a protective role not
only for leucine but also for other amino acids (Paes&Maga, 2004).

3.3. Pasting properties

The feed moisture content influenced all of the pasting prop-
erties of the extruded samples (Fig. 1). As the moisture content
increased, the PV, BD, FV and SB decreased. The PV is the maximum
paste viscosity achieved during the heating cycle. In this study,
increasing the moisture content up to 43.4 g/100 g and the corn
meal flour up to 46.8 g/100 g decreased the PV values (Fig. 1A). The
BD value corresponds to the PV minus the viscosity after the
holding period at 95 �C and was also influenced by the moisture
content (Fig. 1B). The FV is the paste viscosity achieved at the end of
the cooling cycle and is largely determined by the retrogradation of
soluble amylose upon cooling. In addition to moisture and corn
meal flour content, the FV values were influenced by the temper-
ature of the third zone. As the temperature increases (up to 96.8 �C),
the FV values tend to decrease (Fig. 1C). The setback (SB) viscosity is
the recovery of viscosity during cooling of cooked starch pastes and
is defined as FV minus the holding viscosity (Islas-Rubio et al.,
2014). Increases of temperature and moisture content during the
extrusion process decrease the SB values (Fig. 1D). This result
suggests that via the RVA analysis, the pasta samples are submitted
again to heating and cooling, and the starch that suffers



Table 3
Amino acid profiles and essential amino acid scores of children and adults for brown rice flour and corn meal flour.

Amino acids mg/g protein Pooled
standard
deviation

Coefficient of
variation (%)

FAO/WHO (1985)
Recommendations/day

Brown rice flour Corn meal flour

Brown rice
flour

Corn meal
flour

2e5
years
old

10e12
years
old

Adults Score
2e5
years
old

Score
10e12
years
old

Score
Adults

Score
2e5
years
old

Score
10e12
years
old

Score
Adults

Histidine 32.8 ± 0.9 21 ± 1 0.97 23.8 19 19 16 1.73 1.73 2.06 1.13 1.13 1.34
Threonine 35.5 ± 0.9 21 ± 1 0.97 27.9 34 28 9 1.05 1.27 3.95 0.63 0.77 2.38
Valine 52.6 ± 0.9 34 ± 1 0.97 26.2 35 25 13 1.50 2.11 4.05 0.98 1.37 2.64
Lysine 43.4 ± 0.9 20 ± 1 0.97 45.2 58 44 16 0.75 0.99 2.71 0.34 0.45 1.25
Isoleucine 38.1 ± 0.9 31 ± 1 0.97 13.6 28 28 13 1.36 1.36 2.94 1.12 1.12 2.42
Leucine 74 ± 2 87 ± 1 1.50 9.3 66 44 19 1.12 1.67 3.88 1.32 1.98 4.59
Tryptophan 14.4 ± 0.9 6 ± 1 0.97 42.8 11 9 5 1.32 1.61 2.89 0.52 0.63 1.14
Phenylalanine þ tyrosine 96 ± 2 54 ± 1 1.50 30.6 63 22 19 1.52 4.37 5.06 0.86 2.47 2.86
Methionine þ cysteine 22.3 ± 0.9 18 ± 1 0.97 11.9 25 25 17 0.89 0.89 1.32 0.74 0.74 1.09

Data expressed as the mean ± standard deviation of two replicates.

Fig. 1. Estimates of linear (L) and quadratic (Q) effects of the extrusion parameters (temperature, feed moisture and corn meal flour content) on the cooking properties of the
extruded samples (A: peak viscosity; B: breakdown; C: final viscosity; D: setback). 1Lby2L (effect of the interaction between temperature and feed moisture), 1Lby3L (effect of the
interaction between temperature and corn meal flour content), 2Lby3L (effect of the interaction between feed moisture and corn meal flour content). The line indicates the 95%
confidence level, and the factors with standardized effect values to the right of the line are statistically significant.
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gelatinisation and retrogradation during the extrusion process
might not undergo transformations during the test for which low
values of pasting properties are expected. However, if a pasta
sample presents a highly accessible starch, it means that a low level
of starch retrogradation has been induced by the extrusion process
and that a high amount of starch that could gelatinize and
retrograde is still present in the sample (Flores-Silva et al., 2015;
Mariotti et al., 2011), which probably did not occur in this study.
Moreover, the reduction of corn meal flour content might reduce
the total accessible starch content due to the amount of fibre pro-
vided by the brown rice and the reduction of amylose, which leads
to a reduction in the retrograded starch content and consequently



Fig. 2. Estimates of linear (L) and quadratic (Q) effects of the extrusion parameters (temperature, feed moisture and corn meal flour content) on the cooking properties of the
extruded samples (A: cooking time; B: weight increase; C: volume increase; D: cooking loss). 1Lby2L (effect of the interaction between temperature and feed moisture), 1Lby3L
(effect of the interaction between temperature and corn meal flour content), 2Lby3L (effect of the interaction between feed moisture and corn meal flour content). The line indicates
the 95% confidence level, and the factors with standardized effect values to the right of the line are statistically significant.
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the FV and SB values. The addition of emulsifiers might have
contributed to FV values because they have the ability to bind to the
surrounding amylose molecules them and thereby reduce the
retrogradation capacity. A positive correlation was found between
PV and SB (r ¼ 0.577; p < 0.05), and a stronger correlation was
found between PV and FV (r ¼ 0.685; p < 0.05).

3.4. Cooking quality

3.4.1. Optimum cooking time (OCT)
Overall, the OCTof the treatments ranged from 3.44 to 11.30min

(Table 1). According to the Pareto charts, it was found that the
moisture content of the dough had a higher impact on the OCT of
the pastas (Fig. 2A). However, for combiningmoisturewith the corn
meal flour content, the OCT tends to follow a positive trend, thus
increasing this parameter (Fig. 2A). Starch hydration properties can
be greatly affected by the extrusion parameters. When starch
granules are heated in the presence of water, the hydrogen bonds
that hold the structure will weaken, thus allowing the granules to
absorb water and swell. If a high amount of starch is already
gelatinized, the swelling power weakens, and absorbed water is not
held by the pasta strands (W�ojtowicz & M�oscicki, 2009). In other
cases, the increase in the OCT after pre-gelatinisation could repre-
sent the macroscopic result of the greater ability of “exposed” hy-
drophilic groups to bind water molecules and form a gel (Lai &
Cheng, 2004). Furthermore, the greater presence of corn meal
flour content increases the total starch content available in the
mixture, which could cause an increase in the OCT of the pasta. No
impact was observed of the extruder temperature on the cooking
time of the pastas. These results are important because the use of
higher temperatures produces higher energy costs and thus a costly
final product.

3.4.2. Weight and volume increases (WI/VI)
None of the extrusion parameters were significantly affected by

the results ofWI and VI (Figs. 2B and C). Overall, the pasta increased
to twice its size on average (Table 1), which is desirable for these
products. The process used for certain commercial pasta does not
usually allow for complete gelatinisation of the starch granules
once they are produced by cold extrusion. Therefore, the gelatini-
sation process and the majority of the WI will occur during the
cooking process. Extruded pastas showed a VI between 25 and
100 g/100 g (Table 1). According to Hummel (1966), values between
200 and 300 g/100 g are considered satisfactory. However, it is
important to note that many current studies have focused on the
development of pastas using non-conventional raw materials,
generally with more fibre content and/or proteins, which can lead
to a decrease in the weight and volume.

3.4.3. Cooking loss (CL)
The CL represents a measure of pasta quality that expresses its

resistance to disintegration upon boiling. Dry noodles that feature
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up to 6 g/100 g solid loss are considered quite good, up to 8 g/100 g
are considered regular, and above 10 g/100 g are considered poor
(Hummel, 1966). Only the moisture content contributed exten-
sively to the variation of CL, causing an increase in this parameter
(Fig. 2D). The same observation was reported by Gimenez et al.
(2013). The CL depends on the degree of starch gelatinisation and
the strength of the retrograded starch network surrounding the
gelatinized starch (Resmini & Pagani, 1983). A portion of the
gelatinized starch material can act as a binder to form a structure
that is less susceptible to hydrolysis, thus causing less CL (Marti,
Caramanico, Bottega, & Pagani, 2013). For Marti et al. (2010), rice-
based pasta produced by conventional extrusion process had CL
of 15.9 g/100 g. The pasta produced from brown rice (without
addition of other flours) had 11.5 g/100 g of CL. For these authors,
the cooking quality of pasta obtained from brown rice appeared
less affected by the processing conditions. In this study, pasta
produced with the higher content of brown rice flour (86.8 g/100 g)
presented the lowest CL (T19: 4.97 g/100 g). In gluten-free pasta,
solid loss during cooking is mostly due to solubilization of loosely
bound gelatinized starch from the surface of the product (Resmini
& Pagani, 1983), as observed for treatments with up to 22 g/100 g of
CL (Table 1). Additionally, because of the lack of a gluten network,
starch polymers are less efficaciously entrapped in the matrix,
resulting in a product with a high CL, up to three-four times greater
than that of the semolina sample (Marti et al., 2013). However, it is
important to note that the conditions applied during extrusion
cooking created a more continuous and less soluble structure, ac-
counting for the low CL (approximately 4 and 8 g/100 g) in selected
treatments (Table 1). A negative correlation was observed between
the CL and OCT values (r ¼ �0.455; p < 0.05).

3.5. Sensory analysis

Based on the results of the cooking test, two samples were
selected by taking into account the content of BR and CM in the
formulation and in combination with minor amounts of CL. Thus,
the T5 treatment was selected due to the higher content of corn
meal associated with a lower CL content. Additionally, the T19
sample was selected due to its higher brown rice content and
lowest CL. According to Table 4, no significant difference was noted
between the means of samples T5 and T9 for all items, except for
texture (the group of panellists with information), whereas the T5
sample showed the texture nearest to the ideal (according to the
individual assessment of each panellist based on the scale provided
during the sensory test). In comparing the mean between groups
(with and without information), no significant differences were
noted. In this case, the provision of information on the sampled
Table 4
Sensory analysis of brown rice flour and corn meal flour pastas.

Characteristics T5

Taste (no information) 6 ± 2
Taste (with information) 6 ± 2
P-value (between groups) 0.914927
Texture (no information) 4 ± 2
Texture (with information) 5 ± 2
P-value (between groups) 0.527025
General Acceptability (no information) 6 ± 2
General Acceptability (with information) 6 ± 2
P-value (between groups) 0.925810
Purchase intention (no information) 4 ± 2
Purchase intention (with information) 4 ± 2
P-value (between groups) 0.481455

* Significant (P < 0.05). Treatments: T5: pasta containing 60 g/100 g of brown rice flour an
and 13 g/100 g of corn meal flour.
- Data expressed as the mean ± standard deviation of 80 evaluations by the judges.
products did not influence the judgment of the volunteers. The
general acceptance of the pastas had an average of “like moder-
ately” on the rating scale. However, it is worth noting that the use of
raw materials with higher fibre content in the pasta promotes a
general reduction in sensory characteristics (Aravind, Sissons, Egan,
& Fellows, 2012). However, these types of products have a place in
the consumer market because they meet the needs of a specific
target audience.

3.6. Instrumental texture

According to the results, it is evident that the T5 sample showed
higher firmness compared with the T19 sample (Table 5). Rice-
based pasta processed via extrusion cooking tends to show a dra-
matic increase in consistency. The high shear stress and tempera-
ture seemed to favour the formation of a strengthened starchy
network involving the majority of starch macromolecules with a
positive effect on the texture of cooked pasta (Marti et al., 2013).
The T19 treatment has a higher content of brown rice and conse-
quently a higher fibre content, which can reduce the firmness of the
product due to the difficulty of aggregating the raw materials and
difficulty in forming hydrogen bonds with water molecules avail-
able (Marti et al., 2010).

3.7. Proximate composition, amylose and mineral profile

An increase in the content of lipids, ash and fibre was observed
with increasing BR flour in the pasta (Table 5). The same trend was
observed by Sobota et al. (2015) for addition of wheat bran in pasta
developed by extrusion cooking. The lipid content of BR and CM
extruded pasta was higher than that of wheat bran pasta produced
by Sobota et al. (2015); however, the fibre content evidenced in this
study was lower. The increase in the share of high-fibre material
with a simultaneous decrease in the content of starchmight cause a
reduction in the degree of complexation of lipids (Wang,
Klopfenstein, & Ponte, 1993). However, the amounts disclosed
herein are higher than those of GF pasta made with white rice and
corn meal, which is available at the Brazilian market (2.2 g/100 g;
data available from the label of the product in the national market).
The ideal starch for the production of pasta must provide a good
content of amylose with high retrogradation tendency (Ormenese
& Chang, 2002). After analysis, the amylose content of the brown
rice flour was 16.4 g/100 g starch, similar to that reported by Wu
and Shi (2004). Kohlwey, Kendall, and Mohindra (1995) suggest
that starch values greater than 22 g amylose/100 g are considered
intermediate and typical of rice varieties that are best suited to the
production of pasta. However, in this study, corn meal flour
T19 P-value (between samples)

6 ± 1 0.125611
6 ± 2 0.912760

0.184993
4 ± 1 0.195025
4 ± 2 0.022837*

0.726161
6 ± 2 0.183139
6 ± 2 1.000000

0.201069
4 ± 2 0.280784
4 ± 2 0.839647

0.634030

d 40 g/100 g of corn meal flour; T19: pasta containing 87 g/100 g of brown rice flour



Table 5
Results of the instrumental texture analysis of the pastas (T5 and T19): proximate composition and mineral profile (db) of the brown rice flour, the corn meal flour and the
extruded pastas.

Pastas made by extrusion Pooled standard deviation Coefficient of variation (%)Determinations Brown rice flour Corn meal flour

T5 T19

Instrumental texture
Firmness (N) e e 227a ± 17 145b ± 2 6.8 22.9
Chemical composition
Moisture (g/100 g) 11.1a±0.6 10.61a±0.04 10.8a±0.6 10.9a±0.6 0.51 4.0
Protein (g/100 g)* 7.6a±0.1 7.0a±0.1 7.4a±0.3 7.5a±0.3 0.21 3.7
Lipids (g/100 g) 2.6a±0.0 0.51c±0.02 1.8b ± 0.1 2.31a±0.03 0.04 45.6
Ash (g/100 g) 1.4a±0.0 0.2c±0.1 0.9ab ± 0.1 1.2a±0.1 0.08 50.4
Fiber (g/100 g) 6.2a±0.1 2.1c±0.1 2.9c±0.1 4.2b ± 0.1 0.13 42.5
Total carbohydrates (g/100 g)** 77.3b ± 0.8 81.62a±0.01 79.1b ± 0.1 78.1b ± 0.5 0.46 2.1
Energy (kJ/100 g) 1520a±11 1504.6b ± 0.5 1518a±10 1519a±11 9.15 0.6
Calcium (mg/100 g) 9.7a±0.2 1.2c±0.1 5.91b ± 0.02 8.41a±0.00 0.12 55.1
Copper (mg/100 g) 0.24a±0.01 0.22a±0.01 0.20a±0.00 0.25a±0.02 0.01 9.6
Iron (mg/100 g) 1.03ab ± 0.03 0.13c±0.01 1.44b ± 0.08 1.95a±0.02 0.03 62.6
Phosphorus (mg/100 g) 303a±2 25.1c±0.2 181.0b ± 0.2 244.8ab ± 0.3 0.98 58.8
Magnesium (mg/100 g) 128.2a±0.6 6.5d ± 0.1 77.5c±0.2 107.0b ± 0.3 0.38 61.5
Manganese (mg/100 g) 2.71a±0.01 UD 1.51b ± 0.01 2.21a±0.01 0.01 23.3
Potassium (mg/100 g) 237.4a±0.8 17c±2 164.31b ± 0.01 200.8ab ± 0.4 1.06 57.6
Zinc (mg/100 g) 1.81a±0.01 0.2c±0.00 0.71b ± 0.03 1.22a±0.03 0.02 62.9

* Factor used to convert nitrogen into protein: For brown rice flour (5.95), for corn meal flour (6.25).
** Calculated by difference (100 - [moisture þ protein þ lipid þ ash]). UD: under the detection limit. Treatments: T5: pasta containing 60 g/100 g of brown rice flour and 40 g/
100 g of cornmeal flour; T19: pasta containing 87 g/100 g of brown rice flour and 13 g/100 g of cornmeal flour. Firmness: themaximum strength necessary to pack the sample.
- Data expressed as the mean ± standard deviation of five replicates for instrumental texture and two replicates for the chemical composition.
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displayed starch contents of 22 g amylose/100 g. In accordancewith
the analysed mineral profile (Table 5), the BR flour showed higher
contents of calcium, iron, phosphorus, magnesium, manganese,
potassium and zinc compared with CM flour. The analysed mineral
contents for BR flour are similar to those reported by the US
Department of Agriculture (USDA, 2004). In extruded pasta, the
addition of BR flour contributed positively to the content of the
analysed minerals.

4. Conclusions

The use of BR in extruded products still presents a challenge,
especially in the manufacture of GF pasta. From a nutritional point
of view, the use of BR is considered an important gain, especially for
consumers suffering from celiac disease. The extrusion-cooking
process caused strong interactions among the pasta components.
Consequently, certain treatments, such as T5 (40 g/100 g CM, 70 �C,
30 g/100 g moisture) and T19 (13.2 g/100 g CM, 80 �C, 35 g/100 g of
moisture), showed low cooking losses, but T5 produced better
texture evaluation (sensory and instrumental). However, sample
T19 with greater BR content had better nutritional composition.
Attention should be paid to the initial moisture content in the flours
because this parameter significantly affects the development of the
quality of essential characteristics in the pasta samples, considering
the experimental conditions of this study. Due to the reduced
supply of gluten-free products on the market and because they are
products with low fibre content, the next challenge will be to
improve brown rice pasta cooking properties by modulating the
amount of all ingredients, especially those rich in fibre, to make
them suitable for producing GF pasta with low cooking losses and,
at the same time, a consistency similar to that of semolina pasta
without the addition of additives, which increases the production
costs.
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a b s t r a c t

Soy protein hydrolysates are often rejected by consumers due to their unpleasant bitter taste. In the
present study, soy protein isolate (SPI) was hydrolyzed using five proteases and combinations thereof to
prevent bitterness. Hydrolysis was performed as one- and two-step process and the extent of hydrolysis
was evaluated by SDS-PAGE and degree of hydrolysis analyses. Enzymatic hydrolysis performed as both,
one- and two-step process, increased the degree of hydrolysis from initially 2.1% up to 30%. Most pep-
tides generated were < 20 kDa and major soybean allergens (glycinin, b-conglycinin) were effectively
degraded as shown by SDS-PAGE and liquid chromatography mass spectrometry (LC-MS/MS) analyses.
The bitterness of SPI hydrolysates was evaluated by a sensory panel on a 10-cm continuous scale, ranging
from 0 (no perception) to 10 (strong perception). Bitterness of the resulting hydrolysates was remarkably
reduced to a minimum of 1.3 compared to unhydrolyzed SPI with a bitterness intensity of 2.8. Hydro-
lysates showed increased protein solubility at both pH 4.0 and 7.0, emulsifying capacity up to 810 mL g�1

and foaming activity up to 2706%. The study shows that enzyme combinations are an effective approach
to produce hypoallergenic soy hydrolysates that combine low bitterness and superior techno-functional
properties.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Soybean (Glycine max (L.) MERR.) is the most important valuable
crop that provides the largest source of vegetable protein to human
diet. Particularly, soy protein isolates are often favoured as func-
tional and nutritional ingredients due to the high protein content
(ca. 90%).

However, consumption of soy-containing food products can
cause severe and even fatal allergic reactions such as anaphylactic
shock. The Food and Agriculture Organization of the United Nations
(FAO) listed soybean as one of the eight priority allergens (“big 8”)
which comprises those foods that cause 90% of all Immunoglobulin
E (IgE)-mediated allergies (FDA, 2004). At least 16 IgE-binding soy
proteins have been characterized, but only the two storage proteins
Gly m5 (b-conglycinin) and Gly m6 (glycinin) have been suggested
x: þ49 8161 491 444.
e (P. Meinlschmidt).
to be the major fractions containing allergens (Amnuaycheewa &
de Mejia, 2010; FARRP, 2015; Holzhauser et al., 2009).

In recent years, the need to control soybean allergy by methods
other than avoidance has spurred the development of new tech-
nologies, including genetic modifications as well as thermal and
non-thermal treatments (Shriver & Yang, 2011; Verhoeckx et al.,
2015). An effective approach to reduce the allergenicity of soy-
bean is the enzymatic hydrolysis, which has already been proven in
numerous studies using selective proteases from animal, plant or
microbial origin (Wilson, Blaschek, & de Mejia, 2005; Yamanishi
et al., 1996). Generally, enzymatic hydrolysis is widely applied to
upgrade the functional features, including solubility, foaming and
emulsifying properties (Ortiz & Wagner, 2002; Tsumura et al.,
2005).

However, protein hydrolysates are accompanied by the forma-
tion of bitter peptides, which impedes their utilization as food in-
gredients. The bitterness of hydrolysates is due to the release of low
molecular weight peptides composed of mainly hydrophobic
amino acid residues (Ishibashi et al., 1988; Ney, 1979; Seo, Lee, &
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Baek, 2008). Thus, the prevention, reduction, or elimination of
bitter taste is essential to make the hydrolysates acceptable to
consumers.

Effective debittering methods, however, have not yet been
successfully developed. Numerous options have been investigated
in the debittering of food protein hydrolysates including selective
separation or adsorption of bitter peptides such as treatment with
activated carbon, extraction with alcohol, isoelectric precipitation,
and chromatography (Saha & Hayashi, 2001). The bitterness in
hydrolysates was also masked via the addition of various agents
such as polyphosphates, specific amino acids and through the
admixture with intact proteins (FitzGerald & O'Cuinn, 2006; Sujith
& Hymavathi, 2010; Sun, 2011). Debittering via transpeptidation of
specific amino acids by T-plastein reaction in addition to cross-
linking using microbial transglutaminase as well as the modifica-
tion of taste signaling have also been conducted (Sun, 2011).

Much effort has been made in peptidase-mediated debittering
of protein hydrolysates that means an enzymatic hydrolysis of
bitter peptides with, particularly exo-peptidases such as amino-
peptidases, alkaline/neutral proteases and carboxypeptidases. A
reduction in bitterness has been observed in proteinase hydrolysis
of food proteins during concomitant or subsequent incubationwith
exopeptidase-rich enzyme preparations which cleave adjacent to
hydrophobic amino acid residues (Chae, In,& Kim, 1998; FitzGerald
& O'Cuinn, 2006).

Although many studies have been applied in either the reduc-
tion of the allergenicity or the debittering of hydrolysates, literature
on an effective enzyme combination for sufficiently reducing both
allergenicity and bitterness, while improving the techno-functional
properties, is not available.

The present study was conducted to investigate (1) the effec-
tiveness of different enzyme combinations on the degradation of
the major soybean allergens (glycinin, b-conglycinin), (2) their ef-
fects on the bitter taste, and (3) the techno-functional properties of
the resulting hydrolysates. Protein degradation was evaluated by
determining the degree of hydrolysis as well as electrophoresis
(SDS-PAGE) and mass spectrometry (LC-MS/MS) analyses. A spe-
cific emphasis has been given to the debittering effect of enzyme
combinations. The effects on the techno-functional properties
(protein solubility, emulsifying capacity, foaming activity, density,
and stability) were also studied.

2. Materials and methods

2.1. Raw materials and chemicals

Soybeans (G. max (L.) MERR.) were purchased from Naturkost
Ernst Weber (Munich, Germany). Alcalase® 2.4 L FG (2.4 AU-A/g,
endoprotease from Bacillus licheniformis), Flavourzyme® 1000 L
(1000 LAPU/g, endo- and exoprotease from Aspergillus oryzae), and
Neutrase® 0.8 L (0.8 AU-N/g, endoprotease from Bacillus amyloli-
quefaciens) were kindly provided by Novozymes A/S (Bagsvaerd,
Denmark). Papain (cysteine-protease from papaya latex) (�10
units/mg, E.C. 3.4.22.2, Sigma no P4762) was purchased from Sig-
maeAldrich Inc. (St. Louis, U.S.A) and Corolase® 7089 (850 UHb/g,
endopeptidase from Bacillus subtilis) was kindly provided by AB
Enzymes GmbH (Darmstadt, Germany).

All chemicals used were of analytical grade and obtained from
Th. Geyer GmbH & Co. KG (Renningen, Germany) if not stated
separately.

2.2. Preparation of soy protein isolates (SPI)

Soy protein isolate (SPI) was prepared from soybean seeds (G.
max. (L.) MERR.) as previously described by Meinlschmidt,
Sussmann, Schweiggert-Weisz, and Eisner (2016).

2.3. Enzymatic hydrolysis of SPI

For the experiments, five different commercially available food-
grade enzymes were used. These protease preparations are
commonly used in the food industry for the production of protein
hydrolysates. Reaction conditions (50 �C and pH 8.0) were chosen
according to producers' application sheet. The dosage of 0.5%, 0.05%
and 1% for endo- and exoproteases has been applied according to
unpublished preliminary experiments.

Enzymatic hydrolysis was performed with various enzyme
combinations (Table 1) in thermostatically controlled reactors.
Therefore, SPI was dispersed in deionized water at a protein con-
centration of 5% (w/w) and adjusted to 50 �C and pH 8.0 with 1 M
NaOH prior to enzyme addition. A total volume of 1000 mL was
used for the proteolysis reaction. Hydrolysis was performed either
as one-step or two-step process and 10 enzyme combinations were
carried out using various endo- and exoproteases (Table 1). The
enzyme concentrations used were 500 LAP-U/g for Flavourzyme,
0.6 AU-A/g for Alcalase, 212.5 UHb/g for Corolase 7089, 0.2 AU-N/g
for Neutrase and �250 units/g for Papain, which correspond to an
enzyme to substrate ratio (E/S) of 1% (v/w), 0.5% (v/w), 0.5% (v/w),
0.5% (v/w) and 0.05% (w/w) of the total protein, respectively.

For the one-step process, enzymes were simultaneously added
to the vessel and SPI was digested for 4 h, while aliquots were taken
after 30, 120, and 240 min. During the two-step process, an endo-
protease was applied in the first hydrolysis stage for pre-digestion
(see Table 1). After 1 h incubation, Flavourzyme (1% v/w) was added
for subsequent debittering by additional hydrolysis for another 2 h
and aliquots were taken after 30, 120, and 240 min. During hy-
drolysis, the mixture was stirred, while the pH-value and temper-
ature were maintained constantly.

Hydrolysis was stopped by heat treatment at 90 �C for 20 min.
Control dispersions (no enzyme addition) were prepared under the
same incubation conditions and heat inactivation treatment. All
samples were frozen at �50 �C and lyophilized (BETA 1e8, Martin
Christ Gefriertrocknungsanlagen GmbH, Germany). Experiments
were performed in duplicate.

2.4. Determination of protein degradation due to enzymatic
hydrolysis

2.4.1. Degree of hydrolysis (DH) using the o-phthaldialdehyde (OPA)
method

The DH of all samples was calculated in triplicate (n ¼ 3) by
determining the free a-amino groups with o-phthaldialdehyde
(OPA) using serine as standard according to Nielsen, Petersen, and
Dambmann (2001).

2.4.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

The molecular weight distribution of the samples was deter-
mined according to Laemmli (1970) using SDS-PAGE under
reducing conditions. The sample preparation and gel running
conditions were chosen as described elsewhere (Meinlschmidt
et al., 2016). Protein visualization was performed by Criterion
Stain-Free Gel DocTM EZ Imager (Bio-Rad).

2.5. Protein identification by liquid chromatography tandem mass
spectrometry (LC-MS/MS)

2.5.1. Sample preparation for LC-MS/MS analysis
Protein separation was performed using SDS polyacrylamide gel

electrophoresis (SDS-PAGE). The soy protein isolatewasmixedwith



Table 1
Combination of protease preparations for SPI hydrolysis.

Process System Endoprotease (E/S %) Exoprotease (E/S %)

Alcalase Corolase 7089 Neutrase Papain Flavourzyme

One-step S1 0.5 e e e 1
S2 e 0.5 e e 1
S3 0.5 0.5 e e 1
S4 0.5 0.5 0.5 e 1
S5 0.5 e 0.5 e 1
S6 e 0.5 0.5 e 1
S7 e e e 0.05 1

Two-step S8a 0.5 e e e 1
S9a e 0.5 e e 1
S10a e e e 0.05 1

a SPI was hydrolyzed for 1 h with the endoprotease and after 1 h the exoprotease Flavourzyme was added and hydrolysis was continued.
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1� Laemmli Buffer and incubated for 5 min at 95 �C and proteins
were alkylated by adding acrylamide and incubation at room
temperature (RT) for 30 min. An aliquot of 10 mL (z50 mg protein)
was loaded onto a 4e20% precast gel (Mini-PROTEAN® TGX™ Gels
4e20%,10-well comb, Bio-Rad Laboratories) and the separationwas
performed at 200 V for 35 min using a Mini-PROTEAN® Tetra Cell
(Bio-Rad Laboratories). After electrophoresis the proteins were
visualized by staining with Coomassie Brilliant Blue (PageBlue™
Protein Staining Solution, Thermo Fisher Scientific). The gel lane
was manually cut into 20 slices and each slice was subsequently cut
into 1 mm3 gel pieces. Gel pieces were destained twice with 100 mL
50% (v/v) acetonitrile (ACN, Merck KGaA), 20 mM ammonium bi-
carbonate (ABC, SigmaeAldrich Chemie GmbH) at 37 �C for 30 min
and dehydrated with 100 mL 100% ACN at RT for 10 min. Excess
solvent was removed using a vacuum centrifuge (SAVANT DNA120
SpeedVac Concentrator, Thermo Fisher Scientific) for 30 min. The
dried gel pieces were rehydrated in 20 mL 10 ng/mL trypsin solution
(Trypsin NB Sequencing Grade, SERVA Electrophoresis GmbH) for
1 h on ice and 50 mL 10% (v/v) ACN, 20 mM ABC were added. The
digestion was performed over night at 37 �C by gently mixing
(350 rpm) and stopped by addition of 5 mL 10% (v/v) ACN, 0.5% (v/v)
trifluoroacetic acid (TFA, J.T. Baker) for 30 min at RT. The superna-
tants were transferred into fresh reaction tubes (Safe-Lock Tubes,
Eppendorf AG) and peptides were extracted twice using 20 mL 10%
(v/v) ACN, 0.2% (v/v) TFA for 5 min at RT. The extracts were com-
bined with the supernatants and dried in a vacuum centrifuge. The
dried peptide extracts were redissolved in 30 mL 2% (v/v) ACN,1% (v/
v) TFA by shaking at 600 rpm for 30 min. After centrifugation at
13,000 � g for 10 min (Centrifuge 5417 C, Eppendorf AG) 20 mL of
each sample were transferred into HPLC-vials prior to MS-analysis.

2.5.2. LC-MS/MS analysis
Nano-LC-ESI-MS/MS analysis was performed as described

recently (Schr€oder, Rohrbeck, Just, & Pich, 2015; Zeiser, Gerhard,
Just, & Pich, 2013) using a nano-flow ultra-high pressure liquid
chromatography system (RSLC, Thermo Fisher Scientific) coupled
online to an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific). An adequate amount of the proteolytic digests of the
protein samples were injected and preconcentrated on a reversed
phase trapping column (Acclaim PepMap®, C18 particle 3 mm size,
2 cm length, 75 mm i.d., pore size 100 Å, Thermo Fisher Scientific) at
a flow rate of 6 mL/min with 0.1% (v/v) TFA in 5 min, followed by a
separation on a 50 cm reversed phase separating column (Acclaim
PepMap® RSLC nanoViper, C18 particle 2.4 mm size, 50 cm length,
75 mm i.d., pore size 100 Å, Thermo Fisher Scientific). The peptides
were eluted with a multi-step binary gradient (solvent A: 0.1% (v/v)
formic acid (FA, Merck KGaA), solvent B: 0.1% (v/v) FA 80% (v/v)
ACN) at a flow rate of 250 nL/min.

MS survey scans were acquired in a mass range of m/z
300e1600 at a resolution of 60,000 at 400 m/z in the orbitrap
analyzer. The 10 most intense ions were selected for CID frag-
mentation (MS/MS) with a normalized collision energy of 38 in the
ion trap, taking into account a minimum intensity of 2000 counts
and a dynamic exclusion of 10 s.

Raw MS data were processed using the software PEAKS Studio
(Version 7.0, Ma et al. 2003) and searched against G. max
UniProtKB/Swiss-Prot database. Proteins were stated identified by a
false discovery rate of 0.01 on protein and peptide level and a
minimum number of five unique peptides.

2.6. Determination of the chemical composition and techno-
functional properties

2.6.1. Chemical composition
The protein and dry matter content was determined as

described by AOAC methods using a protein calculation factor of
N � 6.25 (AOAC, 2005a, 2005b).

2.6.2. Techno-functional properties
2.6.2.1. Protein solubility. Protein solubility of the samples was
determined at pH 4.0 and 7.0 following the method of Morr et al.
(1985).

2.6.2.2. Emulsifying capacity. The emulsifying capacity (EC) was
determined in duplicate as suggested byWang and Johnson (2001).

2.6.2.3. Foaming properties. Foaming activity was determined ac-
cording to Phillips, Haque, and Kinsella (1987). The foaming density
was measured by weighing a specified quantity of foam volume.
The ratio of foam volume to foam weight was defined as foaming
density in g L�1. The foaming stability was estimated as the percent
loss of foam volume after 60 min.

2.7. Bitterness evaluation of SPI hydrolysates

Bitterness of all samples was quantified as previously described
in Meinlschmidt et al. (2016). A ten-member sensory panel (7 fe-
male, 3male) had been screened and trainedwith caffeine solutions
over two months (1 h per session, twice a week) according to DIN
10959. An Alcalase hydrolysate (E/S 0.5% v/w, production condi-
tions: pH 8.0, 60 �C, 180 min without pH adjustment) at different
solution concentrations was chosen to assess bitterness
(Meinlschmidt et al., 2016). A 10-cm continuous scale anchored
from 0 (no perception) to 10 (strong perception) was taken for
bitterness evaluation. For scale-calibration, Alcalase hydrolysates
with concentrations of 1.0 and2.5 g L�1 (w/w)were estimatedby the
panel to correspond to bitter intensities of 5 and 10, respectively.

For sample evaluation, SPI hydrolysates were mixed with tap



Fig. 1. Hydrolysis curves of the two-step process enzyme combination systems S8
(Alcalase þ Flavourzyme), S9 (Corolase 7089 þ Flavourzyme), and S10
(papain þ Flavourzyme). Results are expressed as means ± standard deviation.
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water to a protein equivalent of 2.5 g L�1 (w/w) and the pH was
adjusted to pH 7.0 with 1 M NaOH. The samples (10 mL) were
randomly presented to the panel in small plastic cups, which were
coded by arbitrary numbers (three-digits). At each session (per-
formed in 10 sessions, 1 h each) the panel was firstly supplied with
the reference solutions containing 1.0 and 2.5% Alcalase hydroly-
sate. Panellists were instructed to assign bitterness scores to the
samples (eight samples per session) on the 10-cm continuous scale.
Water and plain crackers were served for palate cleansing in be-
tween. Each panellist did a monadic evaluation of the samples at
individual speed. Sensory evaluation was at least performed in
duplicate (n ¼ 2).

2.8. Statistical analysis

All data are expressed as means ± standard deviation from at
least two independent experiments. Chemical data were analyzed
using one-way Analysis of variances (ANOVA) and means were
generated and adjusted with Bonferroni post hoc test. Sensory data
were also subjected to ANOVA followed by Tukey's honestly sig-
nificant difference (HSD) post hoc test. Statistical analysis was
performed with SPSS 20.0 (SPSS for windows: SPSS Inc. Chicago, IL,
USA) and probability p < 0.05 indicated statistically significant
differences.

3. Results and discussion

The experiments were divided into two parts, first various
enzyme combination systems S1eS10 (Table 1) were screened to
find a proper combination for the hydrolysis of SPI (dry matter
94.4%; protein content 94.6%), while producing a low bitter taste.
Based on these results, individual hydrolysates were analyzed in
more detail, including the techno-functional properties.

3.1. Screening of different enzyme combination systems

3.1.1. Effect on protein degradation

3.1.1.1. Degree of hydrolysis (DH). The DH can give an initial indi-
cation for the reduction of allergenic compounds as enzymatic
hydrolysis involves the cleavage of peptide bonds, resulting in a
breakdown of the intact protein into peptides (Sujith & Hymavathi,
2010).

The DH was monitored during hydrolysis of SPI and the results
are shown in Table 2 and Fig. 1. Native SPI had a DH value of 2.1%,
whereas the DH significantly (p < 0.05) increased in the course of
hydrolysis.
Table 2
Degree of Hydrolysis (DH) (%) of hydrolyzed SPI by different protease combinations obta

Process System Degree of hydrolysis (%)

Time of hydrolysis (min)

0 30 60 90

One-step S1 2.1 ± 0.0a 11.6 ± 0.3b e e

S2 2.1 ± 0.0a 10.1 ± 1.6b e e

S3 2.1 ± 0.0a 15.5 ± 1.3b e e

S4 2.1 ± 0.0a 15.2 ± 0.4b e e

S5 2.1 ± 0.0a 22.2 ± 1.1b e e

S6 2.1 ± 0.0a 10.0 ± 0.5b e e

S7 2.1 ± 0.0a 9.0 ± 0.3b e e

Two-step S8 2.1 ± 0.0a e 11.1 ± 0.3b 19.1
S9 2.1 ± 0.0a e 4.1 ± 0.1b 10.6
S10 2.1 ± 0.0a e 5.2 ± 0.1b 11.2

Results are expressed as means ± standard deviation. Means followed with different supe
to one enzyme combination system (one-way ANOVA, Bonferroni).
Among the one-step process hydrolysates, S5 reached the
highest DH value of about 29.9% after 4 h, followed by S3, S4, and S1
with DH values of 28.9%, 27.3%, and 23.6%, respectively. These hy-
drolysates were prepared with enzyme combination systems con-
taining Alcalase. Meinlschmidt et al. (2016) hydrolyzed SPI with
single enzyme, but the same reaction conditions and a DH value of
about 13% was reached after 2 h of hydrolysis with Alcalase. In
contrast, hydrolysis for 2 h with a combination containing Alcalase
increased the DH up to 26.9% (S6). The lowest DH values of 16.8%,
16.0%, and 14.0% after digestion for 4 h were found for S2, S6, and
S7, respectively.

The two-step enzyme combinations S8eS10 resulted in a low
initial hydrolyzation rate during the first hour of pre-digestion as
evidenced by low DH values (Table 2 and Fig. 1). After the addition
of Flavourzyme, the hydrolyzation rate increased rapidly during the
initial stage. The cleavage of peptide bonds by the endopeptidases
increases the number of end peptide sites for the action of the
exoprotease Flavourzyme. S8, a combination of Alcalase and Fla-
vourzyme, results in the highest DH value of 30% after 5 h, while S9
and S10 had lower DH values of about 16.7% and 14.2%, respectively.
3.1.1.2. Electrophoretic (SDS-PAGE) and mass spectrometry (LC-MS/
MS) analyses. SDS-PAGE profiles of native SPI, references and
selected SPI hydrolysates are exemplarily shown in Fig. 2. As shown
ined by the screening trials.

120 180 240 300

21.5 ± 1.7c e 23.6 ± 0.2c e

13.5 ± 1.6b,c e 16.8 ± 1.6c,d e

24.7 ± 1.3c e 28.9 ± 0.8d e

22.3 ± 0.8c e 27.3 ± 0.8d e

26.9 ± 1.6c e 29.9 ± 0.2c e

14.1 ± 0.5c e 16.0 ± 0.5d e

12.0 ± 0.1c e 14.0 ± 0.3d e

± 0.6c e 25.0 ± 0.7d e 30.0 ± 0.2e

± 0.4c e 14.4 ± 0.2d e 16.7 ± 0.1e

± 0.2c e 13.5 ± 0.1d e 14.2 ± 0.9d

rscript letters (a,b,c,d,e) within each line are significantly different (p < 0.05) relating



Fig. 2. SDS-PAGE patterns of SPI hydrolysates prepared with commercial available proteases in combination (screening). M- Molecular weight standard indicated in kilo
Dalton (kDa); SPI- soy protein isolate; Ref-reference of each protease (no enzyme addition); Electrophoresis was carried out with 4e20% polyacrylamide gradient gels. a0-, a- and b-
subunits of b-conglycinin; “A” and “B”: acidic and basic subunit of glycinin.
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in Fig. 2A, native SPI and the reference presented characteristic
electrophoretic patterns for soy proteins: The first three bands are
a0 (~72 kDa), a (~68 kDa), and b (~53 kDa) subunits of b-conglycinin
(Gly m5), followed by glycinin (Gly m6), which is composed of the
acidic (“A”, ~29e33 kDa) and basic subunit (“B”, 18e22 kDa)
(Amnuaycheewa & de Mejia, 2010).

Gel-based LC-MS/MS analyses of native SPI were additionally
performed to further verify the identity and presence of the two
major soy allergens b-conglycinin and glycinin, including their
subunits (Fig. 3 and Table 3). Therefore, a total of 20 protein slices,
consisting of both abundant and less abundant proteins were
selected, digested with trypsin and analyzed. Data listed in Table 3
include selected slices and the corresponding subunits of major soy
allergens, the accession number of the proteins as in G. max
UniProtKB/Swiss-Prot database, protein confidence score (�10 lgP),
number of high-confidence supporting peptides, number of high-
confidence supporting peptides that are uniquely mapped to the
protein as well as the sequence coverage. Although a few additional
proteins have been identified, the subunits of b-conglycinin and
glycinin represent the proteins with the highest score and number
of supporting peptides within the assigned gel slices (see Fig. 3,
Fig. 3. SDS-PAGE pattern of native SPI. Excised protein bands used for LC-MS/MS
identification of the subunits of b-conglycinin and glycinin. M e Molecular weight
standard indicated in kilo Dalton (kDa); SPI e soy protein isolate; the gel lane was cut
into 20 slices as indicated by red rectangles. Each slice was analyzed separately in
order to determine the location of the proteins of interest.
slices 6, 7, 9, 11, 12, 15).
LC-MS/MS analysis of trypsin-digested 72, 68, and 53 kDa pro-

teins indicated that these proteins were the a0 (alphaprime)-, a
(alpha)-, and b (beta)-subunits of b-conglycinin, having a high
sequence coverage of 74, 62, and 84%, respectively. Furthermore,
the high score values ranging from 402.64 to 463.36 gives an
extremely high level of confidence that this identification is correct.
The acidic and basic subunits of glycinin are represented as full-
length proteins within the database. Therefore, differentiation of
the location of the acidic and basic polypeptide chains in the SDS-
PAGE was performed based on the respective sequence coverage
and number of supporting peptides and confirmed by the high
score �10 lgP values (Table 3). Hence, the acidic polypeptide chains
(A1eA5) were identified with higher sequence coverage (see
Table 3, sequence coverage 71e91%) and a larger number of high
confident peptides in slices 11 and 12, whereas the basic poly-
peptide chains (G1eG5) were identified with high confidence in
slice 15, corresponding to a molecular mass of 29e33 and
18e22 kDa, respectively.

Already after 30 min of hydrolysis with S1, b-conglycinin was
completely decomposed and small amounts of glycinin remained
within 4 h. Glycinin “A” was partially hydrolyzed, whereas glycinin
“B” was more resistant. S3 (Fig. 2B), S4 (data not shown), and S5
(Fig. 2C) showed similar profiles than S1, but were more effective as
glycinin “A” was instantly hydrolyzed after 2 h. Profiles of S2 (data
not shown), S6 (Fig. 2D), and S9 (Fig. 2G) were merely the same and
exhibit a low activity against Gly m6. Gly m5 diminished within the
first 30 min, and almost completely vanished after 3 h (S9) and 4 h
(S2 and S6).

The most effective combinations were the two-step systems S8
and S10, hydrolyzing all allergens to a greater degree and most of
the peptides obtained after 60 min of pre-digestion were <20 kDa.
After the addition of Flavourzyme, the SDS-PAGE only slightly
changed. Peptides released after pre-hydrolysis were further hy-
drolyzed by the exo-proteases of Flavourzyme, which cleave small
peptides at the end of proteins, leading to no visible effect on the
electrophoretic profile.

SDS-PAGE profile of S7 (Fig. 2E) showed great changes in the
molecular weight distribution, but being less effective than S10
(Fig. 2H). It is noteworthy that SDS-PAGE results of S7 (one-step)
and S10 (two-step), both combinations of papain and Flavourzyme,
showed visible differences in the electrophoretic profiles. These
findings suggest that enzymes might compete and negatively affect
each other, when hydrolyzing concomitantly. The same trend can
be found for S1 and S8, where the two-step process seems to be
more effective in hydrolyzing soybean allergens.

3.1.2. Effects on the bitterness
One of the attributes that reduces the consumer acceptance of

protein hydrolysates is the presence of a strong bitter taste due to
the presence of lowmolecular weight peptides composed of mainly
hydrophobic amino acids (Ney, 1979; Saha & Hayashi, 2001).
Bitterness was evaluated by a sensory panel on the basis of the 10-
cm continuous scale (Table 4).

Native SPI showed a bitterness score of 2.6. With an exception of
the hydrolysates prepared with enzyme combinations containing
Alcalase (S1, S3, S4, S5, and S8), the bitterness of all hydrolysates
remained widely unchanged within the first hour of hydrolysis
compared to native SPI, but clearly tend to decrease at the end of
hydrolysis.

All hydrolysates generated with combination systems contain-
ing Alcalase (S1, S3, S4, S5, and S8) reached higher bitterness scores
up to 7.9 (S8). These results may be expected when the DH values of
Alcalase containing hydrolysates were considered. It has previously
been shown that hydrolysate bitterness increases with increasing



Table 3
Identification of the subunits of b-conglycinin and glycinin in native SPI using LC-MS/MS analysis.

Slice Protein (subunit) Accession# Score �10 lgP # Peptides # Unique peptides Sequence coverage (%)

6 a0 subunit b-conglycinin P11827 463.36 188 169 74
7 a subunit b-conglycinin P13916 402.64 56 47 62
9 b subunit b-conglycinin P25974 412.70 123 109 84
11 acidic subunit (A3) glycinin G5 P04347 368.98 84 72 79
12 acidic subunit (A1) glycinin G1 P04776 423.36 125 90 91

acidic subunit (A2) glycinin G2 P04405 400.02 95 51 92
acidic subunit (A) glycinin G3 P11828 360.06 69 34 90
acidic subunit (A4,5) glycinin G4 P02858 395.39 66 58 71

15 basic subunit glycinin G1 P04776 508.83 129 87 85
basic subunit glycinin G2 P04405 471.94 113 78 88
basic subunit glycinin G3 P11828 431.35 67 35 71
basic subunit glycinin G4 P02858 522.81 116 85 73
basic subunit glycinin G5 P04347 436.32 71 40 73

Accession: The accession number of the protein as in database.
Score (¡10lgP): The protein confidence score; p: probability.
#Peptides: The number of high-confidence supporting peptides.
#Unique peptides: The number of high-confidence supporting peptides that are uniquely mapped to the protein. Unique peptides with the same sequence but different
modifications are only counted once in this number.
Sequence coverage: The percentage of the protein sequence covered by supporting peptides./ Explanations given by the Software PEAKS (User Manual)

Table 4
Sensory perception (bitterness) of hydrolyzed SPI by different proteases of the screening trials.

Process System Bitterness intensity

Time of hydrolysis (min)

0 30 60 90 120 180 240 300

One-step S1 2.6 ± 0.9a 4.1 ± 1.3a,b e e 4.6 ± 1.5b e 4.5 ± 1.5b e

S2 2.6 ± 0.9a 3.0 ± 1.6a e e 3.7 ± 1.5a e 2.6 ± 2.2a e

S3 2.6 ± 0.9a 3.8 ± 1.3a,b e e 5.7 ± 1.0c e 4.9 ± 1.6b,c e

S4 2.6 ± 0.9a 4.6 ± 1.8b e e 3.8 ± 1.4a,b e 6.4 ± 1.6c e

S5 2.6 ± 0.9a 5.4 ± 1.4b e e 4.6 ± 1.4b e 4.0 ± 1.4a,b e

S6 2.6 ± 0.9a 2.1 ± 1.6a e e 2.5 ± 1.6a e 2.5 ± 1.7a e

S7 2.6 ± 0.9a 3.4 ± 1.6a e e 2.4 ± 1.2a e 2.3 ± 1.5a e

Two-step S8 2.6 ± 0.9a e 7.9 ± 1.8b 6.3 ± 1.2b,c e 4.9 ± 1.5c,d e 3.4 ± 1.5a,d

S9 2.6 ± 0.9a e 4.4 ± 1.6a 2.0 ± 1.5a e 3.2 ± 1.5a e 1.9 ± 1.6a

S10 2.6 ± 0.9a e 2.4 ± 1.5a 2.6 ± 1.5a e 1.9 ± 1.5a e 2.1 ± 0.8a

Results are expressed asmeans ± standard deviation. Means followedwith different superscript letters (a,b,c,d) within each line are significantly different (p < 0.05) relating to
one enzyme combination system (one-way ANOVA, Tukey's HSD).
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DH (Barry, O'Cuinn, Harrington, O'Callaghan, & FitzGerald, 2000).
According to the findings, this hypothesis cannot be entirely
confirmed as the bitterness score of hydrolysate S8 decreased in the
course of hydrolysis to a minimum of 3.4 (5 h), while the DH
increased from 11.1% to 30%. However, the DH values were the
highest among all combinations tested, which means that bitter-
ness can be expected to be high at high DH values.

Hydrophobicity, primary sequence, spatial structure, molecular
weight, and bulkiness of peptides have been studied as possible
influences in bitter taste of hydrolysates (Kim, Kawamura, Kim, &
Lee, 2008). Several research groups found that Alcalase has the
tendency to hydrolyze at hydrophobic amino acid residues, which
cause a high bitterness (Adler-Nissen, 1986; Ishibashi et al., 1988).
Reduction in bitterness might be due to the fact that Flavourzyme is
a mixture of endo- and in particular exo-peptidase activities, which
selectively release N-terminal amino acid residues, degrading bitter
peptides.
3.2. Effects of selected enzyme combinations on the potential
allergenicity, technofunctionality and sensory properties

Enzymatic hydrolysis with enzyme combination systems S3, S4,
S5, S6, S7, S9, and S10 were repeated with respect to a less bitter
taste and an effective degradation of the major soy allergens. The
time of hydrolysis for each combination was chosen individually to
find a proper reaction condition and enzyme combination for hy-
drolyzing SPI (Table 5). In addition, the techno-functional proper-
ties in terms of protein solubility, emulsifying capacity, foaming
activity as well as foaming density, and stability were examined.

3.2.1. Effect on the protein degradation

3.2.1.1. Degree of hydrolysis (DH). The results of the DH values were
in accordance with the screening trials (see 3.1). The highest DH
values of about 31.0%, 22.0%, and 21.6%, respectively, could be ob-
tained by S3, S4, and S5. Lower DH values of 15.8%,14.7%, 13.0%, and
11.9% were achieved after incubation with S9, S7, S6, and S10,
respectively.

3.2.1.2. Electrophoretic analysis (SDS-PAGE). In addition to the SDS-
PAGE profiles (Fig. 2), individual bands of glycinin and b-con-
glycinin were quantified by Image Lab™ software. SPI hydrolysis
was expressed as percentage of disappearance of the protein frac-
tion bands with respect to native SPI fractions (Table 5).

Enzyme combinations S3, S4, S5, S7, and S10were most effective
in the overall degradationwith proteolytic activities of 95.8%, 98.1%,
97.6%, 97.9%, and 99.5%, respectively. These combinations
completely hydrolyzed b-conglycinin subunits and glycinin “A”,
whereas glycinin “B” was affected with varying degrees (Fig. 2 and
Table 5). The hydrolysate generated with S6 showed a less effective
overall proteolytic activity of about 83.8%, evidenced by SDS-PAGE



Table 5
Degradation of SPI main allergen fractions by different proteases. Results are expressed as means ± standard deviation. Means followedwith different superscript letters (a,b,c)
within each column are significantly different (p < 0.05) following one-way ANOVA (Bonferroni).

Process System Time of hydrolysis (min) Soy protein isolate (% hydrolyzed)a Total average

b-Conglycinin Glycinin

a0 a b A B

One-step S3 30 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 79.2 ± 0.8a 95.8 ± 0.4a

S4 120 100.0 ± 0.0a 100.0 ± 0.0a 100. 0 ± 0.0a 100.0 ± 0.0a 90.5 ± 1.0b 98.1 ± 0.4b

S5 240 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 88.0 ± 1.3b 97.6 ± 0.6b

S6 120 79.6 ± 1.0b 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 39.3 ± 0.9c 83.8 ± 0.4c

S7 240 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 89.7 ± 0.9b 97.9 ± 0.4b

Two-step S9 300 67.6 ± 0.7c 100.0 ± 0.0a 27.9 ± 0.1b 60.7 ± 0.3b 25.8 ± 0.2d 56.4 ± 0.1d

S10 90 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 100.0 ± 0.0a 97.6 ± 0.4e 99.5 ± 0.2b

a, a0 , b: main fractions of b-conglycinin.
A: acidic fraction of glycinin.
B: basic fraction of glycinin.
a: % of hydrolysis of each main fraction of soy protein isolate treated with different enzyme combination systems with respect to those of SPI without treatment.
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analysis (see Fig. 2G). The a and b subunit of b-conglycinin and
glycinin “A”were completely degraded, whereas the a0 subunit and
glycinin “B”were only reduced by 79.6% and 39.3%, respectively. S9
showed the smallest changes as the overall proteolytic activity was
56.4%.
3.2.2. Effects on the bitterness
The panel was asked again to evaluate the bitter taste of the

hydrolysates on the basis of the 10-cm continuous scale and the
results are presented in Fig. 4.

Native SPI was judged with a bitterness intensity of 2.8. The
bitter taste, bitterness score 4.0, of S3 was not significantly
(p < 0.05) higher than that of native SPI, whereas the hydrolysates
generated with S4 and S5 resulted in significantly (p < 0.05) higher
bitterness of 4.3 and 4.3, respectively. Instead, enzyme combina-
tions containing no Alcalase preparation led to significantly lower
bitterness intensities of 1.3 (S6 and S7), 1.6 (S10) and 2.2 (S9). As
previously outlined, incubation of SPI with an enzyme combination
containing Alcalase resulted in the highest bitterness. This fact was
expected, because Alcalase was known to produce a strong bitter
taste due to the release of bitter peptides, which are mainly
composed of hydrophobic amino acid residues (Seo et al., 2008).
Meinlschmidt et al. (2016) found a bitterness score of 8.2 for a
Fig. 4. Bitterness intensities of SPI and SPI hydrolysates. Each value is expressed as
means ± standard deviation scored on a 10-cm line scale, ranging from 0 (no
perception) to 10 (strong perception), by ten panellists. Means followed with different
superscript letters (a,b,c) are significantly different (p < 0.05, 10 panellists) following
one-way ANOVA (Tukey's HSD).
hydrolysate obtained only by Alcalase, whereas an enzyme com-
bination containing Alcalase facilitated a bitter intensity of 4.0 (S3).

In addition, the panel judged all protein hydrolysates as having
good organoleptic properties in terms of less intense beany and
green smell and taste, which are commonly negative attributes
associated with soybean products (profile analysis, data not
shown).
3.2.3. Effects on the technofunctionality
Soy protein hydrolysates are used in foods as functional and

nutritional ingredients, and enzymatic hydrolysis is one of themost
efficient methods for modifying the functional properties (Ortiz &
Wagner, 2002).
3.2.3.1. Protein solubility. Protein solubility is considered a key
functional property since good solubility is a prerequisite for the
formation of foams and emulsions. The results are represented
graphically as a function of pH 4.0 and 7.0 in Fig. 5.

The minimum solubility of 5.0% of native SPI was detected at pH
4.0, near the isoelectric point of soybean proteins, but was signifi-
cantly (p < 0.05) higher after hydrolysis with all enzyme combi-
nation systems. Enzyme combinations containing Alcalase (S3, S4
and S5) had the highest solubility at pH 4.0 of 70.3%, 79.9% and
87.0%, respectively, whereas the other systems had a solubility
Fig. 5. Solubility of SPI and SPI hydrolysates at pH 4.0 and pH 7.0. Results are
expressed as means ± standard deviation. Means followed with different superscript
letters (a,b,c,d,e,f) are significantly different (p < 0.05) following ANOVA (Bonferroni).
*indicates the solubility at pH 7.0.
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between 36.0% and 41.9%. At pH 7.0 a generally higher solubility
could be measured. Native SPI had a solubility of 44.0%. Applying
S3, S4, S5 and S6 caused a solubility of 80.5%, 85.7%, 91.6% and
86.0%, respectively. These enzyme combinations were most effec-
tive in the reduction of the molecular weight thereby creating
smaller peptides. Adler-Nissen (1986) and Ortiz andWagner (2002)
introduced that the release of smaller peptides and the corre-
sponding increase in ionizable groups such as amino and carboxyl
groups, which can interact with water molecules, are responsible
for enhanced solubility.
3.2.3.2. Emulsifying properties. Native SPI had an EC of 660 mL g�1,
while all hydrolysates, except hydrolysates generated with S3, S4
and S5, showed a significantly (p < 0.05) enhanced EC. The EC
increased to 810 mL g�1, 750 mL g�1, 700 mL g�1, and 693 mL g�1

after hydrolysis with S10, S6, S7, and S9, respectively. Enzymatic
hydrolysis has already been shown by several studies to improve
the emulsifying properties (Wu, Hettiarachchy, & Qi, 1998). The
increased EC may be due to the degradation of large protein mol-
ecules, exposure of hydrophobic groups and enhanced protein
solubility, wherefore protein surface activity was improved,
resulting in a better emulsifying activity (Wu et al., 1998). S3
showed an EC of about 645 mL g�1, which is comparable to native
SPI. However, the EC of hydrolysates prepared with S4 and S5
decreased to 560mL g�1 and 480 mL g�1, respectively, whichmight
be due to a high content of small peptides, negatively affecting
protein film formation since a minimum peptide length is desirable
for an effective proteineprotein interaction.
3.2.3.3. Foaming properties. Table 6 summarizes the foaming
properties. Foaming activity of all hydrolysates was remarkably
improved up to 2706% (S3), which is nearly 4-times higher than
that of native SPI (552%). Due to hydrolysis, more flexible and low-
molecular weight aggregates were formed. As a consequence,
peptides could transfer to the airewater interface more rapidly and
the proteineprotein interaction improved the strength of the
viscoelastic cohesive film, dropping the surface tension efficiently
(Tsumura et al., 2005). The compact structure of native SPI mole-
cules led to a lower transferring-speed of proteins to the airewater
interface, lowering the foaming activity.

S6 and S9 had the lowest foaming activity of about 1522% and
1576%, respectively. There is an evidence of a trend towards
increased foamability when b-conglycinin faded and glycinin
became dominant (Tsumura et al., 2005). This might explain the
lower foamability of S6 and S9, which were less effective in
degrading b-conglycinin as evidenced by SDS-PAGE analysis (Fig. 2
and Table 5).

The results of the foaming stability and density indicated no
Table 6
Foaming properties (activity, density, and stability) of SPI and SPI hydrolysates.

Process System Foaming activity Foaming stability Foaming density

(%) (%) (g L�1)

e SPI 552 ± 5a 90 ± 0a 215 ± 5a

One-step S3 2706 ± 0b 16 ± 0b 34 ± 0b

S4 2395 ± 0c 0 ± 0c 30 ± 0c

S5 2173 ± 0d 0 ± 0c 29 ± 0d

S6 1522 ± 2e 80 ± 0d 65 ± 0e

S7 2016 ± 0f 80 ± 0d 45 ± 0f

Two-step S9 1576 ± 0g 66 ± 0e 59 ± 0g

S10 2173 ± 5d 88 ± 0f 41 ± 0h

Results are expressed as means ± standard deviation. Means followed with different
superscript letters (a,b,c,d,e,f,g,h) within each column are significantly different
(p < 0.05) following one-way ANOVA (Bonferroni).
improvement compared to native SPI (Table 6). The most stable
foam was achieved with S10 (88%), which is near to that of native
SPI (90%), followed by S6, S7, S9, and S3 with 80%, 80%, 66%, and
16%, respectively. The hydrolysates prepared with S4 and S5
exhibited no foaming stability (foam decomposes directly after
whipping), which might be due to excessive hydrolysis of proteins,
leading to a reduced ability of polypeptides to interact at the
airewater interface so that less viscoelastic films will cause
decreased foaming stability (Martinez, Sanchez, Ruiz-Henestrosa,
Patino, & Pilosof, 2007). Some larger protein components were
essential for stable foams, which are indeed not present in S4 and
S5 due to excessive hydrolysis (SDS-PAGE, Fig. 2 and Table 5).

4. Conclusions

The study was conducted to investigate the effects of enzymatic
hydrolysis with various enzyme combinations on the potential
allergenicity, technofunctionality, and sensory properties of SPI.
The results revealed that hydrolysis with enzyme combinations
turned out to be a great approach for enhancing the DH, thereby
degrading the major soybean allergens, while improving the
techno-functional properties. However, SDS-PAGE and the DH are
indirect methods to investigate the reduction of the allergic po-
tential. Therefore, further research should be conducted to get
detailed knowledge of the allergen structure. Epitope-specific an-
tibodies against soy allergens should be developed to assess the
residual immunoreactivity using enzyme-linked immunosorbent
assays (ELISA). In addition, sera from soy allergy suffering people
could be useful in different immunoblots to get a deep insight in
soy protein allergy. A specific emphasis has been given to the utility
of enzyme combinations for debittering SPI hydrolysates, which
was indeed successfully achieved, decreasing the bitter taste to a
minimum of 1.3 (S6 and S7, see Fig. 4). According to the results, the
two-step combination system S10 (papain þ Flavourzyme) turned
out to be the most appropriate enzyme combination to address a
low level of intact allergenic proteins, low bitter taste, and superior
techno-functional properties. Besides the organoleptic tests, the
analysis of bitter peptides e their characterization and quantifica-
tion e might be of particular importance to get a deeper insight in
the enzyme assisted hydrolytic reactions.
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a b s t r a c t

Red tilefish is a popularly consumed saltwater fish in East Asian countries. However, the commercial
value of undersized or damaged fish is very low. Moreover, because of its softness, red tilefish meat is not
readily utilized in seafood products. Its utilization as a raw material for gel products such as unwashed
fish mince represents an attractive way to increase the commercial value of red tilefish. Thus, the effect of
endogenous proteases on the heat-induced gel-forming ability of red tilefish meat was investigated.
Heat-induced gels could not be obtained at between 30 and 80 �C. Proteolysis including myosin heavy
chain (MHC) degradation markedly occurred at between 40 and 70 �C. Proteolysis was inhibited and gel-
forming ability was improved in the presence of EDTA, 1,10-phenanthroline, benzamidine or SBTI. The
inhibitor mix (1,10-phenanthroline, benzamidine and SBTI) significantly enhanced the gel-forming ability
more than using single inhibitors. These results indicated that one of the dominant proteases contrib-
uting to MHC degradation was a trypsin-like serine protease. Metal ion-activated proteases likely played
an important role in myofibrillar protein degradation. From the above, it was concluded that red tilefish
meat can be utilized as a raw material of gel products by suppressing endogenous protease activities.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Tile fishes are found world-wide from warm temperate to
tropical marine waters (Dooley & Iwatsuki, 2012). Red tilefish
(Branchiostegus japonicus) represents one of the most important
fisheries resources in Japan, driving significant research in hatchery
science and resource management (Fujinami, Takeuchi, Tsuzaki, &
Ohta, 2003; Kitahara, 1985; Yamashita, Sakai, Katayama, & Tokai,
2011; Yamashita, Shiode, & Tokai, 2009). Red tilefish meat is a
highly palatable and popular foodstuff in East Asian countries
including Japan. However, themeat is very soft and crumbles easily,
making it difficult to process into seafood products. For these rea-
sons, red tilefish is mainly sold as a fresh fish. On the market, small-
sized (<30.0 cm in length) red tilefish are very inexpensivewhereas
large-sized fish command higher prices (Yamashita, 2004). There-
fore, processes that increase the utilization and value of small-sized
red tilefish in the seafood industry are required; however, little
research has been conducted on the food processing suitability of
red tilefish.

Fish gel products produced from surimi, such as kanikama and
kamaboko, are regarded as an effective way to utilize low-value red
tilefish, i.e., fish damaged during harvesting or processing and
those undersized, as a rawmaterial. Surimi-based foods such as fish
gel products are traded worldwide and consumption of these
products continues to increase. Moreover, the potential global
growth of these products is immense (Vidal-Giraud & Chateau,
2007). On the other hand, the annual catch of fishes such as wall-
eye pollock (Theragra chalcogramma) and pacific whiting (Merluc-
cius productus), which have historically been used as raw materials
of fish gel products, has fallen or leveled-off, necessitating the

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:osako@kaiyodai.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2016.01.022&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2016.01.022
http://dx.doi.org/10.1016/j.lwt.2016.01.022
http://dx.doi.org/10.1016/j.lwt.2016.01.022


K. Takahashi et al. / LWT - Food Science and Technology 68 (2016) 717e723718
sourcing and development of new raw materials (Bulatov, 2014;
Guenneugues & Ianelli, 2013). Therefore, the utilization of low-
value red tilefish as a raw material of fish gel products has the
potential to significantly increase its commercial value.

A number of steps are required to produce surimi. Normally, the
fish meat is minced and then washed sufficiently to improve the
quality, i.e., the texture and color, of surimi. Finally, it is mixed with
a cryoprotectant to prevent the freeze denaturation of proteins
(Osako, Hossain, Kuwahara, & Nozaki, 2005). However, nutrition-
ally useful components such as free amino acids are removed
during the washing step (Yoshie-Stark, Tsukamoto, Futagawa,
Kubota, & Ogushi, 2009). Additionally, large volumes of water are
needed at this step; this is an issue, as the production of wastewater
is an ongoing concern for the seafood industry. In response to these
concerns, the gel-forming ability of unwashed fish mince from a
variety of fish species has been studied (Chaijan, Benjakul,
Visessanguan, & Faustman, 2004; Kim et al., 1996; Macdonald,
Lelievre, & Wilson, 1990). It is well known that endogenous pro-
teases play an important role in the textural degradation of heat-
induced fish meat gels (An, Peters, & Seymour, 1996). Most alka-
line proteases are found in the sarcoplasmic fraction and these
proteases induce the degradation of myofibrillar proteins, which
are essential for heat-induced gelation of fish meat
(Yongsawatdigul, Hemung, & Choi, 2013). Thus, unwashed fish
mince may be more subject to endogenous proteases than surimi
produced using conventional washing, since the sarcoplasmic
fraction is easily removed during the washing step. Therefore, the
ability to utilize low-value red tilefish as unwashed fish mince is
anticipated by the seafood industry. Additionally, clarification of
the effects of protease inhibitors on heat-induced gel-forming
ability in unwashed red tilefish mince is needed to enhance its
suitability as a raw material of fish gel products.

The objective of our research was to develop a novel process to
increase the utilization and value of low-value red tilefish, i.e.,
undersized or damaged fish. This research aimed to clarify the heat-
induced gel-forming ability of red tilefish meat as well as the effect
of protease inhibitors on the gelation properties.

2. Materials and methods

2.1. Materials

Red tilefish caught in the East China Sea and landed in Nagasaki
prefecture, Japan was purchased from a local fish market in
December 2011. The fish was kept in ice and transported to our
laboratory in Tokyo University of Marine Science and Technology.
The average of total length and weight were 25.8 ± 5.2 cm and
230.1 ± 52.2 g, respectively (n ¼ 10). After the arrival, the fish was
manually skinned and deboned. The fish meat thus obtained was
minced by using a meat chopper (Meat Chopper M-22A, Nantsune
Co., Ltd., Osaka, Japan) and then well blended with 5% sucrose (w/
w) as a cryoprotectant. The minced meat was divided into small
portions of approximately 200 g and stored at�30 �C until use. The
minced meat was thawed overnight at 4 �C before use.

2.2. Chemicals

Ethylenediamine e N, N, N0, N0 e tetraacetic acid trisodium salt
trihydrate (EDTA), 1,10-phenanthroline monohydrate (1,10-
phenanthrolin), trypsin inhibitor from soybean (SBTI), benzami-
dine hydrochloride hydrate (benzamidine) and N-ethylmaleimide
(NEM) were obtained fromWako Pure Chemical Industries (Osaka,
Japan). Trans-Epoxysuccinyl-L-leucyl-amido (4-guanidino) butane
(E-64) and pepstatin A were purchased from Peptide Institute
(Osaka, Japan). “The inhibitor mix” was the mixture of 1,10-
phenanthrolin, benzamidine and SBTI. Final concentration of in-
hibitors is shown with results. All of the reagents were analytical
grade.
2.3. Proximate analysis and pH measurement

Fish meat was dried in an oven (DRA430DA, Advantech Toyo
Kaisha, Tokyo, Japan) at 105 �C to determine its moisture content
(Bhat & Karim, 2009). Crude ash content was measured according
to the method recommended by AOAC (1990). Total nitrogen con-
tent was measured by Kjeldahl method (AOAC, 1990), and the total
nitrogen content was multiplied by 6.25 to obtain crude protein
content. Crude lipid was determined by the method of Folch, Lees,
and Sloane-Stanley (1957). Crude carbohydrate content was
calculated from following equation (1):

Crude carbohydrateð%Þ ¼ 100� ðmoisture contentð%Þ
þ crude proteinð%Þ þ crude lipidð%Þ
þ crude ashð%ÞÞ

(1)

A 2 g of fishmeat was homogenizedwith ten times its amount of
ion-exchanged water (IEW) (w/w) and then centrifuged at
10,000�g, 4 �C for 5 min. The pH of supernatant was measured by
using a pH meter (F-72, Horiba, Kyoto, Japan).
2.4. Preparation of heat-induced gel

The heat-induced gel was prepared according to the method of
Osako, Kuwahara, and Nozaki (2003) with slight modification. The
minced fishmeat was groundwith IEW in a grinder (Ishikawa-shiki
no.20, Ishikawa Kojo, Tokyo, Japan) for 15 min, and then was
ground with 3.0% NaCl for further 15 min. Final moisture content of
the ground fish meat was adjusted to 81%. The ground fish meat
was shaped in stainless steel vessel (32.0 mm in diameter, 30.0 mm
in height) and stored in ice until heating. The ground fish meat was
put into water bathes for 20 min or 120 min at different temper-
atures between 30 and 90 �C at 10 �C intervals. After heating, the
samples were cooled in ice for 30 min.
2.5. Punctual test

Breaking strength (N) and breaking deformation (mm) of heat-
induced gel were measured by punctual test using a creep meter
(RHEONER2, Yamaden, Tokyo, Japan). A spherical plunger (5.0 mm
in diameter) was equipped and raising rate of sample table was
1mm/s. The geometry of the samples was 32.0mm in diameter and
30.0 mm in height. Temperature of the samples was kept at 5 �C to
prevent deteriorating of gel strength owing to proteolysis.
2.6. Temperature sweep test

Heat-induced gelation profile of red tilefishmeat wasmonitored
by temperature sweep test according to the method of Moreno
et al. (2015) with slightly modification. Briefly, the ground fish
meat was applied to a rheometer (HAAK MARS, Thermo Fisher
Scientific Inc., Massachusetts, USA) equipped with parallel-plate
geometry (35.0 mm in diameter; 1.0 mm in gap). The samples
were covered with a thin film of silicon oil to prevent water
evaporation. Temperature range was 10e90 �C with liner heating
rate (1 �C/min). Frequency and strain were fixed as 0.1 Hz and 0.5%,
respectively (within the linear viscoelastic region).
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2.7. Effect of protease inhibitors on proteolysis

A 2 g of fish meat was homogenized with 6 mL of 8% NaCl-
20 mM Hepes-NaOH (pH7.0). A 2 mL of homogenate was mixed
with 2 mL of protease inhibitor solutions. Final concentrations of
protease inhibitors are shown in Table 1 with results.

The mixtures were incubated in water bathes at 40 or 60 �C for
20 min. After incubating, they were cooled in ice immediately and
then blended with 2 mL of 15% trichloroacetic acid solution (TCA).
Samples blended with TCA were allowed to stand in ice for 30 min
and then centrifuged (10,000�g,10 min, 4 �C). TCA-soluble peptide
contents in the supernatants were measured by the method of
Lowry, Rosebrough, Farr, and Randall (1951). Inhibition (%) was
calculated from following equation (2):

Inhibitionð%Þ ¼ ðCC � CBÞ � ðCI � CBÞ
CC � CB

� 100 (2)

CI: TCA-soluble peptide content (mg/mL) in supernatant of heated
sample with protease inhibitor. Cc: TCA-soluble peptide content
(mg/mL) in supernatant of heated sample without protease inhib-
itor (control). CB: TCA-soluble peptide content (mg/mL) in super-
natant of unheated sample without protease inhibitor (brank).
2.8. Heat-induced gel preparation with protease inhibitors

Heat-induced gel with protease inhibitors was prepared as same
as heat-induced gel preparation without inhibitors as described
above. Protease inhibitors were added at first grinding step. Final
concentration of inhibitors is shown in Table 2.
2.9. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
analysis (SDS-PAGE)

SDS-PAGE was conducted according to the method of Laemmli
(1970) by using 10% or 5e20% commercial polyacrylamide gels
(e-PAGEL, ATTO Corporation, Tokyo, Japan). A 0.5 g of heat-induced
gels was dissolved in 20 mL of 20 mM TriseHCl (pH 8.8) e 2% so-
dium dodecyl sulphate (SDS) e 8 M urea e 2% 2-mercaptoethanol.
The polyacrylamide gel was stained in methanol/acetic acid/water
(30:10:60% v/v) containing 0.1% coomassie brilliant blue R-250, and
then destained in methanol/acetic acid/water (30:10:60% v/v).
PageRuler Unstained Protein Ladder (Thermo Fisher Scientific Inc.,
Massachusetts, USA) was used as a protein molecular weight
marker.
2.10. Solubility of heat-induced gels

Solubility (%) was determined as described by Benjakul,
Chantarasuwan and Visessanguan with slightly modification
(2003). A 0.5 g of heat-induced gels was dissolved in 20 mL of
20 mM TriseHCl (pH 8.8) e 2% SDS e 8 M urea e 2% 2-
mercaptoethanol. The solutions were centrifuged at 7,000 � g for
10 min. Protein concentration in the supernatants was determined
by using Pierce 660 nm protein assay reagent containing ionic
detergent compatibility reagent (Thermo Fisher Scientific Inc.,
Massachusetts, USA). Solubility (%) was calculated by following
formula (3):

Solubilityð%Þ ¼
�
PA
PB

�
� 100 (3)

PA: Protein concentration in supernatant after centrifuging (mg/
mL). PB: Protein concentration before centrifuging (mg/mL).
2.11. Statistical analysis

Statistical analysis was performed by using software (Excel
Toukei 2010, Social Survey Research Information Co., Ltd., Tokyo,
Japan). Statistical difference between mean values was established
at p < 0.05 with Tukey's test. Number of replications is shownwith
results.

3. Results and discussion

3.1. Proximate analysis and pH measurement

Moisture content and crude protein, lipid, ash and carbohydrate
of red tilefish meat without sucrose were 75.5 ± 1.6%, 18.9 ± 0.9%,
3.7 ± 0.5%,1.6 ± 0.3%, and 1.0%, respectively. The pH of the fish meat
was 7.1.

3.2. Heat-induced gel-forming ability and SDS-PAGE patterns

Red tilefish meat formed weak gels when heated at 90 �C. The
breaking strengthwhenheated for 20 and120minwas0.26±0.02N
and 0.50 ± 0.05 N, respectively. The breaking deformation when
heated for 20 and 120 min was 3.9 ± 0.3 mm and 5.6 ± 0.6 mm,
respectively. On the other hand, heat-induced gels from the fish
meatwere not obtainedwhen heated at between 30 and 80 �C (Data
not shown). As there were no clear breaking points, breaking
strength and breaking deformation could not be determined.

Shimizu, Machida, and Takenami (1981) studied the gel-forming
abilities of 49 different kinds of fish meat. According to the report,
the gel-forming characteristics depended on the fish species;
however, none of the fish meats had a low gel-forming ability
similar to red tilefish meat. Chen et al. (2012) also reported that
breaking strength and breaking deformation of commercial heat-
induced fish gel products were more than 2.0 N and 7.0 mm,
respectively. Thus, the heat-induced gel-forming ability of red
tilefish meat is extremely low and is considered highly unusual.
Additionally, it was indicated that red tilefishmeat cannot be utilize
as a raw material of gel products by conventional method.

SDS-PAGE patterns of the samples showed that proteolysis
occurred under all heating conditions (Fig. 1). Intense proteolysis
was observed and myosin heavy chain (MHC) was not detected at
40e70 �C. Additionally, proteolysis was strongly promoted and the
actin band intensity decreased dramatically when heated at 60 �C
for 120 min. It was considered that the proteolysis, including MHC
degradation, in red tilefish meat was much stronger compared to
that previously reported on other fishes (Itoh, Maekawa,
Suwansakornkul, & Obatake, 1997; Matsuoka, Wan, Ushio, &
Watabe, 2013; Murakawa, Benjakul, Visessanguan, & Tanaka,
2003; Oujifard, Benjakul, Ahmad, & Seyfabadi, 2012).

Structural disintegration of heat-induced fish meat gels,
resulting in the deteriorating of gel strength and well known as the
modori phenomenon, occurs at around 60 �C. This phenomenon is
mainly induced by myofibrillar protein degradation due to heat-
activated endogenous proteases (Ramírez, Uresti, Velazquez, &
Vazquez, 2011; Yongsawatdigul et al., 2013).

The low gel-forming ability of red tilefish meat was a result of
poor heat-induced gelation due to intense myofibrillar protein
degradation, occurring not only at around 60 �C but at all temper-
atures tested. Thus, the mechanism regulating low gel-forming
ability differs from that of the modori phenomenon. However,
suppression of intense proteolysis due to endogenous proteases at
60 �C was important to improve the gel-forming ability of red
tilefish meat, since proteolysis was promoted to a greater extent by
heat-activated endogenous proteases as for the modori
phenomenon.
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3.3. Effect of protease inhibitors on proteolysis

The effect of protease inhibitors on proteolysis at 40 and 60 �C
was investigated (Table 1). EDTA and 1,10-phenanthroline chelate
metal ions and are normally used as metalloprotease inhibitors.
SBTI and benzamidine inhibit serine protease activity. E-64 and
NEM are used as cysteine protease inhibitors, while pepstatin A
inhibits aspartic proteases. The increase in TCA-soluble peptide
contents was effectively inhibited in the presence of 50 mM EDTA,
50 mM 1,10-phenanthroline, 50 mM benzamine or 1.0 mg/mL SBTI
(61.6 ± 3.2, 68.9 ± 1.5, 69.6 ± 5.7 and 53.2 ± 4.6% inhibition at 40 �C,
respectively; 55.2 ± 4.1, 50.5 ± 3.7, 60.3 ± 4.3 and 64.5 ± 9.2% in-
hibition at 60 �C, respectively). On the other hand, E-64, NEM, and
pepstatin A showed low inhibitory activity (<20% inhibition). Thus,
the dominant proteases contributing to the proteolysis are metal-
loproteases and serine proteases.
Table 1
Inhibitory effect of protease inhibitors on proteolysis in red tilefish meat at different
concentrations and heating conditions.a

Inhibitors Conc. Inhibition (%)b

40 �C for 20min 60 �C for 20min

Controlc e 0 0
EDTA 5 mM 42.7 ± 2.9 35.2 ± 7.0

50 mM 61.6 ± 3.2 55.2 ± 4.1
1,10-phenanthroline 5 mM 45.5 ± 1.1 44.9 ± 2.8

50 mM 68.9 ± 1.5 50.5 ± 3.7
Benzamidine 5 mM 23.1 ± 1.7 25.8 ± 4.0

50 mM 69.6 ± 5.7 60.3 ± 4.3
SBTI 0.1 mg/mL 20.8 ± 3.8 30.9 ± 3.1

1.0 mg/mL 53.2 ± 4.6 64.5 ± 9.2
E�64 10 mM 2.3 ± 2.4 6.6 ± 4.0

100 mM �1.3 ± 7.0 7.0 ± 2.7
1 mM 19.0 ± 4.0 10.8 ± 0.3

NEM 10 mM �0.5 ± 2.6 �1.5 ± 6.9
1 mM 7.6 ± 6.6 8.9 ± 0.9

PepstatinA 1 mM 3.3 ± 0.3 1.1 ± 2.1
10 mM 11.6 ± 1.1 8.5 ± 0.7

The inhibitor mixd e 82.0 ± 7.8 77.2 ± 4.6

a Data are shown as mean ± standard deviation (n ¼ 4).
b Inhibition (%) ¼ [(CC � CB) � (CI � CB)]/Cc � CB� 100. CI: TCA-soluble peptide

content (mg/mL) in supernatant of a heated sample with protease inhibitor. Cc: TCA-
soluble peptide content (mg/mL) in supernatant of a heated sample without pro-
tease inhibitor (control). CB: TCA-soluble peptide content (mg/mL) in supernatant of
an unheated sample without protease inhibitor (brank).

c Without inhibitor.
d Mixture of 50 mM 1,10-phenanthrolin, 50 mM benzamidine and 1.0 mg/mL

SBTI.

Fig. 1. SDS-PAGE pattern of heat-induced gel from red tilefish meat when heated at
between 30 and 90 �C with 10 �C interval for 20 min (A) or 120 min (B). M: protein
molecular weight marker. R: raw meat.
Increases in TCA-soluble peptide contents were largely inhibited
by the inhibitor mix (50 mM 1,10-phenanthroline, 50 mM benza-
midine and 1.0 mg/mL SBTI) compared to the use of single in-
hibitors. The results indicate that multiple approaches are needed
to effectively inhibit the endogenous protease activities in red
tilefish meat.

3.4. Effect of protease inhibitors on heat-induced gel-forming
ability

Effect of protease inhibitors on the gel-forming ability of red
tilefish meat was clarified in this experiment. Heating conditions
were at 40, 60 and 90 �C for 20 min, respectively. The highest
concentrations of protease inhibitor shown in Table 1 were
employed, since the inhibitory effect of protease inhibitors was
dependent on their concentration.

Breaking strength and deformation were determined by the
punctual test and the results are shown in Figs. 2 and 3, respec-
tively. SDS-PAGE patterns of heat-induced gels with added protease
inhibitors are presented in Fig. 4.
3.4.1. Effect of chelators
In the case of red tilefishmeat treatedwith 1,10-phenanthroline,

a suwari gel was obtained at 40 �C. In contrast, the suwari phe-
nomenon was not induced in the presence of EDTA even though
MHC degradation was inhibited. Fish meat normally forms suwari
gels at lower than 40 �C as a result of the cross-linking of myofi-
brillar proteins, which is catalyzed by endogenous trans-
glutaminase (TGase), a Ca2þ activated enzyme (Benjakul &
Visessanguan, 2003; Morales, Ramí rez, Vivanco, & V�azquez,
2001). EDTA chelates Ca2þ, whereas 1,10-phenanthroline is a low-
affinity Ca2þ chelator (Osicka et al., 2004). These differences in
Ca2þ affinity affected the TGase activity, and consequently the
suwari gel was not induced in the presence of EDTA.

EDTA and 1,10-phenanthroline effectively prevented MHC
degradation in red tilefish meat, and heat-induced gels were ob-
tained in the presence of these chelators at 60 �C. Chelators sup-
pressed the endogenous metalloprotease degrading myosin
molecules in squid mantle muscle (Kuwahara, Osako, Okamoto, &
Konno, 2006); however, clear evidence is not yet available to
indicate that endogenous metalloproteases contribute to MHC
degradation in any meat of fish species. Thus, the results in the
present study may be of crucial importance. On the other hand,
there are several reports indicating that trypsin-like serine pro-
teases are also activated by metal ions (Lu et al., 2008; Silva et al.,
2011). These results likely indicate that EDTA and 1,10-
phenanthroline can enhance the gel-forming ability of red tilefish
meat via suppression of endogenous metal ion-activated protease
activities, such as trypsin-like serine proteases, which are involved
in myofibrillar protein degradation.

Physical properties of heat-induced gels from red tilefish meat
were improved andMHC degradationwas inhibited in the presence
of EDTA, 1,10-phenanthroline, benzamidine or SBTI at 90 �C.
Myofibrillar protein degradation proceeded until a temperature of
approx. 90 �Cwas reached;most endogenous proteases are thought
to be inactivated at 90 �C. These results indicate that suppression of
endogenous protease activities is essential in producing heat-
induced gel products from red tilefish meat.
3.4.2. Effect of serine protease inhibitors
The suwari phenomenon occurred at 40 �C and heat-induced

gels were obtained at 60 �C in the presence of benzamidine or
SBTI. SDS-PAGE analysis showed that theMHC bandwas retained at
both 40 �C and 60 �C in the presence of these inhibitors. Several
researchers have reported that endogenous serine proteases affect



Fig. 2. Breaking strength of heat-induced gel from red tilefish meat with protease
inhibitors when heated at 40 �C (A), 60 �C (B) and 90 �C (C) for 20 min respectively.
Bars represent standard deviation (n ¼ 6). Different superscripts indicate statistical
differences (p < 0.05). *1 Without inhibitor. *2Mixture of 50 mmol/kg 1,10-
phenanthroline, 50 mmol/kg benzamidine and 1.0 mg/g SBTI. Concentration of sin-
gle protease inhibitors: 50 mmol/kg EDTA, 50 mmol/kg 1,10-phenanthroline, 50 mmol/
kg benzamidine, 1 mg/g SBTI, 1 mmol/kg E�64, 1 mmol/kg NEM and 10 mmol/kg
pepstatin A.

Fig. 3. Breaking deformation of heat-induced gel from red tile fish meat with protease
inhibitors at 40 �C (A), 60 �C (B) and 90 �C (C) for 20 min respectively. Bars represent
standard deviation (n ¼ 6). Different superscripts indicate statistical differences
(p < 0.05). Abbreviations and concentration of single protease inhibitors are the same
as to those of Fig. 2.
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proteolysis, such as myofibrillar protein degradation, in fish meat
(Ohkubo, Osatomi, Hara, Ishihara, & Aranishi, 2005; Sun et al.,
2010). Therefore, one of the dominant endogenous proteases in
red tilefish meat responsible for the low gel-forming ability via
myofibrillar protein degradation is a trypsin-like serine protease,
and the heat-induced gel-forming ability can be improved by the
use of serine protease inhibitors.

3.4.3. Effect of cysteine protease inhibitor, aspartic protease
inhibitor, and mixed inhibitor

Red tilefish meat did not form heat-induced gels and MHC
degradation was not effectively inhibited in the presence of E-64,
NEM or pepstatin A under all heating conditions. These results
correlate with the low proteolysis inhibition and indicate that the
effects of cysteine protease and aspartic protease on proteolysis and
low-gel forming ability were minimal. In the presence of the in-
hibitor mix, breaking strength and deformation improved under all
heating conditions compared to in the presence of single inhibitors.
Therefore, the strong inhibition of endogenous protease activity by
diversified methods is important to enhance the gel-forming
ability.
3.5. Heat-induced gelation profile

Fig. 5 shows heat-induced gelation profile of red tilefish meat
with protease inhibitors by the temperature sweep test. Storage
modulus (G0) and loss modulus (G00) are normally used as indicators
of gel formation.



Fig. 4. SDS-PAGE pattern of heat-induced gel from red tilefish meat with protease inhibitors at 40 �C (A), 60 �C (B) and 90 �C (C) for 20 min respectively. M: protein molecular
weight marker. R: raw meat. 1: without inhibitor. 2: 50 mmol/kg EDTA. 3: 50 mmol/kg 1,10-phenanthroline. 4: 50 mmol/kg benzamidine. 5: 1 mg/g SBTI. 6: 1 mmol/kg E�64. 7:
1 mmol/kg NEM. 8: 10 mmol/kg pepstatin A. 9: The inhibitor mix (50 mmol/kg 1,10-phenanthroline, 50 mmol/kg benzamidine and 1.0 mg/g SBTI).

Fig. 5. Heat-induced gelation profile of red tilefish meat with protease inhibitors by
temperature sweep test; changes in storage modulus (A) and loss modulus (B). G0:
storage modulus. G00: loss modulus. >: without inhibitors. ,: 50 mmol/kg EDTA. △:
50 mmol/kg 1,10-phenanthroline. � : 50 mmol/kg benzamidine. ＋: 1 mg/g SBTI. B:
The inhibitor mix (50 mmol/kg 1,10-phenanthroline, 50 mmol/kg benzamidine and
1 mg/g SBTI). Heating rate: 1 �C/min. Frequency: 0.1 Hz. Strain: 0.5%.
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In the presence of 1,10-phenanthroline, benzamidine or SBTI,
initial peak could be observed at 40e45 �C, indicating that suwari
phenomenon occurred due to cross-linking between myofibrillar
Table 2
Solubility of heat-induced gels in the presence of protease inhibitors.a,b

Inhibitors Conc. Solubility

40 �C for 2

Controld e 102.4 ± 5.
EDTA 50 mmol/kg 98.3 ± 2.
1,10-phenanthroline 50 mmol/kg 94.6 ± 3.
Benzamidine 50 mmol/kg 92.3 ± 3.
SBTI 1.0 mg/g 92.3 ± 4.
E�64 1 mmol/kg 94.5 ± 1.
NEM 1 mmol/kg 102.0 ± 4.
Pepstatin A 10 mmol/kg 98.0 ± 3.
The inhibitor mixe e 82.6 ± 5.

a Data are shown as mean ± standard deviation (n ¼ 4).
b Solubilization solution containing 20 mM TriseHCl (pH8.8) with 2% SDS, 8 M urea a
c Solubility (%) ¼ (PA/PB) � 100. PA: protein concentration in supernatant after centrifu
d Without inhibitor.
e Mixture of 50 mmol/kg 1,10-phenanthroline, 50 mmol/kg benzamidine and 1.0 mg/
proteins catalyzed by endogenous TGase (Yin & Park, 2014).
Decreasing of G0 at 50e60 �C occurred owing to weakening of
connectivity degree in the protein matrix. G00 also decreased at
40e60 �C due to increasing of fluidity in the fish meat. These
phenomena were suppressed in the presence of EDTA, 1,10-
phenanthroline, benzamidine or SBTI. Subsequent increasing of G0

and G00 at 60e90 �C caused by the formation of gel structure owing
to protein aggregation (Liu, Zhao, Xiong, Xie, & Liu, 2007) was
effectively promoted by these inhibitors. Moreover, these ten-
dencies were significantly enhanced by using the inhibitor mix. On
the other hand, the ground red tilefish meat without inhibitors as
well as the samples with E-64, NEM or pepstatin A did not exhibit
these tendencies, so only the gelation profile without protease in-
hibitors is shown in Fig. 5.

These results indicated heat-induced gel formation of red tile-
fish meat was promoted as a result of suppressing proteolysis by
using chelator and serine protease inhibitors. This result mutually
relates with the physical properties of gels by punctual test,
because the breaking strength and deformation of heat-induced
gels were improved by using these protease inhibitors and those
values of the samples with the inhibitormixwere the highest when
heated at 40, 60 and 90 �C.
3.6. Solubility of heat-induced gels

The experiment was conducted to reveal the bonding strength
between proteins in heat-induced gels with added protease in-
hibitors (Table 2). In the case of single inhibitors, all samples
(%)c

0min 60 �C for 20min 90 �C for 20min

9 99.6 ± 6.8 95.9 ± 3.9
8 97.6 ± 3.8 99.4 ± 4.7
0 98.3 ± 6.1 102.4 ± 5.7
8 95.2 ± 8.2 96.3 ± 7.2
9 96.5 ± 6.3 97.2 ± 4.7
6 96.2 ± 2.3 97.5 ± 6.1
4 105.4 ± 7.3 96.6 ± 4.1
4 101.2 ± 5.3 95.5 ± 2.7
6 92.4 ± 4.4 91.4 ± 2.4

nd 2% 2-mercaptoethanol.
ging (mg/mL), PB; protein concentration before centrifuging (mg/mL).

g SBTI.
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showed >90% solubility regardless of the heating conditions. In
the presence of the inhibitor mix, solubility was 82.6 ± 5.6% when
heated at 40 �C. The solubilization buffer (20 mM TriseHCl (pH
8.8), 2% SDS, 8 M urea and 2% 2-mercaptoethanol) solubilizes
proteins by breaking all bonds except for non-disulfide covalent
bonds; thus, a decrease in solubility indicates the formation of
non-disulfide covalent bonds. Non-disulfide covalent bonds are
mainly formed in the suwari phenomenon (Benjakul,
Chantarasuwan, & Visessanguan, 2003). Therefore, these results
indicated that non-disulfide covalent bond formation in red tile-
fish meat was accelerated by the strong inhibition of endogenous
proteases.

4. Conclusions

Red tilefish meat exhibited extremely low heat-induced gel-
forming ability, caused by intense proteolysis including MHC
degradation. In the presence of EDTA, 1,10-phenanthroline,
benzamine or SBTI, mechanical and viscoelastic properties of the
heat-induced gels were improved as a result of suppression of
myofibrillar protein degradation in red tilefish meat. Moreover,
these properties were much enhanced by using the inhibitor mix
(1,10-phenanthroline, benzamine and SBTI) compared to those of
the sample with single inhibitors. This indicates that the heat-
induced gel-forming ability of red tilefish meat was improved
and unwashed red tilefish mince can be utilized as a raw material
of fish gel products by using chelator and serine protease
inhibitors.

Thus, it is suggested that one of the dominant proteases
contributing tomyofibrillar protein degradation in red tilefish meat
is trypsin-like serine protease, and that metal ions can play a vital
role in the intense proteolysis. The present study also indicates that
chelator might have a new potential to enhance gelation properties
of fish meat by suppressing myofibrillar protein degradation.
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a b s t r a c t

Various blends of milk coagulants Rhizomucor miehei protease and camel chymosin were mixed at levels
of 100:0, 75:25, 50:50, 25:75 and 0:100, respectively and used in the manufacture of Iranian ultrafiltered
(UF) White cheese. Effect of different blends of these coagulants on microstructure and rheological
properties of Iranian UF White cheese were studied during 90 days of ripening. The results showed that
both microstructure and rheology of the cheeses were influenced by type and concentration of these
coagulant blends due to their different proteolytic activities. Use of high concentrations of camel chy-
mosin resulted in a more compact protein network and firmer structure in the cheeses. Increasing levels
of camel chymosin in the coagulant blends increased the storage (G0) and loss (G00) moduli and decreased
loss tangent (d) in the cheeses. In conclusion, increasing levels of camel chymosin provided less protein
breakdown and more solid-like viscoelastic structure in UF cheeses.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cheese ripening is a complex process involving chemical and
physical changes such as pH fluctuations, glycolysis, lipolysis, pro-
teolysis, gradual accumulation of amino acids and slow solubiliza-
tion of residual colloidal calcium phosphate. As ripening
progresses, a rubbery and bland curd is converted to a mature
cheese with a characteristic texture, taste and aroma (Fox,
McSweeney, & Wallace, 1993; Lucey, Johnson, & Horne, 2003;
Karami, Ehsani, Mousavi, Rezaei, & Safari, 2009a). Proteolysis is
the most important biological reaction occurring during ripening of
cheese. The enzymes originating frommilk, coagulant, starter, non-
starter and secondary starter bacteria catalyze the protein break-
down during cheese ripening (Fox & McSweeney, 1996). In this
context, the coagulants i.e., calf or microbial rennet, cause a com-
plex hydrolysis of casein into peptides with a large and inter-
mediate size peptides. Also, the enzymes from starter and non-
starter bacteria are responsible for the hydrolysis of a certain size
of peptides into smaller peptides and amino acids (Hayaloglu,
A. Hayaloglu).
Guven, Fox, & McSweeney, 2005; Yasar & Guzeler, 2011).
The physical properties of cheese may develop along with

changes in some parameters such as milk composition,
manufacturing and ripening conditions. However, interaction be-
tween/within casein molecules, amount of Ca-associated with
casein particles and the extent of proteolysis are the most impor-
tant factors influencing these physical properties (Lucey et al.,
2003). It was reported that the texture of cheeses is influenced by
the action of coagulants which are caused to cleaving peptides and
joining them to the serum phase (Broome, Xu, &Mayes, 2006). As a
consequence, a fragmented peptide do not contribute to the
structure and texture of cheese (Lucey et al., 2003). Moreover, in the
result of residual coagulant activity, some changes e.g., increase in
flowability and decrease in stretch may also occur in rheological
behavior of cheeses during ripening (Moynihan et al., 2014). Based
on these data, it can conclude that the type or concentration of
coagulant may influence physical characteristics of cheese
including texture and rheological properties.

The amount of coagulant retained in the curd influences the
casein breakdown and changes indirectly cheese structure and
flavor (Børsting, Qvist, & Ard€o, 2014). In the manufacture of
cheeses by ultrafiltration (UF) method, all the coagulant is
retained in the curd roughly due to the addition of it into the
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retentate. (Broome & Limsowtin, 1998; Karami, Ehsani, Mousavi,
Rezaei, & Safari, 2009b). So, a high retention of coagulant in
the curd may increase the proteolytic activity of enzymes and
improve the proteolysis during ripening of UF cheeses compared
with traditional ones (Børsting et al., 2014). However, application
of UF is caused to prevention of whey removal and presence of
whey proteins at high concentration in the curd. These in-
teractions may inhibit the rennet activities due to presence of
whey proteins at high concentration in the retentate and led to
slower proteolysis and altered the texture and flavor develop-
ment in UF cheeses (Hayes, McSweeney, & Kelly, 2002; Benfeldt,
2006; Soltani, Guzeler, & Hayaloglu, 2015).

Iranian UF White cheese has the highest industrial
manufacturing rate compare with other types of cheeses in Iran. It
is produced by using UF-treated and pasteurized bovine milk with
mesophilic starter culture and commercial recombinant chymosin
(Rhizomucor miehei) as a coagulant (Hesari, Ehsani, Khosroshahi, &
McSweeney, 2006; Karami et al., 2009a). The effect of accelerated
ripening using commercial lipase on the microstructural properties
of fat in cheese matrix and the evaluation of rheological changes
during ripening of Iranian UF White cheese has been previously
studied (Karami et al., 2009a, 2009b). Nevertheless, the effect of the
type or concentration of milk coagulant on the microstructural or
rheological characteristics of Iranian UF White cheese has not been
studied. The objective of this study was to manufacture of Iranian
UF White cheese using five combinations of Rhizomucor miehei
(R. miehei) protease and camel chymosin (CC) as the coagulant and
to investigate rheological and microstructural properties of resul-
tant cheeses during 90 days of ripening.

2. Materials and methods

2.1. Cheese manufacture

Experimental cheeses was produced using pasteurized bovine
milk (pH 6.64, 12.38% for total solid, 3.1% for fat, 3.22% for protein
and 1.029 g/mL for specific density) in two separate trials of
consecutive weeks at “Damaneh Sahand” dairy plant (Khosroshah,
Tabriz, Iran) according to UF cheese making method as introduced
by Tetra-Pack incorporation (Bylund, 1995) and adapted by Hesari
et al. (2006). The cheese production stages continued until
obtaining the retentate were described in Soltani et al. (2015); i.e.,
1 kg of retentate was obtained from 5.1 kg of milk after UF process.
The obtained retentate was heat-treated at 78�C for 1 min, ho-
mogenized at 5 MPa and sent to starter tank for mixing with starter
culture (20 g of starter for 1000 kg of retentate). Mesophilic
homofermentative culture containing Lactococcus lactis spp. lactis
and Lactococcus lactis spp. cremoris (DM-230, Danisco Deutschland
GmbH, Niebüll, Germany) was used as starter. The retentate was
held in a starter tank (at 35�C) until pH value reached to 6.3e6.4.
Then, R. miehei [Fromase ® 2200 TL Granualte [� 2200 Interna-
tional Milk Clotting Units (IMCU) g�1], DSM Food Specialties, Seclin,
Cedex, France] and CC [CHY-MAX® M, 1000 International Milk
Clotting Units (IMCU) mL�1, Chr. Hansen A/S, Hørsholm, Denmark]
were added to the retentate batches at 5 different levels according
to their clotting activity levels (analysis of clotting activity in the
coagulants showed that R. miehei had a 1.5-fold higher clotting
activity than CC). The experimental design was as follow:

Cheese A: 100% of R. miehei þ 0% of CC (32 g of R. miehei per
1000 kg of retentate)
Cheese B: 75% of R. mieheiþ 25% of CC (24 g of R. mieheiþ 12 g of
CC per 1000 kg of retentate)
Cheese C: 50% of R. mieheiþ 50% of CC (16 g of R. mieheiþ 24 g of
CC per 1000 kg of retentate)
Cheese D: 25% of R. mieheiþ 75% of CC (8 g of R. mieheiþ 36 g of
CC per 1000 kg of retentate)
Cheese E: 0% of R. mieheiþ 100% of CC (48 g of CC per 1000 kg of
retentate).

The mixtures then immediately filled into containers (rectan-
gular plastic box with capacity of 350 g) and sent to coagulation
tunnel (35 �C, 20 min) in order to converting the retentate to a pre-
cheese mixture. Next, a parchment paper was placed on the top of
cheeses [cube with a weight of 350 g and dimensions (mm) of
80 � 50 � 25 mm, l � w � h] and 2.7% of salt was sprayed on the
parchment paper. Finally, the containers were sealed with
aluminum foil. The cheese samples were first held at 26 ± 1�C for
24 h (until decreasing of pH 4.7e4.8) and then transferred to a cold
room (9 ± 1�C) for ripening. Sampling of cheeses for analysis was
implemented after 1, 30, 60 and 90 days of ripening.

2.2. Microstructure

Microstructure of the cheese samples was determined at the
first day of ripening by Scanning Electron Microscopy (SEM) with
some modifications as described by Madadlou, Khosrowshahi,
Mousavi, and Emamdjome (2006). Cheeses were cut into speci-
mens with dimensions 1 � 1 � 10 mm using a razor blade and
immersed in 2.5% glutaraldehyde (prepared using pH 7.2 phosphate
buffer solution) overnight. The fixed specimens were washed six
times (1 min each) using phosphate buffer (pH 7.2), then dehy-
drated in a graded ethanol series of 20, 40, 60, 80, 95 and 100% at
30 min intervals. Fat in the specimens was removed using three
changes in chloroform (15 min each). The samples were critical
point dried using a critical point dryer (model K850, Quorum
Technologies Ltd., Sussex, UK) and then the pieces with height
reduced were mounted on aluminum stubs. The mini-cubes were
coated with a thin layer of gold-palladium in a sputter coater (BAL-
TEC, Model SCD 050; Baltec Inc., Liechtenstein) and transferred into
high vacuum SEM (LEO, EVO 40, Carl Zeiss SMT, Cambridge, UK).
Measurements in SEM were carried out at 20 kV and images were
recorded at 3000, 5000, 7000, 10,000 and 15,000 � . Only
10,000 � magnification images were shown for the present paper.

2.3. Rheological measurements

Rheological properties of cheeses were measured by using an
Anton Paar Rheometer (Model MCR 301 Anton Paar GmbH, Anton-
Paar-Str. 20, Graz, Austria) with PP25 (parallel plates) apparatus at a
temperature of 25 ± 1 �C as described by Karami et al. (2009a).
Samples with a disc shape (25mm in diameter and 2mm in height)
were cut a special wire apparatus at 9 ± 1 �C and sealed with a
plastic film to prevent moisture loss. Discs were equilibrated to the
room temperature (25 ± 1 �C) for 3 h. The viscoelastic terms (the
storage modulus, G0 and loss modulus, G00) along with phase angle
tangent, tan (d), were determined. The linear viscoelastic rangewas
obtained by performing a strain sweep test at 0.1 Hz frequency as
the percentage of strain values varied from 0.01 to 10.00% and a
strain in the linear region was then selected (0.022). All the ex-
periments were performed in the control shear stress at frequency
ranging from 0.1 to 100 Hz. Means of three measurements for two
replicates of cheese samples were reported.

3. Results and discussion

3.1. Microstructure

The SEM images of the cheeses at the first day of ripening are
shown in Fig. 1. The results showed that the type and concentration
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of coagulants had an important effects on the porous structure of
casein network in the cheeses. As the R. miehei to CC ratio was
increased, the pores in the network structure of the cheeses
became larger (Fig. 1). The cheeses A & B which produced using
higher levels of R. miehei had relatively larger globular aggregates
and consequently larger pores than the cheeses produced using
higher levels of CC (cheeses D & E). Presence of large pores enables
the globular aggregates network to maintain enough water to form
gel (Rafe, Razavi,& Farhoosh, 2013). Therefore, it may be stated that
use of R. miehei at higher concentrations compared with CC resul-
ted in more continuous structure in the cheeses. Furthermore,
because of different specificity of the coagulants in the formation of
casein network, it was possible to see more evident spaces in
cheeses A & B when compared to cheeses D & E (Fox, Guinee,
Cogan, & McSweeney, 2000). On the other hand, the SEM images
showed that as the CC to R. miehei ratio was increased, the pores of
network became smaller in the cheeses. Reduced proteolytic ac-
tivity of CC (Moynihan et al., 2014) may caused to less presence of
spaces and protein breakdown (proteolysis data not shown) and
more compact protein network. A harder texture in the cheeses
produced with using higher levels of CC (cheeses D & E) compared
with the cheeses produced with higher levels of R. miehei (cheeses
A & B) (Fig. 1). In terms of rheological properties, less protein
breakdown may cause the formation of more solid-like structure in
cheese (Kahyaoglu & Kaya, 2003). In the present study, the results
of rheological tests were in accordance with SEM analysis and
indicated that because of less proteolytic activity (data not shown)
of CC comparedwith R. miehei, using higher levels of CC led tomore
solid-like viscoelastic structure in the cheeses (see Table 1). Hy-
drolyze of protein lead to production of water-soluble breakdown
products and these products cannot contribute to framework pro-
vided by the protein matrix (Madadlou, Khosroshahi, & Mousavi,
Fig. 1. SEM micrographs of Iranian UF White cheeses produced by using different combinati
(B), 50% of R. miehei þ50% of CC (C), 25% of R. miehei þ75% of CC (D) and 0% of R. miehei
2005). Wium and Qvist (1998) reported that there was a direct
relationship between compaction of protein network and hardness
parameter in UF-Feta cheese.

3.2. Rheology

The dynamic viscoelastic behavior of the cheeses was deter-
mined by frequency sweep test that is the most common method
for oscillatory test and shows the effect of different rates of strain/
stress on the viscous and elastic behaviors of the cheeses. G0 and G00

represent the elastic and viscous behavior, respectively (Tunick,
2000; Karami et al., 2009a). Molecular events of elastic nature of
cheese are indicated by G0 that related to the amount of energy
stored and then released per cycle of deformation. On the other
hand, the energy dissipated as heat per cycle of deformation is
shown by G00 (Kahyaoglu & Kaya, 2003). In this context, when
G0 > G00, the elastic behavior dominates over the viscous behavior.
On the contrary, when G00 > G0, the viscous behavior dominates over
the elastic behavior (Steffe, 1996). Therefore, we aimed to explore
the effect of using various blends of R. miehei and CC on the G0, G00

and Tan d (G00/G0) values of the cheeses. Considering the role of
protein in the cheese matrix and less proteolytic activity of CC
compared with R. miehei, it was expected that G0 and G00 are higher
in the cheeses produced using higher levels of CC (cheeses D & E)
than those of other cheeses (Kahyaoglu & Kaya, 2003; Madadlou,
Khosrowshahi, Mousavi, & Farmani, 2007).

3.2.1. Storage (G0) and loss moduli (G00)
Changes in rheological properties of the Iranian UF White

cheeses consisting of the elastic or storagemodulus (G0), the viscose
or loss modulus (G00) and the complex viscosity (h*) after 1, 30, 60
and 90 days of ripening are presented in Table 1. In this study, G0
ons of R. miehei and CC [100% of R. miehei (A) þ 0% of CC, 75% of R. miehei þ25% of CC
þ100% of CC (E)] at 1 day of ripening.



Table 1
Rheological parameters (G': elastic moduli; G'': viscousmoduli; h*: complex viscosity; tan d) of UFWhite cheeses produced by using different combinations of R. miehei and CC
[100% of R. miehei þ0% of CC (A), 75% of R. miehei þ25% of CC (B), 50% of R. miehei þ50% of CC (C), 25% of R. mieheiþ75% of CC (D) and 0% of R. mieheiþ100% of CC (E)] during
90 days of ripening at 9 �C.

Ripening (days) Cheeses G' (Pa) Mean ± S.E G'' (Pa) Mean ± S.E h* (Pa s) Mean ± S.E tan d (�) Mean ± S.E

1 A 28840.47 ± 4013.31a.A 8161.47 ± 1120.01a.A 4037.22 ± 590.92a.A 0.283 ± 0.003a.A

B 32095.36 ± 4036.10a.A 8771.26 ± 921.50a.A 4797.92 ± 586.67a.A 0.274 ± 0.006b.A

C 28743.34 ± 3985.08a.A 8004.12 ± 1067.43a.A 4286.21 ± 585.07a.A 0.279 ± 0.003a.A

D 45045.86 ± 7585.89b.A 12082.17 ± 1871.78b.A 6990.54 ± 1108.02b.A 0.269 ± 0.004b.A

E 33032.18 ± 5133.76a.A 9193.01 ± 1253.26a.A 4711.99 ± 749.18a.A 0.279 ± 0.005a.A

30 A 31860.89 ± 750.75a.AB 8413.88 ± 189.55a.A 4699.15 ± 106.65a.AB 0.264 ± 0.006a.B

B 39655.81 ± 2005.49 abc.B 9880.25 ± 502.39 ab.AB 5753.67 ± 293.20 ab.B 0.249 ± 0.001b.BC

C 35752.61 ± 2054.82 ab.B 9302.04 ± 566.84a.A 5339.48 ± 302.08a.B 0.260 ± 0.003a.B

D 47591.02 ± 8773.96c.A 11886.18 ± 2010.27b.A 7395.61 ± 1276.35b.A 0.250 ± 0.005b.B

E 41952.26 ± 4426.96 bc.AB 10485.84 ± 1116.04 ab.A 5961.98 ± 647.27 ab.AB 0.250 ± 0.004b.B

60 A 36021.47 ± 2824.48a.B 9225.80 ± 441.51a.A 5363.38 ± 403.40a.B 0.257 ± 0.008a.B

B 40562.91 ± 909.93 ab.B 10398.18 ± 260.74 ab.B 5883.59 ± 131.46 ab.B 0.256 ± 0.005a.B

C 44340.47 ± 1491.30 bc.C 11495.94 ± 442.00 bc.B 6588.21 ± 217.19 bc.C 0.259 ± 0.006a.B

D 47938.65 ± 3631.70c.A 12126.03 ± 767.69c.A 7158.53 ± 525.77c.A 0.253 ± 0.004a.B

E 45319.59 ± 4581.55 bc.B 11321.30 ± 1135.94 bc.A 6832.36 ± 669.37 bc.B 0.249 ± 0.003a.B

90 A 43709.42 ± 3814.83a.C 11163.73 ± 741.66a.B 6556.16 ± 550.32a.C 0.256 ± 0.005a.B

B 54046.43 ± 1827.47b.C 13304.15 ± 540.98b.C 7974.66 ± 270.03b.C 0.246 ± 0.002b.C

C 46428.69 ± 3852.78 ab.C 11676.88 ± 1048.81 ab.B 6988.66 ± 565.87 ab.C 0.251 ± 0.004 ab.B

D 49370.95 ± 736.89 ab.A 12355.30 ± 266.43 ab.A 7175.85 ± 106.81 ab.A 0.250 ± 0.004 ab.B

E 43069.87 ± 6116.54a.AB 10936.84 ± 1440.89b.A 6056.95 ± 890.85a.AB 0.254 ± 0.005 ab.B

Means with different superscripts within each sample (lower case) and within each ripening time (upper case) for each of the parameters measured, are different (P < 0.05).
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was greater than G00 at any period of ripening and this indicated that
the elastic component dominated the viscous component in all
cheeses during ripening that was similar to results reported by
Kahyaoglu and Kaya (2003) for Gaziantep cheese, Juan, Trujillo,
Guamis, Buffa, and Ferragut (2007) for ewe's milk cheese, Karami
et al. (2009a) for Iranian UF-Feta cheese and Farahani,
Ezzatpanah, and Abbasi (2014) for Siahmazgi cheese.

The type and concentration of coagulants influenced the storage
and loss moduli of the cheeses. Use CC as the coagulant resulted in a
higher storage (G0) and loss (G00) modulus compared with the
cheeses made using R. miehei (P < 0.05) as shown Table 1. The
cheeses D & E, which produced by using higher levels of CC had the
highest storage (G0) and loss (G00) moduli at the studied frequency
range, in the cheeses at 1, 30 and 60 days of ripening. In contrast, G0

was in the lowest value in the cheese Awhich produced using 100%
of R. miehei in 30, 60 and 90 days of ripening (P < 0.05). The cheese
A had also the lowest value of G00 within the experimental cheeses
after 30 and 60 days of ripening. The role of protein in cheese
matrix is more dominant than other components such as fat or
moisture. In consequence, the higher protein content would
probably increase the firmness and solid-like viscoelastic structure
in cheese (Kahyaoglu & Kaya, 2003; Madadlou et al., 2007). So, less
proteolytic activity of CC may caused to less breakdown of proteins
and led to higher G0 and G00 values in the cheeses contained higher
levels of CC (cheeses D & E). Madadlou et al. (2005), reported that
doubling the rennet concentration in the manufacturing of Iranian
White cheeses decreased the G0 value because of increasing the
proteolysis and in consequence, decreasing the protein content.
Similar results reported by Drake, Truong, and Daubert (1999) for
reduced-fat processed cheese and Guinee, Auty, and Fenelon
(2000) for Cheddar cheese with different fat levels. High protein
content also lead to an increase in the cross-links among the non-
linear strands of caseins and forming more compact structure in
cheese (Karami et al., 2009a). Thus, it can be expressed that because
of less proteolytic activity of CC compared with R. miehei, the pro-
tein network in the cheeses produced with higher levels of CC
(cheeses D&E) was more compact than that in other ones. This
result was in accordance with the SEM images of the cheeses
analyzed (see Fig. 1). Furthermore, storage (G0) and loss (G00) moduli
increased at different rates until 60 d of ripening. While increasing
level of G0 in the cheeses produced with higher levels of R. miehei
(cheeses A& B) was occurred during ripening, none of increase was
observed after 60 d of ripening in the cheeses producedwith higher
levels of CC (cheeses D & E). On the other hand, significant differ-
ences were observed between complex viscosity (h*) of experi-
mental cheeses in different stages of ripening. The h* in the cheeses
D& E was higher than those of other cheeses at 1, 30 and 60 days of
ripening. The complex viscosity of cheeses analyzed was deter-
mined between 4037 and 7974 (Pa s). Wium, Gross, and Qvist
(1997), reported that the complex viscosity of three types of UF
Feta cheeses ranged from 40 to 173 kPa.
3.2.2. Loss tangent (d ¼ G00/G0)
The changes in the loss tangent of the cheeses during ripening

are shown in Table 1. Tan d of the cheeses was affected by type
and concentration of coagulants during ripening. Use of high
concentrations of CC resulted in a lower tan d in the cheeses
during ripening. Because of lower proteolytic activity of CC
compared with R. miehei, the cheese produced with highest level
of CC (cheeses E), had higher protein content and lower tan
d compared with the cheese produced with highest level of
R. miehei (cheeses A) during ripening. Wium, Kristiansen and
Qvist (1998) and Farahani et al. (2014), reported that tan d was
decreased by increasing protein content in UF-Feta and Siahmazgi
cheeses, respectively. In contrast to the role of moisture and fat,
increasing protein content cause an increase in G0 and G00 values
and a decrease the tan d in cheese (Farahani et al., 2014). Joshi,
Muthukumarappan, and Dave (2004) reported that high protein
content led to a decrease in the tan d in processed cheese which
was similar to the result of present study. Increasing concentra-
tion of proteins, particularly caseins, may puts up the intra- and
inter-strand linkages in casein matrix and provide an elastic
behavior in cheese (Fox et al., 2000).

According to Table 1, as ripening period proceeded, tan
d decreased in all experimental cheeses. The most decrease was
determined in the cheese E, which produced with 100% CC. The tan
d for cheese E was 0.28e0.31 kPa at 0.1e100 Hz frequency range at
day 1; however, it was 0.26e0.28 kPa at day 90 at the same con-
dition. The tan d for all cheeses analyzed were between 0.25 and
0.35 and it changed by ripening period significantly. This range was
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similar to the values reported for Mozzarella cheese (Yun, Hsieh,
Barbano, & Rohn, 1994), Gaziantep cheese (Kahyaoglu & Kaya,
2003), UF-Feta cheese (Karami et al., 2009a) and Siahmazgi
cheese (Farahani et al., 2014). The quantity of tan d of the cheeses
was determined less than 1.0 during ripening, indicating that the
elasticity nature was higher than viscous nature in the cheeses
probably due to low pH value (near 5.0 or below) of these cheeses.
pH is an important parameter for determination of viscoelastic
behavior of cheese. The pH changes in the experimental cheeses
was occurred between 4.48 and 4.81 during ripening (data not
shown). It has been reported that low pH values (4.5e4.7) may
caused to dominance the elastic character in the cheese (Wium
et al., 1997; Tunick, 2000). In accordance with the results of this
work, Karami et al. (2009a), reported that the G0 was more domi-
nate than G00 during 60 d of ripening of Iranian UF-Feta cheese.
Similar result was reported by Wium et al. (1997) for three kind of
UF-Feta cheese. UF process also provides full recovery of whey
proteins in the cheese matrix. High water holding capacity of the
whey proteins results in a softer texture and a less shear stress in
UF-cheeses (Hinrichs, 2001; Soltani et al., 2015).

4. Conclusions

The study indicated that use of R. miehei and CC as the coagulant
had major effects on the microstructure and rheological properties
of Iranian UF White cheese. Increasing levels of CC resulted in a
more compact protein network and firmer texture in the cheeses,
probably due to the lower levels of proteolysis. With an increase in
the concentration of CC, the storage and loss moduli of the cheeses
increased, while loss tangent decreased. The elasticity nature was
greater than the viscous nature in all cheeses during ripening.
Elasticity of the cheeses analyzed was greatly decreased by
increasing levels of R. miehei, which may be linked to the higher
proteolytic activity of R. miehei comparing with CC. Because of less
proteolytic activity of CC, increasing level of CC as the coagulant led
to denser protein aggregate and more compact structure in the
cheeses. In conclusion, use of the blends of R. miehei or CC changed
themicrostructure and rheology of UFWhite cheese. Increasing the
level of CC in the blends resulted in more compact protein network
and firmer texture. Also, the storage and loss moduli increased and
the loss tangent decreased during ripening with regardless of the
type or blend levels of coagulant used in the cheese manufacture.
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