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a b s t r a c t

The maximal values of osmotic (fructose) stress and ethanol tolerances dependence on hexose type
present in media were quantified for a collection of yeasts isolated from mezcal covering ten different
genera, including Saccharomyces. The yeasts clustered in five groups where in the least tolerant group
yeasts were not able to grow at a fructose concentration above 200 g/l, as compared to yeasts in the most
tolerant group that were able to grew at concentration of fructose above 700 g/l. In ethanol agar plates
without a carbon source, the maximum tolerance was of 9% v/v of ethanol for all of the yeasts. When
ethanol was combined with glucose (20 g/l), a number of Saccharomyces cerevisiae strains were able to
grow at up to 15% v/v ethanol, whereas the maximum was 10% v/v ethanol for the non-Saccharomyces
yeasts. However, when fructose was used instead of glucose, none of the yeasts tested was able to grow
on plates containing above 9% v/v ethanol, including S. cerevisiae. Hence fructose did not improve the
tolerance to ethanol as observed for glucose, but rather fructose acted as an inhibitor or increasing the
toxicity of ethanol.

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

During the fermentation process, yeast cells are subjected to
several stress conditions, but osmotic (sugar) and ethanol stresses
are the most important in terms of changes throughout the
fermentation process (Carrasco, Querol, & Del Olmo, 2001; Tofalo
et al., 2009). With regards to the fermentable sugars, glucose and
fructose are the main hexoses encountered in almost any natural
must, being present in equivalent quantities in grape must, but the
proportions may vary depending on the must fermented by each
alcoholic beverage industry; nonetheless, the initial concentration
of total sugars is approximately 100e250 g/l, with the lower fer-
mentability of fructose providing the first challenge for Saccharo-
myces cerevisiae yeast cells (Arroyo-L�opez, Querol, & Barrio, 2009;
Oliva-Hern�andez, Taillandier, Res�endezeP�erez, Narv�aez-Zapata, &
Larralde-Corona, 2013). The second main stress is the progressive
accumulation of ethanol during fermentation. The ethanol is awell-
rona).
known inhibitor of microorganisms' growth, and it has been re-
ported that the toxic effects of ethanol on yeast cells involve loss of
cell viability and inhibition of both yeast growth and inhibition of
various transport systems such as the general amino acid permease
and the glucose (hexoses) transport system (Lewis, Elkon, McGee,
Higbee, & Gasch, 2010; Santos et al., 2008). The combination of
nutrient depletion and high ethanol content contributes to
fermentative limitations.

Study of stress resistance is usually performed by inducing a
stressor shock (ethanol, osmotic, temperature, etc.) and then the
capacity of recovery (viability) of the yeast population is verified by
counting the number of colonies formed by microorganisms in a
solid (nutrient agar) matrix from serial dilutions of the original
sample, either by the pour-plate or spread-plate techniques, but
also by spotting and verifying the dilution rate at which there is no
visible growth. However, to our knowledge this latter methodology
has not been applied to quantitatively assess to the tolerances on
several genera of yeasts growing under different stress conditions,
to be used as a tool to select those strains with a potential high
performance in alcoholic beverage's fermentations.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:plarralde@ipn.mx
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2015.11.024&domain=pdf
www.sciencedirect.com/science/journal/00236438
http://www.elsevier.com/locate/lwt
http://dx.doi.org/10.1016/j.lwt.2015.11.024
http://dx.doi.org/10.1016/j.lwt.2015.11.024
http://dx.doi.org/10.1016/j.lwt.2015.11.024


F.J. De la Torre-Gonz�alez et al. / LWT - Food Science and Technology 67 (2016) 1e72
A high level of ethanol tolerance in a yeast strain is a prereq-
uisite for high efficiency during fermentation and, in turn, for a high
yield of ethanol. Accordingly, yeasts isolated from agave fermen-
tations (tequila and mezcal as main examples) are an interesting
option since thesemusts are very rich in fructose and this allows for
the isolation of yeasts, Saccharomyces (Oliva-Hern�andez et al., 2013)
and non-Saccharomyces that are already adapted to using this sugar,
making this process a good source of yeasts for fermentation pur-
poses, for example for wine production where a high final con-
centration of fructose is known to be related to stuck fermentations.
The aim of this work was to quantitatively assess the effect of
fructose over osmotic and ethanol tolerances of yeasts belonging to
ten different genera originally isolated from mezcal fermentations.

2. Materials and methods

2.1. Yeast strains and inocula growth conditions

The 25 yeast strains used belong to the mezcal LBI-CBG yeast
collection and are conserved in 60% glycerol at �70 �C, and the
commercial fructophilic wine strain Saccharomyces cerevisiae Fer-
michamp (DSM Food Specialities B.V., The Netherlands) was used
as control. The strains used are representative of the yeast gluco-
philic and fructophilic diversity found in the fermentation of
mezcal from Tamaulipas (Mexico) and belong to the species S.
cerevisiae (labelled LCBG-Sc3Y2, -Sc3Y3, -Sc3Y4, -Sc3Y5, -Sc3Y8,
-ScMsc3, -Sc4Y3, -Sc3D2, -Sc3D3, -Sc3D4, -Sc3D5 and -Sc3D6),
Kluyveromyces marxianus (labelled LCBG-Km1D5, -4D3 and -1Y9),
Torulaspora delbrueckii (labelled LCBG-Td1AN1, -1AN2 and -1AN9),
Pichia spp. (P. kluyveri -LCBG- Pk4D6, P. guilliermondii -Pg1Y12 and
P. mexicana -Pm1AN3), and strains of Candida parapsilosis (LCBG-
Cp1Y7), Clavispora lusitaniae (LCBG-Cl4Y4) Rhodotorula mucilagi-
nosa (LCBG-RmP12) and Zygosaccharomyces bailii (LCBG-Zb3Y1).

An initial pre-culture of the tested yeast was grown on YPD agar
plates containing 1% yeast extract, 2% peptone, 2% w/w D-glucose,
plus 2% bacteriological agar (Difco Laboratories, France), all on a w/
w basis and incubated at 30 �C for 48 h. A loop of this pre-culture
was used as inoculum for liquid YPD medium incubated 24 h at
30 �C with shaking at 200 rpm. The optical density of the cultures
was determined at 600 nm and the initial inoculum concentration
was adjusted using sterile Ringer solution to an absorbance of 0.5
for all tolerance experiments.

2.2. Setup of the drop CFU counting technique for stress tolerance
assessment

In order to quantitatively verify the level of stress tolerance of
the yeast collection, the first stepwas to set up a technique for plate
counting, based on the classic method of Miles andMisra as revised
by Hedges (2002) but modifying the volume used. To set up the
counting conditions, cells were counted both in standard plate
count technique as in Neubauer chamber using an 18 h culture of
the control strain Fermichamp growing on YPD medium. Several
volumes (5e20 ml) and dilution factors (100 to 10�6) were assayed.
The experiment was performed on 9 cm petri dishes containing
15 ml of YPD agar for every yeast inocula (control plate) and the
different stress conditions tested (osmotic/carbon source, and
ethanol). Triplicates were assayed for each strain under every
experimental condition.

2.3. Fructose osmotic tolerance assessment

As fructose is consumed slower than glucose during fermenta-
tion, the highest concentration at which the yeasts were able to
grow in fructose was assessed across an ample range, and the base
agar medium (YP, 1% yeast extract, 2% peptone, 2% bacteriological
agar, all on w/w basis) was supplemented with 2% fructose (w/w)
(as in YPF medium), 5%, 10% and then in increments of 5% up to 90%
fructose. Serial dilutions were spotted on the media, the plates
were incubated at 30 �C until colonies were countable (from 1 to a
maximum of 9 days for the most stressful conditions) and all the
Petri dishes were sealed with Parafilm M™ (Brand, Germany) to
minimize water loss. The experiments were conducted at least
three times, and as controls, YPF, YPD and YPDF (equimolar glucose
and fructose) agar media were used, the three of them rendering
the same colony counts.

2.4. Ethanol tolerance assessment with and without hexoses added

Ethanol stress analysis was conducted on agar media with and
without hexoses (either glucose or fructose) and in an equimolar
glucose and fructose mixture to assess the effect of the simulta-
neous presence of the two hexoses. Base YPmedium plus 2%w/w of
either D-glucose (YPD agar) or D-fructose (YPF agar) or equimolar
glucose and fructose (YPDF agar) was used with specific quantities
(2, 5, 8, 9, 10, 11, 12, 13, 14, 15 or 16% v/v) of ethanol added to the
temperate but still melted medium after autoclaving to complete
the required volume ofmedium just prior to being poured into Petri
dishes. Then, the drop colony counting technique described above
was used. On the other hand, to assess the tolerance and utilisation
of ethanol as the sole carbon source, inocula were spotted on base
YP agar medium containing 2, 5, 7, 8, 9, 10, 11 or 12% v/v ethanol.
The plates were incubated at 30 �C from 2 up to a maximum of 9
days, and all the dishes were sealed with Parafilm M™ (Brand,
Germany) to minimize ethanol and water loss. The experiments
were conducted at least three times and as a control the inoculum
dilutions were spotted on regular YPD agar medium without
ethanol. The average values presented always had a standard de-
viation of less than 10%.

2.5. Statistical analyses

The raw colony count (CFU/ml) data were converted to their
corresponding logarithmic values to facilitate statistical analysis,
which was performed using the Analyse-it software for Microsoft
Excel (version 2.20) and the JMP routine of the SAS software for
ANOVA analysis. For the global tolerance analysis we made use of
five values (obtained with normal YPD plus four ethanol and
fructose tolerances) per strain in a box plot type description
(Krzywinski& Altman, 2014) as the most straightforward statistical
method to classify the tolerance range of the S. cerevisiae strains. It
is worth noting that when no growth was observed, an arbitrary
value of 1 was used to allow logarithmic calculations, and the value
of zero was reported for this condition accordingly.

3. Results

The reproducibility of CFU counting technique was first vali-
dated using an 18 h culture of the control strain Fermichamp
growing in YPD broth. The volume of 10 ml was chosen as the most
convenient in terms of handling, visualisation and integrity of the
drop on the agar surface (Fig. 1A). Aworking dilution, typically 10�3

was used considering that the initial sample had an absorbance
(OD600 nm) of 0.5, equivalent to approximately 3 � 106 CFU/ml,
which renders a count around 20e50 colonies per drop deposited,
and using the direct sample (no dilution) for the most stressful
conditions. We used this technique to evaluate the effects of
increasing ethanol and fructose concentrations on yeast growth, as
the ones shown in Fig. 1B obtained for selected S. cerevisiae and
non-Saccharomyces strains. At such a small volume used, it was



Fig. 1. Setup of the drop-plate colonies count technique for assessing: A) volume and dilution rate needed to accurately quantify the number of colony forming units in a known
sample of control strain Fermichamp growing in YPD medium at 18 h; B) example of the growth of colonies at 72 h of incubation by some representatives of the 10 different yeast
species isolated from mezcal, growing in YPD plus 8% v/v ethanol at a 10�3 dilution.
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possible to quantify the viability of up to 12 strains per plate and
also to eliminate the need for spreading the sample over the whole
plate, which speeded up the analysis.

As expected we found a positive correlation between the cell
counts assessed in spread-plates and that in both drop-plates and
Neubauer chamber counts (Fig. 2), which corresponds to the in-
terval from 0.1 to 1 of absorbance at 600 nm (OD600 nm) of the
cultures. It is worth mentioning that for the less stressful condi-
tions, the colonies could be reliably counted from 10 h of incubation
by using a 2 to 4� magnification objective.
3.1. Tolerance of mezcal yeasts to osmotic stress caused by fructose

The growth of the yeasts on increasing fructose concentrations
spanned the entire range tested (Fig. 3A and 3B); but in general
terms, the yeasts grow could be grouped into five visually distin-
guishable fructose tolerance groups: 1) low tolerance (up to 200 g/l
of fructose) was observed only for S. cerevisiae 3D4; 2) moderate
tolerance (up to 350 g/l of fructose) included only S. cerevisiae
Fig. 2. Linear correlation of the cell count of control strain S. cerevisiae Fermichamp
obtained on the spread-plate count and the drop-plate count (full symbol, continuous
line, R2 ¼ 0.945) and the Neubauer chamber count (void symbol, dotted line,
R2 ¼ 0.899). Standard deviations were calculated from three independent experiments.
strains 3D2 and 3D3; 3) high tolerance (up to 500 g/l of fructose)
included S. cerevisiae 3D5, 3D6, Msc3 and 3Y5 as well as the non-
Saccharomyces strain Pk4D6; 4) very high tolerance (up to 650 g/l of
fructose) included the control fructophilic strain Fermichamp and
the non-Saccharomyces strains Cp1Y7, Km4D3, and RmP12; and 5)
extreme tolerance (above 700 g/l of fructose) included Saccharo-
myces strains 3Y2, 3Y3, 3Y4, 4Y3, and 3Y8 plus the non-Saccharo-
myces strains Km1D5, Cl4Y4, Km1Y9, Td1AN1, Td1AN2, Td1AN9,
Pg1Y12, Pm1AN3 and Zb3Y1. As can be observed (Fig. 3), themezcal
strains showed a wide range of tolerance to increasing fructose
concentrations.

3.2. Tolerance to ethanol according to hexose present

The tolerance to increasing concentrations of ethanol, was
assessed inmore detail for all the Saccharomyces cerevisiae yeasts in
the presence of either glucose or fructose at a concentration of 20 g/
l, which resulted in practically the same amount of growth (G
symbolizing here growth in CFU/ml on a logarithmic scale) from
0 up to 8% of ethanol. Specifically, growth on glucose was
Gglc ¼ 6.41 ± 0.24 log CFU/ml, while with fructose, growth was
Gfru ¼ 6.35 ± 0.38 log CFU/ml, thus a ratio of Gfru/Gglc ¼ 1.00 ± 0.03
log CFU/ml for all the S. cerevisiae strains, including Fermichamp.
Hence the diminishing growth in this range of increasing ethanol
(0e8% v/v of ethanol) concentrations can be solely attributed to the
inhibitory effect of the ethanol and not to the hexose used. When
only ethanol was used with no hexose (YP medium), the growth
ratio of the strains under this condition was: Gethanol/
Ghexose ¼ 0.8 ± 0.06 log CFU/ml, except for those yeasts that were
not able to growth under this medium (S. cerevisiae Sc4Y3, 3D2, and
3D3, corresponding to tolerance group 3 in Fig. 5), therefore these
were not considered for the calculation.

Noteworthy, when ethanol concentration was higher than 8% in
the presence of fructose (at 20 g/l), which could be a typical case in
the late stage of almost any alcoholic beverage fermentation, for all
the yeast species tested in this work including S. cerevisiae, a drastic
drop in maximal tolerance to ethanol was observed (Fig. 4A and B),
which is graphically emphasized with an arrow towards the left.
This unique behaviour observed only when fructose was present
instead of glucose, is equivalent to a drop in tolerance from 129 to
77 g/l of ethanol. This general behaviour, not reported before as far
as we know in yeasts, evidenced an inhibitory effect of the fructose



Fig. 3. Fructose tolerance as evidenced by growth capacity on solid YP agar medium supplemented with increasing fructose concentrations for A) Saccharomyces cerevisiae (plus
Fermichamp as a control), and B) selected representative non-Saccharomyces mezcal strains, showing only a detail of the upper part of the graphic for clarity, and including S.
cerevisiae 3Y8 data for comparison. In all cases the colony counts had standard deviations of less than 5%. The arrows (Y) show the upper limit of each range of tolerance.
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(or a general effect of potentiation of the toxic effect of ethanol)
rather than a surplus of carbon source for all the yeasts, including
the fructophilic control strain Fermichamp.

As a consequence, those strains initially classified as highly
resistant to ethanol in YPD, especially some S. cerevisiae (Sc) strains
that were able to grow at up to 15% v/v of ethanol (3Y2, 3Y3, 3Y4,
3Y5, 3Y8, 3D2, 3D4, 3D5 and Fermichamp), had a maximal toler-
ance of only 9% ethanol when fructose was the carbon source. This
was also the limit for the non-Saccharomyces strains Cl4Y4, RmP12
and Zb3Y1 (Fig. 4B) in this hexose. For the rest of the strains, the
maximum resistance to ethanol was 8%, both in glucose and
fructose.

When an equimolar mixture of glucose and fructose was used
instead (YPDF medium), we observed that the presence of glucose
partially counteracted the negative effect of fructose for the tested
S. cerevisiae strains as well as for the non-Saccharomyces yeasts K.
marxianus, P. guilliermondii, T. delbrueckii and Z. bailii, allowing
them to increase their tolerance to at least 2% v/v more ethanol
with respect to the value obtained with only fructose. This means
that S. cerevisiae (3Y3 and Fermichamp) and K. marxianus 4D3
increased their tolerance from 9 to 12% ethanol in the equimolar
medium, whilst T. delbrueckii 1AN9 and Z. bailii 3Y1 increased their
tolerance from 8 to 10% ethanol in this medium, with the latter
growing an order of magnitude further in this equimolar mixture
than in only glucose at the same ethanol concentration. For the rest
of the species there was no positive effect of using the equimolar
glucose/fructose medium.

3.3. Analysis of the stress tolerances of S. cerevisiae mezcal strains

The end of almost any alcoholic fermentation is characterized by
both high fructose and ethanol concentrations, and also by the
almost absolute predominance of S. cerevisiae species, hence we
used a combination of the unstressed growth and that obtained at
four stressful conditions (high ethanol levels with and without
hexoses present, and growth at high osmotic pressure caused by
fructose) as a means of classifying the phenotypes observed for this
species.

As can be observed (Fig. 5), the tolerance to the studied stresses
for the S. cerevisiae mezcal strains, expressed as the pooled growth
attained under the conditions tested, can be classified into 3 groups
and one unique behaviour as evidenced by their box plot distri-
butions as follows: yeasts in group 1 (strains Sc3Y2, 3Y3, 3Y4, 3Y8,
Msc3 and control strain Fermichamp) performed well under the
four stresses tested and had the lowest interquartile range (IQR)
and highest minimal values, corresponding to the more robust
(fitter) growth of these strains; yeasts in group 2 (including yeasts
Sc3Y5, 3D5 and 3D6) were similar to the former but had a lower



Fig. 4. Tolerance to increasing ethanol concentrations displayed by representative
strains of each of the species found in mezcal growing in the presence of A) glucose, or
B) fructose, both at a concentration of 20 g/l. There was a drop in resistance
(emphasized by the dotted arrow) for all species when ethanol was above 8% v/v and
fructose was the carbon source.
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tolerance to high concentration fructose; group 3 yeasts (Sc3D3,
3D2 and 4Y3) were tolerant to ethanol in the presence of glucose or
fructose but not to ethanol without any hexose, and they had a low
tolerance to high concentration fructose; and finally, as an
Fig. 5. Global box plot type analysis of the tolerance of Saccharomyces cerevisiae mezcal
conditions: normal YPD (black stars), YPD plus 12% ethanol (white dots), YPF plus 9% ethan
ethanol (black dots). Values describing the distribution of each tolerance group and the uni
performed at least three times, average values are presented and the standard deviation w
individual case, strain Sc3D4 was tolerant to ethanol with or
without the presence of any hexose, showing a highmedian growth
value of 6.36, similar to group 1, but was very sensitive to high
concentration fructose. All this indicated a high phenotypic di-
versity of the S. cerevisiae mezcal strains in terms of tolerance to
ethanol and fructose.

4. Discussion

Determination of the levels of tolerance to stress are usually
performed under liquid culture, which requires the use of agitation
devices, transfer of volume for absorbance quantification and
control of water loss in the case of microplate readers. As all this is
avoided in agar plates, it constitutes an invaluable tool for screening
of yeasts and determination of their limit tolerances to stress as far
as the media utilised can be contained in the agar matrix.

4.1. Suitability of the drop plate method for stress tolerance analysis

With respect to the drop-plate technique for quantifying the
growth of a yeast culture, Supanwong and Pichai (1995) in a short
report showed their use for S. cerevisiae TISTR 5168 and the reli-
ability of spotting several dilutions on the same plate, although no
details were given concerning the volume of the cell solutions used
for the drops, nor different media were tested. In this aspect, the
method presented here and experimental setup proposed allowed
us the quantitative analysis of our strains with capability to be
performed in both, a high number of replicates and/or of strains in a
short time (overnight for the less stressful conditions), and it can be
easily adapted in any lab with a minimum of microbiological
equipment.

4.2. Tolerance of yeasts to high concentration fructose

The upper limit of growth at fructose concentrations above
750 g/l observed in this work for two of the S. cerevisiae yeasts (3Y4
strains comparing the average growth attained on solid media under the following
ol (grey dots), YP plus 8% ethanol (striped dots) and YP plus 500 g/l fructose without
que case are presented in the upper right side of the figure. All the experiments were
as always less than 10%.
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and 3Y8) is higher than the tolerance to fructose in liquid medium
reported by Arroyo-Lopez et al. (2009) who observed a maximum
of 640 g/l for S. cerevisiae, which could be explained by the different
types of media used by these authors and in the present work. For
the non-Saccharomyces yeasts, specifically for P. guilliermondii and
Zygosaccharomyces baillii isolated from Spanish candied fruit fac-
tories, Martorell, Stratford, Steels, Fernandez-Espinar, and Querol
(2007) found that the maximum glucose tolerance, also tested in a
YPD-based medium, was 576 g/l (3.2 M) for the former and around
727 g/l (4.04 M) for the latter. These values are lower than the ones
obtained in this work using fructose instead of glucose, with
tolerance to fructose of 800 g/l (4.44 M) for the two strains of these
species tested in this work (Pg1Y12 and Zb3Y1) as well as for the
two non-Saccharomyces yeasts Cl4Y4 and Pm1AN3 belonging to the
genera Clavispora and Pichia, respectively.

It is worth noting that information concerning yeast responses
to osmotic stress has been obtained by using potassium chloride
(Carrasco et al., 2001; Zuzuarregui & del Olmo, 2004), sorbitol
(Wimalasena et al., 2014) and glucose (Martorell et al., 2007; Tofalo
et al., 2009), but the effect of the stress caused by fructose itself,
which can indeed drastically decrease the ethanol tolerance not
only for S. cerevisiae but for all of the species studied here, is seldom
analysed, except for the work of Arroyo-Lopez et al. (2009), and the
modelling work of Zinnai, Venturi, Sanmartin, Quartacci, and
Andrich (2013). The latter researchers found no difference in the
rate of consumption of these hexoses below 50 g/l ethanol, but
above this concentration glucose consumption increases, and by
means of a mathematical model the authors suggest that the
limiting step may occur either at the active transport of fructose
through the membrane or at the isomerization of fructose to
glucose.

4.3. Tolerance of yeasts to high concentration of ethanol

Concerning ethanol, the level of tolerance on YPD of half of the S.
cerevisiae strains coincides with that reported by Carrasco et al.
(2001) and also by P�aez et al. (2011) for some of their S. cerevisiae
strains isolated from agave musts, with 15% v/v ethanol being the
upper limit in this work. The response to ethanol in the absence of
any sugar was determined (YPeEtOH), where a maximum toler-
ance of 9% v/v ethanol was obtained, which is in line with a report
on other strains with low, moderate and high ethanol tolerances
ranging between 5 and 14% (Ding et al. 2009; Tofalo et al., 2009). All
the non-Saccharomyces strains tested in this work were unable to
grow on YPD plates containing more than 10% ethanol except for Z.
bailii 3Y1, as also was observed in the work of Santos et al. (2008),
who suggested that the more ethanol affects the hexose transport
system, the more residual fructose was present in the stuck-wine
(fructose) medium, but this was also dependant on the specific
strain and its growth stage.

None of the yeasts tested here were able to grow on either
YPFeEtOH plates or YPeEtOH plates containing above 9% ethanol,
evenwhen the sample was spotted directly without dilution, which
indicated that the presence of fructose did not improve the survival
rate of any of the yeasts in the presence of ethanol but rather had an
inhibitory or disruptive effect, as evidenced by the abrupt shift in
tolerance from 15 to 9% v/v ethanol (Fig. 4B). This effect of
decreasing viability and increasing mortality rate caused solely by
fructose has only been reported as far as we know by Semchyshyn,
Lozinska, Miedzobrodzki, and Lushchak (2011) for S. cerevisiae at a
much lower concentration (4%), and it could at least partially
explain the shift in viability observed in this work. Interestingly, in
experiments using equimolar concentrations of glucose and fruc-
tose we observed that the presence of glucose partially counter-
acted the negative effect of fructose and provided to some of the
strains (Saccharomyces and some non-Saccharomyces) a further in-
crease in ethanol tolerance of at least 2% v/v ethanol more in
comparison to growth values attained using only fructose, thus
evidencing some competition-type behaviour of these sugars,
probably at their initial uptake in the membrane, as suggested by
Zinnai et al. (2013), or a conformational change of ethanol in the
hexoses mixture, which could be more toxic and/or less prone to be
transported. This however requires further experimental confir-
mation. From the genetic expression point of view, Piper et al.
(1994) have long demonstrated that at the membrane level both
temperature and ethanol stress responses have similar patterns of
Hsps (Heat-shock proteins), which are induced (Hsp104, Hsp70 and
Hsp26) at ethanol levels above 4% and up to 10%. Notably, Hsp140
and Hsp70 induction is equally strong when either heat-shock
(39 �C for 40 min) or 8% ethanol exposure is tested, as is the rapid
loss of plasma-membrane ATPase probably in a cellular attempt to
maintain homoeostasis by extruding the protons that passively
enter the yeast when the membrane is affected by such stresses.

We globally analyse the performance of the S. cerevisiae mezcal
strains. It was observed that they could be classified into threemain
groups, wherein the first one includes the commercial strain Fer-
michamp, which is currently used to reactivate stuck fermentations
given its fructophilic nature. We therefore anticipated that the
strains in this group would be the ones with the highest ethanol
productivity; we found as a general trend that the maximal ethanol
yield of the strains in a synthetic agave-like medium where fruc-
tose/glucose ratio is 9:1, (Oliva-Hern�andez et al., 2013) was the
highest for strains in group 1 (YetOH/S ¼ 0.43 ± 0.05), except for
strain 3Y2, which had a low ethanol yield (YetOH/S ¼ 0.28) but was
included in the high stress tolerance group 1 (Fig. 5). Overall, the
global analysis revealed the high tolerance of this species to os-
motic and ethanol stresses, and the robustness of its ethanol pro-
duction, as observed by Mendes et al. (2013) using a polyphasic
approach to classifying S. cerevisiae, which included and their
resistance to ethanol (10 and 14% v/v) in liquid medium. These
authors concluded that phenotypic groups were formed according
to the technological use of the strains (domestication), and this was
independent of their geographic origin. Our results are in agree-
ment with this observation andwewere also able to assess the high
phenotypic (stress tolerance) yeast variability of this fermentation
system.

5. Conclusions

We found that fructose causes a dramatic decrease in the
tolerance level and survival rate of all the yeasts tested, Saccharo-
myces and non-Saccharomyces, a finding that to our knowledge has
not been reported before, as usually tolerance/resistance de-
terminations in the literature are carried out using solely glucose as
the carbon source. Accordingly, there is a high risk of over-
estimation of ethanol tolerance of a given strain when tested in the
laboratory using only glucose, when it is intended for performing
fermentation in fructose-rich substrates. The methodology and
analysis procedure proposed here for stress tolerance quantifica-
tion applied to several genera of yeasts is proposed for screening
and selection of those strains with a high performance on
fermentation processes, but also could be used as a tool for isolation
of those variants/segregants of a yeast/bacteria population with a
more resistant phenotype, allowing a direct calculation of the ratio
of this subpopulation from the original sample.
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a b s t r a c t

The sorghum flour of different particle sizes (251, 178, 152, 104 and 75 mm) made from traditional milling
process and hammer mill were obtained using different sieves and evaluated for hydration properties.
Biscuits were prepared using the respective flours of various particle sizes and the physical, textural and
organoleptic properties were evaluated. With the decrease in particle size of flour, the water absorption
capacity (P < 0.05) and swelling power (P < 0.01) increased, Water binding capacity and oil binding
capacity decreased (P < 0.05) in hammer milled flour than traditionally milled flour. The hardness
(texture) was higher in biscuits prepared from flour of particle size 152, 104 and 75 mm compared to
251 mm and 180 mm. The color of biscuits was affected by the milling process, L* and b* were higher
(P < 0.01) in hammer milled flour and a* and whiteness index were higher in traditionally milled flour.
Acceptability was higher in biscuits prepared from the traditionally milled flour of particle sizes 251 mm
and 180 mm.

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

Sorghum (Sorghum bicolor (L.) Moench) is an important staple
food consumed in thewarm and semi-arid regions of theworld. It is
rich in carbohydrates, fiber, vitamins, minerals and phytochemicals
including tannins, phenolic acids, anthocyanins, phytosterols and
policosanols (Awika & Rooney, 2004). These nutrients have a pos-
itive role in the health and nutrition of humans especially in peo-
ples suffering from lifestyle disorders such as celiac disease,
diabetes and obesity (Austin, Turner, McDonough, & Rooney, 2012;
Pontieri et al., 2013). The requirement for gluten-free products is
increasing worldwide (Arendt & Dal Bello, 2008). Facing this de-
mand, the fact that millets like sorghum, apart from being nutrient-
rich are gluten free offers significant opportunities for using in
different products. Sorghum based products are broadly accepted
and consumed in many countries and, therefore, offer a valuable
supplementation vehicle for nutritional improvement (Beta,
Rooney, & Wanishka, 1995; Chavan, Patil, & Shinde, 2009; Eggum,
ar@millets.res.in (B. Dayakar
na@gmail.com (K. Kalpana),
orghum.res.in (J.V. Patil),
Monoswar, Knudsen, Munck, & Axtell, 1983).
Biscuits are the most popular bakery products consumed nearly

by all levels of society. This is mainly due to its ready to eat nature,
good nutritional quality, and availability in different varieties and
affordable cost. It contains flour, sugar, fat, water and salt as main
components in a soft dough biscuit formulation (Maache-Rezzoug,
Bouvier, Allaf, & Patras, 1998). Industrial production of sorghum
incorporated biscuits would require the understanding of the func-
tion of raw ingredients tomanipulate the quality of the final product.
However, there is a lack of information about the type of milling and
influence of flour particle size on its hydration properties.

Particle size reduction is a major pre-process preparation prior
to product development (Duodu et al., 2002). The conventional size
reduction machines for grain preparations in food processing
include traditional (chakki), hammer and roller mills. These mills
differ in the effective operating force and the extent of frictional
heat generated during grinding. This frictional heat andmechanical
energy can affect molecular and structural properties of starch
(damaged starch) and other components and influence their
functionality (Huang, Xie, Chen, Lu, & Tong, 2008; Kerr, Ward,
McWatters, & Resurreccion, 2000). Some of these effects are
related to particle size and consequently the surface area available
for reactions (e.g., water binding, swelling, absorption and
solubility).
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Starch damage from milling increases the water holding ca-
pacity of cereal flours (Dendy & Dobraszczyk, 2001), has potential
to increase their water absorption and starch digestibility during
the dough making due to the increased levels of starch exposed for
hydration and enzymatic action. However, incorporation of fine
flours remarkably increase the cookies hardness and decrease the
spread ratio while coarse flours marginally reduced both the pa-
rameters (Zucco, Borsuk, & Arntfield, 2011) in pulse incorporated
cookies. There is scanty information on suitable milling and the
particle size for the development of sorghum biscuits. The present
work was aimed to study the effect of milling (traditional and
hammer) on hydration properties of sorghum flour and different
particle size flour on the quality of biscuits in terms of physical
properties, texture, color and organoleptic properties.

2. Materials and methods

2.1. Raw materials

Sorghum cultivar M35-1 (maladandi) was procured from Sol-
apur, Maharastra, India.

2.2. Processing of grains

Grains were cleaned (free from stones, dust, grit, insects etc.)
and graded using destoner cum grading machine (Bhavani In-
dustries, Mysore, India). The cleaned grain is then processed by dry
milling using a hammer mill (Centrifugal Compact Pulverizer, Cen-
trifugal Products, Gujarat, India) and a traditional mill (Sowbhagya
Industries, Guntur, India). Flour was sifted manually using BSS
(British Standard Size) sieves opening each pore with 60 (251 mm),
85 (180 mm), 100 (150 mm), 150 (104 mm), 200 (75 mm) mesh sizes
for the production of biscuits.

2.3. Flour hydration properties

2.3.1. Water absorption capacity (WAC)
The WAC was determined according to the method of Beuchat

(1977), Flour sample of 1 g was mixed in a vortex mixer (Tarsons,
spinix, India) with 10 mL of distilled water for 1 min and then
centrifuged at 3000 rpm for 30e45 min. After separation of the
content, the volume of supernatant was recorded and used for
determination of WAC; the results are expressed as g/mL of sample.

2.3.2. Oil absorption capacity (OAC)
The OAC was determined by the method of Lin, Humbert, and

Sosulski (1974). Sorghum flour of 100 mg was measured and
mixed with 1.0 mL of edible oil. The content was mixed with a rod
and agitated for a min to disperse the sample in oil. After a period of
30min, tubes were agitated in a vortexmixer (Tarsons, spinix, India),
centrifuged (Remi Q-8C, India) at 3000 rpm for 10 min. The super-
natant was poured into separate container and tubes were
upturned on blotting paper for 25 min to drain the oil and the
residue weighed (Wr). The oil absorption capacity was expressed as
grams of oil bound per gram of the sample on dry basis.

OAC is calculated by the following formula

OAC ðg=gÞ ¼ Wr

Wi

where, Wi was the sample weight (g).

2.3.3. Gel hydration properties
Water absorption index (WAI) and swelling power (SP) of sor-

ghum flour were determined by the modifiedmethod of Toyokawa,
Rubenthaler, Powers, and Schanus (1989), with minor modification
as reported by de la Hera, Gomez, and Rosell (2013). Sorghum flour
of 500 mg sample was dispersed in 10 mL of distilled water in an
eppendorf tube using a wire rod for agitating and cooked at 90 �C
for 10 min in a water bath. The heated flour was cooled in an ice
water bath for 10 min, and then centrifuged (Remi Q-8C, India) at
3000 rpm at 4 �C for 10 min. The supernatant was poured into an
evaporating dish and the weights of dry solids were recovered by
evaporating the supernatant at 105 �C till continual weight. Three
replicates were made for each sample. Residue (Wr) and dried su-
pernatant (Ws) were weighed and WSI, WAI and swelling power
(SP) were calculated as follows:

WAI ðg=gÞ ¼ Wr

Wi

WSI ðg=gÞ ¼ Wr

Wi
X 100

SP ðg=gÞ ¼ Wr

Wi �Ws

where, Wi was the sample weight (g).

2.4. Composition and preparation of biscuits

Sorghum flour (53.2%), fat (trans fat-free vanaspathi made from
palm oil; 17.6%), sugar powder (13.4%), skimmed milk powder
(4.2%), salt (0.5%) and baking powder (0.7%) were used for the
preparation of biscuits. The ingredients were purchased from the
local market, Hyderabad.

Creaming (CM) and sugar solution method (SSM) were used for
the preparation of biscuits (Sai & Haridas, 1999). Potable water
(10.5%), skimmed milk powder (4.2%) and icing sugar (13.4%) were
added altogether in planetary mixer andmixed for 5 min at 61 rpm.
Subsequently, baking powder (0.7%) and sodium chloride (0.5%)
was added, mixed for 2 min and then shortening agent (fat e 17.6%)
was added, agitated for 3 min at 125 rpm and 15e20 min at
175 rpm until it reaches as fluffy or creamy appearance. Sieved
sorghum flour (53.2%) was added part by part into the mixture of
cream and blended for 2 min. The dough was placed on a table and
rolled with a wooden roller. Biscuits were shaped using a circular
mold (48 mm in diameter), and the pieces were placed on lubri-
cated trays, kept in a convention oven (Sanco Instruments and
chemicals, New Delhi), baked at 150 �C for 35 min. The baked bis-
cuits were cooled at room temperature, packed in HDPE pouches
and stored at room temperature for further analysis.

2.5. Physical characteristics

The diameter (D) and thickness (T) of three biscuits were
measured using Vernier calipers, by placing them the edge to edge
and by stacking one above the other respectively. To obtain the
average, measurements were made by rearranging and restacking.
Mean weight (W) of three biscuits was noted using weighing bal-
ance (Citizon Scale eCY- 64, India). Further, the thickness ratio of
biscuits was calculated from the thickness of mold dough by the
thickness of biscuits and weight ratio was calculated from the
weight of biscuits by the weight of mold dough (Aleem Zaker,
Genitha, & Hashmi, 2012).

2.6. Measurement of color

The color of sorghum biscuits wasmeasured using a Hunter's Lab
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color analyzer (Hunter lab scan XE, Reston VA, USA). In the Hunter's
lab colorimeter, the color of a sample is denoted by the three di-
mensions, L*, a* and b*. The L*, a* and b* readings are then recorded in
the software provided to an attached computer. The acquired results
are expressed in terms of L* (lightness or luminance) from100 for the
perfect white to 0 for black, as the eyewould evaluate it. The value a*
gives redness to greenness-positive to negative and b* yellowness to
blueness positive-negative values. The color of the samples was
measured, keeping the samples on the colorimeter orifice. The
whiteness index values which mathematically link lightness and
yellow-blue into a single term were used as well as the individual
value of L*, a* and b*. Triplicate analysis of each sample was done.

2.7. Texture profile analysis

The hardness of sorghum biscuits was determined by the texture
analyzer (StableMicro Systems Ltd., TA HD plus (5197) UK) equipped
with a 50 kg load cell. Breaking strength of biscuit was measured
using the HDP/BS blade. The individual samples of biscuits were
placed on the platform such that they are supported at two points
and the blade was attached to the cross head of the instrument. The
TA settingwas kept at pre-test speedof 2mm/s, test speedof 3mm/s;
post-test speed of 10 mm/s. This test simulates the evaluation of
hardness by consumer holding the biscuit in hand and breaking the
same by bending using constant force. The breaking strength of
biscuit is thefirst absolute peak force arising fromthe resulting curve.
Triplicate analysis for each sample was done. The outright peak from
the resulting curve was reflected as breaking strength.

2.8. Sensory evaluation

Sensory evaluation was carried out by 15 semi-trained judges
using a 9-point Hedonic rating scale (Amerine, Pangborn,& Rossler,
1980) for sensory attributes like color, appearance, flavor, taste,
texture and overall acceptability of biscuits. The panelists were
asked to evaluate each biscuit attribute applying a hedonic scale of
Table 1
Hydration properties of sorghum flour.

Hydration properties Particle size (mm)

WAI 251
180
152
104
75

WSI 251
180
152
104
75

SP 251
180
152
104
75

OAC 251
180
152
104
75

WBC 251
180
152
104
75

(Results are Mean ± SD; Means having same superscript do not differ significantly at p
shows difference with in the particle size of sorghum flour; WAI: water absorption capa
WBC: water binding capacity).
9 points (1 d dislike extremely, 9 d like extremely).

2.9. Statistical analysis

The data was subjected to the statistical analysis using SPSS
version 19.0 (IBM, Statistical Package for Social Sciences). Descrip-
tive statistics like mean and standard deviation were computed for
all the attributes. The two-way analysis of variance was applied to
know the mean difference in attributes between milling method
and among particle size. Significant differences were determined
by Duncan Multiple Range Test (posthoc). KruskaleWallis H-test
was used to study the significant difference in the ranks obtained
for sensory attributes of biscuits. Differences were considered sig-
nificant at P < 0.05 and P < 0.01 to know the accuracy.

3. Results and discussion

3.1. Flour hydration properties

Flour hydration properties are given in Table 1. Oil absorption
capacity was determined to measure the ability of the flour protein
to physically bind fat by capillary attraction. OAC is of paramount
importance as oil/acts as a flavor retainer and improves mouth feel
(Aremu, Olaofe,& Akintayo, 2007). OAC values ranged from 1.855 to
1.977 g/g for traditionally milled flour and 1.802e1.927 g/g for
hammer milled flour, significantly increased (p < 0.05) while the
particle size increased. It was higher in 251 mm and 180 mm than
other particle size flour and no significant difference was found
between the milling methods. It seems that particle size had a large
influence on the oil absorption capacity than milling methods. This
could be due to the lipophilic nature of the constituents of the flour
(Ubbor & Akobundu, 2009), and flours which have high OAC can
retain the flavor, improve the palatability, and extend the shelf life
of bakery products (Seena & Sridhar, 2005).

Water binding capacity is a measure of the strength of starch
inter-granular bond; low water binding is a characteristic to fit
Traditional milling method Hammer milling method

7.65ab* ± 0.123 8.90ab* ± 0.061
7.50a* ± 0.083 8.76a* ± 0.018

8.48abc* ± 0.039 8.40abc* ± 0.348
8.83bc* ± 0.015 8.79bc* ± 0.149
8.67c* ± 0.102 9.29c* ± 0.114
5.86* ± 0.124 6.37* ± 0.000
5.57* ± 0.282 7.45* ± 0.443
4.77* ± 0.275 8.66* ± 0.986
5.97* ± 0.290 7.54* ± 0.291
5.68* ± 0.125 6.06* ± 0.976
8.13a* ± 0.120 9.51a* ± 0.065
7.95a* ± 0.064 9.47a* ± 0.064
8.91ab* ± 0.015 9.19ab* ± 0.282
9.39b* ± 0.045 9.51b* ± 0.131
9.20b* ± 0.096 9.89b* ± 0.019
1.97a± 0.016 1.92a± 0.021
1.95a± 0.018 1.94a± 0.016
1.85a,b ± 0.018 1.95a,b ± 0.033
1.95b ± 0.004 1.88b ± 0.025
1.86b ± 0.007 1.80b ± 0.020
2.32a± 0.007 2.38a± 0.018
2.25a,b ± 0.019 2.38a,b ± 0.046
2.38a,b ± 0.009 2.35a,b ± 0.027
2.24a,b ± 0.017 2.43a,b ± 0.006
2.31b ± 0.058 2.24b ± 0.020

< 0.05; * shows difference between traditional and hammer milling methods; a,b,c
city, WSI: water solubility index; SP: swelling power; OAC: oil absorption capacity;
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tightly while high water binding capacity is to specify the slack
association of starch polymers or low lipid content (Soni, Sharma,
Srivastava, & Gharia, 1990). With regard to WBC, no significant
difference was found between the milling methods and a signifi-
cant difference was observed among the particle size flour, it was
increasedwith a decrease in particle size. The greater surface area is
exposed to water molecules binding to the fine particles, inducing
higher water intake (de la Hera et al., 2013). According to Farrand
(1972), damaged starch absorbs more water than undamaged
starch, which could be due to the interaction between starch and
non-starch components.
3.2. Gel hydration properties

Water uptake during thermal treatment, which includes starch
gelatinization and protein denaturation, was assessed by deter-
mining the WAI and SP (Table 1). WAI was significantly increased
(P < 0.01), as we decrease the particle size of flour in both tradi-
tional and hammer milling methods. The same tendency was
observed in the case of SP (P < 0.01). Further, it was significantly
higher (P < 0.01) in hammer milled flour. A similar trend was
noticed by (Mahasukhonthachat, Sopade, & Gidley, 2010). Pre-
sumably, the level of starch damage besides the interactions with
non-starch components like protein and cell wall matrices affected
the water absorption ability (de la Hera et al., 2013). With regard to
WSI, a significant difference (P < 0.01) was found between the
milling methods and no significant difference between the particle
size. Similar observations were noticed by Al-Rabadi, Torley,
Williams, Bryden, and Gidley (2012). Perhaps, these results could
be due to amylose which was leached out during heating (de la
Hera et al., 2013) as higher frictional heat induced by hammer
mill compared to traditional mills.
3.3. Physical characteristics

The physical characteristics are an elementary prediction of
quality of biscuits, the dough and biscuits prepared from the
different particle size of sorghum flour (traditionally milled and
hammer mill) were subjected to quality measurements such as
thickness, weight and ratio of thickness and weight respectively.
The data of these measurements are summarized in Table 2. The
results revealed that the thickness ratio were significantly higher in
biscuits prepared from the flour of 60 (251 mm), 85 (180 mm) and
100 (152 mm) particle size and hammer milled flour showed
Fig. 1. Breaking strength (kg) of sorghum biscuits.



Fig. 2. Color analysis of sorghum biscuits. (Color analysis- L*, index of lightness/
brightness; a*, index of redness/greenness; b*, index of yellowness/blueness;
T ¼ Traditional mill; H ¼ Hammer mill; Particle size: A ¼ 251 mm, B ¼ 180 mm,
C ¼ 152 mm, D ¼ 104 mm, E ¼ 75 mm).
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significantly (P < 0.01) higher thickness ratio than traditionally
milled flour. As in the case of weight ratio, it was in contrast to
thickness ratio. It was evident that thickness ratio and weight ratio
were affected by a significant interaction between particle size and
flour type. A higher level of damaged starch would lead to smaller
final cookie diameters by absorbing relatively large quantity of
water and increasing dough viscosity (Pareyt & Delcour, 2008;
Zucco et al., 2011). Considering the more severe milling treat-
ment, smaller flour particle sizes would be expected to contain a
higher level of damaged starch than coarse flours. Hence, the level
of starch damage might have been higher in a hammer mill than
the traditional mill, incorporation of finely milled flours resulted in
Fig. 3. Organoleptic properties of biscuits prepared from sorghum flour of different p
a decreased cookie thickness ratio and increased weight ratio.

3.4. Texture

The quality parameter evaluated was texture. Hardness, as
measured by breaking strength of biscuits, is an essential property
of biscuits that contributes to product quality. Breaking strength
was significantly affected by the particle size and not by milling
method. It was observed that the breaking strength was increased
as we decrease the particle size of flour; it was higher in 75 mm and
104 mm and lower in 152 mm,180 mm and 251 mm particle size flour
biscuits (Fig. 1). The maximum and the minimum value corre-
sponded to the breaking strength of sorghum biscuits carries fine to
coarse flour. The graphical representation also depicts the
increasing phenomenon of the breaking strength, as the decreases
in particle size. It was also evident from the sensory attribute,
texture, both values described that the flours of particle sizes
180 mme251 mm were better in preparation of sorghum biscuits.
Flour of fine particle size necessitates more water to absorb to
prepare the dough. Therefore, biscuits prepared from high ab-
sorption dough tend to be harder to handle during dough prepa-
ration (Hoojjat & Zabik, 1984) and baking (McWatters, Ouedraogo,
Resurreccion, Hung, & Phillips, 2003). The difference between the
particle sizes of the flours may influence the association between
protein and starch resulting in biscuits with varied hardness (Zucco
et al., 2011).

3.5. Color

The surface color of a baked product is, together with texture
and taste, a very important element for the initial acceptability of
baked goods by consumers. The L* (whiteness), a* (redness), b*
(yellowness) and whiteness index (WI; mathematically combines
lightness and yellow eblue into a single term) were used to study
the color of biscuits. It is observed that there was a significant
article size 3a. Color; 3b. Taste; 3c. Flavor; 3d. Texture; 3e. Overall acceptability.
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difference (p < 0.01) in L*, a*, b* and whiteness index (WI) of
biscuits prepared from both traditional and hammer milled flour,
the values were higher in biscuits prepared from traditionally
milled flour than the hammer milled flour. With regard to L*, a*
and WI, the particle size 251 mm, 180 mm, 152 mm, 104 mm and
75 mm did not show any difference in both traditional and
hammer milling methods, whereas a significant difference
(p < 0.01) was found for b*. It was significantly higher (p < 0.01) in
152 mm particle size than other size particles (Fig. 2). According to
Chevallier, Colonna, Della Valle, and Lourdin (2000) surface color
of biscuits devises from non-enzymatic browning (Maillard re-
actions) between reducing sugars and amino acids during the
baking process and as well as starch dextrinisation and sugar
caramelization.

Damage of starch leads to decrease in reducing sugar concen-
tration that causes color development due to Maillard reaction or
sugar caramelization (Broyart, Trystram, & Duquenoy, 1998).
Therefore, the observed differences in biscuits prepared from two
differently milled flours could be due to the amount of starch
damage in the milling process.

3.6. Sensory characteristics

Acceptability of snacks depends mainly on the organoleptic
properties, which are usually measured in terms of texture, taste
and appearance. As seen in Fig. 3, scores of sensory attributes such
as color, taste, appearance, flavor, texture and overall acceptability
(OAA) were significantly higher (P < 0.01) in biscuits prepared from
flour of particle sizes 251 and 180 mm and also it was significantly
higher biscuits prepared from traditionally milled flour. The
optimal WBC, WAI, WSI, SP and OAC of particle sizes 251 and
180 mmof traditionally milled flour biscuits might have retained the
flavor, improved palatability, color and texture for the highest
acceptability.

4. Conclusions

The study was conducted for finding out the best milling
method and size of flour for the preparation of biscuits. As the
particle size of flour decreased contradictory impacts on texture
(breaking strength) of biscuits were observed, major changes in
physical and functional properties were noticed from coarse to fine
sorghum flour. The finest grade of milling is more susceptible to
starch damage, significantly affects the texture, increased darkness,
hardness andweight.With consumer acceptance being the primary
parameter to be considered, this study showed that the milling
process and particle size are very important factors in defining
products' quality. In particular traditional milled sorghum flour of
larger particle size (180 and 251 mm) resulted in higher quality
sorghum biscuits, as indicated by overall acceptability in the sen-
sory evaluation.
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a b s t r a c t

In this study, effect of the 4-day germination on the chemical composition, antioxidant activity and fatty
acids profile of Persian clover seeds (Trifolium resupinatum) was investigated. In addition, clover sprouts
was immersed in 0.5, 1 and 2% thyme (Thymus vulgaris) essential oil (EO) solutions, packaged in poly-
ethylene containers and stored at refrigerated temperature (4 �C) for 10 days. As seedling progressed, the
moisture, protein, crude fibre and ash content increased, whilst fat and carbohydrate reduced. After 4-
day germination, ascorbic acid, total phenolic content and antioxidant activity indicated 1.3, 2 and 1.5
fold increase, respectively. Sprouting caused significantly (p < 0.05) increase in measured organic acids
and minerals (except K). Moreover, oleic acid showed an increase of 3.4% compared to raw seed. In
respect to microbial quality, the treated clover sprout demonstrated a significant reduction in the pop-
ulation of total aerobic bacteria, coliforms, molds and yeast count followed by increasing EO concen-
tration compared to the control. Total aerobic bacteria, total coliforms, molds and yeast count of clover
sprouts with 2% thyme EO showed 3.2, 2.3 and 2.2 log10 unit reduction, just after treatment. During
storage, the population of natural microflora increased significantly (p < 0.05) in all treatments.

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

Legume belonging to family of leguminosae (fabaceae) is inex-
pensive and good source of dietary fibre, carbohydrates, lipids,
proteins, minerals and vitamins. Grain legumes are rich of poly-
phenolic and antioxidant compounds such as phenolic acids, fla-
vonoids and lignins. However, the large amount of antinutritional
factors (i.e. trypsin inhibitors, a-galactosides, inositol phosphates)
are present in raw seed of legumes which should be eliminated
before consumption (Fernandez-Orozco et al., 2008; Kuo, Rozan,
Lambein, Frias, & Vidal-Valverde, 2004; Lin & Lai, 2006; Megat
Rusydi, Noraliza, Azrina, & Zulkhairi, 2011).

Germination (sprouting) is an economical and effective process
which can improve nutritional value and reduce the adverse effect
of legumes such as flatulence. During sprouting, complex starch
and proteins break down to simple carbohydrates and free amino
acids and so their digestibility enhance. The increasing in content of
vitamins, proteins, secondary metabolites such as antioxidant
constituents and bioavailability of trace elements have been found
as other advantages of germination (Chen, Yu, Wang, Gu, & Beta,
2016; Kumari, Krishnan, & Sachdev, 2015; Megat Rusydi et al.,
2011; Pe~nas, G�omez, Frías, & Vidal-Valverde, 2010).

Fernandez-Orozco et al. (2008) investigated the effect of
germination on antioxidant compounds of mung bean and two
kinds of soy beans and reported that germination is a suitable
process for promoting the antioxidant activity of raw seeds.
Shakuntala, Naik, Jeyarani, Naidu, and Srinivas (2011) found that
germination on fenugreek seed improves the level of minerals such
as iron, zinc and potassium. It is reported that germination has been
more effective in reduction of phytic acid, stachyose and raffinose
in mung bean seed (Mubarak, 2005).

In recent years, seed sprouts have been very popular among
other fresh products due to high nutritional value and low calorie.
Generally, sprouts are very perishable and it is necessary to
improve their shelf-life by good processing, handling, packaging
and storage condition. To prolong the shelf life of fresh fruits and
vegetables, both of synthetic and natural preservatives could be
applied. Biopreservatives are a wide range of natural products
originated from plants (e.g essential oils), microorganisms (e.g
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bacteriocins) etc, which can control the growth of food microbial
population. Essential oils are the best natural preservatives which
their antioxidant and antimicrobial effects are approved. The
phenolic compounds present in essential oils break down cellular
membranes and disrupt biosynthetic pathways of microorganisms
(Ponce, Roura, & Moreira, 2011).

Ponce, Valle, and Roura (2004) found that some essential oils
such as eucalyptus, tea tree and clove could control the population
of native microflora of chard leaves. The use of clove and tea tree
essential oils can also reduce the potential microbiological hazard
of Butterhead lettuce (Go~ni, Tomadoni, Moreira, & Roura, 2013).
Azeredo et al. (2011) reported that the combined application of
oregano and rosemary essential oils was effective to inhibit the
growth of pathogen and other spoilage microorganisms with fresh
leafy vegetable origin.

Persian clover (Trifolium resupinatum) is growing in temperate
and subtropical areas such as Mediterranean, Western North
America and Eastern Africa. It is known as a folk medicine due to
the anti-inflammatory properties and anti-oxidative action
(Kolodziejczyk-Czepas, 2012). In addition, clover sprouts can be
consumed raw or slightly cooked in salads and sandwiches (Pe~nas
et al., 2010).

The aims of this study were (a) to evaluate the proximate
composition, antioxidant capacity, fatty acid profile, organic acid
and mineral contents of Persian clover during 4-day germination
process and (b) to apply thyme (thymus vulgaris) essential oil in
order to improve microbiological quality of clover sprout during
storage at refrigerated temperature (4

�
C) for 10 days.

2. Materials and methods

2.1. Materials

Persian clover (T. resupinatum) seeds were obtained from Bahare
Co, Isfahan, Iran. All solvents and chemicals were analytical grade
and obtained from Merck (Darmstadt, Germany). 1,1-diphenyl- 2-
picrylhydrazyl radical (DPPH) and major pure fatty acids as stan-
dards including palmitic, stearic, oleic, linoleic, and linolenic acids
were purchased from Sigma Chemical Co. (St Louis, MO).

2.2. Germination process

After cleaning, 500 g clover seeds were soaked in 0.07% sodium
hypochlorite solution in a ratio 1:5 (w/v) for 10 min at room tem-
perature in darkness. Afterwards, the seeds were washed with
distilled water until they reached to neutral pH. Then, seeds were
soaked in distilled water (1:5 w/v in darkness and room tempera-
ture condition) for 8 h. The imbibed seeds were drained and placed
in germinator at 30

�
C and 98% relative humidity for 4 days without

light. The seeds were hydrated manually by occasionally spraying
sterile water and germination was performed in triplicate.

2.3. Chemical analysis

2.3.1. Proximate composition
The content of moisture, total ash, crude fat, protein and crude

fibre of samples were measured according to Association of Official
Analytical Chemists (AOAC.,1990). Themoisture of non-germinated
and germinated clover was determined by drying in an oven at
100e105 �C to constant weight. The ash content was determined by
incinerating in a furnace at 550 �C. The crude fat was measured
using soxhlet apparatus for 8 h. The protein content of samples was
determined using the Micro Kjeldahl method. The conversion fac-
tor (from nitrogen content to protein content) was 6.25. The crude
fibre was measured by sequential hot digestion of the defatted
sample with dilute acid and alkaline solutions. Carbohydrate was
calculated by deduction the sum of the amount of total ash, crude
fat, protein and crude fibre from 100.

2.3.2. Determination of vitamin C
Ascorbic acid content was measured by titration method and

using 2,6-dichloroindophenol (DIP) (AOAC., 1990). 5e10 g of ho-
mogenized fresh samples were transferred into 100 ml volumetric
flask rapidly and made up to volume with 5% (w/v) TCA. Then
samples were filtered (Whatman no. 1) for titration. A total of 5 or
10 mL of extract solution was titrated with 2,6-dichloroindophenol
solution until the color turned pink for 15 s. The measurement was
expressed as milligram of vitamin C per 100 g of sample (dry basis).

2.3.3. Determination of minerals
2 g of samples were incinerated at 550 �C in a furnace and

treated with 5 ml concentrated HCl, filtered into 100 ml volumetric
flask and made up to volume with deionized water to measure
minerals (AOAC., 1990). Na and K were determined by flame
photometry (PFP7, Jenway, UK), while Mg, Mn, Zn, Ca and Fe were
determined using an atomic absorption spectrophotometer (Per-
kineElmer, model 2380, USA).

2.3.4. Determination of total phenolic compound
To prepare sample extract, 10 ml of 80% aqueous methanol were

added to 250 mg dried-milled samples and shaken slowly. Samples
were treated under the ultrasonic waves for 5 min and centrifuged
at 1500 g for 10 min. This procedure was replicated in three times
and the supernatants of them collected. The 0.5 ml of methanolic
extract was mixed with 2.5 ml of FolineCiocalteu's reagent (1:10
diluted with distilled water) and 2 ml of 7.5% sodium carbonate
solution in tube test and well shaken. The tubes were heated at
45 �C for 15min in hotwater bath. The absorbancewasmeasured at
765 nm using spectrophotometer (Singleton & Rossi, 1965). A
calibration curve was prepared using a standard solution of gallic
acid (R2 ¼ 0.99). The result was expressed as mg of gallic acid
equivalents (GAE) per 100 g of sample (dry basis).

2.3.5. Determination of antioxidant activity
1 ml of pure methanol was added to 100 mg dried-ground

samples and then held for 2 h. The samples were centrifuged for
10 min and the supernatant was mixed with 3.9 ml methanolic
solution of 6 � 10�5 mol/L 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and incubated at room temperature for 30 min. The solution con-
taining methanol instead of the antioxidant extract was used as
control. Absorbance of the control sample at ‘0’ min was read at
515 nm. The absorbance of samples was reduced after 30 min
(Brand-Williams, Cuvelier, & Berset, 1995). The antioxidant activity
(AOA) was expressed in percentage according to below formula:

%AOA ¼ ð1� ðA of samplet¼30=A of controlt¼0ÞÞ � 100;

where t0 and t30 are absorbance at zero time and at 30 min.

2.3.6. Determination of organic acids
Two grams dried samples were extracted with 25 ml acidified

EDTA buffer solution (distilled water, mobile phase (H2SO4 0.009N),
EDTA 5% (w/v), at 100:10:1 ratio). The homogenized solution was
centrifuged at 3000 rpm for 30 min. The supernatant was filtered
by a 0.22 mm polytetrafluoroethylene (PTFE) membrane and
injected to HPLC system (LC-6A, Shimadzu, Kyoto, Japan) with an
ion exclusion SCR-101H column (300 mm � 7.9 mm) and kept at
75

�
C. The flow rate of mobile phase was 0.7 ml/min in isocratic

mode. Detection was performed with UV/VIS detector (SPD-6AV)
set at 214 nm. A calibration curve was prepared using standard
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solutions of different organic acids. The range of regression coeffi-
cient (R2) for standard solutions was obtained 0.99e1 (Sabouri-
Holestani, Dokhani, Kabir, & Shokrani, 2000).

2.3.7. Fatty acids composition
The fatty acid methyl esters were prepared using the method

described by Goli, Sahri, and Kadivar (2008). 100 mL of sodium
methoxide (0.5 M) was added to 50 mL dried sample in 1 mL n-
hexane. The mixturewas shaken vigorously for 15 min and allowed
to stand and separate. Hexane phasewas removed and 1 mL injected
to gas chromatograph (Agilent 6890N, USA) coupled to a Flame
ionization detector (FID) detector at a split ratio of 20:1. The column
used was a HP-88 (100 m, 0.25 mm i.d., and 0.2 mm film thickness)
column. The temperature program consisted of increasing the
temperature first from 150 to 210

�
C at a rate of 5

�
C/min and

holding for 8 min, then increasing to 240
�
C at a rate of 5

�
C/min and

holding for 6 min. Temperatures of injector and detector were 230
and 250

�
C, respectively. Ultra high-purity nitrogenwas used as the

carrier gas.

2.4. Application of thyme essential oil as biopreservative

The essential oil (EO) of thyme containing major components of
thymol (74.8%), carvacrol (18.4%), g-terpinene (2.87%) and r-cym-
ene (2.67%) was diluted at 0.5, 1 and 2% in distilled water and
vigorously shaken at 30

�
C for 30 min to obtain reasonably stable

dispersions (Ponce et al., 2004). The 4-day clover sprouts were
immersed in each solution (ratio 1/10 w/v) during 3 min. The
immersed sample in distilled water was utilized as control. After
that, the surface moisture of clover sprouts was removed in an
absorbed paper. Then treated sprouts were placed in polyethylene
bags (10 � 10 cm) aseptically and kept at refrigerated temperature
(4

�
C) for 10-day. At 0, 1, 3, 5, 7 and 10 day of storage, samples were

taken for microbiological evaluation.

2.5. Microbiological studies

Ten grams of clover sprouts were macerated in 90 ml of normal
saline solution with a stomacher 400 circulator homogenizer and
the serial dilution (10�1e10�9) was prepared at different time in-
tervals (0, 1, 3, 5, 7 and 10 day). The enumeration of the microbial
population were performed using the following culture media and
culture conditions: total aerobic bacteria was determined by spread
plating on plate count agar (PCA) at 37

�
C for 24 h. Total coliforms

(TC) was performed by pour-plating in Mac Conkey agar at 30
�
C for

48 h. Molds and yeast (MY) were isolated by spread plating in
yeast-glucose- chloramphenicol (YGC) medium at 25

�
C for 4 days.

2.6. Sensory evaluation

Sensory analysis was conducted by 25 untrained panelists that
theywere directed to recognize and score overall acceptance before
sensory evaluation. After 72 h of storage at 4

�
C, treated and control

samples were washed with tap water for 1 min and 5 g of each
samples with specified three randomly number were placed on
small white plates and served for panelists. Overall acceptability
(taste, texture, odor, color, with weighting coefficients of 0.5, 0.15,
0.2 and 0.15, respectively) was assessed by them and were scored
on 7-point hedonic scale, ranging from 7 (extremely good) to 1
(non-acceptable).

2.7. Statistical analysis

The chemical results were shown as the mean ± SE (standard
error) of three separate determinations. Microbial experiments
were performed in two independent runs and each runwas done in
duplicate. The data were statistically analyzed by ANOVA program
in Statistix 8 software. The means evaluation was done using least
significant difference (LSD) test at a confidence level of 95%.

3. Results and discussion

3.1. Chemical composition

The effect of germination on proximate composition of Persian
clover seed is presented in Table 1. As germination progressed,
moisture, crude protein, ash and crude fibre increased whereas
crude fat and carbohydrate decreased. Moisture content varied
from 5.9 in raw seed to 83.4% in 96-h sprout. During germination,
cells division is performed and water absorbance from surrounding
increases (Khatoon & Prakash, 2006). However, this increment was
remarkably observed in soaking step as well as Mubarak (2005)
who reported the increment in moisture over soaking and germi-
nation in mung bean (Phaseolus aureus). Crude fibre in raw seed
was 8.6% which reached to 13.1% after 4-day sprouting. During
germination, cell growth and division occurs and requires further
cellulose and hemicellulose components for cell walls formation
(Onyeka & Obeleagu, 2013). The effect of germination on crude
fibre content depends on types and variety of legumes (Martin-
Cabrejas et al., 2008). Megat Rusydi et al. (2011) found that the
crude fibre in germinated soy bean and peanut increased 32.19 and
14.4% compared to raw seeds, respectively. The increase in crude
fibre could be attributed to break down of endosperm starch to
glucose and changing the band from a-1,4 to b-1,4 for cellobiose
formation.

As germination proceeds, the crude protein increased signifi-
cantly from 32.5 in raw seed to 38.7% in germinated clover. This
increment might be due to the synthesis of enzyme proteins and
compositional changes resulted from degradation of other con-
stituents (Bau, Villaume, Nicolas, & Mejean, 1997). Warle, Riar,
Gaikwad, and Mane (2015) obtained 35% crude protein in germi-
nated soy bean while this value was 29% in raw seed.

Ash content varied significantly (p < 0.05) from 5.1 to 7.2% after
4-day germination. In general, carbohydrate catabolism to H2O and
CO2 leads to the reduction in level of dry weight and so total
minerals content could be increased. Oloyo (2004) reported an
increase of 3.2% for ash content in pigeon pea after germination for
five days. The ash content of lentil seed varied from 2.77 to 3.35 g/
100 g d.m after 6 days germination (Fouad & Rehab, 2015).

Crude fat showed a significant decrease (ca. 50%) throughout
germination. Fat is the source of energy and carbon supply in
germinating seed. Fatty acids are oxidized to H2O and CO2 to
generate energy. Torres, Frias, Granito, and Vidal-Valverde (2007)
found that fat content of pigeon pea seed decreased accompanied
by germination time progress.

Carbohydrate content of raw seed (45%) decreased to 37.1% in
germinated clover. This observation can be due to the hydrolysis of
starch to simple carbohydrates to supply energy for cell division
(Vidal-Valverde et al., 2002). In addition, Ohtsubo, Suzuki, Yasui,
and Kasumi (2005) noted that carbohydrate reduced due to the
decomposition of carbohydrates by a-amylase during seedling
process. Ghavidel and Prakash (2007) observed that total starch in
green gram seed reduced from 46.7 to 42.3% after germination.

3.2. Ascorbic acid

Fig. 1 shows vitamin C content of raw and processed clover. The
amount of vitamin Cwas 7.3 mg/100 g d.m in raw seed. Soaking and
germination had a significant effect on vitamin C content as this
value increased to 8.0 and 10.1 mg/100 g d.m, respectively. Ascorbic



Table 1
Proximate composition of clover seed during germination (g/100 g dry matter basis).

Samples Moisturea Ash Crude fibre Fat Protein Carbohydrate

Seed 5.9 ± 0.00e 5.1 ± 0.06c 8.6 ± 0.01f 8.7 ± 0.58a 32.5 ± 1.21d 45.0 ± 1.70a

Soaked seed 65.5 ± 0.71d 5.3 ± 0.34c 9.2 ± 0.02e 8.5 ± 0.00a 35.4 ± 0.73c 41.3 ± 1.12b

24-h sprout 71.6 ± 0.12c 6.6 ± 0.09b 10.6 ± 0.03d 5.4 ± 0.14b 35.9 ± 0.21 bc 41.3 ± 0.13b

48-h sprout 76.3 ± 0.22b 7.0 ± 0.00a 11.3 ± 0.19c 5.1 ± 0.04b 37.1 ± 0.31 abc 39.3 ± 0.16 bc

72-h sprout 83.2 ± 0.56a 7.2 ± 0.08 ab 12.1 ± 0.08b 4.5 ± 0.09 bc 38.1 ± 0.90 ab 37.9 ± 0.98c

96-h sprout 83.4 ± 0.15a 7.2 ± 0.13a 13.1 ± 0.12a 3.6 ± 0.26c 38.7 ± 0.21a 37.1 ± 0.06c

Values represent means ± standard error.
Means with the same letter within a column are not significantly different (P > 0.05).

a Based on g/100 g fresh weight.
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Fig. 1. Ascorbic acid content of clover sprouts during germination.
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acid has been directly implicated in the modulation of plant
growth, including the early stage of embryos germination
(Tommasi, Paciolla, De Pinto, & De Gara, 2001). Vitamin C as an
effective water-soluble antioxidant protects substances from
oxidative damage. However, other antioxidants such as tocopherol,
glutathione and carotenes can regenerate this vitamin (Fernandez-
Orozco et al., 2009). Some researchers showed that the increase in
vitamin C content might be pertained to the increase in activity of
key enzymes in ascorbic acid biosynthesis pathway such as L-Gal-
actono-g-lactone dehydrogenase (GLDH, EC 1.3.2.3) (Fernandez-
Orozco et al., 2008; P�erez-Balibrea, Moreno, & García-Viguera,
2011). Hence, it could be said that sprouting is an efficient, natu-
ral and low-cost method for increment in vitamin C content of plant
seed. Fernandez-Orozco et al. (2009) found that vitamin C content
of chickpea increased rapidly and reached to 11.7 mg/100 g d.m
after 3-day sprouting while this vitamin was not detected in raw
seed.
3.3. Minerals

Minerals content of raw and germinated clover seed is pre-
sented in Table 2. All the minerals (Fe, Zn, Mn, Mg, Ca and Na),
except K, increased significantly (p < 0.05) during germination
rather than raw seed. However, Potassium showed maximum
content among other elements in both raw seed and 96-h sprout.
Table 2
Mineral composition of clover seed during germination (mg/100 g dry matter basis).

Samples Fe Zn Mn C

Seed 57.6 ± 0.04c 10.2 ± 0.00d 3.8 ± 0.14b 1
Soaked seed 58.3 ± 0.30c 14.8 ± 0.22c 4.2 ± 0.23 ab 2
48-h sprout 78.1 ± 0.61b 16.6 ± 0.17b 4.6 ± 0.16 ab 2
96-h sprout 81.1 ± 0.54a 19.1 ± 0.14a 5.0 ± 0.24a 3

Values represent means ± standard error.
Means with the same letter within a column are not significantly different (P > 0.05).
The most of variation was belonged to sodium with a 9-fold in-
crease at the end of germination process. In general, this increase in
all of elements may be attributed to catabolizing of carbohydrate to
H2O and CO2 which would reduce the amount of dry weight during
germination. Khatoon and Prakash (2006) reported that the
increment in iron value of green, Bengal and horse gram was
17e43% due to soaking and germination. Moreover, this increase
might possibly be due to the reduction in phytic acid content as it is
able to chelate strongly with cations and prevent their bioavail-
ability (Chinma, Anuonye, Simon, Ohiare, & Danbaba, 2015). The
release of iron from protein-bound complexes and better extract-
ability of ironwould be also the reason of iron increment. Moreover,
the content of minerals (Fe, Mn, Ca and Mg) has been increased
about 0.5, 1.07, 1.21 and 1.21 mg/100 g, respectively in pigeon pea
after 5-day germination (Oloyo, 2004).

3.4. Total phenolic content (TPC)

Phenolic compounds are plant secondary metabolites which
have potential health benefits and medicinal properties such as
antitumor, antiviral, antimicrobial, anti-inflammatory, hypotensive
and antioxidant. The effect of germination on TPC of clover raw
seed is shown in Fig. 2. The amount of TPCwas significantly affected
by soaking (ca.0.4 fold). General trend of phenolic content was a
gradual increase along with germination (from 6.1 to 11.8 mg/
g d.m). This may be due to that in early stages of germination, the
seed requires high oxygen concentration and therefore phenolics
can protect the cells against potential oxidation-induced stress.
Moreover, it is reported that phenolics are also involved in
strengthening the plant cell walls during growth by polymerization
into lignans and lignins (Randhir & Shetty, 2005). Fernandez-
Orozco et al. (2009) found also that the TPC of chickpea changed
from 0.54 to 1.38 mg catechin/g d.m as germination progressed.

3.5. Antioxidant activity

Fig. 3 shows antioxidant activity of clover seed over 4-day
germination. Antioxidant activity is expressed as percent DPPH
radical scavenging activity in which higher values indicates greater
antioxidant activity. Soaking step had no significant effect on
antioxidant activity as raw and soaked seed showed 51.6% and
a Mg Na K

85.7 ± 0.24d 246.0 ± 0.34d 88.0 ± 0.63c 1203.0 ± 0.24a

18.2 ± 0.14c 328.2 ± 0.37c 278.6 ± 0.63c 1068.1 ± 0.26b

70.4 ± 0.43b 408.5 ± 0.30b 548.0 ± 0.41b 949.6 ± 0.45c

34.4 ± 0.13a 447.6 ± 0.24a 778.8 ± 0.44a 797.8 ± 0.26d
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Fig. 3. DPPH radical scavenging activity of clover sprouts during germination.
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Fig. 2. Total phenolic content of clover sprouts during germination.
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52.8% capacity, respectively. During germination, radical scav-
enging percentage significantly increased and reached to 79% at the
end of the process. So, 4-day germinated seed showed a 1.5-fold
increase in antioxidant activity compared to raw seed. This may
be due to the presence of highest TPC in 96-h germinated seeds,
since the %DPPH inhibition is directly correlated with TPC (Liu, Guo,
Zhu, & Liu, 2011). Furthermore, the synthesis of water-soluble
Table 3
Organic acid of clover seed during germination (mg/100 g dry matter basis).

Samples Fumaric Malic

Seed 2093.7 ± 6.74f 136.9 ± 0.56e

Soaked seed 2414.6 ± 0.48e 175.3 ± 2.27d

24-h sprout 2674.5 ± 2.42d 189.4 ± 1.54d

48-h sprout 2871.0 ± 9.14c 253.6 ± 19.5c

72-h sprout 3629.6 ± 1.20b 407.6 ± 0.23b

96-h sprout 4159.2 ± 1.57a 614.6 ± 0.38a

Values represent means ± standard error.
Means with the same letter within a column are not significantly different (P > 0.05).

Table 4
Fatty acid composition (%) of clover seed during germination.

Samples C16:0 C18:0 C18:1

Seed 16.2 ± 0.18d 5.0 ± 0.00d 18.0 ± 0.00c

Soaked seed 16.4 ± 0.02d 5.1 ± 0.04d 18.1 ± 0.18c

24-h sprout 18.0 ± 0.03c 6.1 ± 0.00c 20.4 ± 0.08b

48-h sprout 18.7 ± 0.09b 6.2 ± 0.02c 20.5 ± 0.01b

72-h sprout 18.9 ± 0.10b 6.6 ± 0.09b 21.4 ± 0.01a

96-h sprout 19.3 ± 0.09a 6.9 ± 0.03a 21.4 ± 0.01a

Values represent means ± standard error.
Means with the same letter within a column are not significantly different (P > 0.05).
16:0, Palmitic acid; 18:0, Stearic acid; 18:1, Oleic acid; 18:2, Linoleic acid; 20:0, Arachid
vitamins such as ascorbic acid could increase this parameter (Fouad
& Rehab, 2015). According to Fernandez-Orozco et al. (2008),
germination led to a marked increase in antioxidant capacity of
mung bean (ca. 16.5 mmol trolox/g).
3.6. Organic acids

The content of organic acids in raw and germinated clover seed
is shown in Table 3. In raw seed, fumaric acid (2093.7 mg/
100 g d.m) and acetic acid (70.8 mg/100 g d.m) had the highest and
lowest content, respectively. Soaking caused a significant increase
in acids content. This increase in soaking step could be due to the
increment of water absorption by seed and thereafter increasing in
its metabolic activity (Sousa et al., 2007). After four-day sprouting,
propionic and fumaric acids with 8 and 2-fold increase showed
maximum and minimum changes, respectively. This increase may
be due to the entrance of produced glucose to glycolysis cycle and
pyruvate formation in order to start up krebs cycle (TCA) for organic
acid production. In addition, the fatty acids are probably broken
down to acetyl CoA by b-oxidation and the mentioned pathway
continued (Sousa et al., 2007). The increment in all of measured
organic acids in Brassica oleracea after 12-day germination was
observed by Sousa et al. (2007). These researchers reported that
total organic acid from 3466 in raw seed reached to 6685 mg/
100 g d.m.in germinated seed (ca. 1.9-fold increase).
3.7. Fatty acids

The GC analysis of the samples is shown in Table 4. The clover
raw seeds are an excellent source of poly unsaturated fatty acid
such as linoleic and linolenic acids (ca. 52% and 6.6%, respectively)
while oleic acid was the major mono-unsaturated fatty acid
(approximately 18%). The highest amount of saturated fatty acid
was allocated to palmitic acid (ca. 16.2%) and stearic acid (5%). After
96- hour sprouting, the content of all fatty acids increased signifi-
cantly excluding linoleic and linolenic acids. Similar results were
obtained by Kim et al. (2013) who reported that palmitic and oleic
acids increased and linoleic and linolenic acids reduced, as germi-
nation progressed in germ soy. The decrease in polyunsaturated
Propionic Succinic Acetic

105.0 ± 1.17f 1149.9 ± 0.24f 70.8 ± 0.57f

223.8 ± 1.95e 1310.1 ± 1.10e 109.4 ± 1.84e

378.1 ± 3.39d 2954.8 ± 6.56d 150.8 ± 0.28d

502.4 ± 2.74c 4287.0 ± 1.81c 174.9 ± 2.57c

796.1 ± 1.96b 6546.2 ± 3.52b 215.9 ± 4.29b

824.9 ± 0.26a 7340.7 ± 0.63a 279.2 ± 2.26a

C18:2 C20:0 C18:3 C20:1

52.2 ± 0.00a 0.93 ± 0.00c 6.6 ± 0.12a 1.0 ± 0.00d

52.1 ± 0.09a 0.95 ± 0.04c 6.1 ± 0.14b 1.0 ± 0.00d

46.8 ± 0.04b 1.1 ± 0.00 bc 5.9 ± 0.24 bc 1.2 ± 0.00 cd

46.1 ± 0.06b 1.2 ± 0.02b 5.9 ± 0.12 bc 1.3 ± 0.00c

43.6 ± 0.07c 1.5 ± 0.00a 5.5 ± 0.00c 1.9 ± 0.00b

42.8 ± 0.51c 1.6 ± 0.17a 5.5 ± 0.00c 2.4 ± 0.24a

ic acid; 18:3, Linolenic acid; 20:1, Gadoleic acid.



Table 5
Microbial count of treated and untreated clover sprouts (log10 CFU/g) during storage.

Days of storage Treatments

Control 0.5% EO 1% EO 2% EO

Total aerobic bacteria 0 9.19 ± 0.01aE 7.93 ± 0.01bF 6.81 ± 0.00cF 5.95 ± 0.20dF

1 9.31 ± 0.01aD 8.18 ± 0.01bE 6.99 ± 0.01cE 6.61 ± 0.01dE

3 9.54 ± 0.02aC 8.53 ± 0.03bD 7.30 ± 0.03cD 6.79 ± 0.02dD

5 9.66 ± 0.02aB 8.74 ± 0.03bC 7.84 ± 0.03cC 7.24 ± 0.02dC

7 9.82 ± 0.01aA 9.01 ± 0.01bB 8.25 ± 0.02cB 7.59 ± 0.01dB

10 9.94 ± 0.02aA 9.25 ± 0.03bA 8.53 ± 0.00cA 7.94 ± 0.03dA

Total coliforms 0 7.00 ± 0.03aF 6.25 ± 0.02bF 5.88 ± 0.02cF 4.74 ± 0.11dF

1 7.22 ± 0.02aE 6.87 ± 0.01bE 6.12 ± 0.02cE 5.90 ± 0.04dE

3 7.64 ± 0.03aD 7.32 ± 0.05bD 6.80 ± 0.18cD 6.23 ± 0.15dD

5 8.12 ± 0.02aC 7.62 ± 0.10bC 7.26 ± 0.02cC 7.13 ± 0.03dC

7 9.05 ± 0.04aB 7.82 ± 0.02bB 7.70 ± 0.04cB 7.53 ± 0.02dB

10 9.42 ± 0.09aA 8.47 ± 0.07bA 8.15 ± 0.05cA 7.89 ± 0.07dA

Total molds and yeast count 0 7.14 ± 0.03aF 6.82 ± 0.02bF 6.26 ± 0.02cE 4.90 ± 0.11dD

1 7.35 ± 0.02aE 7.20 ± 0.01bE 6.99 ± 0.02cD 6.08 ± 0.04dD

3 7.71 ± 0.03aD 7.53 ± 0.05bD 7.44 ± 0.18cC 6.90 ± 0.15dC

5 8.07 ± 0.02aC 7.85 ± 0.10bC 7.60 ± 0.02cB 7.31 ± 0.03dB

7 8.74 ± 0.04aB 8.42 ± 0.02bB 8.26 ± 0.04cB 7.88 ± 0.02dB

10 9.47 ± 0.09aA 9.12 ± 0.07aA 9.08 ± 0.05bA 8.22 ± 0.07cA

Values represent means ± standard error.
Means with the same letter within a column are not significantly different (P > 0.05).
Means with the same letter within a row are not significantly different (P > 0.05).
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fatty acid (PUFA) might be due to the desaturation of fatty acids
which occurred during b-oxidation process (Kim et al., 2013).
3.8. Microbial quality of Persian clover sprouts

The population of total aerobic bacteria in untreated and treated
clover sprouts with different concentration of thyme essential oil
(0.5, 1 and 2%) during 10-day storage is given in Table 5. The pop-
ulation of total aerobic bacteria of control sample was about 9.1
log10 CFU/g, whereas this count for the samples with 0.5, 1 and 2%
essential oil solutions was 7.9, 6.8 and 5.9 log10 CFU/g, respectively
just after treatment. Increasing concentration of essential oil up to
2% significantly decreased the total aerobic bacteria count 3.2
log10 CFU/g compared to the control sample. In all treatments, the
population of total aerobic bacteria significantly increased during
10-day storage at refrigerated temperature. At the end of storage,
the total aerobic load for 2% EO obtained 7.9 log10 CFU/g which was
lower than value of control sample even at the start of storage (9.1
log10 CFU/g).

Table 5, shows the effect of EO at different concentrations on the
change of total coliforms of clover sprouts during 10-day storage at
4

�
C. In zero day, the total coliform were 7.0, 6.2, 5.8 and 4.7

log10 CFU/g in control, 0.5, 1 and 2% EO samples, respectively as the
lowest count was belonged to the sample with the highest EO
percentage (2%). At the end of storage, the most effect of disinfec-
tion was related to the sample of 2% EO in which coliform load was
approximately 1.6 log10 unit lower than that of control sample.

The effect of EO on mold and yeast count of clover sprouts over
10-day storage is presented in Table 5. The population of mold and
yeast was 7.1 log10 CFU/g in control sample while increasing
essential oil concentration up to 2% caused approximately 2.2 log10
unit reduction, just after treatment. During storage period, mold
and yeast counts showed a significant and gradual increment in all
treatments. At the end of storage, mold and yeast count of control
sample increased to level of 9.4 log10 CFU/g while treated clover
sprouts using 2% essential oil reached to 8.2 log10 CFU/g. It was
evident that thyme essential oils had a significant effect on
lowering the population of mold and yeast of the samples (p < 0.05)
compared to the control.

The antimicrobial effect of essential oils is mainly attributed to
their phenolic compounds which have different mode of action,
such as degradation of the cell wall, damage to cytoplasmic
membrane, damage to membrane protein, leakage of cell contents,
coagulation of cytoplasm and depletion of the proton motive force
(Burt, 2004). High disinfection effect of thyme essential oil is
related to effective phenolic components such as thymol, carvacrol
and their precursor, r-cymene and g-terpinene. Thymol and
carvacrol are very structurally similar but their hydroxyl group (1-
methylethyl) is at a different location on the phenolic ring. These
compounds have ability to disintegrate the outer membrane of
gram-negative bacteria, releasing lipopolysaccharides (LPS) and the
permeability increment of the cytoplasmic membrane to ATP (Burt,
2004). The effect of EO on yeast could be due to the disorder in
several enzymatic systems involved in energy production and
structural components synthesis (Omidbeygi, Barzegar, Hamidi, &
Naghdibadi, 2007). P�erez-Alfonso et al. (2012) reported that
membrane and cell wall integration caused morphological defor-
mation, crumble and decadence of conidia and hyphae.

Furthermore, the hydroxyl group of phenolic component is able
to link with active enzyme of microorganisms and inactivate them
by forming hydrogen bond. r-cymene and g-terpinene with other
active phenolic compounds could accelerate the antibacterial effect
of EOs. Gutierrez, Bourke, Lonchamp, and Barry-Ryan (2009)
mentioned that the mixture of 250 ppm thyme and 125 ppm
oregano EOs reduced total microbial count of carrot after 7-day
storage, significantly. Singh, Singh, and Bhunia (2003) investigated
the disinfection effect of thyme EO on alfalfa seed before and during
germination. They reported that the 5% concentration of EO for
10 min could reduce the population of Escherichia coli O157:H7 to
approximately 2.1 log10 CFU/g. The similar reports also have been
found by Singh, Singh, Bhunia, and Stroshine (2002) who observed
that the thyme EO at 10% concentration for 15 min had a strong
effect in killing inoculated E. coli O157:H7 on lettuce and carrot as
its population reduced to 2.41 and 2.77 log10 CFU/g, respectively.

It should be noted that prior to sprouting, seeds can harbor
significant levels of microorganisms that this microflora of the
seeds increases during sprouting. High levels of microorganisms
typically associated with commercially sprouted seeds have been
recognized. Ghandi and Matthews (2003) and Lang, Ingham, and
Ingham (2000) reported the aerobic plate counts (APCs) between
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108 and 1011 CFU/g in alfalfa and mung bean sprouts, respectively.
According to Food and Drug Administration (FDA), high microbial
levels are not necessarily of public health concern in sprouts. It is
the presence and growth of pathogenic microbes that is the
concern. In this study, our samples were analyzed by Iranian Na-
tional Standards Organization and were free of pathogenic
microbes.

3.9. Sensory evaluation

The results of sensory evaluation of control clover sprouts and
treated samples with thyme essential oils are demonstrated in
Fig. 4. The panelists did not find any significant difference among
treated samples while a significant difference obtained between
control and treated samples. The score of overall acceptance was
close to 5 (good) for control sample whereas this value was
approximately 2 (very poor) for treated samples. This difference
may be due to the bitter and pungent taste of thyme essential oil.
The reduction in acceptance or liking of carrot was also described
by Valero and Giner (2006) due to the strong smell and flavor of
thymol.

4. Conclusion

As shown in this study, germination had a significant effect on
chemical composition and nutritional value of Persian clover. As
sprouting progressed, minerals, ascorbic acid, total phenolic and
antioxidant activity increased. Furthermore, seed fatty acid
composition changed and an increment in mono-unsaturated fatty
acids was observed.

Thyme essential oil as a biopreservative could reduce the natural
microflora of Persian clover sprouts especially at 2% EO in solution.
Although, 2% EO, compared to the control, was successful to
decrease the population of aerobic bacteria, coliforms and mold
and yeast of the sprout, but its application would be limited
regarding to the sensory properties of the product. Nevertheless,
the overall acceptance might be improved by more rinsing and
washing of the sprout before consumption.
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a b s t r a c t

g-aminobutyric acid (GABA) is a four-carbon amino acid, that acts as a major inhibitory neurotransmitter
in the central nervous system. Among nineteen lactic acid bacteria strains, isolated from Andean
amaranth (A) and Real Hornillos quinoa (Qr) sourdoughs, Lactobacillus brevis CRL 1942 was the most
efficient microorganism for the conversion of 53 mM monosodium glutamate (MSG) to GABA, reaching
50 mM after 96 h cultivation. GABA production was enhanced by optimizing culture conditions, such as
incubation temperature, time and MSG concentration. A gradual increase of GABA yield was observed at
MSG concentrations rising from 0 to 270 mM. In addition, a higher GABA content was observed at 30 �C.
GABA production occurred in a time-dependent manner, and greatest amount (~255 mM) was yielded
after 48 h in cells grown in MRS with 270 mM MSG at 30 �C, with a conversion rate of ~90%. Cell growth
was not affected by MSG addition, implying that the difference in GABA levels could not be attributed to
differences in cell numbers. However, addition of glutamate increased viability, indicating a correlation
between survival and GABA production. Novel information about LAB with GABA-producing ability is an
important breakthrough for the development of health-promoting functional foods.

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

g-aminobutyric acid (GABA) is a ubiquitous non-protein amino
acid that is widely distributed among microorganisms, plants and
animals. It acts as amajor inhibitory neurotransmitter in the central
nervous system (Krnjevic, 1974), and has several physiological
functions such as neurotransmission, induction of hypotensive,
diuretic and tranquilizer effects (Jakobs, Jaeken, & Gibson, 1993;
Komatsuzaki, Shima, Kawamoto, Momose, & Kimura, 2005;
Pouliot-Mathieu et al., 2013; Somkuti, Renye, & Steinberg, 2012).
Furthermore, several studies demonstrated that GABA presented
antioxidant, hypolipidemic, and anti-inflammatory properties (Di
Cagno et al., 2010; Jeng, Chen, Fang, Hou, & Chen, 2007).
Recently, GABA has been used as a major building block for the
synthesis of 2-pyrrolidone and biodegradable polyamide nylon 4,
opening its application area in the industrial biotechnology (Park
et al., 2013).

Due to the potential use of GABA in the food and pharmaceutical
fields as a nutritional supplement, the consumption of this amino
co 145, 4000 San Miguel de

t).
acid has been actively pursued. The amount of GABA available in
vegetables and fruits is quite low and the direct addition of GABA to
food is considered unnatural (Kim, Lee, Ji, Lee, & Hwang, 2009; Li &
Cao, 2010; Li, Qiu, Huang, & Cao, 2010). Therefore, it is necessary to
develop a natural fermentation process to produce and increase
GABA levels in food. GABA production by various microorganisms
has been reported, including bacteria (Dhakal, Bajpai,& Baek, 2012;
Hudec et al., 2015), fungi (Kono&Himeno, 2000) and yeasts (Hao&
Schmit,1993). Recent works have focused their studies on the GABA
production ability of lactic acid bacteria (LAB) due to their GRAS
(generally recognized as safe) status and their potential use as
starter cultures for the manufacture of fermented foods with
functional properties (Komatsuzaki et al., 2005; Ratanaburee,
Kantachote, Charernjiratrakul, & Sukhoom, 2013; Siragusa et al.,
2007). GABA-producing LAB include strains of Lactococcus (Lc.)
lactis, Lactobacillus (Lb.) brevis, Lb. buchneri, Lb. helveticus, Lb. par-
acasei, Lb. plantarum and Streptococcus thermophilus (Di Cagno
et al., 2010; Li & Cao, 2010; Li, Gao, Cao, & Xu, 2008; Lin et al.,
2009; Yokoyama, Hiramatsu, & Hayakawa, 2002). Lb. brevis
strains are the most frequently isolated species from traditional
fermented products with the highest GABA productivity (Park &
Oh, 2007; Seo et al., 2013). Thus, GABA produced by LAB in
appropriate foods can make full use of the health-promoting
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properties of GABA and LAB themselves.
GABA is the result of the conversion of glutamate by glutamate

decarboxylase (GAD; EC 4.1.1.15). GAD is a pyridoxal 50-phosphate
(PLP)-dependent intracellular enzyme that catalyzes the decar-
boxylation of L-glutamate, which is imported into cells by the
glutamate GABA antiporter, to produce GABA (Capitani et al., 2003;
Sanders et al., 1998).

Domesticated by pre-Hispanic cultures, quinoa (Chenopodium
quinoa) and amaranth (Amaranthus caudatus) crops have been used
for feeding of the Andean population since at least 3000 years.
These ancestrally grown grains have recently attracted consumer's
attention due to their high protein content, nutritional value and
gluten-free characteristics. In order to contribute to the develop-
ment of novel fermented food products with enhanced functional
properties, this study aimed to screen GABA-producing LAB, iso-
lated from Andean amaranth (A) and Real Hornillos quinoa (Qr)
sourdoughs. A strain with high capacity to produce GABA, Lacto-
bacillus brevis CRL 1942, was selected for further studies. Since
fermentation parameters, such as temperature, time and mono-
sodium glutamate (MSG) concentration, play an important role in
GABA production, culture conditions were optimized in order to
enhance GABA accumulation.

2. Materials and methods

2.1. Microorganisms, media, and growth conditions

The microorganisms used in this study belong to the culture
collection of the Centro de Referencia para Lactobacilos (CERELA-
CONICET) and were isolated from Andean amaranth (A) and Real
Hornillos quinoa (Qr) sourdoughs (Table 1). MRS broth (Biokar Di-
agnostics) was used for maintenance of Lactobacillus strains and
GABA production. In order to investigate GABA production, LAB
strains were grown (without shaking) in capped test tubes with
50e270 mM of monosodium glutamate (MSG) at 30 �C.

2.2. Screening of GABA-producing LAB

To analyze GABA production by LAB, strains were grown in MRS
medium containing 53 mM of MSG for 96 h at 30 �C. Culture broth
was centrifuged at 5000 � g for 15 min and GABA production was
evaluated from the supernatant fractions using thin layer chro-
matography (TLC), with a cellulose F aluminum plate (Merck Co.).
Table 1
Lactic acid bacteria strains tested in this study for GABA production and their
isolation sources.

Microorganism Strain code Source (sourdoughs)

Lactobacillus rhamnosus CRL 1891 Andean amaranth
Lactococcus lactis CRL 1895 Real Hornillos quinoa
Enterococcus mundtii CRL1896 Real Hornillos quinoa
Lactobacillus plantarum CRL 1898 Real Hornillos quinoa
Enterococcus casseliflavus CRL 1899 Real Hornillos quinoa
Enterococcus mundtii CRL 1900 Real Hornillos quinoa
Pediococcus pentosaceus CRL 1902 Andean amaranth
Enterococcus casseliflavus CRL 1903 Andean amaranth
Lactobacillus plantarum CRL 1905 Real Hornillos quinoa
Lactobacillus plantarum CRL 1906 Real Hornillos quinoa
Lactobacillus brevis CRL 1942 Real Hornillos quinoa
Lactobacillus brevis CRL 1951 Real Hornillos quinoa
Enterococcus mundtii CRL 1953 Andean amaranth
Lactobacillus plantarum CRL 1956 Andean amaranth
Lactobacillus plantarum CRL 1957 Andean amaranth
Lactobacillus brevis CRL 1959 Real Hornillos quinoa
Lactobacillus brevis CRL 1960 Real Hornillos quinoa
Lactobacillus brevis CRL 1961 Real Hornillos quinoa
Lactobacillus brevis CRL 1962 Real Hornillos quinoa
Briefly, 2 ml of supernatant was spotted onto TLC plates. TLC was
conducted using a n-butanol:acetic acid:distilled water (5:3:2)
solvent mixture, plates were subsequently immerged into 0.4%
(w v�1) ninhydrin solution and, then heated to visualize the spots.
2.3. GABA measurements

Levels of GABAwere quantified byHPLC and the GABasemethod
(Tsukatani, Higuchi, & Matsumoto, 2005). The supernatant ob-
tained as described above was filtered through a 0.45 mm mem-
brane filter (Millipore) and the GABA content was analyzed by
using a HPLC system equipped with a Hypersil ODS C18 reverse-
phase column (Gemini, 110, 150 � 4.6 mm, 5 mm particle). The
mobile phases used were A (40 mM NaH2PO4, pH 6.4) and B (ace-
tonitrile:methanol:H2O; 45:45:10, vol:vol:vol). Each sample was
derivatized with o-phthaldealdehyde 3-mercaptopropionic acid
(OPA-3MPA, Schwarz, Roberts, & Pasquali, 2005). OPA-3MPA-
derivatized samples were separated at a column temperature of
40 �C and a flow rate of 1.0 ml min�1 according to the gradient
method (Schwarz et al., 2005). GABA derivatized with OPA-3MPA
was detected by a fluorescence detector with excitation at
340 nm, emission at 450 nm. GABA content was calculated from the
integrated peak area based on comparison with standard curves
constructed using a commercial GABA standard (SigmaeAldrich
Co., St. Louis, MO, USA).

In the GABase method, 0.08M TriseHCl buffer (pH 8.9), 5 mM a-
ketoglutarate, 3.3 mM 2-mercaptoethanol, 1.2 mMNADPþ, and 0.03
U of GABase was added to each well of a 96-well microtiter plate.
The mixture was warmed at 25 �C, and then the standard or sample
(culture supernatants) solution was added. The formation of
NADPHwas measured at 340 nm every 1 min for 10 min at 25 �C in
a Biotek Synergy HT microplate. The concentration of GABA in
samples was calculated from the calibration curve of the standard
solutions (0.1, 0.25, 0.5 and 1 mM GABA).
2.4. Optimization of parameters for GABA production

Optimal culture conditions to enhance GABA production were
determined by measuring the extracellular GABA content in Lb.
brevis CRL 1942 with various glutamate concentrations (25, 50, 160,
270 and 400 mM) and cultivation temperatures (22, 25, 30 and
37 �C) in MRS medium. At 45 �C, GABA could not be detected since
the strain was not able to grow.
2.5. Bacterial growth, pH and viability

Lb. brevis CRL 1942 was cultivated in MRS broth with or without
270 mM MSG at 30 �C for 144 h. Bacterial growth was determined
by measuring culture turbidity at 550 nm at different time in-
tervals. Culture pH was measured at the same intervals. For viable
count, samples collected at different times, were diluted to 10�7-
10�9 and inoculated ontoMRS agar plates, which were incubated at
30 �C for 48 h. Viable colonies were counted and expressed as log
CFU (colony forming unit) ml�1.
2.6. Statistical analyses

Statistical analyses were performed with the software package
Minitab 14 (Minitab Inc.) using ANOVA general linear models fol-
lowed by Tukey's post hoc test, and P < 0.05 was considered sig-
nificant. Unless otherwise indicated, all values were the means of
three independent trials ± standard deviation. No significant dif-
ferences were observed between individual replicates.



Fig. 2. HPLC chromatogram of GABA production. HPLC profiles from non-inoculated
MRS medium (solid black line), Lb. brevis CRL 1942 (solid grey line), Lb. plantarum
CRL 1956 (dashed line) and Lb. plantarum CRL 1957 (dotted line) supernatants. Asterisk
indicates GABA (RT ¼ ~33 min). HPLC system equipped with a Hypersil ODS C18
reverse-phase column (Gemini, 110 Å, 150 � 4.6 mm, 5 mm particle). Solvent A: 40 mM
NaH2PO4, pH 6.4. Solvent B: acetonitrile:metanol:H2O (45:45:10 v/v/v), with a constant
flow-rate of 1 ml min�1, excitation at 340 nm and detection at 450 nm. Data are
representative of three independent experiments.
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3. Results and discussion

3.1. Screening of GABA-producing LAB

Screening of different microorganisms that have the ability to
produce GABA is important for the food industry since it provides
natural GABA, a bioactive agent capable of modulating the health
functionality and offering the consumer new and attractive food
products (Hiraga, Ueno, & Oda, 2008; Komatsuzaki, Nakamura,
Kimura, & Shima, 2008; Siragusa et al., 2007). Screening of GABA-
producing LAB demonstrated that, among the bacteria analyzed,
only 3 strains (Lb. brevis CRL 1942, Lb. plantarum CRL 1956 and Lb.
plantarum CRL 1957) clearly showed GABA production (Fig. 1). The
extracellular GABA content in these strains was quantified by HPLC,
demonstrating that Lb. brevis CRL 1942 was the most efficient
microorganism for the conversion of MSG to GABA, reaching
50 mM after 96 h cultivation (Fig. 2). This microorganism was
selected for further studies.

3.2. Optimization of culture conditions for GABA production

3.2.1. Effect of MSG concentration
GABA production can be improved by adjusting the culture

conditions, such as temperature and glutamate concentration,
which are considered as the most common fermentation factors
that affect GABA synthesis. Taken this into account, GABA produc-
tionwas optimized by measuring the extracellular GABA content in
Lb. brevis CRL 1942 culture at different glutamate concentrations
and cultivation temperatures in MRS medium. Glutamate is trans-
formed in GABA by glutamate decarboxylase in several LAB (Li &
Cao, 2010). Therefore, it is necessary the incorporation of sodium
glutamate to the medium or foodstuff at a high concentration to
produce GABA. Here, a gradual increase of GABAyield was observed
when MSG addition increased from 0 to 270 mM (Fig. 3A). How-
ever, higher concentrations resulted in a decrease of the amino acid
production, maybe due to an increase in the osmotic pressure of the
cells, disturbing the bacteria metabolism and generating the
decrease of GABA yield (Komatsuzaki et al., 2008). Other authors
showed a linear increase of GAD activity with increasing substrate-
glutamate concentration in yeasts (Tong et al., 2002), probably
caused by increases of the substrate in the vicinity of the cytosolic
GAD, which suggests that GAD activity and GABA content were
regulated by glutamate addition (Komatsuzaki et al., 2005; Shelp,
Bown, & McLean, 1999).

3.2.2. Influence of the temperature on GABA production
The effect of temperature on the GABA yield was also investi-

gated. A higher GABA productionwas observed at 30 �C than that at
22, 25 and 37 �C, reaching values of ~255 mMwithin a 96-h culture
Fig. 1. Thin layer chromatography analysis of GABA synthesis. 1- GABA standard; 2-
MSG standard; 3- MRS supplemented with 53 mM MSG (control); 4- Supernatant of
Lb. brevis CRL 1942, 5- Supernatant of Lb. plantarum CRL 1956; 6- Supernatant of Lb.
plantarum CRL 1957. All strains were grown in MRS medium containing 53 mM MSG at
30 �C for 96 h. Data are representative of three independent experiments.

Fig. 3. Effect of MSG concentration and temperature on GABA production by Lb. brevis
CRL 1942. (A) Cells were grown in MRS medium for 96 h at 30 �C; (B) Cells were grown
in MRS medium for 96 h with 270 mM MSG. GABA was quantified by the GABAse
method (Sigma) from the cultures supernatants. Each point represents the
average ± standard deviation of GABA production from three independent experi-
ments. Means for each time point without a common letter differ significantly
(P < 0.05).
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period with 270 mM MSG (Fig. 3B). This temperature was in
agreement with the optimum temperature of purified GAD in Lb.
brevis (Huang, Mei, Wu,& Lin, 2007; Kim et al., 2009; Park, Jeong,&
Kim, 2014). At 45 �C, GABA content could not be detected since cell
growthwas not observed. Taken together, these results suggest that
GABA increase depends on glutamate addition to the culture me-
dium, being 270 mM of MSG and 30 �C the optimal conditions for
GABA production by Lb. brevis CRL 1942.

3.2.3. Influence of fermentation time on GABA production
Since fermentation time is another key factor to consider for

GABA production, a time course analysis following cell growth
(OD560nm), cell viability, pH and GABA synthesis of Lb. brevis CRL
1942 in MRS medium containing 270 mM MSG at 30 �C was per-
formed (Fig. 4). The stationary growth phase was reached after 24 h
of fermentation, with a cell number of 6� 109 CFUml�1 (Fig. 4A and
B). The pH dropped to about 5 within 24 h, and then started to
increase (Fig. 4C), concomitant with the appearance of GABA in the
culture medium (Fig. 4D). This increase in the pH values would be
related to the removal of hydrogen ions by the decarboxylation
process and the exchange of extracellular glutamate for a more
alkaline substrate, such as GABA, which contributes to local alka-
lization of the extracellular environment (De Biase& Pennacchietti,
2012). In addition, GABA production occurred in a time-dependent
manner, and yielded the greatest amount of GABA (~255 mM) after
48 h, showing a conversion rate of ~90% from the supplied MSG
(Fig. 4D). No further increased of GABA was found until 144 h. This
may be due since, when cells entered into the exponential phase,
the pH begin to decrease, activating the GAD enzyme, which has
optimal catalytic activity at low pH (Hiraga et al., 2008; Huang et al.,
Fig. 4. Time profile of cell growth (A), viability (B), pH (C) and GABA production (D) by Lb. br
without MSG (-), at 30 �C for 144 h. GABAwas quantified by the GABase method (Sigma) fro
GABA production from three independent experiments. Means for each time point withou
2007; Lin, 2013). Subsequent, GABA production increases the pH
medium, diminishing GAD activity. Some authors have overcame
this problem by employing a GADmutant that has catalytic activity
in expanded pH range up to pH 7, enhancing production of GABA by
modulating cell growth and enzymatic activity (Choi et al., 2015;
Shin et al., 2014). It should be noted that cell growth was not
affected in cultures without MSG, when compared to the GABA-
producing condition, implying that the difference in GABA levels
could not be attributed to differences in cell numbers (Fig. 4A and
D). However, addition of glutamate increased viable cells of Lb.
brevis CRL 1942 by ~1 log, indicating a correlation between survival
and GABA production, probably due to the alkalization of the me-
dium by the generated metabolite.

4. Conclusions

In summary, Lb. brevis CRL 1942, isolated from quinoa sour-
dough, was able to produced high levels of GABA in the presence of
270mMMSG at 30 �C for 48 h, with a conversion efficiency of ~90%.
Also, it was demonstrated that initial glutamate concentration and
temperature had a significant effect on GABA production, two fac-
tors that markedly affected the decarboxylase activity. To our
knowledge, the obtained GABA levels are one of the highest among
lactobacilli grown in batch culture. Our results provide a scientific
basis to industrialized, in an eco-friendly way, production of GABA-
enriched sourdoughs. Novel information about LAB with the ability
to synthesize high levels of GABA is an important breakthrough for
the development of health-promoting functional foods. Further-
more, it has been suggested that due to the beneficial health effects
of GABA, the ability of lactobacilli strains, natural inhabitants of the
evis CRL 1942. The strain was grown in MRS medium containing 270 mM MSG (▫) and
m the cultures supernatants. Each point represents the average ± standard deviation of
t a common letter differ significantly (P < 0.05).
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intestine, to convert dietary glutamate to GABA, may be considered
as a novel probiotic trait.
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a b s t r a c t

This work evaluated the effects of processing faba bean flour on textural, structural and sensory prop-
erties of gluten-free pasta. Pasta was prepared using faba bean flour, starch-rich fraction of faba bean
flour or faba bean flour fermented with lactic acid bacteria. The impact of cross-linking enzyme trans-
glutaminase (TG) on the quality of faba pasta was also studied. The structure, cooking quality, starch
digestibility, textural and sensory characteristics of faba pasta samples were evaluated and compared to
semolina pasta. Pasta prepared with faba bean and fermented faba bean flours had higher cooking loss
(10.8e11.5%) and lower water absorption (130e160%) than semolina pasta (6 and 193%), but pasta
prepared from fractionated faba flour had similar water absorption to semolina pasta. The texture of
pasta made with faba bean flour was comparable to that of semolina pasta. Fermentation adversely
affected the texture by increasing hardness, chewiness, sourness and flavour intensity. Starch hydrolysis
index of pasta prepared with the three faba bean flours was similar to semolina pasta (46e50). TG
reduced the in vitro starch hydrolysis index and increased some textural parameters of pasta made with
faba bean flour, but no influence was observed on pasta made with fractionated or fermented faba.

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

Pulses such as peas, chickpeas and faba beans are good sources
of proteins, dietary fibre and bioactive compounds. There is evi-
dence that the consumption of pulses is linked to many health
benefits, including reduced risk of diabetes, cardiovascular disease
and certain cancers (Campos-Vega, Loarca-Pi~na, & Oomah, 2010).
Pulses have high protein content (20e36%) that is about twice of
the content of cereals, making pulses a good substitute formeat and
a potential protein-rich ingredient. Faba bean is rich in favourable
proteins (about 30% of lysine-rich proteins), vitamins, minerals and
dietary fibre but also bioactive compounds, such as phenols and g-
aminobutyric acid (Jezierny, Mosenthin, & Bauer, 2010). Currently
faba bean is mainly used for feed. During the past decades there
have been a few studies where faba bean was used for fortification
of protein content in food products such as bread, biscuit and pasta
(Abdel-Kader, 2000; Gim�enez et al., 2012; Petitot, Barron, Morel, &
sa-Sibakov).
Micard, 2010; Rababah, 2006).
One of the main limiting factors for using faba bean in food is its

anti-nutritional compounds, such as condensed tannins and py-
rimidine glycosides called vicine and convicine (Jamalian, 1999). In
order to reduce the content of anti-nutritional factors, several
methods have been applied in faba beans such as dehulling, soak-
ing, cooking, microwave and autoclaving (Luo & Xie, 2013).
Recently, the potential of air classification and lactic acid bacteria
fermentation to produce valuable faba bean ingredients has been
reported (Coda et al., 2015). Fermentation decreased anti-
nutritional compounds, increased the amount of free essential
amino acids, improved the in vitro protein digestibility and lowered
the starch hydrolysis index (Coda et al., 2015). Air classificationwas
successfully applied to faba bean flour for efficient separation of
protein and starch rich fractions (Gunawardena, Zijlstra, &
Beltranena, 2010). Moreover, starch rich fraction presented lower
amount of anti-nutritional compounds, such as vicine, convicine,
phytic acid and condensed tannins (Coda et al., 2015).

Besides its excellent nutritional profile, faba bean is gluten-free
and could thus be utilized for both gluten sensitive and celiac
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patients. In the manufacture of gluten-free pasta, faba bean has
been used for fortification (10e30% w/w) of gluten-free flours (corn
and amaranthus) (Chillo, Laverse, Falcone, & Del Nobile, 2008;
Gim�enez et al., 2013). Pasta prepared only from non-gluten flours
is generally considered to have an inferior quality than semolina
pasta due to the lack of gluten functionality, which is responsible
for structure formation, elasticity and al dente texture. Some sug-
gested strategies to mimic gluten network in pasta are use of
crosslinking enzymes, additives and texturing agents (hydrocol-
loids and emulsifiers) as well as pre-gelatinization of starch (Marti
& Pagani, 2013). Transglutaminase (TG: glutaminylpeptide:amine
g-glutamyltransferase) catalyses an acyl transfer reaction between
the g-carboxyamide group of a protein-bound glutamine residue
and a primary amine or the amino group of a protein-bound lysine
side chain to form covalent cross-links of ε-(g-Gln)-Lys bonds (Folk
& Finlayson, 1977). The intermolecular crosslinks introduced by TG
change the protein structure and could improve the textural
properties of gluten-free pasta by entrapping starch in the protein
network induced by TG. The effect of TG has been studied only for
gluten-free noodles (rice or corn) (Kim, Kee, Lee,& Yoo, 2014; Yalcin
& Basman, 2008).

The objective of this work was to evaluate the effects of pro-
cessed faba bean flour on the mechanical, structural and sensory
properties of gluten-free pasta. Faba bean flour was either frac-
tionated by air classification or fermented by lactic acid bacteria.
The faba bean fractions obtained were used as the sole ingredient
for manufacturing gluten-free pasta. Due to the lack of gluten
network, a cross-linking enzyme transglutaminase was also added
to the faba bean fractions in order to evaluate its effect on the
structure and texture of gluten-free faba bean pasta. To the best of
our knowledge, this is the first study reporting the use of faba bean
ingredients as the sole ingredient for gluten-free pasta.

2. Material and methods

2.1. Fractionation and fermentation of faba bean flours

Faba beans (cv. Kontu, cultivated in Finland in 2011, provided by
University of Helsinki, Department of Agricultural Sciences) were
stone milled, dehulled and ground into flour (Faba) for further air
classification or fermentation as described in Coda et al. (2015). For
air classification, ground faba bean flour was separated into protein
and starch rich fractions (Starch-Faba). Fermentation of ground
faba bean flour (Ferm-Faba) was carried out with the selected lactic
acid bacteria (30 �C, 48 h) mixed with water in a ratio of 50:50
(wt:vol) and then freeze dried and milled (Coda et al., 2015). Three
materials were used in this study for manufacturing pasta: faba
bean flour (Faba), starch-rich fraction (Starch-Faba) and fermented
faba bean flour (Ferm-Faba). The mean particle size (D50) of Faba,
Starch-Faba and Ferm-Faba flours was 17.6 ± 1, 23.8 ± 0.2 and
63.7 ± 2.8 mm, respectively (Coda et al., 2015). The chemical
composition of raw materials was reported in Coda et al. (2015).

2.2. Pasta production

All pasta samples were manufactured in the National Techno-
logical Platform of JRU IATE (Montpellier, France) on a lab-scale
pasta discontinuous extruder (Sercom, Montpellier, France) ac-
cording to Petitot, Boyer, Minier, and Micard (2010). Durum wheat
semolina was hydrated with distilled water to 470 g/kg (db)
moisture content and mixed for 5 min at 120 rpm then 15 min at
60 rpm. The product was extruded (20 rpm, 40 �C) and dried (55 �C)
in a pilot-scale drier (AFREM, Lyon, France). During the drying, the
relative humidity gradually reduced from 88 to 70% RH for 15 h in
order to reach 12% of moisture in the final product. The three faba
bean materials (Faba, Starch-Faba and Ferm-Faba) were processed
as described for semolina with some modifications. Hydration was
reduced to 400, 380 and 310 g/kg (db), respectively, mixing time
was reduced to 10 min andmixing speed increased to 120 rpm. The
hydration level was modified based on preliminary evaluation of
hydration properties of the flours in a farinograph (Petitot and
Boyer et al., 2010) and the mixing speed was increased to
120 rpm for pasta made with faba bean flours in order to limit the
formation of particle aggregates. Transglutaminase (TG) enzyme
Activa WM (Ajinomoto, Mesnil-Saint-Nicaise, France) was also
added in faba flours for preparing pasta. In this case, the enzyme
powder was mixed to the faba flours (20 nkat/g flour dm) during
10min (120 rpm) before the hydration step. The pasta samples with
TG were named as Faba-TG, Starch-Faba-TG and Ferm-Faba-TG and
produced as described above for faba bean flours without TG. The
dosage of TGwas chosen based on preliminary screening trials with
faba bean flour and evaluated by the intensity of protein cross-
linking on SDS-page (data not shown).

2.3. Chemical characterization

Moisture and total protein concentration were analysed ac-
cording to the methods 44-15.02 (AACC-International, 2013) and
46-11A (AACC, 2003), respectively. Total and resistant starches
were analysed using Megazyme kits (K-TSTA 09/14 and K-RSTAR
09/14) according to the AACC methods 76-13.01 and 32-40.01,
respectively. Ash content was determined with gravimetric method
using Naber N11 ash oven (Nabertherm, Lilienthal, Germany). Fat
was determined using Soxhlet extractor Büchi B-811 (Labortechnik
AG, Flawil, Switzerland). Total dietary fibre was analysed with the
enzymatic-gravimetric method 985.29 (AOAC, 1990). Chemical
composition was performed in uncooked pasta. Protein and
starches analysis were also performed in pasta samples after
cooking.

2.4. Colour

Colour of dry spaghetti was determined by a Minolta Chroma
Meter CR-200 (Konica Minolta Inc., Tokyo, Japan) using the Hunter
L*, a*, b*. Threemeasurements were taken for each replicate (n¼ 9).

2.5. Cooking properties

2.5.1. Optimal cooking time (OCT)
Dried spaghetti (10 cm long) was cooked in distilled water (10 g/

250 ml) and OCT was indicated when the white core of the pasta
disappeared when squeezed between two glass plates.

2.5.2. Cooking loss
Cooking loss was determined by weighing the residue (cooking

water) after drying in an oven at 105 �C for 2 h (Sozer, Dalgiç, &
Kaya, 2007).

2.5.3. Water absorption
Cooked samples were weighed soon after removing the excess

water and dried in an oven at 105 �C for 2 h (Sozer et al., 2007).

2.6. Starch hydrolysis index

Pasta samples were cooked until their OCT, rinsed and minced
(Kenwood, Havant, United Kingdom). In vitro starch digestibility
was performed as described by Germaine et al. (2008). Portions of
the minced pasta containing 1 g of starch were weighted in
0.05 mol/L sodium potassium phosphate buffer (pH 6.9), placed in
water bath (37 �C) and pancreatic amylase (110 U) was added to the
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suspensions. Sample aliquots were removed (time ¼ 0, 30, 60, 120
and 180 min), placed in boiling water bath, cooled in ice water and
analysed for reducing sugar content. The area under the curve
(AUC) and the hydrolysis index (HI) were calculated for each
sample replicate using the equation:

HI ¼ ðAUC pasta=average AUC white breadÞ � 100

The average AUC of white bread tested using the equivalent
method was given a value HI ¼ 100.

The predicted glycaemic (GI) indices of samples were calculated
from HI values according to Granfeldt, Bjorck, Drews, and Tovar
(1992) as GI ¼ 0.862 HI þ 8.198.

2.7. Texture analysis

Instrumental Texture Profile Analysis (TPA) was carried out with
a Texture Analyzer TA.XT plus (Stable Micro Systems, Surrey, United
Kingdom) containing a 294 N load cell and equipped with a pasta
stickiness rig. Pasta samples were cooked, rinsed and analysed
immediately after cooking. Four spaghetti strands were placed
adjacent to one another centrally under the compression platen of
pasta firmness/stickiness rig (TA-HDP/PFS probe). Cooked spaghetti
samples were compressed with a pre-test, test and post-test speed
of 1 mm/s to 70% of the initial spaghetti thickness. Measurements
were performed five times with two independent experiments
(n¼ 10). The test is a simulation of the action of jaw by compressing
the bite size of food two times. Exponent software version 6.0.7.0
(Stable Micro Systems, Surrey, United Kingdom) was used to obtain
values for the calculation of primary parameters (hardness, cohe-
siveness, springiness and adhesiveness) and secondary parameters
(chewiness and resilience).

2.8. Microscopy

2.8.1. Stereomicroscopy
Samples were examined with Zeiss SteREO Discovery.V8 ste-

reomicroscope equipped with Achromat S 0.5x objective (Carl Zeiss
MicroImaging GmbH, G€ottingen, Germany) and imaged using an
Olympus DP-25 single chip colour CCD camera (Olympus Life Sci-
ence Europa GmbH, Hamburg, Germany) and the Cell̂ P imaging
software (Olympus). The diameter of uncooked, hydrated (in
glutaraldehyde) and cooked pasta was also measured by images
taken with the stereomicroscope. The results were calculated as
average of 4 replicate measurements from 12 replicate piece of
pasta (48 values in total).

2.8.2. Light microscopy
Pasta samples were prepared for microscopy as described by

Curiel et al. (2014) except for uncooked pasta samples which were
hydrated with 5 g/kg glutaraldehyde for 30 min before embedding
into agar. Sections from polymerized sample blocks were cut in a
rotary microtome HM 355S (Microm Laborger€ate GmbH, Walldorf,
Germany) using a tungsten carbon knife. Staining of protein and
starch in 2 mm thick sections with Light Green and Lugol's iodine,
respectively, was carried out according to Coda et al. (2015).

2.9. Sensory characteristics

Sensory evaluation of cooked pasta was carried out at the sen-
sory laboratory of VTT, which fulfils the requirements of the ISO
standards (ISO, 2005, 2007). The sensory panel consisted of 10
trained assessors. The method in sensory profiling was descriptive
analysis (Lawless& Heymann, 2010). The attributes evaluated were
yellowness of colour (visual evaluation on scale fromyellow to red),
elasticity (pulling with fingers), hardness (evaluation in mouth),
chewiness (chewing with molar teeth), stickiness (evaluation of
stickiness in teeth by tongue), sourness (while chewing), flavour
intensity (while chewing) and intensity of possible off-flavour
(while chewing). The attribute intensities (0e10) were rated on
continuous graphical intensity scales (10 cm in length). The sam-
ples were judged in two replicate sessions. The scores were recor-
ded and collected using a computerized Compusense Five data
system (Compusense, Guelph, Canada).

2.10. Statistical data analysis

Data were subjected to analysis of variance using IBM SPSS
Statistics 21 (IBM Corporation, New York, USA), and significant
differences (p < 0.05) between individual means were identified by
Tukey's test. Correlation coefficients (r) were analysed by Person's
correlation with a 95% confidence. The intensities of the perceived
texture attributes of the sensory profiles and levels of the instru-
mental structure attributes of pasta were related statistically by PLS
(partial least squares) regression using an Unscrambler software
package. Both the sensory and instrumental data were standard-
ized and instrumental data also normalized before the multivariate
analysis by Unscrambler. The model was validated by cross-
validation. PLS regression is specifically designed to determine re-
lationships existing between blocks of dependent (Y sensory) and
independent (X instrumental) variables by seeking underlying
factors common to both sets of variables.

3. Results & discussion

3.1. Chemical characteristics of pasta

The two main components of faba bean pasta were protein and
starch (Table 1). Faba and Ferm-Faba pasta had 2.5-fold higher
protein content (350 g/kg) than regular durum wheat semolina
pasta (140 g/kg). The protein content of faba bean pasta in the
present study was 1.8-times more than the maximum protein
content achieved with faba bean flour enriched pasta reported in
Petitot and Boyer et al., 2010. Fermentation did not impact on the
total amount of total fibre and air classification only slight reduced
it. Faba, Starch-Faba and Ferm-Faba pasta had 1.5, 1.8 and 1.1 g
resistant starch/100 g dry pasta, respectively which was almost
three times higher than the semolina pasta (0.5 g RS/100 g dry
pasta). Pulses in general have high content of resistant starch
(Guillon & Champ, 2002). In processed foods proteins may encap-
sulate the starch granules (Tovar, Bj€orck, & Asp, 1990). Addition of
TG increased the amount of resistant starch in Faba-TG pasta and
Starch-Faba-TG, but not in Ferm-Faba-TG (Table 1). Fermented faba
bean had its protein hydrolysed and a high amount of free lysine
was released (Coda et al., 2015). Since TG catalyses the reaction
between the amino group of a protein-bound glutamine residue
with lysine, TG probably could not make covalent crosslinks be-
tween protein chains in fermented faba pasta but rather make the
covalent bond between protein bound glutamine and free lysine. In
Faba-TG and Starch-Faba-TG, TG probably enveloped starch in
within a protein network structure resistant to digestion. Kuraishi,
Yamazaki, and Susa (2001) suggested that starch is more tightly
packed within the gluten network in wheat noodles treated with
TG.

3.2. Microscopic structure

The cross-section of uncooked spaghetti pasta (Fig. 1AeD)
illustrated the structure of faba and semolina samples and also the
differences in protein content of faba samples. The cross-section of



Table 1
Chemical composition of pasta made with faba bean flour (Faba), starch fraction of faba bean (Starch-Faba), and fermented faba bean flour (Ferm-Faba) with or without
addition of transglutaminase (TG) enzyme.

Protein Starch Total fibre Fat Moisture Ash RS

Faba 35.4 ± 0.1 43.5 ± 0.3 7.2 ± 0.3 1.5 ± 0.0 8.2 3.8 1.5 ± 0.0
Faba-TG 35.1 ± 0.1 44.5 ± 0.4 7.2 ± 0.3 1.5 ± 0.0 8.5 3.7 2.0 ± 0.1
Starch-Faba 23.7 ± 0.1 58.7 ± 0.1 4.6 ± 0.1 0.8 ± 0.0 8.6 2.7 1.8 ± 0.1
Starch-Faba-TG 23.3 ± 0.1 58.7 ± 0.0 4.6 ± 0.1 0.8 ± 0.0 8.4 2.6 2.7 ± 0.0
Ferm-Faba 35.3 ± 0.2 43.4 ± 0.3 6.6 ± 0.4 0.9 ± 0.0 7.7 4.4 1.2 ± 0.0
Ferm-Faba TG 35.1 ± 0.1 43.3 ± 0.2 6.6 ± 0.4 0.9 ± 0.0 7.6 4.4 1.1 ± 0.1
Semolina 14.2 ± 0.1 73.5 ± 0.3 2.4 2.3 8.7 1.0 0.5 ± 0.1

Protein, starch, total fibre, fat, ash and resistant starch (RS) contents are expressed in g/100 g (dm) (n ¼ 2).

Fig. 1. Brightfield images of pasta samples stained with Light Green and Lugol's iodine (protein appears light green and the amylose component of starch blue and amylopectin
brown). AeD: Uncooked pasta samples with panels showing an image with higher magnification taken from the centre of the sample. EeK: Micrographs taken on the edge of pasta
samples cooked to the optimum time. A and E: Faba; B and F: Starch-Faba; C and G: Ferm-Faba; D and H: Semolina; I: Faba-TG; J: Starch-Faba-TG; K: Ferm-Faba-TG). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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uncooked Faba and Starch-Faba had similar appearance, but Ferm-
Faba seemed to havemore homogeneous structure and its edge had
a perfect delineation. The matrix of starch granules and protein in
uncooked samples are shown in Fig. 1AeD with higher magnifi-
cation. In semolina pasta, the size distribution (A, B and C classes
from largest to smallest ones) and shapes typical to cereal starch
granules were observed. Large starch granules were lenticular and
the smaller ones more spherical. Starch granules of faba bean were
more rounded and they were more homogeneous in size compared
to cereal starch as in Petitot and Barron et al. (2010). According to
high protein content of three faba bean pasta samples, the starch
granules in these samples were shown to be embedded in denser
protein matrix compared to that reported by Petitot and Barron
et al. (2010) for pasta containing both faba bean and semolina
flour and having lower protein content.

Microscopic pictures were taken on the edges of cooked pasta
samples (Fig. 1EeK). In semolina pasta, protein network envelops
starch and protects its leakage out from the outer surface during
cooking (Fig. 1H). However, the outermost layers of faba bean pasta
samples were lacking the starch granules (Fig. 1EeG and 1IeK). The
disruption of edges was less pronounced in the Ferm-Faba-TG
sample. This explains the higher cooking loss of faba bean pasta
samples compared to semolina pasta. In all the samples, amylose
leached from the granules to the aqueous phase (stained in dark
blue) and amylopectin (stained in brown) appeared inside of the
granule, characteristics of complete starch gelatinization process in
the outermost parts of the spaghetti (Fig. 1EeK). In both fermented
pasta samples (Ferm-Faba and Ferm-Faba-TG), individual starch
granules were regularly surrounded by protein, but in other faba
bean pasta samples starch granules formed aggregates. Thus, pro-
tein matrix in Ferm-Faba seemed more continuous than in Faba or
Starch-Faba pasta independently of TG.

Differences in the swelling of faba bean starch were noticed in
the images taken from the halfway of the spaghetti radius (Fig. 2).
Faba (Fig. 2A) and Starch-Faba (Fig. 2C) pasta had the most swollen
starch granules and the starch in the corresponding samples with
TG (Fig. 2B and D) was less swollen. In Ferm-Faba (Fig. 2E) and
Ferm-Faba-TG (Fig. 2F) the starch was least swollen and no differ-
ences in starch swelling were observed between them. It could be
speculated that TG had an effect of forming a stronger protein
network in Faba-TG and Starch-Faba-TG pasta which avoided the
swollen of their starch granules. Sissons, Aravind, and Fellows
(2010) also observed a more cohesive and thicker protein
network in the microscopic pictures of semolina pasta with TG,



Fig. 2. Brightfield images of pasta samples cooked to the optimum time stained with Light Green and Lugol's iodine (protein appears light green and the amylose component of
starch blue and amylopectin brown). Micrographs represent a location in the depth of ¼ of the spaghetti diameter from the surface. A: Faba; B: Faba-TG; C: Starch-Faba; D: Starch-
Faba-TG; E: Ferm-Faba; F: Ferm-Faba-TG; G: Semolina. (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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which was concomitant with the increase on the formation of
insoluble proteins (Aalami & Leelavathi, 2008; Sissons et al., 2010).

3.3. Cooking quality, swelling and colour characteristics

Pasta produced with faba bean flours had lower OCT compared
to semolina pasta (Table 2). The lowest OCT was observed for Ferm-
Faba (6 min), followed by Faba (6.5 min) and Starch-Faba (9 min)
pasta. OCT of pasta samples was positively correlated with their
starch content (r¼ 0.97, p < 0.01), whichmeans that more timewas
needed to gelatinise a higher amount of starch. The reduction in
cooking time was accompanied by significantly lower water uptake
for Ferm-Faba pasta (132%) and Faba pasta (162%) compared to
semolina pasta (193%). Starch-Faba pasta was the only sample with



Table 2
Cooking properties (optimal cooking time, cooking loss and water absorption), diameter (uncooked, hydrated in glutaraldehyde and cooked) and colour of pasta made with
faba bean flour (Faba), starch fraction of faba bean (Starch-Faba), and fermented faba bean flour (Ferm-Faba) with or without addition of transglutaminase (TG) enzyme.

OCTa

(min)
(n ¼ 2)

Water
absorption
(%) (n ¼ 3)

Cooking
loss (%, db)
(n ¼ 3)

Diameter (mm) (n ¼ 48) Colour of dried pasta (n ¼ 9) HIb (n ¼ 3) GIc

Uncooked Hydrated Cooked L* a* b*

Faba 6.5 162 ± 5b 10.8 ± 0.1ab 1.54 ± 0.02a 2.16 ± 0.04d 2.60 ± 0.04d 52.4 ± 1.4b 4.2 ± 0.3b 20.3 ± 0.8bc 50.7 ± 4.8c 51.9 ± 4.1c

Faba-TG 6.5 167 ± 9b 11.3 ± 0.7a 1.54 ± 0.02ab 2.15 ± 0.04d 2.53 ± 0.05b 48.7 ± 1.6c 3.9 ± 0.2bc 17.7 ± 1.0d 19.7 ± 3.5a 25.1 ± 3.0a

Starch-Faba 9 195 ± 1a 11.8 ± 0.3a 1.56 ± 0.02cd 2.14 ± 0.04d 2.58 ± 0.04cd 52.6 ± 1.1b 3.5 ± 0.4c 18.9 ± 1.2cd 49.2 ± 9.3bc 50.6 ± 8.0bc

Starch-Faba-TG 9 195 ± 2a 11.7 ± 0.2a 1.57 ± 0.03d 2.19 ± 0.04e 2.63 ± 0.05e 54.0 ± 1.0b 3.8 ± 0.3bc 20.7 ± 0.6b 40.0 ± 1.9abc 42.7 ± 1.6abc

Ferm-Faba 6 132 ± 5c 11.5 ± 0.3a 1.55 ± 0.02abc 2.04 ± 0.03c 2.37 ± 0.03a 42.6 ± 1.1d 11.0 ± 0.8a 12.9 ± 0.9e 46.3 ± 5.4bc 48.1 ± 4.6bc

Ferm-Faba-TG 6 132 ± 6c 10.3 ± 0.4b 1.54 ± 0.03abc 1.97 ± 0.03b 2.37 ± 0.03a 42.0 ± 0.6d 11.0 ± 0.4a 12.5 ± 0.5e 30.1 ± 3.5ab 34.2 ± 3.0ab

Semolina 10 193 ± 4a 6.4 ± 0.2c 1.56 ± 0.02bcd 1.85 ± 0.03a 2.56 ± 0.04c 58.3 ± 1.2a 1.6 ± 0.2d 22.5 ± 1.3a 45.6 ± 14.5bc 47.5 ± 12bc

a Optimal cooking time.
b Starch hydrolysis index.
c Predicted glycaemic index.
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water absorption (195%) statistically similar to semolina pasta.
Water absorption of pasta samples was negatively correlated with
the protein content of samples (r ¼ �0.81, p < 0.05) and positively
correlated with the starch content of samples (r ¼ 0.80, p < 0.05).
Doxastakis et al. (2007) and Petitot and Boyer et al. (2010) also
observed a decrease in water absorption when spaghetti was
enriched with lupine protein isolate and faba bean flour, respec-
tively. Besides the amount of starch in faba bean pasta samples,
their lower cooking time and lower water absorption could be
related to the higher swelling of their starch granules (Fig. 2). This
means that water could penetrate more easily in faba bean pasta
samples allowing a faster starch gelatinization, which reduced the
OCT and, consequently, water absorption during cooking.

Cooking loss of pasta prepared with faba bean flours was higher
than semolina pasta (Table 2). No significant difference was
observed between Faba, Ferm-Faba and Starch-Faba pasta related
to cooking loss. No effect of TG addition was observed on cooking
loss of Faba-TG or Starch-Faba-TG compared to their respective
pasta samples without TG, in agreement with Sissons et al. (2010).
Addition of TG on fermented faba flour slightly but significantly
reduced the cooking loss. The fact that TG affected the cooking loss
only for fermented faba remains unclear. The lower cooking quality
of pasta prepared with faba bean flours was expected due to the
lack of gluten, which is the responsible for the formation of the
protein network structure holding starch. Enrichment of pasta with
faba bean was previously reported to decrease cooking time,
decreased water absorption and increased cooking loss when
compared to semolina (Chillo et al., 2008; Gim�enez et al. 2012;
Petitot and Boyer et al., 2010). In the case of gluten free pasta
made with amaranth, faba bean and carboxymethylcellulose, the
cooking loss was also high (11.4%) (Chillo et al., 2008) reaching
similar level of faba pasta samples. Gim�enez et al. (2013) enriched
corn pasta with faba bean (30% of faba bean) and a cooking loss of
12.5% was reported. Similar cooking loss level was also observed in
gluten free pasta made of rice (15.9%) even though these samples
had lower protein content (6.2%) than the faba pasta of the present
study (Marti, Seetharamanb, & Pagani, 2010). Faba bean proteins
are mainly globulins and albumins, which do not form an elastic
network as the gliadins and glutenins of durum wheat. When the
protein network lacks elasticity or its formation is delayed, starch
granules will easily swell, and part of the starchy material will pass
into the cooking water (Marti& Pagani, 2013). This observationwas
confirmed when looking at microscopic pictures, which showed
that starch granules of faba pasta are more swollen than in semo-
lina pasta. The composition analyses performed on the cooked faba
pasta samples (data not shown) showed that the proportion of
protein and starch after cooking remained similar to the uncooked
pasta. This means that faba pasta samples have lost similar
amounts of components and not only starch or protein.
The diameter of dry faba pasta samples was similar to semolina

pasta (1.56 mm) (Table 2). The diameter of pasta after hydration in
glutaraldehyde was also measured (Table 2). Hydrated semolina
pasta presented the lowest diameter (1.85 mm, compared to
2e2.1 mm for Faba, Starch-Faba and Ferm-Faba pastas), indicating
more swelling of faba pasta samples. Water absorption rate of faba
bean pasta samples was faster than semolina pasta in glutaralde-
hyde solution. This might be due toweak protein network, allowing
easy water penetration through starch granules. After cooking, the
diameter of Starch-Faba pasta was similar to semolina pasta, but
Faba had bigger diameter than semolina pasta. Ferm-Faba pasta
had the smallest diameter (Table 2). Addition of TG had an influ-
ence on the diameter of Faba-TG and Starch-Faba-TG, which were
smaller than their correspondent pasta without TG.

Faba pasta had lower brightness and yellow colour values
(around 10% lower) as well as more intense red colour than
semolina (Table 2). These differences in colour parameters are
likely due to the higher amount of ash and presence of outer layers
on faba pasta samples. Ferm-Faba had the lowest brightness and
yellowish values and the highest red value (Table 2). Fermentation
of faba bean increased the amount of free amino acids (Coda et al.,
2015), which probably triggered Maillard reactions during drying
increasing the redness colour. Addition of transglutaminase on faba
bean (Faba-TG) decreased the values of L*, a* and b*, although these
differences were not visually detectable. Aalami and Leelavathi
(2008) also reported declines in brightness and yellowness of
semolina pasta with TG. These authors suggested that protein
cross-linking by TG influenced the physical structure of spaghetti,
thereby affecting the reflectance properties. Even though faba pasta
samples had different colour compared to semolina pasta, this
might not affect their potential market acceptance as generally
gluten-free pasta (based on corn, rice, etc) also have more yellow
and darker intensity colour than semolina pasta.
3.4. Textural properties

All faba pasta samples had higher hardness and chewiness
values (Table 3) than semolina pasta, as previously reported by
Petitot and Boyer et al. (2010). Fortification of wheat pasta with
legume flours or protein concentrates was reported to cause an
increase in firmness of pasta with the increase on protein addition
levels (Bahnassey& Khan, 1986). Faba pasta had statistically similar
cohesiveness, resilience, adhesiveness and springiness compared to
semolina pasta. Ferm-Faba pasta had the highest hardness, chew-
iness and resilience values, but the lowest adhesiveness (Table 3).
Hardness of pasta samples was significantly inversely correlated
with water absorption (r ¼ �0.89, p < 0.01) and positively
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Fig. 3. Starch hydrolysis curves of pasta made with faba bean flour (black circle), starch
fraction of faba bean (black triangle) and fermented faba bean flour (black square). The
curves of samples prepared with transglutaminase (TG) enzyme are represented by
dotted lines and correspondent open symbols, i.e. open circle, triangle and square for
Faba-TG, Starch-Faba-TG and Ferm-Faba-TG, respectively. Semolina pasta curve is
represented by a grey diamond. The vertical axis reports the mg of maltose per 1 g of
starch, and the horizontal axis displays time (min).
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correlated with the protein content (r¼ 0.84, p < 0.05). The protein
content of spaghetti enriched with lupin protein isolate was also
shown to increase the hardness of pasta (Doxastakis et al., 2007). It
seemed that the high amount of protein in faba bean pasta samples
formed a strong but not elastic protein network. A flexible protein
network forms in gluten free faba pasta due to legumins (Sabanis,
Makri, & Doxastakis, 2006) but as its quality is not as good as
gluten it interferes with the textural properties. The highest hard-
ness of Ferm-Faba was likely due to the modified starch-protein
network of this sample during the fermentation process, which
was shown to cause more porous structures and the rupture of
starch granules (Coda et al., 2015), inducing the lack of water in the
core of pasta (lowest water absorption).

Addition of TG in faba bean flour (Faba-TG) increased the
hardness, chewiness, cohesiveness and resilience of pasta and
decreased the adhesiveness. TG decreased the adhesiveness of faba
and starch pasta to similar levels as semolina pasta. TG has been
shown to increase the breaking strength or firmness by cross-
linking gluten proteins of pasta made of low-protein semolina
(Aalami & Leelavathi, 2008), commercial semolina pasta (Sissons
et al., 2010) and pasta prepared with wheat flour (Kuraishi et al.,
2001). In this paper, TG mainly acted on the textural properties of
pasta prepared with faba bean flour (Faba-TG), but not significantly
in most of the textural parameters of Starch-Faba-TG or Ferm-Faba-
TG. This is probably due to the difference in the protein content and
matrix of these faba pasta samples, i.e. Starch-Faba has lower
amount of protein, which could diminish TG action, and fermen-
tation has been shown to change protein structure making it more
porous and releasing free lysine and glutamine (Coda et al., 2015).
3.5. Starch hydrolysis index (HI)

The hydrolysis curves of faba bean pastas (Faba, Ferm-Faba and
Starch-Faba) (Fig. 3), their HI and GI (Table 2) were similar to the
semolina pasta. These results are in agreement with Petitot and
Micard (2010). Gluten free pasta normally has higher GI than
semolina pasta (Foster-Powell, Holt, & Brand-Miller, 2002), but in
the present study, the high amount of protein in faba pasta samples
that encapsulates starch granules probably hindered the starch
hydrolysis. Addition of TG in faba (Faba-TG) and in fermented faba
(Ferm-Faba-TG) flours decreased their hydrolysis curve, but no ef-
fect was observed in Starch-Faba-TG. The HI of Faba-TG pasta was
61% smaller than Faba pasta. The HI of Ferm-Faba-TG was smaller
than Ferm-Faba (35% reduction), but not significantly different
(p ¼ 0.17).

The interesting effect of reducing in vitro starch digestibility in
pasta by using cross-linking enzymes as TG has not been reported
before. In wheat noodles enriched with soy protein isolate, Gan,
Ong, Wong, and Easa (2009) observed that TG combined with
ribose reduced the rates of starch digestion in vitro, but this effect
was not apparent when TG was used individually. TG likely formed
several cross-links in faba proteins, which encapsulated starch in
Table 3
Textural properties of pasta madewith faba bean flour (Faba), starch fraction of faba bean (
transglutaminase (TG) enzyme (n ¼ 10).

Hardness (N) Chewiness (N) Adhesiven

Faba 172 ± 10c 97 ± 11c 1.21 ± 0.1
Faba-TG 199 ± 8b 128 ± 10b 0.93 ± 0.2
Starch-Faba 161 ± 6c 102 ± 10c 1.53 ± 0.2
Starch-Faba-TG 171 ± 5c 112 ± 6bc 1.11 ± 0.1
Ferm-Faba 238 ± 11a 153 ± 14a 0.47 ± 0.0
Ferm-Faba-TG 243 ± 15a 170 ± 20a 0.58 ± 0.0
Semolina 116 ± 8d 70 ± 4d 1.07 ± 0.2
the core of pasta forming a film that decreased the susceptibility of
starch to be digested by enzymes. The encapsulation of starch
granules by proteins was previously found to limit the accessibility
of a-amylase to starch (Colonna et al., 1990). In fact, TG effect could
be comparable to the use of very high temperature drying which
were shown to strength the protein network (by increasing of
insoluble proteins) resulting in a lower in vitro starch digestibility
(Petitot & Micard, 2010).

3.6. Sensory profiling of pasta

The cooked pasta samples deviated significantly (p < 0.001)
from each other regarding all evaluated sensory attributes except
stickiness (Fig. 4). Semolina pasta deviated most from the other
pasta samples being most elastic, and least hard and chewy, and
having least intense flavour. Fermentation clearly increased
chewiness, sourness, and flavour and off-flavour intensity. As
compared to semolina pasta, use of faba bean flour or starch flour
increased hardness and decreased elasticity. In agreement with our
results, pasta enriched with faba bean or pea protein also presented
higher hardness (Nielsen, Sumner, & Whalley, 1980; Petitot and
Boyer et al., 2010). The higher hardness of Faba pasta compared
to semolina pasta could be related to the higher protein content of
Faba pasta (350 vs. 140 g/kg), as observed for durum wheat pasta
(Sissons, Egan, & Gianibelli, 2005). Faba pasta and starch faba bean
pasta did not differ significantly from each other (p < 0.001) in any
assessed attribute, and they were assessed to have very similar
Starch-Faba), and fermented faba bean flour (Ferm-Faba) with or without addition of

ess (N.s) Cohesiveness Resilience Springiness

8c 0.67 ± 0.04c 0.41 ± 0.04e 0.84 ± 0.03a

8b 0.74 ± 0.02b 0.50 ± 0.02bc 0.87 ± 0.03a

2d 0.74 ± 0.01b 0.44 ± 0.01de 0.85 ± 0.06a

6bc 0.75 ± 0.01b 0.47 ± 0.01cd 0.88 ± 0.02a

8a 0.74 ± 0.05b 0.54 ± 0.06ab 0.86 ± 0.03a

5a 0.78 ± 0.02a 0.57 ± 0.03a 0.89 ± 0.03a

6bc 0.69 ± 0.02c 0.42 ± 0.02e 0.88 ± 0.02a



Fig. 4. Sensory evaluation (n ¼ 2 � 10) of cooked pasta made with faba bean flour (Faba e blue square), starch fraction of faba bean (Starch-Faba e orange circle), fermented faba
bean flour (Ferm-Fabae violet triangle). The samples prepared with transglutaminase (TG) enzyme are represented by dotted lines and correspondent open symbols, i.e. open green
square, open brown circle and open red triangle for Faba-TG, Starch-Faba-TG and Ferm-Faba-TG, respectively. Pasta prepared with semolina (blue cross) was used as a reference. (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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sensory e especially textural e characteristics. Fermentation
together with TG treatment increased hardness and especially
chewiness. The fermented pasta samples were red in colour, indi-
cating a possible Maillard reaction occurrence, hard and chewy in
texture, and had sour taste, and intense flavour and off-flavour.
Curiel et al. (2014) also reported the presence of an unusual taste
in pasta made with wheat flour and lactic acid bacteria, probably
due to acidity from sourdough fermentation. The impact of trans-
glutaminase on the textural properties of pasta was not significant,
except in increasing the hardness of fermented pasta.

The sensory perception of texture can be statistically explained
by instrumentally determined texture parameters. The relation
between the perceived texture attributes and instrumental texture
of pasta was related by statistical multivariate techniques, by PLS
regression (Fig. 5). The instrumental texture attributes explained
Fig. 5. PLS regression plot of sensory and instrumental texture data of pasta made with faba
flour (Ferm-Faba) with or without addition of transglutaminase (TG) enzyme. T-indicate inst
sample was located far from the space of the other samples.
altogether 95% (PC176% and PC2 19%) of the variation between the
samples, and perceived sensory attributes 79% in total (PC173% and
PC2 6%) of the variation. The perceived elasticity was closely related
to the instrumental resilience, cohesiveness, springiness and
adhesiveness which seemed to measure same property. Thus,
based on this observation it might be needless to analyse all those
instrumental parameters. In addition, perceived chewiness showed
high correlation with instrumental gumminess and chewiness, and
was typical to both fermented faba bean pasta and especially to the
fermented pasta with the TG treatment. Perceived stickiness could
not be well explained by any of the instrumental parameters.
Semolina pasta showed very different characteristics, and was
therefore located far from the space of the other samples (Fig. 5,
arrow in the lower left corner).
bean flour (Faba), starch fraction of faba bean (Starch-Faba), and fermented faba bean
rumental and S- indicate sensory texture parameters. The arrow indicates that semolina
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4. Conclusions

The current trend on the food market and increasing consumer
awareness on health and well-being creates a need towards finding
new plant based protein ingredients. There is a need to find alter-
natives for soy protein ingredients due to issues related to genetic
modification and allergenicity. Alternative plant protein sources
include legumes, cereals and oil crops. Faba beans with their high
protein content (25e35%) which is over twice that of cereals and
gluten-free nature, positions them as an alternative plant protein
ingredient. Another increasing segment with a need of new in-
gredients and products is the gluten-free market. The current
gluten-free products generally have inferior taste, texture and
nutritional value compared to their gluten-containing counterparts
with high costs. The gluten-free market is in need of protein rich
nutritious pasta products.

In this study pasta samples were made using 100% untreated or
processed faba bean flours, i.e. native faba bean flour, faba bean
fraction or fermented faba bean flour. The protein levels reached in
this study were two-three times higher than regular gluten-free
pasta depending on the faba flour or fraction used in the recipe.
Compared to semolina, pasta prepared with faba bean flour had
lower cooking quality (higher cooking loss and lower water ab-
sorption), but cohesiveness, resilience, adhesiveness and springi-
ness were similar to semolina pasta. Starch hydrolysis index
(in vitro) of pasta prepared with faba bean was also similar to the
reference semolina pasta. Fermentation of faba bean flour with
lactic acid bacteria did not improve cooking quality or texture of
pastawhen comparedwith unprocessed faba bean pasta. The cross-
linking enzyme transglutaminase mainly acted on properties of
pasta prepared with faba bean flour, reducing the in vitro starch
hydrolysis index and increased some textural parameters (hard-
ness, cohesiveness, chewiness and resilience) likely due to cross-
links in the protein network. The sensory texture of the pasta
samples was well in line with the instrumental texture. This study
showed that faba bean flour and fractions can be used as an ulti-
mate source of high protein gluten-free pasta with textural char-
acteristics and starch hydrolysis index similar to traditional
semolina pasta. Further work on the development of other gluten-
free faba bean products, such as bread which is known to have a
higher GI than pasta would be interesting for understanding the
impact of non-gluten protein on structure, texture and starch
digestibility.
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a b s t r a c t

The quality of 16 types of pork (PK) and poultry (PL) cold meats was evaluated by digital image analysis.
Images were acquired in a flatbed scanner. The dry matter, protein, fat, ash and collagen content of the
analyzed products was determined, and more than 2800 image texture variables from 12 color channels
(RGB, Lab*, XYZ, S, V, U) were measured. The results were processed statistically by one-way ANOVA,
correlation analysis, discriminant analysis and canonical analysis. Canonical analysis was performed to
determine correlations between the chemical composition and image textures of cold meats. The
developed statistical model discriminated cold meats with 89%e100% accuracy, subject to product type.
The coefficients of correlation between chemical composition and image texture parameters were
determined in the range of 0.70e0.92.

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

Food products, including raw and processed meat, undergo
quality checks to evaluate the sensory and physicochemical pa-
rameters of foods, their ingredients and proximate chemical
composition. Selected quality attributes, such as color, aroma, flavor
and degree of coarseness, can be evaluated rapidly without com-
plex analyses. Other parameters, such as chemical composition, can
be determined only in laboratories with the use of specialist
equipment and dangerous chemical reagents. Such analyses are
expensive, potentially dangerous for the environment and, above
all, time-consuming. The above considerations have prompted the
search for rapid, low-cost and objective instrumental methods of
quality control that can be applied directly in the controlled site
(production plant, warehouse, point of sale). Digital image analysis,
where images are acquired by a flatbed scanner, could be such a
method.

Modern scanners are inexpensive and easy to operate, and they
generate images with high bit and spatial resolution. Vision
Engineering, University of
8 Olsztyn, Poland.
systems are researched extensively around the world. Ringkob
(2002, 2003) relied on computer-assisted image analysis to eval-
uate the color of pork and to determine differences between white
and yellow fat. O'Sullivana et al. (2003) and Lu, Tan, Shatadal, and
Gerrard (2000) observed that evaluations of pork color were
more accurate, repeatable and reliable when performed with the
use of computer image analyses than colorimetric methods. Du and
Sun (2006) relied on computer image analysis to evaluate the size
and structure of meat pores and their influence on the texture and
water-holding capacity of pork ham. Faucitano, Huff, Teuscher,
Gariepy, and Wegner (2005) used the same method to evaluate
the content of intramuscular fat and analyze correlations between
loin marbling and carcass fatness in different pig breeds. Girolami,
Napolitano, Faraone, Di Bello, and Braghieri (2014) applied a vision
system to assess the quality of salami produced by 10 plants, where
product color described in the Lab* system was the discriminating
attribute. Similar studies were carried out by Quevedo, Aguilera,
and Pedreschi (2010) in salmon slices and by Savadkoohi,
Hoogenkamp, Shamsi, and Farahnaky (2014) in sausage emula-
tion. Mendoza et al. (2009) used fractal analysis to discriminate
ham slices and reported 82.2% classification accuracy.

Due to the advances made in image processing algorithms,
image textures became more widely used in quality analyses
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(Haralick, Shanmugam, & Dinstein, 1973; Mendoza and Aguilera,
2004). Jackman, Sun, Du, and Allen (2009) relied on selected im-
age texture parameters of beef slices to evaluate marbling. They
developed a generalized linear model which discriminated high-
quality beef slices with 90% accuracy. Jackman, Sun, Du, and Allen
(2008) used texture parameters calculated based on continuous
wavelet transform coefficients to evaluate the quality of m. long-
issimus dorsi in beef cattle. They developed prediction models with
coefficient of determination r2 ¼ 0.83 and classification accuracy of
90%.

2. Objective

The objective of this study was to develop a method for evalu-
ating the quality of medium-ground and finely-ground cold meats
with the use of computer-assisted image analysis. Images were
acquired in a flatbed scanner. The optimal evaluation method
should be non-destructive, cheap, easy to use and applicable to
various types of cold meats. It would be used by food inspection
services to screen the quality of cold meats at the point of sale and
to perform quality checks in meat processing plants.

3. Materials and methods

3.1. Materials

The experimental material comprised poultry cold meats (PL)
and pork cold meats (PK) from a normal production cycle in an
industrial meat processing plant. Cold meats of a renowned Polish
brandwere purchased 12-times a year (once amonth) over a period
of 2 years. The analyzed products represented the following cate-
gories of processed meats: smoked meats (PorK ‘Sopocka’ Loin e

PKSL, product namee PLTB), finely-ground sausage (PouLtry ‘Wiener’
Sausage e PLWS, PorK ‘Wiener’ Sausage e PKWS), medium-ground
sausage (PouLtry ‘Podwawelska’ Sausage e PLPS, PorK ‘Podwa-
welska’ Sausage e PKPS), semi-dry medium-ground sausage
(PouLtry ‘Zywiecka’ Sausagee PLZS, PorK ‘Zywiecka’ Sausagee PKZS),
scalded medium-ground sausage (PorK ‘Tyrolska’ Spam e PKTS),
coarse-ground sausage (PorK ‘Szynkowa’ Sausage e PKSS, PouLtry
‘Szynkowa’ Sausage e PLSS, product name e PLBS, product name e
Fig. 1. Images of the eva
PLTB), dry sausage (PouLtry ‘Krakowska’ Sausage e PLKS, PorK ‘Kra-
kowska’ Sausage e PKKS) and meat blocks (PouLtry Canned Ham e

PLCH). The products were analyzed in a laboratory to determine
their proximate chemical composition (dry matter, protein, fat and
ash content) and collagen content.

For the needs of image analysis, the evaluated products were
sliced and placed in a flatbed scanner which was positioned in an
experimental chamber without light access. The products were
sliced parallel to the long axis of the meat block to produce slices
with the thickness of 10 mm. More than 10 slices were cut for every
evaluated product. Cold meats were cold stored at 5 �C between
measurements. The analyzed products are presented in Fig. 1.

3.2. Chemical composition

Proximate chemical analysis involved the determination of dry
matter content (PN-ISO 1444:200022), total protein content by the
Kjeldahl method (PN-75/A-04018/Az3:2002), crude fat content by
the Soxhlet method (PN-ISO 1444:2000) and total ash content (PN-
ISO 936:2000). The hydroxyproline content (PN-ISO 3496:2000) of
the evaluated cold meats was converted to total collagen using a
conversion factor of 8.

3.3. Image analysis

The image analysis workstation consisted of the Epson Perfec-
tion 4490 Photo flatbed scanner and a graphics processing unit
with the Intel Pentium D 830 processor. SilverFast Epson v 6.4.3
scanning software supported full control of scanned images. The
images were analyzed with the use of modified MaZda v 4.7 soft-
ware (Materka, Hajek, Dezortova, & Lerski, 2006a,b; Szczypinski,
Strzelecki, Materka, & Klepaczko, 2009). An image segmentation
method was developed before texture measurements. Successive
steps of the procedure are presented in Fig. 2. The images had
bimodal histograms due to high background contrast, which facil-
itated the determination of the object/background cut-off point.
The edges of segmented areas were uneven after binarization, and
they contained pixel islands, pixel recesses and single pixels pro-
truding from the edge.

Images were eroded and dilated several times to smoothen the
luated cold meats.



Fig. 2. Stages of object segmentation from a background.
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edges. In the last step, a binary image mask was overlaid onto the
original image. Individual slices were identified and analyzed. The
region of interest (ROI) comprised entire slices, and the image was
converted to color channels R, G, B, X, Y, Z Lab* and U, V, S before
texture measurements. The images of cold meat slices from
selected channels are presented in Fig. 3.

There are three categories of feature computation approaches:
statistical, model-based and image transform. Statistical ap-
proaches represent texture indirectly by non-deterministic
Fig. 3. Images of a selected cold
properties that determine distributions and relationships between
gray levels of an image. In a model based on texture analysis, which
relies on fractal or stochastic models, texture is interpretedwith the
involvement of generative image models and stochastic models,
respectively. Transform methods of texture analysis, such as Four-
ier, Gabor or wavelet transforms (Bovik, Clark, & Geisler, 1990;
Cohen, 1989; Daugman, 1988), represent an image in space with a
co-ordinate system that is related to texture characteristics. MaZda
software generates features based on the image histogram,
meats with overlapping ROI.
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gradient, co-occurrence matrix, run-length matrix, autoregressive
model (Jain, 1989) and Haar wavelet (Mallat, 1989).

The most common statistical method for image feature extrac-
tion is based on the first-order histogram (Materka and Strzelecki,
1998). The histogram is computed based on pixel intensity, and
spatial relations between pixels in the image are not taken into
account. Features are simply statistical parameters of histogram
distribution, including mean brightness, variance, skewness, kur-
tosis and percentiles. In another statistical method, features are
derived from the gradient magnitude map of an image. Based on
the image gradient histogram, a similar set of features is calculated
for image intensity distribution.

The gray-level co-occurrence matrix (COM or GLCM) is a
second-order histogram computed from intensities of pixel pairs,
where the spatial relationship between two pixels in a pair is
defined. COM-based features are derived from the matrix to
determine statistical features such as angular second moment,
contrast, correlation, sum of squares, various averages, variances,
inverse moments and entropies (Haralick, 1979). The run-length
matrix (RLM) holds counts of pixel runs with specified gray-scale
level and length. MaZda software features four run-length
matrices that are computed for four directions of pixel runs: hori-
zontal, vertical, at 45� and at 135�. There are five run-length
matrices based on the features computed for each matrix: short
run emphasis inverse moment, long run emphasis moment, gray
level non-uniformity, run length non-uniformity and fraction of an
image in runs. The software also computes model-based textural
features based on the first-order autoregressive model of an image
(Jain, 1989). The model assumes that pixel intensity, in reference to
the mean value of image intensity, may be predicted as a weighted
sum of four neighboring pixel intensities. These neighboring pixels
are left, top, top-left and top-right adjacent. Therefore, the model
has four parameters, which are weights associated with these
pixels, plus a fifth parameter which is the variance of the mini-
mized prediction error. The transform method of texture analysis
implemented in MaZda is based on the discrete Haar wavelet.
Wavelet images are scaled up to five times, both in horizontal and
vertical direction. As a result, the image is transformed into 20
frequency channels. Energies computed within the channels pro-
vide data on texture frequency components and are used as texture
attributes.

Image histogram normalization and standardization procedures
have to be implemented to verify that the computed features
describe texture exclusively and do not depend on global image
features such as overall brightness or contrast, varied illumination
or other bias. Normalization makes higher order parameters less
dependent on first-order gray-level distribution. The normalization
or standardization step is followed by quantization of gray levels,
and both steps are performed before the computation of textural
features.

Methods implemented in the MaZda software for computing
textural features require a gray-scale image as the input. In visual
images, color often carries the necessary data for image differen-
tiation and recognition. MaZda may be used to analyze features
other than image brightness. It computes textural descriptors based
on color components of RGB, YUV, YIQ, HSB, XYZ or L*a*b* color
spaces. The textural features computed for various components can
be combined to comprehensively describe a colored texture.
Therefore, feature vectors may include thousands of elements per
individual region of interest.

3.4. Statistical analysis

The results were processed statistically by (a) one-way ANOVA,
(b) correlation analysis, (c) canonical analysis, and (d) discriminant
analysis. The set of variables describing different ROIs was exten-
sive, therefore, more than 10 descriptive variables were used to
reduce variable spaces to a set describing a given ROI. Before sta-
tistical analysis, the distribution of selected variables was checked
for normality. The significance of differences in themean content of
chemical components between experimental groups was deter-
mined by analysis of variance. Functional correlations between
chemical components of cold meats and their image textures were
examined by correlation analysis. In cases where correlation co-
efficients were high, image texture variables were identified and
used in discriminant analysis. Satisfactory results were used to
develop a system for evaluating the quality of cold meats and to
discriminate between pork and poultry products from the same
processing category. Canonical analysis was performed to deter-
mine (a) the presence of correlations between the set of indepen-
dent variables (image texture) and the set of dependent variables
(chemical composition), (b) which independent variables explain
the maximum range of variations in the set of dependent variables.
The results were processed in Statistica 10.0 (StatSoft Inc., Tulsa,
USA), Matlab Statistics Toolbox (MathWorks Co, USA) and WEKA
3.7.6 (Machine Learning Group at the University of Waikato)
applications.

3.4.1. Analysis of variance
An analysis of variance was carried out to verify the presence of

statistically significant differences in the chemical composition of
the evaluated cold meats. Data were processed by one-way ANOVA
at the significance level of p ¼ 0.05 with the use of a post-hoc test
based on studentized range statistics that investigates the equality
of group means (NewmaneKeuls test).

3.4.2. Correlation analysis
A correlation analysis was performed to determine linear cor-

relations between an independent variable (image texture
parameter) and one-dimensional dependent variable (chemical
composition). Regression parameters were determined for pairs of
dependent and independent variables. The analysis was carried out
on the assumption that a correlation coefficients which is statisti-
cally significant at p ¼ 0.05 should be greater than 0.7. The above
value guarantees accurate estimation of a dependent variable and
the accuracy of statistical inference. The presence of correlations
was analyzed in a set of all image texture parameters calculated
from 12 color channels, and more than 2800 variables were used to
describe one ROI.

3.4.3. Reduction of variables
Sets of variables are analyzed in several steps to determine the

significance of selected parameters. Data have to be converted to
the appropriate format before analysis. They are then transformed,
normalized, smoothed and reduced. If the number of variables
describing a given ROI is excessive, variables have to be reduced
before discriminant analysis by eliminating correlated variables
and variables that can compromise classification accuracy. The
selected attributes have to verify an experimental hypothesis as
effectively as the original set of parameters. The selection of pa-
rameters for supervised learning systems has been extensively
discussed in the literature (Blum& Langley, 1997; Dash& Liu, 1997;
Mao & Jain, 1995; Swets & Weng, 1996). The existing methods
include techniques that rank parameters from the least to the most
significant based on a given significance criterion, as well as
methods that analyze observation spaces in search for a subset
which guarantees that the classification algorithm produces a
minimal error in the training set. The most popular ranking
methods rely on the Fisher transform indicator, probability of
classification error with cumulative correlation coefficient, and the
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mutual information coefficient. The latter group includes branch
and bound algorithms, sequential search algorithms and evolu-
tionary programming algorithms (Klepaczko, 2006). Supervised
feature selection methods have been thoroughly investigated (e.g.
Blum & Langley, 1997; Dash & Liu, 1997; Kohavi & John, 1997). This
study relies on the algorithms implemented in the WEKA 3.7.6
(Machine Learning Group at the University of Waikato) program:
(a) Best First, (b) Rank Search, (c) Genetic Search, (d) Linear Forward
Selection, and (e) Greedy Stepwise.

Best First e Searches the space of attribute subsets by greedy
hill-climbing augmented with a backtracking facility. Best first may
start with the empty set of attributes and search forward, or it may
start with a full set of attributes and search backward, or it may
start at any point and search in both directions.

Rank Search e Races the cross-validation error of competing
attribute subsets. It is used in conjunction with Classi-
fierSubsetEval. RaceSearch has four modes: forward selection race,
Backward elimination race, Schema race and Rank race.

Genetic Search e Performs a search using the simple genetic
algorithm.

Linear Forward Selection e Extension of BestFirst. This search
takes into account a restricted number of k attributes. Fixed-set
selects a fixed number k of attributes, and k is increased in each
step when fixed-width is selected. The search uses either the initial
ordering to select the top k attributes, or performs a ranking (with
the same evaluator the search uses later on). The search direction
can be forward or floating forward selection (with optional back-
ward search steps).

Greedy Stepwise e This search performs a greedy forward or
backward search through the space of attribute subsets. It may start
with no/all attributes or from an arbitrary point in space. It stops
when the addition/deletion of any remaining attributes lowers
evaluation results. It can also produce a ranked list of attributes by
traversing space from one side to the other and recording the order
in which the attributes are selected.
Table 1a
Chemical composition of poultry cold meats.

Rodzaj wędliny Protein (%) FAT (%)

x SEM x SEM

PLKS 23.53e 0.36 11.33c 0.28
PLZS 20.02c 0.38 13.94d 0.30
PLTB 20.34c 0.39 1.76a 0.09
PLBS 13.47b 0.19 1.80a 0.17
PLCH 11.53a 0.41 3.83b 0.43
PLSS 18.95d 0.21 4.00b 0.18
PLPS 12.80b 0.34 15.72e 0.62
PLWS 11.72a 0.07 18.96f 0.18

Standard error of the mean is given in parentheses; a, b, and c denote homogeneous gro

Table 1b
Chemical composition of pork cold meats.

Rodzaj wędliny Protein (%) FAT (%)

x SEM x SEM

PKKS 24.49g 0.37 15.47b 0.41
PKZS 21.48f 0.36 18.40e 0.73
PKSL 18.04e 0.36 2.55a 0.21
PKSS 16.02a 0.21 4.48d 0.21
PKTS 11.87b 0.12 14.60b 0.32
PKCH 15.38a 0.16 3.12a 0.17
PKPS 12.59c 0.11 20.44c 0.90
PKWS 13.37d 0.09 21.63c 0.36

Standard error of the mean is given in parentheses; a, b, and c denote homogeneous gro
The applied methods were described in detail by Witten and
Frank (2005).

In the first step, 5e7 best variables from every analyzed channel
were selected from every method. A set of 2830 variables
describing a single ROI was thus reduced to 82 variables. In the
second step, the set was reduced to 24 variables comprising 3e4
best variables from 9 selected channels. The applied selection
methods produced similar sets. The variables used in multiple
discriminant analysis are presented in Table 3.

3.4.4. Multiple discriminant analysis
Data are classified by assigning a new object to a given category

(class) based on learned knowledge from the available examples.
This process takes place in two stages. In the first stage, a classifi-
cationmodel is built based on a training set. In the second stage, the
model is used to predict new cases. Various methods can be used to
develop a model, including decision trees, methods based on rough
sets, probability distribution, statistical models, support vector
machines and neutral networks. In this study, the following
methods were used to classify cold meats into homogeneous
groups: (a) Naive Bayes classifier, (b) Multilayer Perceptrons, (c)
weka.classifiers.lazy.IB1, (d) meta classifier for handling multi-class
datasets, and (e) forward stepwise discriminant analysis. The data-
set was partitioned by cross-validation at n ¼ 10.

3.4.5. Canonical analysis
Canonical analysis is a generalized multiple discriminant anal-

ysis performed on two groups of variables, and it is used to analyze
correlations between two sets of variables. In this study, correla-
tions between a set of variables describing the chemical composi-
tion of cold meats and a set of selected textures were analyzed. The
cases in the evaluated dataset were cold meats on different mea-
surement days (24 cases from every product type), where chemical
composition and image texture parameters were the variables
describing a given product on a given measurement day. This
DM (%) Ash (%) Collagen (%)

x SEM x SEM x SEM

40.19d 0.36 4.36f 0.09 1.09cd 0.03
39.43d 0.37 3.72e 0.06 1.01c 0.04
26.35b 0.29 3.46c 0.10 0.38a 0.03
22.10a 0.22 2.91a 0.07 0.33a 0.03
23.32a 0.70 3.20b 0.05 0.56b 0.07
26.18b 0.20 2.79a 0.05 0.52b 0.02
34.86c 0.68 3.36bc 0.05 1.29e 0.06
35.94c 0.47 2.37d 0.02 1.15d 0.02

ups; letters indicate decreasing values of successive variables, p ¼ 0.05.

DM (%) Ash (%) Collagen (%)

x SEM x SEM x SEM

44.78b 0.49 3.98c 0.07 1.26a 0.05
43.69h 0.54 3.30ab 0.05 1.19a 0.04
25.33f 0.38 3.98c 0.07 0.51b 0.04
26.82g 0.27 3.34ab 0.04 0.93c 0.04
33.26c 0.23 3.27a 0.02 1.33a 0.05
23.95a 0.17 3.44b 0.02 0.52b 0.03
38.77e 0.31 3.21a 0.03 1.29a 0.04
41.52d 0.36 3.06d 0.02 2.44d 0.04

ups; letters indicate decreasing values of successive variables, p ¼ 0.05.



Table 2
Coefficients of correlation between chemical composition and image textures of cold meats.

Protein (%) Ash (%) Fat (%) DM (%) Collagen (%)

Texture Coef.
correlation

Texture Coef.
correlation

Texture Coef.
correlation

Texture Coef.
correlation

Texture Coef.
correlation

B_ATeta1 �0.81 a_S4RHLngREmph 0.81 V_HPerc99 0.92 a_SGSkewness 0.86 U_TGabH3 0.79
oATeta1 �0.79 V_S4RZLngREmph 0.81 S_TGabH4 0.88 a_ATeta1 0.83 V_HPerc99 0.77
R_S5SN3SumAverg �0.77 V_S4RHLngREmph 0.79 L_SGPerc10 0.84 a_SGKurtosis 0.80 S_HPerc90 0.77
R_S5SZ3SumAverg �0.77 V_S4RNLngREmph 0.76 L_SGPerc50 0.84 a_S4RNGLevNonU �0.81 V_HPerc01 0.75
R_S5SH3SumAverg �0.77 V_SGNonZeros �0.75 U_S4RNGLevNonU �0.87 a_HPerc01 �0.82 a_S4RNGLevNonU �0.69
V_SGSkewness 0.73 V_SGPerc01 �0.75 V_S4RNRLNonUni �0.87 a_S4RNGLevNonU �0.82 S_S4RNGLevNonU �0.70
U_S5SV3DifEntrp 0.74 V_SGPerc10 �0.75 a_S4RNRLNonUni �0.87 a_ATeta2 �0.82 a_S4RNRLNonUni �0.70
U_S5SH3DifEntrp 0.74 V_SGPerc50 �0.75 a_S4RNGLevNonU �0.87 Z_HPerc10 �0.87 V_S4RNRLNonUni �0.70
R_S5SN5SumVarnc 0.74 V_SGPerc90 �0.75 S_S4RNGLevNonU �0.89 b_HPerc10 �0.87 a_ATeta2 �0.75
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approach was used to generate 356 cases described by 30 param-
eters. The modeled variables were selected based on the results of a
correlation analysis. It was assumed that correlation coefficients
should equal at least 0.7. A total of 27 texture variables (indepen-
dent variables) and 3 chemical composition variables (dependent
variables) were selected. The distribution of variables was checked
for normality before analysis.
4. Results and discussion

4.1. Chemical composition

Cold meats from various groups clearly differed in their proxi-
mate chemical composition and collagen content. The differences
between the highest and lowest mean content of dry matter, pro-
tein, fat, ash and collagen were determined at 18.09, 12.00, 17.20,
1.99 and 0.96 percentage points, respectively, in poultry products
(Table 1a), and at 20.83, 12.62, 19.08, 0.92 and 1.93 percentage
points, respectively, in pork products (Table 1b). Dry Krakowska
sausage was characterized by the highest dry matter, protein and
ash content among both poultry and pork products. The lowest dry
matter content in the group of poultry meats was observed in
turkey breast ham and canned ham, and in the group of pork meats
e in canned ham. The lowest protein content was noted in canned
poultry ham and Tyrolska pork spam. Poultry and pork wiener
sausages were characterized by the highest fat content and the
lowest ash content. The following products were least abundant in
Table 3
Listing of the variables from different color channels and selection methods.

The method of feature selection

BestFirst, RankSearch, GeneticSearch, LinearForwardSelection, GreedyStepwise

Channel

Y Lab XYZ

HKurtosis L_HMean X_HPerc50
HPerc01 L_HVariance X_HDomn01
HPerc10 L_HPerc50 X_SGVariance
HPerc90 L_HPerc90 X_SGNonZeros
HDomn01 L_HPerc99 Y_HPerc01
SGKurtosis L_HMaxm01 Y_HMaxm10
SGPerc01 L_HDomn10 Y_S5SV3DifVarnc
S5SH1AngScMom L_SGSkewness Y_S5SZ3SumVarnc
S5SH1SumOfSqs L_SGNonZeros Y_S5SN3DifVarnc
S5SH3DifEntrp L_S5SH3InvDfMom Y_S5SZ5SumAverg
S5SV3SumVarnc L_S5SH5Entropy Y_S5SZ5SumEntrp
S4RHRLNonUni L_S5SZ5Entropy Y_S5SN5SumAverg
S4RHGLevNonU L_S4RVGLevNonU e

S4RVRLNonUni L_S4RZRLNonUni e
fat: roasted breast and turkey breast ham in the group of poultry
meats, and Sopocka loin in the group of pork products. The above
cold meats were also characterized by the lowest collagen content.
The highest collagen levels were noted in Podwawelska poultry
sausage and in pork wieners.

Differences in the chemical composition of cold meats were also
reported by other authors (Makała, Tyszkiewicz,&Wawrzyniewicz,
2007; Walczycka, 2007). The observed variations in the chemical
composition and collagen content of cold meats from various pro-
cessing groups can be attributed to the proportions and quality of
ingredients and functional additives (Makała et al. 2007) which are
characteristic of a given product. Consumers are increasingly likely
to plan their diets (calorific value of meals, salt intake) and follow
the advice of physicians and dieticians, which increases the de-
mand for nutritional information. Regulation (EU) No. 1169/2011 of
the European Parliament and of the Council on the provision of
food information to consumers placed food manufacturers in the
EU under obligation to display nutritional information on food
packaging.
4.2. Correlation analysis

A correlation analysis was performed to verify the relationships
between the chemical composition and image textures of poultry
and pork cold meats. The coefficients of correlation between vari-
ables from texture measurements and proximate chemical analysis
are presented in Table 2. Image textures were computed from 12
S V U

S_HSkewness V_HSkewness U_HMean
S_HKurtosis V_HPerc01 U_HVariance
S_HPerc01 V_HPerc10 U_HSkewness
S_HPerc90 V_HPerc90 U_HPerc90
S_HMaxm01 V_HMaxm10 U_HMaxm01
S_HDomn01 V_SGSkewness U_SGNonZeros
S_HMaxm10 V_S5SZ5Entropy U_S5SH1SumAverg
S_HDomn10 V_S4RHRLNonUni U_S5SV1Contrast
S_SGSkewness V_S4RHGLevNonU U_S5SH3SumEntrp
S_S5SZ1SumAverg V_S4RVRLNonUni U_S5SV3SumOfSqs
S_S5SH5Contrast V_S4RVGLevNonU U_S5SV3SumAverg
S_S5SH5DifVarnc V_S4RZRLNonUni U_S5SN3DifEntrp
S_S4RHRLNonUni V_S4RZGLevNonU U_S5SV5DifVarnc
S_S4RHGLevNonU V_S4RNRLNonUni U_S5SZ5Correl
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color channels. Correlation coefficients were statistically significant
for all analyzed chemical components.

Protein content was most frequently correlated with channel R
in the RGB color model, and correlation coefficients ranged from
0.70 to 0.80, subject to the type of the calculated texture. Poultry
and pork meat blocks (PKSS, PKCH, PLCH, Fig. 4) were outside the
confidence interval. Fat content was correlated with textures
calculated from channels L* and a* in the Lab* model and channels
V and S in the range of 0.84e0.92. Medium-ground cold meats
(PKZS and PLZS, Fig. 4) were significantly outside the confidence
interval. Similar results were reported by Valous, Mendoza, Sun,
and Allen (2009) where the value of R2 describing the correlation
between fat content and texture of selected pork and poultry meat
products ranged from 0.875 to 0.992.

Correlation coefficients for dry matter content were determined
in a range similar to the fat content range at 0.80 to 0.87. Textures
computed from channel a* in the Lab*model were most frequently
significantly correlated with dry matter content. The correlation
coefficients for collagen and ash content were insignificantly lower.
Ash content was correlated only with textures calculated from
channel V, and for the remaining two parameters, textures were
calculated from channel V and from the Lab* model.

4.3. Reduction of variables

A given ROI was described by more than 2800 variables,
therefore, the set had to be reduced. Five feature selection methods
were used to reduce the set to 82 variables describing the analyzed
region (Table 3). The set was ultimately reduced to 24 best variables
by selecting four best variables from every channel.

The selected variables were calculated from different color
channels with the use of various methods. None of the analyzed
Fig. 4. Scatter plots with a confidence interval for mean tex
groups were predominant. The resulting set was subjected to
discriminant analysis.

4.4. Discriminant analysis

The objective of discriminant analysis was to find a set of vari-
ables that would minimize the error during discrimination of pork
and poultry products belonging to the same processing category.
Wiener sausages were easily discriminated from dry Krakowska
sausage, whereas products from the same category, such as dry
Krakowska sausage made of poultry and dry Krakowska sausage
made of pork, were much more difficult to distinguish. Their im-
ages were highly similar in terms of color and degree of coarseness.
An automatic algorithm would facilitate the development of tools
for rapid initial verification of pork and poultry cold meats directly
at the point of sale. Such tools could be used to check whether the
name of the product corresponds to its ingredients, for example, to
verify whether poultry cold meats are marketed as pork products
and vice versa. The results of discriminant analysis are presented
below for all categories of cold meats, whereas the corresponding
categories of pork and poultry products are compared in the
discussion.

In the first stage of the analysis, the products were discriminated
based on texture variables calculated in different color channels.
The final results of the analysis are presented in Tables 4a and 4b.
Cold meats were classified with 12%e100% accuracy, subject to the
applied method and product type. Regardless of the analyzed color
channel, pork (PKWS) and poultry wieners (PLWS) (finely-ground
products) were discriminated with 76%e100% accuracy. Similar
results were noted for medium-ground products (PLPS, PKPS). The
least satisfactory results were observed for coarse-ground prod-
ucts: Zywiecka sausage (PLZS, PKZS), Krakowska sausage (PLKS,
ture parameters correlated with chemical composition.



Table 4a
Results of multiple discriminant analysis for poultry cold cuts.

Classification method Total [%] PLCH PLKS PLWS PLTB PLPS PLSS PLBS PLZS

Accuracy of group classification [%]

Channel Y
Naive Bayes 90 83 75 99 91 51 51 67 62
NaiveBayesSimple 90 83 75 99 92 99 51 67 62
Functions.MultilayerPerceptron 92 100 85 79 99 92 51 77 77
Lazy.KStar 91 100 84 76 100 80 48 68 73
Meta.FilteredClassifier 93 100 89 83 100 85 52 73 85
Rules.PART 94 100 93 81 100 90 56 72 87
Trees.BFTree 93 100 88 81 100 89 51 62 85
Discriminant analysis e Forward stepwise 90 79 75 95 87 96 61 67 80
Model XYZ
Naive Bayes 88 84 80 99 91 99 80 12 45
NaiveBayesSimple 88 83 99 99 91 99 80 12 45
Functions.MultilayerPerceptron 93 85 81 100 93 100 21 77 86
Lazy.KStar 91 84 72 100 69 100 48 61 78
Meta.FilteredClassifier 94 87 86 100 87 100 48 78 85
Rules.PART 94 93 84 100 87 100 47 73 85
Trees.BFTree 94 85 82 100 86 100 49 76 85
Discriminant analysis e Forward stepwise 90 80 75 99 87 97 35 86 75
Model Lab
Naive Bayes 88 66 79 98 93 97 46 60 62
NaiveBayesSimple 88 65 79 98 93 97 44 60 62
Functions.MultilayerPerceptron 93 87 81 100 88 99 56 73 83
Lazy.KStar 89 79 61 100 70 99 45 63 76
Meta.FilteredClassifier 90 84 74 99 88 99 43 62 70
Rules.PART 92 87 75 99 84 99 55 59 81
Trees.BFTree 91 85 73 100 86 98 55 62 82
Discriminant analysis n e Forward stepwise 90 73 71 98 85 97 63 66 82
Channel S
Naive Bayes 90 94 77 99 83 99 71 40 67
NaiveBayesSimple 91 94 76 99 83 99 71 43 68
Functions.MultilayerPerceptron 93 90 82 100 90 99 57 71 81
Lazy.KStar 91 87 77 100 64 100 50 68 79
Meta.FilteredClassifier 93 89 86 100 85 100 49 73 81
Rules.PART 94 93 82 100 86 99 99 71 85
Trees.BFTree 93 88 82 100 87 100 54 72 83
Discriminant analysis e Forward stepwise 90 91 76 96 79 97 51 72 77
Channel V
Naive Bayes 84 41 86 100 79 99 80 15 25
NaiveBayesSimple 85 40 86 100 80 99 77 13 30
Functions.MultilayerPerceptron 93 87 81 100 85 99 49 75 79
Lazy.KStar 89 74 74 100 32 99 57 63 75
Meta.FilteredClassifier 93 85 85 100 86 99 47 77 80
Rules.PART 94 91 93 100 88 99 69 75 73
Trees.BFTree 94 88 86 100 86 100 70 73 82
Discriminant analysis e Forward stepwise 84 61 72 96 68 88 50 71 77
Channel U
Naive Bayes 83 95 83 98 80 99 75 45 29
NaiveBayesSimple 87 95 83 98 80 99 75 44 34
Functions.MultilayerPerceptron 93 93 82 99 94 99 62 80 83
Lazy.KStar 92 88 75 100 78 100 54 73 77
Meta.FilteredClassifier 94 92 86 100 88 100 46 70 84
Rules.PART 94 92 84 100 91 99 57 66 85
Trees.BFTree 95 95 85 100 91 100 67 73 87
Discriminant analysis e Forward stepwise 91 93 74 98 85 98 70 65 72

Bold values indicate best classifiers.
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PKLS) and Szynkowa sausage (PLSS).
In the next stage of the analysis, the most highly discriminating

variables were selected from each method and color channel, and
they were used to develop a new set of variables. It was assumed
that the accuracy of the classification model would be significantly
improved by combining the strength of correlations between var-
iables with the highest discriminant power from various channels,
in particular for medium-ground and coarse-ground products. In
the group of the evaluated classification methods, the best results
were noted in forward stepwise discriminant analysis (Table 5).

Poultry cold meats were discriminated with 78%e100% accu-
racy. As expected, a reliable model for discriminating dry Kra-
kowska sausage (PLKS) and Zywiecka sausage was most difficult to
develop. The above products belong to the same category of dry
coarse-ground sausages, and their slice images were highly similar.
The remaining product groups were discriminated with more than
90% accuracy. Only individual cases in a given experimental group
were classified incorrectly.

The algorithm discriminating pork cold cuts was much more
reliable, and the evaluated products were classifiedwith 82%e100%
accuracy. The classification error for dry Krakowska sausage (PKKS)
and Zywiecka sausage (PKZS) ranged from 82% to 98%, subject to
the applied classification method (Table 6). Mendoza et al. (2009)
relied on fractal analysis of texture measurements to classify cold
cut slices with 82.2% accuracy.

In the following stage, poultry and pork products belonging to



Table 4b
Results of multiple discriminant analysis for pork cold cuts.

Classification method Total [%] PKCH PKKS PKPS PKSL PKSS PKTS PKWS PKZS

Accuracy of group classification [%]

Channel Y
Naive Bayes 94 90 80 98 93 90 83 100 91
NaiveBayesSimple 95 91 79 98 93 91 83 100 91
Functions.MultilayerPerceptron 97 95 90 100 87 94 94 100 94
Lazy.KStar 96 88 90 100 90 83 93 100 88
Meta.FilteredClassifier 96 93 89 100 93 94 91 100 92
Rules.PART 97 93 91 100 93 92 95 100 91
Trees.BFTree 97 93 93 100 93 95 97 100 92
Discriminant analysis e Forward stepwise 96 87 86 100 92 98 85 100 92
Model XYZ
Naive Bayes 94 82 83 100 78 94 88 99 89
NaiveBayesSimple 94 82 83 100 78 94 88 99 89
Functions.MultilayerPerceptron 97 93 93 100 89 92 92 100 93
Lazy.KStar 93 71 81 100 84 74 90 99 87
Meta.FilteredClassifier 96 91 90 100 91 93 92 99 90
Rules.PART 97 93 91 100 91 88 95 100 92
Trees.BFTree 97 92 93 100 89 89 96 100 94
Discriminant analysis e Forward stepwise 97 95 87 89 100 99 93 96 94
Model Lab
Naive Bayes 94 87 83 98 91 85 80 99 90
NaiveBayesSimple 94 87 83 98 91 85 80 99 90
Functions.MultilayerPerceptron 97 96 90 100 88 95 93 100 94
Lazy.KStar 95 78 83 100 93 88 94 100 86
Meta.FilteredClassifier 95 80 88 99 90 88 83 99 88
Rules.PART 96 88 92 99 91 87 91 100 87
Trees.BFTree 96 86 90 99 95 86 88 99 90
Discriminant analysis e Forward stepwise 95 83 85 72 100 99 90 93 91
Channel S
Naive Bayes 95 93 83 99 92 96 89 99 89
NaiveBayesSimple 95 93 83 99 92 95 89 99 89
Functions.MultilayerPerceptron 98 98 95 100 92 96 94 100 91
Lazy.KStar 94 83 86 100 86 71 95 99 86
Meta.FilteredClassifier 96 93 90 100 92 94 91 100 88
Rules.PART 97 95 90 100 94 95 96 99 92
Trees.BFTree 96 96 90 100 93 93 95 99 88
Discriminant analysis e Forward stepwise 96 97 86 93 99 99 93 92 93
Channel V
Naive Bayes 91 79 84 99 38 86 92 99 82
NaiveBayesSimple 91 78 83 99 39 85 92 89 84
Functions.MultilayerPerceptron 97 97 95 99 95 98 93 100 90
Lazy.KStar 92 95 84 100 51 71 89 99 82
Meta.FilteredClassifier 96 93 91 99 89 91 91 100 91
Rules.PART 97 95 95 99 90 94 96 100 92
Trees.BFTree 97 96 93 99 93 92 96 100 93
Discriminant analysis e Forward stepwise 93 89 82 88 96 97 95 91 88
Channel U
Naive Bayes 92 90 79 99 75 95 60 98 85
NaiveBayesSimple 92 91 80 99 75 95 60 98 85
Functions.MultilayerPerceptron 97 97 92 100 89 95 92 100 91
Lazy.KStar 96 88 88 100 87 89 92 99 91
Meta.FilteredClassifier 97 95 93 99 94 87 93 99 91
Rules.PART 97 97 91 100 93 94 95 100 92
Trees.BFTree 98 99 93 100 96 93 96 100 93
Discriminant analysis e Forward stepwise 96 97 84 93 100 99 93 97 88

Bold values indicate best classifiers.

Table 5
Results of a forward stepwise discriminant analysis of poultry cold meats.

Type meats Naive Bayes Functions.MultilayerPerceptron Lazy IBk Meta Filtere Classifier Rules PART Trees BFTree DA Forward stepwise

PLKS 78 89 84 81 86 83 83
PLWS 99 100 99 99 99 100 100
PLPS 100 99 99 99 99 99 100
PLZS 92 91 88 84 83 86 91
PLCH 93 96 93 75 91 91 98
PLSS 97 98 98 93 95 95 100
PLTB 96 96 96 84 92 89 96
PLBS 91 95 97 78 90 92 98

Accuracy of group classification (%) 93 95 96 94 95 96 97
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Table 6
Results of a forward stepwise discriminant analysis of pork cold meats.

Type meats Naive Bayes Functions.MultilayerPerceptron Lazy IBk Meta Filtere Classifier Rules PART Trees BFTree DA Forward stepwise

PKCH 98 98 97 93 94 96 97
PKKS 82 97 98 90 93 92 89
PKTS 91 96 96 92 93 93 97
PKWS 99 100 100 100 100 100 100
PKPS 99 100 100 99 99 100 100
PKSL 90 98 95 90 93 94 99
PKSS 96 98 98 90 96 97 98
PKZS 93 97 96 90 94 93 99

Accuracy of group classification (%) 96 98 98 96 95 96 98

Table 7
Results of a discriminant analysis of poultry and pork cold meats belonging to the same processing category.

Type meats Naive Bayes Functions.MultilayerPerceptron Lazy IBk Meta Filtere Classifier Rules PART Trees BFTree DA Forward stepwise

PLPS 74 99 94 93 94 91 99
PKPS 99 98 92 91 94 93 99
PLKS 90 96 95 93 93 93 99
PKKS 94 97 93 92 94 93 97
PLZS 95 98 95 95 98 94 100
PKZS 92 98 98 95 97 93 98
PLWS 98 100 100 100 100 98 100
PKWS 99 100 100 100 100 99 100
PLSS 100 100 100 100 100 100 100
PKSS 100 100 100 100 100 100 100
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the same processing category were subjected to discriminant
analysis.

The lowest classification error was noted for Szynkowa sausage
and wiener sausages which were classified with 98%e100% accu-
racy regardless of the applied discrimination method (Table 7). The
remaining products were classified with 74%e100% accuracy,
depending on the method. The approach based on the Naive Bayes
classifier was the least effective method of supervised discrimina-
tion. Less satisfactory results could be attributed to the fact that the
Naive Bayes classifier requires the assumption that the values of
attributes in a given class are independent of the remaining attri-
butes. In reality, this assumption is generally wrong because most
attributes describing the world are somehow interrelated. The
simplicity of this method, which assumes that variables are sta-
tistically independent, makes it a highly effective classification tool
that can be easily used to interpret results. It is particularly suitable
Fig. 5. Distribution of variables: a) normal d
for processing large numbers of dimensional independent variables
(many variables e dimensionality problem).

4.5. Canonical analysis

The distribution of selected variables was checked for normality
to maximize the reliability of statistical inference about the
strength of correlations between two groups of variables in a ca-
nonical analysis. Variables with acceptable normal distribution (a)
and variables with non-normal distribution (not included in the
model) (b) are presented in Fig. 5.

The selected dependent variables were percentage content of
protein, fat and dry matter, as well as 15 texture variables (set of
independent variables) calculated from different color channels. The
canonical requirement that thenumberof cases shouldbeat least 20-
times higher than the number of descriptive variables was thus met.
istribution, b) non-normal distribution.



Table 8
Results of canonical analysis between chemical composition and image textures.

Canonical R

Root_1 Root_2 Root_3

Chemical composition
Protein (%) 0.125 0.805 �2.261
Fat (%) 0.407 �0.478 �4.386
Dry matter (%) 0.607 0.249 4.511
Canonical correlations 0.894 (p ¼ 0.0000) 0.848 (p ¼ 0.0000) 0.304 (p ¼ 0.0014)
Total redundancy 48.27%
Redundancy of the second dataset 49.41 26.89 0.07
Texture
a_ATeta1 0.237 �0.168 0.496
a_HDomn10 0.081 �0.024 0.169
a_SGSkewness 0.473 0.478 1.413
L_SGPerc01 0.157 �0.365 0.343
R_S5SN5SumVarnc 1.430 �2.438 6.165
R_S5SZ5SumAverg 0.204 �0.131 0.329
R_S5SZ5SumVarnc �1.147 2.726 �6.261
S_HDomn01 �0.172 �0.714 2.264
S_HDomn10 1.460 0.480 1.061
S_HMean �0.850 �2.395 �6.083
S_HPerc01 0.623 1.106 0.729
S_HPerc10 �1.654 �1.259 1.732
S_HPerc50 0.997 2.365 �1.749
S_HPerc90 �0.071 0.034 1.542
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Three canonical variables were identified (Table 8). Every vari-
able was statistically significant, and the lowest value of canonical
correlation was noted for the third variable at 0.304. The third
variablewas thus eliminated from further analyses. Variable Root_1
was most highly influenced by the percentage content of dry matter
(0.607) and texture parameter S_HPerc10 (�1.654) calculated from
channel S (saturation). High correlations were also observed with
percentage fat content and textures R_S5SN5SumVarnc and
S_HDomn10. Variable Root_2 was most highly correlated with fat
and protein content and textures R_S5SN5SumVarnc, S_HMean and
S_HPerc50. Total redundancy, which denotes the mean percentage
of variance explained in a one set relative to another set based on all
canonical variables, reached a satisfactory level of 48.72%.

To simplify the statistical model, the canonical analysis was
repeated with textures that most highly influenced the canonical
variables in the first stage of analysis. This procedure was imple-
mented to reduce the set of independent variables to several most
significant textures.

The repeated canonical analysis identified three factors
(Table 9), but only the first two were statistically significant
Table 9
Results of canonical analysis between chemical composition and image textures.

Canonical R

Root_1

Chemical composition
Protein (%) �0.602
Fat (%) 0.835
Dry matter (%) �0.348
Canonical correlations 0.779 (p ¼ 0.0000)
Total redundancy 49.03
Redundancy of the second dataset 24.40
Texture
RS5SN5SumVarnc 3.668
RS5SZ5SumVarnc �3.843
SHDomn10 �0.134
SHMean 1.371
SHPerc01 �0.685
SHPerc10 0.090
SHPerc50 0.209
(p ¼ 0.0000). The first factor was most highly correlated with tex-
tures RS5SN5SumVarnc RS5SZ5SumVarnc, SHMean and fat content,
whereas the second factor was most influenced by textures
SHPerc0, SHPerc10, SHPerc50 and the percentage content of fat and
protein from the set of dependent variables. Total redundancy
reached 49.03% and was insignificantly higher that than noted in
the first stage of analysis. This is a more satisfactory result because
the model contains fewer variables that better explain variation in
the analyzed set (49.03%).

In principle, canonical analysis is a tool for identifying correla-
tions between two sets of data. When the value of each statistic is
known, the direction, strength and percentage of relationships
between variables that explain variance in one set can be compared
with another set. The correlations between variables, e.g. chemical
composition and quality, can be ultimately identified. In this study,
minimal sets of dependent (chemical composition) and indepen-
dent (textures) variables were identified, their mutual correlations
were determined, but they could not be explained from the phys-
ical and chemical point of view. The above can attributed to the fact
that unlike mechanical parameters or chemical composition,
Root_2 Root_3

�0.567 �2.257
�0.696 �4.295
�0.199 4.541
0.753 (p ¼ 0.0000) 0.117 (p ¼ 0.439)

33.08 0.02

0.161 12.834
�0.572 �13.360
�1.761 5.880
0.271 0.590
�2.268 0.335
5.322 �1.253
�1.920 �5.807
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texture parameters are “abstract” numbers that cannot be
explained physically and are difficult to interpret. A unique feature
of texture parameters is that thousands of variables for multiple
discriminant analysis, correlation analysis or canonical analysis can
be calculated from a single ROI at relatively low cost and effort.
They can be used to develop reliable statistical models, but they
cannot be always physically interpreted.

5. Conclusions

A rapid method for evaluating the quality of selected poultry
and pork cold meats was proposed. Product images were acquired
in a flatbed scanner, and the resulting model was developed at
relatively low cost. Cold meats belonging to 16 processing groups
were analyzed. The evaluated products were supplied by the same
meat processing plants to guarantee the homogeneity of the
experimental material. The chemical composition and collagen
content of every meat product were determined, and the products
were scanned. An algorithm for segmenting an object from the
background was developed, and texture parameters were calcu-
lated from segmented images.

The coefficients of correlation between chemical components
and image textures were high in the range of 0.6e0.92, subject to
the analyzed variable pairs. Particularly high correlation co-
efficients were noted for percentage fat content (0.84e0.92) and
dry matter content.

Seven classification methods were used to discriminate the
analyzed cold meats. The most satisfactory results (lowest classi-
fication error) were generated by forward stepwise discriminant
analysis and the method based on weka.classifiers.lazy.IB1, whereas
the least satisfactory results were noted in the analysis involving
weka.classifiers.rules.PART. Classification accuracy was 83%e100%,
subject to product type.

A statistical model was developed for discriminating poultry
and pork products belonging to the same processing group. The
results were satisfactory, and most products were classified with
99e100% accuracy. A canonical analysis revealed strong correla-
tions between groups of variables from proximate chemical anal-
ysis and texture measurements. Total redundancy explaining
correlations between those groups reached 49%, which is a satis-
factory result for such a large dataset. The final number of variables
for canonical analysis was reduced to 7, which significantly accel-
erated the algorithm evaluating the quality of cold meats.

Rapid methods for evaluating the quality of meat products
deliver numerous benefits for consumers and manufacturers.
Further work is required to develop non-destructive measurement
methods that can be easily applied in a production plant or at the
point of sale. An algorithm for segmenting homogeneous areas on
the surface of a meat product will be developed in our follow-up
work. Textures calculated from segmented fragments should be
even more highly correlated with a product's chemical composi-
tion, therefore, the values of correlation coefficients should in-
crease. The ultimate classification and correlation model
(individual, multiple and canonical correlation) will be verified on
cold cuts from the same processing group, supplied by different
manufacturers.
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2: 133e145.

Mallat, S. G. (1989). Multifrequency channel decompositions of images and wavelet
models. Acoustics, Speech, and Signal Processing, IEEE Transactions on, 37(12),
2091e2110.

Mao, J., & Jain, A. K. (1995). Artificial neural networks for feature extraction and
multivariate data projection. IEEE Transactions on Neural Networks, 6(2),
296e316.

Materka, A., Hajek, H., Dezortova, M., & Lerski, R. (2006a). Texture analysis for
magnetic resonance imaging (pp. 7e41). Prague: Med4publishing, ISBN 80-
903660-0-7.

Materka, A., Hajek, H., Dezortova, M., & Lerski, R. (2006b). Texture analysis for
magnetic resonance imaging (pp. 79e103). Prague: Med4publishing, ISBN 80-
903660-0-7.

Materka, A., & Strzelecki, M. (1998). Texture analysis methods e A review. Technical
University of Lodz, Institute of Electronics, COST B11 report, Brussels http://
www.eletel.p.lodz.pl/programy/cost/pdf_1.pdf.

Mendoza, F., Nektarios, A. V., Paul, A., Tony, A. K., Paddy, W., & Sun, D. (2009).
Analysis and classification of commercial ham slice images using directional
fractal dimension features. Meat Science, 81, 313e320.

Mendoza, F., & Aguilera, J. M. (2004). Application of image analysis for classification
of ripening bananas. Journal of Food Science, 69(9), 471e477.

O'Sullivana, M. G., Byrnea, D. V., Martensa, H., Gidskehauga, L. H., Andersenb, H. J., &
Martensa, M. (2003). Evaluation of pork colour: prediction of visual sensory
quality of meat from instrumental and computer vision methods of colour
analysis. Meat Science, 65, 909e918.

Quevedo, R. A., Aguilera, J. M., & Pedreschi, F. (2010). Color of salmon fillets by
computer vision and sensory panel. Food Bioprocess Technology, 3, 637e643.

Regulation EU No 1169/2011 of the European Parliament and of the Council of 25
October 2011 on the provision of food information to consumers, amending
Regulations (EC) No 1924/2006 and (EC) No 1925/2006 of the European
Parliament and of the Council, and repealing Commission Directive 87/250/EEC,
Council Directive 90/496/EEC, Commission Directive 1999/10/EC, Directive
2000/13/EC of the European Parliament and of the Council, Commission Di-
rectives 2002/67/EC and 2008/5/EC and Commission Regulation (EC) No 608/
2004 Text with EEA relevance.

Savadkoohi, S., Hoogenkamp, H., Shamsi, K., & Farahnaky, A. (2014). Color, sensory
and textural attributes of beef frankfurter, beef ham and meat-free sausage
containing tomato pomace. Meat Science, 97(4), 410e418.

Ringkob, T. P. (2002). Using image analysis to measure pork fat color. In Proceedings
55th reciprocal meat conference, 24e28 July 2001. Indianapolis, Indiana.

Ringkob, T. P. (2003). Comparing pork fat color from barley and corn fed pork using
image analysis. In 56th reciprocal meat conference, 28e31 July 2003. Lansing,
Michigan.

Swets, D., & Weng, J. (1996). Using discriminant eigenfeatures for image retrieval.

http://refhub.elsevier.com/S0023-6438(15)30333-9/sref1
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref1
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref1
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref1
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref2
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref2
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref2
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref2
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref4
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref4
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref4
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref5
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref5
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref5
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref6
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref6
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref6
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref6
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref7
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref7
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref7
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref7
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref8
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref8
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref8
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref8
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref9
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref9
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref9
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref9
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref10
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref10
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref10
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref11
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref11
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref11
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref11
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref12
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref12
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref12
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref12
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref13
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref13
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref13
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref13
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref14
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref14
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref15
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref15
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref16
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref16
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref16
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref16
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref18
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref18
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref18
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref20
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref20
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref20
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref20
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref21
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref21
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref21
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref21
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref22
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref22
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref22
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref22
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref23
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref23
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref23
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref23
http://www.eletel.p.lodz.pl/programy/cost/pdf_1.pdf
http://www.eletel.p.lodz.pl/programy/cost/pdf_1.pdf
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref26
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref26
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref26
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref26
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref37
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref37
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref37
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref27
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref27
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref27
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref27
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref27
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref28
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref28
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref28
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref31
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref31
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref31
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref31
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref38
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref38
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref38
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref39
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref39
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref39
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref39
http://refhub.elsevier.com/S0023-6438(15)30333-9/sref32


P. Zapotoczny et al. / LWT - Food Science and Technology 67 (2016) 37e49 49
IEEE Transactions on Pattern Analysis and Machine Intelligence, 18(8), 831e836.
Szczypinski, P. M., Strzelecki, M., Materka, A., & Klepaczko, A. (2009). MaZda e a

software package for image texture analysis. Computer Methods and Programs in
Biomedicine, 94, 66e76.

Valous, N. A., Mendoza, F., Sun, D. W., & Allen, P. (2009). Colour calibration of a
laboratory computer vision system for quality evaluation of pre-sliced hams.
Meat Science, 81, 132e141.
Walczycka, M. (2007). Jako�s�c i ocena konsumencka wędlin o �srednim przedziale
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a b s t r a c t

In order to evaluate whether coliphages can be used in combination with food additives, six lytic phages
against pathogenic Escherichia coli strains were tested for their resistance to additives commonly used in
the dairy and meat industries. All the phages evaluated were completely inactivated after a 1-min in-
cubation at 25 �C when exposed to acetic and lactic acids at 4% v/v without pH adjustment, whereas
phage viability remained unchanged when pH was adjusted to 5.0 (acetic) and 4.5 (lactic). Likewise, the
six phages proved to be highly resistant to both acetate and lactate (4%; sodium salts) after a 24-h in-
cubation. When phage viability was evaluated at 25 �C in Tris-Magnesium-Gelatin buffer supplemented
with nitrite (0.015% w/v), phage titers were never below 7e8 log10 PFU ml�1 for all the phages tested.
Regarding the influence of additives added to dairy products on phage viability, each phage
(107�8 PFU ml�1) challenged with nisin (0.25 mg ml�1) remained viable after a 24 h-incubation. In
addition, phage viability was either slightly affected or not affected at all when phages were exposed to
chymosin. These results proved that phages can be used against pathogenic E. coli strains along with
other additives as an additional hurdle in order to improve food safety.

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

Foodborne diseases caused by pathogenic Escherichia coli
(E. coli) strains are a serious and growing problem. This pathogen
has been responsible for hemolytic uremic syndrome cases since
1980 (Karmali et al., 1985). Foodborne bacteria can contaminate
food products at any point along the chain production - during
slaughtering, milking, storage or packaging (García, Martínez,
Obeso, & Rodríguez, 2008). Therefore, several food additives such
as weak acids (Ouattara, Simard, Holley, Piette, & B�egin, 1997), ni-
trite (Honikel, 2008), and nisin (Gharsallaoui, Joly, Oulahal, &
Degraeve, 2015) are used at different stages of production in or-
der to ensure food quality and safety. Regarding the maximum
concentration allowed in foodstuff, most of these additives are
tad de Ciencias Bioquímicas y
.R), Suipacha 531, S2002LRK,
nt. 206.
at).
strictly regulated (FDA, 2000; CAA, 2010) as they may be toxic, e.g.
nitrite (Honikel, 2008), cause alteration of the organoleptic char-
acteristics of food, e.g. weak acids at higher concentrations (Kotula
& Thelappurate, 1994) or by the activity needed to achieve a high
quality product, e.g. chymosin (Vallejo, Ageitos, Poza,& Villa, 2012).
Although these additives are widely used and accepted, and
numerous publications have documented the effectiveness of food
preservatives against E. coli (Yoder et al., 2012) and other pathogens
(Glass et al., 2002; Michaelsen, Sebranek, & Dickson, 2006), novel
strategies, such as the use of phages, are needed to fulfill consumer
demands for food with lower amounts of chemical compounds.
Furthermore, additives are less specific than phages, affecting both
foodborne pathogens as well as the normal microflora of food due
to their nonspecific mechanisms of action (Kin et al., 2011).

The application of bacteriophages in food safety has been
extensively documented against pathogenic E. coli strains as well as
other foodborne pathogens such as Salmonella, Campylobacter
jejuni, Listeria monocytogenes, Enterobacter sakazakii, and Staphy-
lococcus aureus (Tomat, Mercanti, Balagu�e, & Quiberoni, 2013a).
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However, the action of food additives on phage viability was not
assessed in most of the studies carried out in situ, namely in the
food matrix.

There are studies analyzing the effect of acetic acid on phage
expression (Wallin-Carlquist et al., 2010), and the effect of lactic
acid on phage viability (García, Madera, Martinez, & Rodriguez,
2007), as well as other works where phages are characterized by
their acid resistance (Coffey et al., 2011). However, articles report-
ing the effect of food additives on the infectivity of coliphages are
scarce. Several authors have studied different combination of an-
timicrobials such as bacteriocins and phages (Leverentz et al., 2003;
Ly-Chatain, Moussaoui, Vera, Rigobello, & Demarigny, 2013), bac-
teriocins and endolysins (Schmelcher, Powell, Becker, Camp, &
Donovan, 2012), and bacteriocins and essential oils (Bajpai, Yoon,
Bhardwaj, & Kang, 2014). However, most of these studies were
focused on phages of LAB (Ly-Chatain et al., 2013), L. monocytogenes
(Leverentz et al., 2003) and S. aureus (Martínez, Obeso, Rodríguez,
& García, 2008). Regarding studies on phages affecting patho-
genic E. coli strains, Ly-Chatain et al. (2013) were the only authors
who analyzed the antiviral activity of several cationic compounds,
specifically nisin, against the bacteriophage MS2, a phage infecting
E. coli strains, and found a weak antiviral effect (1 log10 reduction
after 10min) only at the highest concentration of nisin (100,000 IU)
tested.

In previous studies, phages have proved to be efficient biocon-
trol agents of pathogenic E. coli strains (Tomat, Migliore, Aquili,
Quiberoni, & Balagu�e, 2013b; Tomat, Mercanti, Balagu�e, &
Quiberoni, 2013c; Tomat, Quiberoni, Mercanti, & Balagu�e, 2014)
and to be highly resistant to thermal and physicochemical treat-
ments (Tomat, Balagu�e, Casabonne, Verdini, & Quiberoni, 2015).
Studies on the interaction (e.g. challenges) of coliphages with food
additives, such as weak acids and their sodic salts, nitrite, and
chymosin, have not yet been carried out. The aim of this study was
to evaluate the influence of additives added to meat and dairy
products on phage viability in order to determine whether they can
be used simultaneously as a hurdle technology in the biocontrol of
pathogenic E. coli strains.

2. Materials and methods

2.1. Bacterial strains and phages

E. coliDH5awas used as the sensitive host strain to propagate all
the bacteriophages used in this study. DH5a was maintained as
frozen (�80 �C) stock in Hershey broth (8 g l�1 Bacto nutrient broth,
5 g l�1 Bacto peptone, 5 g l�1 NaCl and 1 g l�1 glucose) (Difco,
Detroit, Michigan, USA) (Cicarelli, San Lorenzo, Santa Fe, Argentina)
supplemented with 15% (v/v) glycerol and routinely reactivated
overnight at 37 �C in Hershey broth.

Bacteriophages DT1, DT2, DT3, DT4, DT5 and DT6 were isolated
from stool samples of patients with diarrhea treated at the Cente-
nary Hospital, Rosario (Tomat et al., 2013c). High-titre phage sus-
pensions were prepared as previously described (Tomat et al.,
2013c). Namely, Hershey-Mg broth was inoculated (1%, v/v) with
an overnight culture of DH5a, aliquots (100 ml) of phage stocks were
added, incubated (37 �C) with shaking until complete lysis. Next,
chloroform was added (0.1 ml) and cultures centrifuged at 4000 g
for 10 min. Phage stocks were stored at 4 �C and enumerated
(plaque-forming units per millilitre; PFU ml�1) by the double-layer
plaque technique. Briefly, aliquots of 100 ml of phage stocks were
mixed with 100 ml of recipient strain culture (OD600 ¼ 1.0), then
added with three ml of Hershey-Mg soft agar (Hershey-Mg with
0.7% agar, w/v) at 45 �C. The mixture was poured into plates with
Hershey-Mg agar (1.4%, w/v) and incubated overnight at 37 �C
(Jamalludeen et al., 2007).
2.2. Viability studies - additives applied in meat products -

2.2.1. Influence of acetic and lactic acid
Phages (107e108 PFUml�1) were suspended in Tris-magnesium

gelatin (TMG) buffer (10 mM Tris-Cl, 10 mM MgSO4 and 0.1% (w/v)
gelatin) supplemented with acetic (pH 2.72) and lactic (pH 2.28)
acid at 4% v/v without pH adjustment. In addition, further assays
were carried out with acetic (pH 5.0) and lactic (pH 4.5) acid at 4%
v/v with pH adjusted to the same values which result from treating
meat with each acid in in-vitro preliminary studies.

After each incubation time, namely without (1 and 5 min) and
with (1, 8 and 24 h) pH adjustment, at 25 �C, phage suspensions
were enumerated by the double-layer plate titration method
(Jamalludeen et al., 2007). Assays were carried out in triplicate.

2.2.2. Influence of acetate and lactate (sodium salts)
The influence of acetate and lactate on phage (107 e

10�8 PFU ml�1) viability was investigated by incubation at 25 �C in
TMG buffer supplemented with sodium acetate (4% w/v) or sodium
lactate (4% v/v) with the pH adjusted to 5.7, which represents the
natural pH of meat. After incubation for 1, 8 and 24 h, phage
viability was determined as described above (Jamalludeen et al.,
2007). Assays were carried out in triplicate.

2.2.3. Influence of nitrite
The influence of nitrite (sodium salt) on phage (107 e

10�8 PFU ml�1) viability was investigated by incubation at 25 �C in
TMG buffer supplemented with nitrite (0.015% w/v; maximum
concentration allowed) (CAA, 2005). After incubation for 1, 8 and
24 h, phage viability was determined as described above
(Jamalludeen et al., 2007). Assays were carried out in triplicate.

2.3. Viability studies - additives applied in dairy products -

2.3.1. Influence of nisin
The influence of nisin on phage (107 e 108 PFU ml�1) viability

was investigated by incubation at 25 �C in TMG buffer supple-
mented with nisin (Nisaplin, nisin 2.5% w/w, 1 million IU g�1) at
0.25 mg ml�1 (maximum concentration allowed; FDA, 2001). After
incubation for 1, 8 and 24 h, phage particles were enumerated as
described above (Jamalludeen et al., 2007) and the counts were
compared to those at control (TMG) conditions. Assays were carried
out in triplicate.

2.3.2. Influence of chymosin
Phages (107 e 108 PFU ml�1) were suspended in TMG buffer

supplemented with chymosin (Maxiren 150, 100% chymosin,
rennet strength 150,000 IMCU ml�1) at 8.0 mg ml�1. The suspen-
sion was incubated at 25 �C. After incubation for 1, 8 and 24 h,
phage particles were enumerated as described above (Jamalludeen
et al., 2007) and the counts were compared to those at control
(TMG) conditions. Assays were carried out in triplicate.

2.4. Statistical analysis

Means (three determinations) were compared using the one-
way ANOVA procedure followed by Duncan's multiple range tests
at p < 0.05.

3. Results and discussion

3.1. Influence of additives applied in meat products on phage
viability

Food additives such as weak acids are widely used in the meat
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industry with the aim of lowering surface bacterial load prior to
packaging (Cherrington, Hinton, Mead, & Chopra, 1991; Ouattara
et al., 1997; Ariyapitipun, Mustapha, & Clarke, 1999; Acuff, 2005).
Specifically, acetic and lactic acids are regularly used to wash the
meat surface while their sodic salts, acetate and lactate, are incor-
porated into a mass of ground meat in sausage production (FDA,
2000). Thus, the viability of each phage must be evaluated in or-
der to determine whether these acids, or their salts, present in the
meatmatrix are an obstacle for the use of the phages under study as
biocontrol tools.

First, when the six coliphages were tested in vitro for their
resistance against acetic and lactic acids at 4% v/v without pH
adjustment (2.72 and 2.28, respectively), all the phages evaluated
were completely inactivated after a 1-min incubation at 25 �C,
indicating a high sensitivity to low pH values. When viability was
tested at acidic pH values, similar results were obtained for these
coliphages (Tomat et al., 2015) as well as for others such as O157:H7
(Coffey et al., 2011), STEC (Dini & De Urraza, 2010), lactic acid bac-
teria (LAB) (Mercanti, Guglielmotti, Patrignani, Reinheimer, &
Quiberoni, 2012) and Mycobacterium (Endersen et al., 2013)
phages. Regarding treatments with organic weak acids, it is well-
known that both acetic and lactic acid possess a biocide effect, e.g.
they permeabilize gram-negative bacteria by disrupting the outer
membrane (Alakomi, Skytta, Saarela,Mattila-Sandholm, Latva-Kala,
& Helander, 2000). However, endurance of coliphages other than
those analyzed in the present work remains to be assessed.

Next, the action of these acids on phage viability was also
evaluated at 25 �C with pH adjustment. Namely, pieces of meat
were treated with each acid and pH was determined after a 1-h
incubation in order to determine the pH value reached in the
food matrix. Unlike inactivation observed without pH adjustment,
when phages were exposed to acetic and lactic acid, both at 4% v/v,
with pH adjusted to 5.0 and 4.5, respectively, phage viability
remained unchanged and no significant difference after 8 h was
observed, although there was a sligh but significant reduction in
most cases after a 24-h incubation (Table 1). Accordingly, acetic acid
at pH 5.5 induced a S. aureus prophage and its subsequent repli-
cation, indicating that the phage remained viable (Wallin-Carlquist
et al., 2010). On the other hand, the production of lactic acid by
starter cultures and the concomitant reduction of pH negatively
affected the viability of S. aureus phages since their titre declined by
approx. 2 log10 PFU when the pH dropped from 6.19 to 5.38 (Garcia
et al., 2007). It is noteworthy that, though phage inactivation de-
pends on pH, concentration, and identity of the acidifying agent
used (Alvarado & McKee, 2010), only the change in the pH value
(pH adjusted) produced a significant impact on phage viability.

Acetate and lactate (sodium salts) are commonly used to replace
their acids in order to prevent acidification leading to protein
denaturation and color changes in meat products (Smulders &
Table 1
Phage viability in TMG buffer at 25 �C supplemented with acetic and lactic acid.

Phage * Phage particles (� 107) (PFU ml�1) a

Acetic acid at 4%
(pH 5.0)

1 h 8 h 24 h

DT1 a1.74 ± 0.37 a1.39 ± 0.41 b0.86 ± 0.13
DT2 a4.41 ± 1.31 a4.02 ± 1.06 b3.16 ± 0.10
DT3 a6.46 ± 0.74 a6.17 ± 0.95 a5.78 ± 0.46
DT4 a7.59 ± 2.27 a7.18 ± 1.86 a5.58 ± 0.32
DT5 a6.18 ± 0.74 a5.56 ± 0.92 b4.19 ± 0.17
DT6 a2.87 ± 0.05 a2.70 ± 0.55 b1.69 ± 0.34

* Initial inoculum range (� 107): DT1 ¼ 1.81e2.12; DT2 ¼ 4.08e4.36; DT3 ¼ 6.21e6.8
determinations ± standard deviation. Different letters indicate significant differences.
Greer, 1998; Kotula & Thelappurate, 1994; Lin & Chuang, 2001).
At the concentration assayed in this study, neither acetate nor
lactate were shown to change the pH value of meat (data not
shown), namely ca. 5.7, as was also found by other authors at 0.25%
(acetate) and 4.8% (lactate) (Alvarado & McKee, 2010). The effect of
acetate and lactate on phage viability is shown in Fig. 1. The six
phages (DT1 to DT6) showed high resistance to both acetate
(Fig. 1A) and lactate (Fig. 1B) after a 24-h incubation since phage
counts were never below 107 PFU ml�1 and no significant re-
ductions were observed. These results proved the high resistance of
the phages evaluated, which remain active and are useful biocon-
trol tools during the manufacture and after the packaging of meat
products. Acetate and lactate are normally used to eliminate
foodborne pathogens such as L. monocytogenes (Alvarado &McKee,
2010) and both acids are detrimental to the growth of E. coli (Kim
et al., 2015); yet, no scientific data on the interaction between
weak acids and coliphages has been found.

Food-grade biocides such as nitrite are widely used in the food
industry, specifically in the manufacture of cold cuts and sausages,
both as meat preservatives and color fixers (Sindelar & Milkowski,
2012). Regarding their influence on phages, the results of the pre-
sent work showed that the presence of nitrite (0.015% w/v) had no
significant effect after a 24-h incubation for all the phages evalu-
ated, suggesting high resistance against this food additive (Fig. 2).
Spores of Clostridium botulinum are the main reason for using ni-
trite; yet, it also has a bacteriostatic activity against other patho-
genic strains such as E. coli (Guti�errez-Cort�es & Suarez-Mahecha,
2012). It is noteworthy that no assays on the viability of E. coli
phages when challenged with nitrite have been carried out in order
to determine whether their simultaneous use in a particular food
matrix is possible.

3.2. Influence of additives applied in dairy products on phage
viability

Several food additives are artificially added to dairy products
(O'Sullivan, Ross,&Hill, 2002; EFSA., 2006), and although several of
them - such as nisin and chymosin - are not expected to affect the
viability of phages, their effect must be evaluated. Bacteriocins,
produced by LAB strains, have been extensively studied for many
years (O'Sullivan et al., 2002; Joerger, 2003). Specifically, nisin has
the generally recognized as safe (GRAS) status granted by the Food
and Drug Administration (FDA, 2001; 21 CFR 184.1538). Although
there is abundant scientific literature regarding the use of bacte-
riocins in combination with phages (Leverentz et al., 2003;
Martínez et al., 2008; Nascimento, Guerreiro-Pereira, Costa, Sao
Jose, & Santos, 2008), each specific bacteriocin-phage system must
be individually evaluated in order to determine whether they can
be used together in a treatment.
Lactic acid at 4%
(pH 4.5)

1 h 8 h 24 h

a1.97 ± 0.11 a1.89 ± 0.23 b0.83 ± 0.08
a4.18 ± 0.26 a4.18 ± 0.04 b3.28 ± 0.76
a7.36 ± 0.40 a6.72 ± 0.16 b4.33 ± 0.43
a7.94 ± 0.62 a7.46 ± 0.02 b4.72 ± 1.08
a5.89 ± 0.05 a4.72 ± 0.96 b3.21 ± 0.17
a3.18 ± 0.10 a2.95 ± 0.11 b1.80 ± 0.29

4; DT4 ¼ 6.71e7.08; DT5 ¼ 5.12e5.14; DT6 ¼ 2.46e3.01. a Mean value of three



Fig. 1. Phage viability at 25 �C in Tris-magnesium gelatin (TMG) buffer supplemented with acetate (A) and lactate (B) (sodium salts; 4% w/v) at the beginning (▫) and after 1 ( ), 8
( ) and 24 h (-) of incubation. Error bars represent the standard deviation of three determinations (p < 0.05).

Fig. 2. Phage viability at 25 �C in TMG buffer supplemented with nitrite (0.015% w/v)
at the beginning (▫) and after 1 ( ), 8 ( ) and 24 h (-) of incubation. Error bars
represent the standard deviation of three determinations (p < 0.05).
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Our results indicated that phage viability was unaffected at
25 �C for all nisin/phage systems evaluated (Fig. 3A). Specifically,
each phage - DT1 to DT6 - (~107�8 PFU ml�1) was challenged with
nisin at 0.25 mg ml�1 and phage viability remained at ~ 7e8
log10 PFU ml�1, showing no significant reductions after a 24-h in-
cubation. Accordingly, Ly-Chatain et al. (2013) found similar results
for the coliphage MS2 and the Lactococcus lactis phage c2, when
challenged against nisin at 100,000 UI. In addition, Leverentz et al.
(2003) observed that nisin and phage complemented each other for
the control of L. monocytogenes, showing a synergistic effect, rather
Fig. 3. Phage viability at 25 �C in TMG buffer supplemented with nisin (A) (0.25 mg ml�1) an
incubation. Error bars represent the standard deviation of three determinations (p < 0.05).
than mutually interfering or being inactivated, as it was found for
other combinations of antimicrobials such as endolysins and bac-
teriocins (Becker, Foster-Frey, & Donovan, 2008; Schmelcher et al.,
2012) and nisin and essential oils (Bajpai et al., 2014).

Regarding the influence of chymosin, a widely used additive in
the dairy industry (Vallejo et al., 2012), on phage viability, the six
phages (~107�8 PFU ml�1) evaluated were slightly affected or
insensitive - not significantly reduced - after a 24-h incubation,
even at concentrations 10-fold higher (8 mg ml�1) than those
commonly used, although the phage count was always higher than
7 log10 PFU ml�1 (Fig. 3B). Previous studies related to the interac-
tion between dairy additives and phages had shown that the
viability of LAB phages (Keogh & Pettingill, 1983; Emond &
Moineau, 2007) and the phages evaluated in the present work
(e.g. Ca2þ) (Tomat et al., 2015) were not affected. However, the
chymosin-coliphage systems had never been evaluated. As for
other phages, no viability data against chymosin were found. Re-
sults of the present work showed that phage viability, in the
presence of routinely used additives such as nisin and chymosin,
was unaffected for all the phages tested.
4. Conclusion

Our study showed that the six bacteriophages, lytic against
pathogenic E. coli strains, resisted well when they were challenged
with different additives used in the food industry. These results
imply that the coliphages evaluated can be used simultaneously
with the additives assayed as an additional hurdle in order to
maximize food safety, although further experiments should be
conducted in real food environments.
d chymosin (B) (8.0 mg ml�1) at the beginning (▫) and after 1 ( ), 8 ( ) and 24 h (-) of
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It is noteworthy that the viability of coliphages had not been
previously challenged with most of the food additives tested,
especially with those additives used in meat products.
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a b s t r a c t

Hybrid fish production has increased, leading this sector to occupy a prominent place in the regional and
national economy. Thus, the present study aimed to develop a Quality Index Method for gutted ice-stored
hybrid tambatinga (Colossoma macropomum� Piaractus brachypomum) and estimate its shelf life. Twelve
assessors were selected to develop and validate the QIM protocol, and microbiological and physico-
chemical analyses were performed every other day for 28 days of storage. The final protocol was
composed of five quality attributes divided into 10 parameters, with 18 demerit points. Based on the
microbiological and physicochemical results, the shelf life of gutted ice-stored hybrid tambatinga is 10
days.

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

Hybrid fish have gained ground in fish farming due to the de-
mand for greater production and better zootechnical indexes. In
this context, hybrid tambatinga originated from the cross of a fe-
male of tambaqui (Colossoma mesopotamicus) with a male of pira-
pitinga (Piaractus brachypomum) stands out for its rapid weight
gain in a short period of time, combined with low levels of protein
required in feed (Silva-Acu~na & Guevara, 2002). Statistical data
have shown that the production of this hybrid increased fourfold
from 2008 to 2011, consolidating its importance on the national
scenario (BRASIL, 2011).

After harvesting, fish muscle goes through a complex process of
physicochemical alterations that lead to changes in sensory char-
acteristics over time, causing ultimate rejection by the consumer
and making fish unfit for consumption (Soares, Vale, Gl�oria, &
Ap. 202, Centro, Sorriso, Mato
Junqueira, 1998). However, these changes are species-specific,
thus researchers have developed protocols for assessing fish qual-
ity, known as Quality Index Method (QIM) (Hyldig, Bremner,
Martinsd�ottir, & Schelvis, 2007).

The QIM is a sensory evaluation protocol to evaluate the fresh-
ness of chilled fish, taking into account the appearance of the skin,
eyes, gills, surface mucus, odor, texture, among other characteris-
tics, using a score system from 0 to 3 demerit points (Jonsdottir,
1992). The sum of the scores given to each characteristic is sum-
marized by the Quality Index, which gives scores closer to zero for
very fresh fish (Huss, 1997). This protocol has been developed for a
large number of species such as Piaractus mesopotamicus (Borges,
Conte-Júnior, Franco, & Freitas, 2013), hybrid tambacu resulting
from inrersection of Colossoma macropomum and Piaractus meso-
potamicus (Borges, Conte-Júnior, Franco, M�arsico, & Freitas, 2014),
Pagellus bogaraveo (Sant'Ana et al., 2011), among others.

Therefore, the present study aimed to develop a Quality
Index Method for ice-stored gutted hybrid tambatinga
(C. macropomum� Piaractus brachypomum) and estimate its shelf
life.
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2. Material and methods

2.1. Sample collection and storage

A total of 105 specimens (1.5 ± 0.1 kg) were caught in tanks
using a trailing network, from August to September 2012. Imme-
diately after catching, fish were anesthetized, slaughtered, packed
inside cool boxes, at a ratio of 1:2 (ice to fish), and taken to the
Hygiene and Fish Technology Laboratory, at Federal University of
Mato Grosso. Fish were manually gutted, washed with chlorinated
water and placed in insulated boxes with ice, which was added
daily to maintain the temperature of 0 ± 0.5 �C. Then, 45 specimens
were used for microbiological and physicochemical characteriza-
tion, and 60 for developing the Quality Index Method.

2.2. QIM protocol

The methodology used to develop the QIM protocol was in
accordance with the recommendations by Martinsd�ottir,
Sveinsd�ottir, Luten, Schelvis-Smit, and Hyldig (2001), Sveinsd�ottir,
Hyldig, Martinsd�ottir, Jorgensen, and Kristbergsson (2003), Hyldig
et al. (2007, Hyldig, Martinsd�ottir, Sveinsd�ottir, Schelvis, Bremner
2010) and Bernardi, M�arsico, and de Freitas (2013) consisting of
three stages, two stages of training, and a validation step using a
total of 60 fish. The sessions for sensory evaluation of tambatinga
samples were performed under laboratory conditions, with average
room temperature of 20� C and proper lighting, and fish were
removed from the ice 15 min before each session and presented in
light background trays. The sensory team consisted of 12 panelists,
eight female and four male, aged between 21 and 35, who did not
have allergies to fish meat, previously selected according to the
interest and willingness to participate in the analysis. Training was
divided into two stages, totaling 10 h, as described below.

The first training step consisted of monitor the deterioration
process of gutted tambatinga to describe the sensory attributes of
fish that have altered during iced storage, and six fish specimens
were used. The panelists participated in 12 sessions of about 30min
each, at regular intervals, being allowed to interact. All changes
were listed in a preliminary QIM protocol, and each attribute was
scored from zero to one, zero to two, or zero to three, with the
closest scores of zero considered of better quality.

The second training step was performed to confirm the obser-
vations listed on the first training and to make the necessary
changes in the QIM protocol. Eight sessions were held with the
sensory panel, in which 18 fish were presented with different pe-
riods of iced storage, which was not reported to the assessors.

The third step was the validation of the QIM protocol developed.
In individual cabins, the assessors evaluated four fish samples
placed in light background trays, identified with three-digit
numbers at random for each iced storage time (1, 5, 9, 12, 16, 19,
23, 26, and 30 days). The evaluation was performed using the QIM
protocol previously developed for fresh and gutted tambatinga
(C. macropomum� Piaractus brachypomum) species, using the
following parameters: skin brightness, lateral line, Godet test, eye
shape, cornea, pupil, color of gills, odor of gills, abdomen color,
abdomen odor, and general appearance of the fins. Scores raised for
all quality attributes originated IQ, which increases linearly with
the iced storage time.

2.3. Physicochemical analyses

Analyses were performed in triplicate, every other day, consid-
ering the first day after fish gutting, and the last after 28 days of
storage, totaling 45 samples. The hydrogen ionic potential (pH) was
determined by potentiometric method, and total volatile bases
nitrogen (TVB-N) were measured by the micro diffusion method
(mg/100 g) according to the Association of Official Analytical
Chemists methodology (AOAC, 2000). Thiobarbituric acid reactive
substances (TBARS) were determined as reported by Tarladgis,
Watts, Younathan, and Dugan (1960).

2.4. Microbiological analyses

Heterotrophic aerobic mesophilic bacteria (BHAM) and hetero-
trophic aerobic psychrotrophic bacteria (BHAP) counts were carried
out according to Morton (2001), and Cousin, Jay, and Vasavada
(2001), respectively. All analyses were performed in triplicate,
concomitant with the physicochemical analyses, totaling 45 sam-
ples, and the results were expressed as log CFU/g.

2.5. Statistical analysis

Partial Least Squares (PLS) regression was used to evaluate the
results of the sensory analysis. Regression analysis was used for
microbiological and physicochemical data to verify possible
changes during fish storage. Principal Component Analysis (PCA)
was used to correlate the sensory, microbiological and physico-
chemical data. All statistical analyses were performed by XLSTAT
program for Windows (Adinsoft, Paris, France).

3. Results and discussion

3.1. Quality Index Method (QIM)

The QIM protocol for the gutted ice-stored hybrid tambatinga
(Table 1) was composed of five quality attributes divided into 10
parameters with scores ranging from 0 to 1 or 0 to 2 depending on
the characteristics evaluated. The sum of the QI protocol totaled 18
demerit points, 3 of which for overall appearance, 5 for eyes, 4 for
the gills, 4 for abdomen and 2 for the fins.

Similar results were reported by Borges et al. (2014), who found
26 demerit points for five quality attributes and 11 parameters for
the hybrid tambacu coming from the intersection of
C. macropomum and Piaractus mesopotamicus. The similarity be-
tween those findings and the results of this study can be explained
by the fact that tambacu is also a freshwater fish, classified in the
group of round fish, hybrid, and especially due to the female of
tambaqui (C. macropomum) is used for obtaining these two species.

Sant'Ana, Soares and Vaz-Pires (2011) studied Pagellus bogar-
aveo, and found a protocol containing six quality attributes and 14
parameters, totaling 30 demerit points, which differed from the
present paper. This difference is due to the Pagellus bogaraveo is
from sea water, while the tambatinga comes from fresh water, and
the metabolic and microbial activities that generate the sensory
changes occur in different ways depending on the origin of the fish.
Borges et al. (2013) have reported a protocol with eight quality
attributes and 16 parameters for pacu (Piaractus mesopotamicus),
totaling 32 demerit points, which is different from the protocol
presented in this study. Although pacu and tambatinga species are
similar because both belong to the round fish group, one of them is
a native species and the other a hybrid resulting from an inter-
section. This implies distinct sensory changes between these
matrices, thus reinforcing the need for a protocol for each species,
given that this species-specific methodology.

Fig. 1 shows the Quality Index (QI) as a function of the days of
storage. It can be seen that the QI tends to increase linearly with
increasing storage time, from 0.17 on day 1e15.41 on day 30, with a
high coefficient of determination (R2 ¼ 0.919), indicating a good fit
of the experimental data in the equation y ¼ 0.483x þ1.78. This
linear increase, together with the high coefficient of determination



Table 1
QIM protocol for gutted ice-stored tambatinga (Colossoma macropomum� Piaractus brachypomum).

Quality attributes Parameters Description Points

Overall aspect Brightness Intense 0
Brightness loss 1
Opaque 2

Godet test Firm/elastic (finger mark disappears quickly) ¼ Negative 0
Softened (delay to return after pressed by the finger) 1

Eyes Shape Convex 0
Flat/Irregular 1

Cornea crystalline 0
Cloudy 1
Opaque 2

Pupil Black/well-defined 0
Reddish/well-defined 1
Black/not defined 2

Gill Color Red blood 0
Brownish red 1
Brownish 2

Odor Fresh/Neutral 0
Rancid/Sour 1
Putrid 2

Abdomen Color Whitish 0
Light salmon 1
Grayish pink 2

Odor Fresh/Neutral 0
Rancid/Sour 1
Putrid 2

Fins Dorsal/Ventral/Caudal Full/wet/with elasticity 0
Full/resected tips/with elasticity 1
failed/resected tips/no elasticity 2

Total QIM 18
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Fig. 1. Linear correlation between the Quality Index Method (MIQ) and demerit points
for the gutted ice-stored tambatinga (Colossoma macropomum� Piaractus
brachypomum).
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has also been found in studies on Salmo salar, (Sveinsd�ottir et al.,
2003), Pangellus bogaraveo (Sant'Ana et al., 2011), Piaractus meso-
potamicus (Borges et al., 2013) and hybrid tambacu (Borges et al.,
2014), whose equations and correlation coefficients were respec-
tively: y¼ 0.8229xþ 0.1794 and R2 ¼ 0.969; y¼ 0.051xþ 0.114 and
R2 ¼ 0.957; y ¼ 1.184 þ 2.484x and R2 ¼ 0.957; and
y ¼ 1.601x þ 2,2256 e R2 ¼ 0.988.

In the first day of storage, the gutted ice-stored tambatinga fish
had a high freshness quality (QI ¼ 0.17), reaching a QI value of 5.00
after 5 days, very close to the QI of 5.67 observed at day 9. Since
then, a significant and continuous increase in QI was observed,
which changed from 9.25 at day 12 to 9.91 and 12.25 at days 16 and
19, respectively. This value continued to increase, reaching 14.08 at
day 23, but then dropped slightly to 12.4 at day 26, before rising
again to reach an QI of 15,41 at day 30.

Fig. 2 shows the graphs of the Quality Index (QI), separated by
quality attributes during storage. Most of the quality attributes tend
to have higher score as the storage time increases. This can be
explained because the longer the ice storage, the greater the
microbiological and physicochemical activities leading to changes
that directly affect the sensory characteristics of fish, thus accu-
mulating more demerit points.

With respect to the overall appearance (Fig. 2A), the parameters
brightness and Godet test ranged from 0 to 1.58 and 0 to 0.5 during
storage, respectively, and were reliable for use in the QIM protocol
due to its increasing and linear behavior. The Godet test assesses
the firmness of the flesh, measured by finger pressure on the
muscles, and the return to its original form (Martinsd�ottir, 1997).

However, as can be seen in Fig. 2B for the quality attributes of
the eyes, the behavior is different due to autolytic reactions in the
eye caused by the increased storage time, which when combined
with the absorption of water from the melting ice, make the
observation of the eyes more difficult, thus confusing the assessors.

The attributes gills and abdomen (Fig. 2C and D) were assessed
using the same parameters. The changes in color varied from 0 to
1.91 and 0.16 to 1.91 for the gills and abdomen, respectively. In the
gills, the color was initially red blood, becoming brownish red and
reaching a brownish color, while in the abdomen a whitish color
was observed, changing to light salmon until grayish pink. In
relation to the odor, the values changed from 0 to 1.66, and 0 to 1.83
for the gills and abdomen respectively, and the descriptors chosen
for both were fresh, neutral/metallic, rancid/sour and putrid. Off-
odor generally is the primary cause of reduction of acceptability of
fish and it is due to large amounts of non-protein nitrogen, high
content of fat and autolytic enzymes in the fish tissues. Rancid odor
originated from lipid oxidation and amoniac from microbiological
and enzymatic action can influence in the odor involved in fish
spoilage during ice storage. It's widely considered that the com-
pounds derived from lipid oxidation is the main important on
development of off-odors and off-flavors mainly in fish with higher
content of unsaturated fatty acids becomingmore pronouncedwith
storage time increased. Nucleotide breakdown products can also
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provide means of ascertaining freshness (Gonçalves, 2011;
G€okoglu, Yerlikaya, Topuz, & Büyükbenli, 2012).

The fins (Fig. 2E) scored values ranging from 0 to 1.83, and the
characterization was based on the elasticity and integrity. It was
noticed that in the course of storage, the fins have lost elasticity,
becoming dry at the ends.

Fig. 3 shows the QI generated by the panelists for each day of
storage. As can be observed in most time periods, all judges
assigned demerit points with a small margin of error of about one
0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35

SA
M

PL
E

Pred(SAMPLE)

Pred(SAMPLE) / SAMPLE

1 DAY

5 DAYS

9 DAYS

12 DAYS

16 DAYS

19 DAYS
23 DAYS

26 DAYS

30 DAYSElements: 5
R2 = 0,79
Error: 1,19

Fig. 3. Regression Partial Least Squares (PLS) for Quality Index Method (QIM) of the
gutted ice-stored tambatinga (Colossoma macropomum� Piaractus brachypomum).
day (1.19), with the exception for day 26, when the margin of error
was different for two response. Similar margin of error was re-
ported by Borges et al. (2014) and Borges et al. (2013), who studied
hybrid tambacu and Piaractus mesopotamicus, respectively, and
found an error of 1.057 and 1.184 days. There was more agreement
among the assessors on the first day of storage, when fish hardly
accumulated demerit points. In the other days, although a corre-
lation was not observed in the responses, the QI values were close
to each other.

The attributes with variable importance in the projection (VIP),
with values greater than 0.8 are more relevant for the QIM protocol
proposed. Among the 10 parameters evaluated by the assessors, in
descending order, the quality attributes that most influenced the
QIM protocol were: pupil (1.148), abdomen odor (1.100), brightness
(1.099), abdomen color (1.098), color of the gills (1.078), fins (1.072),
cornea (1.050) and odor of the gills (1.005). The attributes Godet test
(0.580), and eye shape (0.550) had lower effect on the QI score for
gutted ice-stored tambatinga.
3.2. Shelf life

Shelf life is a term used to describe the period in which food
retains its quality characteristics and security, and can be estimated
using bacteriological and physicochemical methods. Once fish are
more susceptible to deterioration among the types of meat, it is
essential to evaluate its quality through bacteriological,
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physicochemical, and sensory analyses in order to ensure the
product is fit for consumption. In the sensory evaluation, charac-
teristics such as appearance of the skin, eyes, gills, surface mucus,
odor, texture, and others are taken into consideration for the
assessment of fish freshness. When correlating sensory evaluation
with techniques that determine byproducts from protein and lipid
degradation, and enumeration techniques for spoilage bacteria, it is
possible to better evaluate the matrix and to establish quality
criteria, thus estimating the product's shelf life (Mol, Erkan, Üçok,&
Tosun, 2007; Papadopoulos, Chouliara, Badeka, Savvaidis, &
Kontominas, 2003).

The scheme of the variables used to determine the shelf life of
the gutted ice-stored tambatinga is shown in Fig. 4. The pH value
had a linear and continuous increase, ranging from 6.25 in the first
day of ice storage to 6.74 at day 28, being represented by the
equation y ¼ 0.0133x þ 6.2583 (R2 ¼ 0.895). This increase is due to
the accumulation of alkaline substances from protein breakdown,
such as ammonia, resulting in increased pH as fish deterioration
progresses. Similar results were found by Lanzarin et al. (2011),
who studied Pintado fillets, and found a pH range from 6.33 to 6.67
from day 1 to day 28 of refrigerated storage.

The total volatile bases nitrogen (TVB-N) are by-products
derived from the bacterial proteolysis (Howgate, 2010). Lang
(1983) has proposed a fish classification according to TVB-N con-
tent, in which fish with TVB-N up to 25 mg/100 g are considered to
be of high quality, while those with TVB-N up to 30 mg/100 g are of
good quality. The limit of acceptability with is considered to 35 mg
TVB-N/100 g and fish containing above 35 mg TVB-N/100 g would
be unsuitable for consumption. The major volatile bases and
derived from trimethylamine oxide (TMAO) and ammonia. TMAO is
characteristic component of marine organisms and plants, the
primary volatile base to be considered for freshwater fish is
ammonia, thus the scale classification described above can hardly
be used. In this study, the TVB-N values ranged from 7.525 mg TVB-
N/100 g on the first day to 13.125 mg TVB-N/100 g on the 28th day
of ice storage. Similar results were described by Borges et al. (2013),
who studied Piaractus mesopotamicus and found values ranging
from 8.82 mg to 18.90 mg TVB-N/100 g after 17 days of storage.
Ozyurt, Kuley, Ozkutuk, & Ozogul, 2009 have also studied two
marine species, Mullus barbatus and Upeneus moluccensis, and
found a variation of 12.23 mge26.19 mg TVB-N/100 g and
19.49 mge37.96 mg TVB-N/100 g respectively, after eight days of
storage.

Fish degradation can be measured by the TBARS assay, which is
used to evaluate the malondialdehyde, a major decomposition
product of polyunsaturated fatty acid hydroperoxides formed
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Fig. 4. Linear regression for the variables heterotrophic aerobic mesophilic bacteria
(BHAM), heterotrophic aerobic psychrotrophic bacteria (BHAP), hydrogen potential
(pH), total volatile bases nitrogen (TVB-N), and thiobarbituric acid reactive substances
(TBARS) and ice storage time of the gutted hybrid tambatinga (Colossoma macro-
pomum� Piaractus brachypomum).
during oxidation (Contreras-Guzm�an, 1994). The average TBARS
values in this study ranged from 0.3276 to 1.0803 mg malondial-
dehyde/kg throughout 28 days of storage, with significant linear
increase. Similar results were found by Monteiro et al. (2012), who
studied modified-atmosphere packaged tilapia fillets irradiated
and placed in isothermal boxes containing in recyclable ice. In the
control group, in which the fillets were packaged aerobically, the
TBARS values ranged from 0.47 mg to 2.69 mg of malondialdehyde/
kg at day 1 and 28 of refrigerated storage, respectively.

The enumeration of heterotrophic aerobic psychrotrophic bac-
teria (BHAP) and heterotrophic aerobicmesophilic bacteria (BHAM)
allows assessment of the sanitary hygienic conditions and the de-
gree of fish deterioration. These analyses are extremely important
since bacterial activity together with the intrinsic enzymes is
responsible by a series of changes in the sensory characteristics of
fish and in some parameters such as pH, TVB-N, and TBARS.

The BHAP values ranged from 3.08 log CFU/g on the first day of
storage to 27.15 log CFU/g at day 28, with a linear behavior, which
can be explained by the equation y ¼ 2.784 þ 0.825x (R2 ¼ 0.92).
The strong growth of these bacteria is explained by the low storage
temperature, since it is an extrinsic factor that stimulates or inhibits
bacterial growth and psychrotrophic bacteria thrive ate low tem-
perature. This group of microorganisms primarily metabolizes
amino acids, and then the proteolytic activity takes place, directly
affecting the sensory characteristics of food (Pedrosa-Menabrito &
Regenstein, 1998).

The BHAM values ranged from 4.39 log CFU/g on the first day to
18.57 log CFU/g at day 28 of storage. These counts are generally
used to indicate the sanitary quality of food, which show deficiency
on the time/temperature binomial during storage (Cousin et al.,
2001). High mesophilic counts show that these bacteria found
ideal growing conditions on ice-stored fish. The International
Commission on Microbiological Specifications for Foods (ICMSF,
1986) has established the maximum limit of 7 log CFU/g, which
was exceeded at day 12 (7.40 log CFU/g) in the present study.

According to the results, the shelf life of the gutted ice-stored
tambatinga was 10 days, once the counts performed on the 12th
day of storage exceeded the limit proposed by ICMSF to BHAM.
Similar results were found by Borges et al. (2014, 2013) on hybrid
tambacu and Piaractus mesopotamicus, respectively, with 11 days of
shelf life for both species.

3.3. Correlation between sensory, microbiological and
physicochemical analysis

Fig. 5A represents the correlation between all parameters used
to evaluate the quality of the gutted ice-stored tambatinga. The
parameters included the attributes used in the QIM protocol
(brightness, Godet test, eye shape, cornea, pupil, color and odor of
gills, color and odor of abdomen and fins), in addition to hetero-
trophic aerobic psychrotrophic bacteria (BHAP) and heterotrophic
aerobic mesophilic counts (BHAM), pH measurement, total volatile
bases nitrogen (TVB-N), and thiobarbituric acid reactive substances
(TBARS). In the component analysis, only two vectors were used to
explain 91.92%, and the first principal component (PC1) explained
85.90%, while the second principal component (PC2) explained
6.02% of the variations in the quality parameters as a function of
storage time.

In the principal component analysis, the vectors length corre-
sponds to the relative importance of each quality parameter for the
differentiation of samples, that is, the fundamental parameters for
determining fish storage time. Thus, the parameters in the order of
importance of the vectors are BHAP (0.988), abdominal odor
(0.982), brightness (0.978), abdomen color (0.958), TVB-N (0.949),
pupil (0.946), color of the gills (0.945), cornea (0.944), pH (0.936),



Fig. 5. Principal Component Analysis of the hybrid quality parameters of gutted ice-stored tambatinga (Colossoma macropomum� Piaractus brachypomum): (A): A1eA10 represents
the parameters of the quality index as follows: A1 ¼ overall aspectebrightness, A2 ¼ overall aspect e Godet test, A3 ¼ eyes-shape, A4 ¼ eyesecornea, A5 ¼ eyesepupil, A6 ¼ gills-
color, A7 ¼ gills-color, A8 ¼ abdomen-color, A9 ¼ abdomen-odor and A10 ¼ fins-dorsal/ventral/caudal; BHAM ¼ heterotrophic aerobic mesophilic bacteria, BHAP ¼ heterotrophic
aerobic psychrotrophic bacteria; pH ¼ hydrogen potential (pH), total volatile bases nitrogen (TVB-N), and thiobarbituric acid reactive substances (TBARS) (B): 1 ¼ day 1 5 ¼ day 5,
9 ¼ day 9, 12 ¼ day 12, 16 ¼ day 16, 19 ¼ day 19, 23 ¼ day 23, 26 ¼ day 26 and 30 ¼ day 30.
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odor of the gills (0.936), fins (0.932), BHAM (0.923), TBARS (0.921),
Godet test (0.884), and eye shape (0.622), with their respective
factorial loads in parentheses.

As can be observed, the parameters lateral line, Godet test,
operculum, and eye shape are different from the others, thus they
had little influence on the differentiation of fish storage time.

Fig. 5B shows the formation of four groups of samples. Samples
stored for 1, 5 and 9 days are located in the negative PC1 and PC2
quadrants, therefore they are similar with respect to their fresh-
ness. The sample stored for 12 days is located in the negative PC1
quadrant and positive PC2 quadrant, demonstrating that it is
different from the previous ones, with lower freshness. Samples
stored for 16, 19 and 23 days were located in the positive PC1 and
PC2 quadrants, while samples stored for 26 and 30 days are in the
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positive PC1 quadrant and negative PC2 quadrant.
The shelf life of the gutted ice-stored tambatinga was estimated

at 10 days, based on the BHAM counts. The position of the samples
1, 5 and 9 in Fig. 5B evidenced that this group consisted of samples
suitable for human consumption.

4. Conclusion

The QIM protocol developed for hybrid tambatinga
(C. macropomum� Piaractus brachypomum) established a Quality
Index ranging from zero to 18 demerit points. Based on the
bacteriological and physicochemical parameters, the shelf life of
the gutted ice-stored tambatinga is set at 10 days.
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The requirement of real-time monitoring of food products has encouraged the development of non-
destructive measurement systems. This has directed the intentions of the researchers to introduce
plenty of novel techniques that could be more reliable and provide rapid and comprehensive results
regarding the microbial status of food products. Therefore, the traditional time-consuming and laborious
methods should be replaced by some novel techniques to provide a prompt and non-invasive microbial
testing of food. This article provides information about some innovative microbial investigation methods
that could replace the conventional techniques that have been habitually used in food industries.

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

Ensuring food safety and food quality through hazard analysis
and critical control point (HACCP) system has been generally
practiced by food industries for the provision of safe food
throughout the whole food supply chain i.e. from primary producer
to final consumer. HACCP system is a comprehensive approach
which mainly focuses on preventive and control strategies at each
stage of the entire food chain (Ropkins& Beck, 2000). But the major
drawback in the implementation of this management system is
that most of the industries are relying on the slow and conventional
time consuming methods to determine the microbial quality of
food. These cumbersome traditional techniques do not allow rapid
monitoring of microbial load on raw materials. Another hindrance
of these methods is that they are unable to provide real-time
monitoring during the processing or on the final product
(Dostalek & Branyik, 2003).

However, a wide number of traditional cultural techniques still
have been practiced by the food industries for the detection of
eering, Faculty of Agricultural
aisalabad, Pakistan.
.

microbial contamination. Despite the importance of cultural
methods for microbial identification, these methods cannot meet
the fast-paced production and processing environments due to
several hitches like these are laborious, less-reliable and time
consuming. Additionally, the increased concern of modern con-
sumer related to safety and nutritional status of processed foods
has promoted the food industry to develop some rapid, reliable,
simple and non-destructive methods for the detection and online
monitoring of microbial hazards in food products (Kamruzzaman,
Makino, & Oshit, 2015).

Therefore, it is obligatory to introduce some faster and non-
invasive microbiological methods to assure a better and reliable
control of raw materials as well as the final products in order to
deliver an improved reactivity during the course of manufacturing
process. Over recent years, a strenuous effort has been made to
develop novel rapid techniques for the identification and estima-
tion of microbial load in food, including automated immunoassays,
spectroscopic analyses, microscopy, polymerase chain reaction
(PCR) analyses and biochemical based detectionmethodologies like
bioluminescence based enumeration methods (Johnson et al.,
2014).

Despite several advancements in sampling and monitoring
techniques that provide a rapid and automated identification
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system, some alternative analytical methods have also been
investigated in order to ensure the accuracy of results in a much
shorter time span. These techniques are based on computer vision
systems, spectroscopic methods and molecular & DNA-based
methodologies. The assertion of microbial safety is of prime
importance for food processing industries because the demand and
expectation of consumers for safe and high quality products have
been constantly increased. Likewise, food safety legislations have
been becoming more stringent day by day around the globe in
order to transport the safe, nutritious and high quality products
through international market (Wu & Sun, 2013).

The trend of fast, precise and objective food inspection methods
continues to grow for ensuring safety and quality throughout the
whole production process. Traditional microbial detectionmethods
involve inclusive sampling procedures followed by classical
microbiological analyses that are time consuming, laborious and do
not offer instantaneous inferences (Gowen, Feng, Gaston, &
Valdramidis, 2015). Currently, microbial detection and identifica-
tion is based on three main methods which include conventional
culturing of microorganisms in artificial environment, immunoas-
says and molecular techniques like PCR and DNA fingerprinting.
Traditional plating techniques exploit phenotypic characteristics of
microorganisms like their colony morphology and hemolysis, im-
munoassays involve antibodyeantigen interactions (Moravek et al.,
2006) to identify the specific microbial toxin (Chen & Ding, 2004),
while PCR based analyses identify the genes which are responsible
for the production of microbial toxins in food (Martinez-Blanch,
Sanchez, Garay, & Aznar, 2009). These modern techniques have
shown great potential to identify the microbial species and asso-
ciated toxins in food systems with much reliability and accuracy in
a shorter period of time. However, these modern techniques also
have some limitations, particularly in terms of cost and expertise
(Table 1). The aim of this review article is to highlight the compe-
tence of some modern methods for rapid and precise microbial
identification.

2. Spectroscopic techniques

Several spectroscopic techniques have been investigated in or-
der to explore their potential for rapid microbial identification.
Among these techniques, the most prominent spectroscopic
methods are Fourier transform infrared spectroscopy (FTIR) (Sahar,
Rahman ur, Kondjoyan, Portanguen,& Dufour, 2016), hyperspectral
imaging, fluorescence spectroscopy (Sahar, Boubellouta, & Dufour,
2011) and UV-visible near infrared (NIR) spectroscopies that have
been explored to rapidly detect microbial contamination.

2.1. FTIR spectroscopy

Fourier transform infrared spectroscopy in mid infrared (MIR)
region has been presented as a rapid and non-invasive technique in
Table 1
Advantages and disadvantages of rapid identification tools for microbial documentation

Techniques Advantages

FTIR and UVeVis
NIR
spectroscopy

Fast, simple, no or less sample preparation; sensitive; non-destruct
quantitative analysis; no or less chemical cost involved, simultaneou
discrimination of bacteria

PCR analysis (DNA
based
techniques)

Simple and intelligible; high efficiency; suitable for analyzing com

ELISA Provides greater specificity; single cell identification; user friendly

Hyperspectral
imaging

Provides spatial images; high reliability, fast detection, real-time m
clinical applications and in food industries. Vibrational spectros-
copy is capable to measure the biochemical changes within the
food substrate and it can be used to exploit the information about
the decomposition of the food and formation of metabolites by
microorganisms (Argyri et al., 2013). FTIR spectroscopy implicates
the observation of vibrations of excited molecules through infrared
beam and the resultant absorbance spectrum epitomizes a finger-
print which is characteristic of any chemical or biochemical sub-
stance (Ellis, Broadhurst, Kell, Rowland, & Goodacre, 2002).

Ellis et al. (2002) used FTIR for the direct detection of microbial
count on the surface of chicken breasts in 60 s. They concluded that
this technique will be helpful for food industry in HACCP process
for microbiological safety assessments of food during the process-
ing and storage of foods. Ellis, Broadhurst, and Goodacre (2004)
also compared the technique of FTIR with common method of
microbial analysis. They directly exposed surface of beef to the FTIR
and collected the measurements. They demonstrated that FTIR was
significantly suitable for the rapid detection of microbial load on
beef surface.

Ammor, Argyri, and Nychas (2009) conducted an experiment to
exploit FTIR in combination with chemometrics for the rapid
detection of meat spoilage. They measured bacterial counts, pH and
sensory quality of minced beef samples at different temperatures
and storage conditions and revealed that FTIR was a rapid, non-
invasive and economical technique for measuring the spoilage of
minced beef. Argyria, Panagoua, Tarantilis, Polysiouc, and Nychasa
(2010) detected beef spoilage by employing FTIR with artificial
neural networks. They stored beef fillets aerobically at different
temperatures for up to 350 h and then FTIR spectra were measured
directly from the surface of meat samples. The results demon-
strated that FTIR had a significant potential to detect meat spoilage
rapidly. Argyri et al. (2013) compared FTIR with Raman spectros-
copy for the rapid prediction of meat spoilage. They stored minced
meat samples aerobically as well as anaerobically at 5 �C and then
these samples were directly run on both FTIR and Raman spec-
trophotometer. The data obtained from the study demonstrated
that FTIR detected the bacterial counts more accurately as
compared to the other technique. They concluded that these rapid
and non-destructive techniques could be used in future for rapid
detection of food spoilage in food industries.

2.2. Hyperspectral imaging technique

Over the past few years, numerous innovative sensing tech-
niques have been developed that have shown a great potential for
safety and quality inspection of food products (Valous, Mendoza, &
Sun, 2010). Hyperspectral imaging (HSI) technique is one of these
emerging technologies that are known to have the ability of real-
time food quality monitoring. HSI uses the combination of con-
ventional digital imaging and spectroscopy in a combined detection
system. This arrangementmakes it possible to acquire both spectral
in food matrices.

Disadvantages

ive; qualitative plus
s identification and

Misinterpretation of complex samples; requires
standardization, high cost of instrument, rigorous data
collection and expertise

plex samples Expensive; have high computational complexity

Suffers in terms of desired sensitivity; typical detection limit
of 104 CFU/mL; relatively expensive

onitoring Sometimes contain unnecessary information rather than a
single color image; need superior skills
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and spatial information about the data concurrently. Spectroscopy
analyzes the data on the basis of particular spectral signatures of
individual components and imaging system converts the data into
useful information by transforming the spectra 3-D maps for
complete and accurate visualization. This unique ability of HSI
enables this technique to be used in a broad range of applications
for ensuring food quality and safety with much more confidence
(Wu & Sun, 2013).

HSI has wide applications in the food processing industries
particularly in meat industry. This technique has been extensively
used for the quality analyses like color, pH, tenderness and water
holding capacity of food products (ElMasry, Iqbal, Sun, Allen, &
Ward, 2011; ElMasry, Sun, & Allen, 2011, 2012). It also has appli-
cations for the determination of chemical composition and micro-
bial status of raw and processed meat (Peng et al., 2011). Feng and
Sun (2013) exploited HSI for the determination of freshness and
bacterial spoilage of chicken and confirmed the strong potential of
this technique for rapid food quality analysis. Park et al. (2007) also
stated that HSI effectively monitored the composition, spoilage,
bacterial contamination and freshness of fish samples. This tech-
nique has also the capability to classify different samples within
same species on the basis of their quality (ElMasry et al., 2011;
ElMasry, Sun, & Allen, 2011).

Hyperspectral imaging is known globally for rapid, non-invasive
and accurate determination of microbial quality directly from the
food samples. However, most of the studies have been conducted to
analyze the microbial status and quality attributes of meat and
meat based products. Additionally, it can also be utilized for the
detection of physical defects, authenticity and adulteration of food
products with quite reliability. Spectral range of HSI for the detec-
tion of microbial contamination in different food samples has been
documented in Table 2 (Kamruzzaman et al., 2015).

2.3. UVeVis NIR spectroscopy

Near Infrared (NIR) and Infrared regions (IR) in the range of
200e25,000 nm has also been employed for the direct detection of
microorganisms particularly Bacillus sp. This technique was
deployed for the detection of pathogenic microflora during waste
treatment at a biogas plant (Ghosh et al., 2015). Efficiency of this
technique was determined to predict the viability of different mi-
croorganisms during the digestion of agricultural waste (Kale &
Nayak, 2007). Prepared samples were suspended on bacterial cul-
ture and then spotted on 1 cm2 silicon wafer surface (Si 1e0e0).
The samples were then dried by IR lamp and UVeViseNIR mea-
surements were taken at 200e2700 nm by spectrometer. Bacterial
spectrawere collected and analyzed for the identification of aerobic
pre-digester microflora. The study concluded that use of spectros-
copy in IR, UV-Vis and NIR range is quite effective to identify the
bacterial species and can be successfully used in the food industries
for the detection of food pathogenic bacteria (Ghosh et al., 2015).
Table 2
Spectral range of hyperspectral imaging for the identification of microbial
contamination.

Applications Spectral range (nm)

TVC in chicken 900e1700
TVC in beef 400e1100
TVC in pork 400e1000
TVC in pork 900e1700
TVC in fish 400e700
Enterobacteriaceae load in chicken 900e1700
Pseudomonas load in chicken 900e1700
PPC in pork 900e1700
E. coli in pork 400e1100

TVC: Total Viable Count, PPC: Psychrotrophic Plate Count.
3. Non-invasive light-scattering sensors for bacterial
monitoring

Traditional methods for microbial identification and colony
isolation have broad applications in food industry but time
consuming techniques used in these methods are not suitable for
real-time monitoring of microbiological quality of food. Hence, it is
important to develop some rapid screening tools that help in fast
and easy isolation of microbial species from food samples. Optical
biosensors, in this regard, are gaining attention of researchers
because they provide fast, reliable, reagent-less and sensitive re-
sults about microbial investigation (Bhunia, 2014). Most recently,
application of BARDOT (bacterial rapid detection using optical
scattering technology) has been reported for this purpose which
involves the use of light scattering sensor based on biophysical
principles. A 635 nm red-diode laser beam is utilized in this tech-
nique that illuminates individual colonies and captures the
disseminated signatures for real-time interrogation on plate
(Bhunia, Bae, Rajwa, Robinson, & Hirleman, 2012). It captures
phenotypic characteristics of a particular bacterial colony and iso-
lates it on the basis of their morphological characteristics. BARDOT
has been successfully examined for the direct monitoring of Sal-
monella (Singh et al., 2014), Listeria (Banada et al., 2009), Vibrio
(Huff et al., 2012) and Escherichia coli (Tang et al., 2014) on Petri
dishes from various food samples. Studies also confirmed that
BARDOT can also be used for the identification of different Bacillus
strains directly from the food samples. In addition, this technique
can also be employed to detect Bacillus spp. from raw bovine milk
or artificially inoculated infant formula and milk samples (Singh
et al., 2015).
4. Application of PCDA/SPH/CHO/Lysine vesicles to detect
pathogenic bacteria

This system involves the use of different receptors for the
detection of particular pathogenic strains in food. Bacterial defense
responses are employed for the detection of pathogens like Sal-
monella. Most commonly used system is polydiacetylene (PDA) that
has the ability to detect various pathogens which are significant for
food safety. PDA is very important due to its unique optical property
that undergoes colorimetric transitions by various external stimuli.
Due to this unique behavior of PDA, a pentacosadyinoic acid
(PCDA)-Sphingomyelin (SPH)-Cholesterol (CHO)-Lysine vesicle
system has recently been introduced to analyze the colorimetric
response induced by Salmonella choleraesuis (de Oliveira et al.,
2015).

The mechanistic approach involved behind this detection is that
the vesicles undergo color changes after interaction with medium
depending upon the concentration of a particular bacterium. Nor-
mally, PDA has blue color which turns to red after interaction with
the medium. The color transition of PDA is then exposed to stim-
ulus and causes organized segmental reorientation which gener-
ates an energy gap. Therefore, the absorption spectrum of PDA
vesicle shifts toward a higher energy level. Color can change from
blue to purple, red or orange depending on the extent of pertur-
bation (Pattanatornchai, Charoenthai, Wacharasindhu,
Sukwattanasinitt, & Traphol, 2013). Studies demonstrated that
direct application of PDA vesicles for bacterial detection from food
matrices is a quite effective approach despite of a lot of complexity
of food matrices. The system that involves PCDA/SPH/CHO/Lysine
vesicles has also shown the potential for rapid identification of
pathogens particularly Salmonella in meat samples. So, this system
can be introduced at industrial level for routine food analysis (de
Oliveira et al., 2015).
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5. FISH: a promising tool for detection of food pathogens

Fluorescence in situ hybridization (FISH) is a rapid and sensitive
approach for whole-cell detection of microorganisms. It involves
visualization of whole cell and targeting ribosomal RNA followed by
observing regions of variability on rRNA. FISH relies on fixation of
sample to make it permeable for the entry of fluorescent probes,
probe hybridization, removal of unbound probes and observing
microscopy or flow cytometry (Rohde, Hammerl, Appel,
Dieckmann, & Al Dahouk, 2015). This technique is known for the
fast detection of pathogenic bacteria in food matrices with more
reliability as compared to the traditional methods. This technique
has shown its potential for the detection of Salmonella, Listeria
monocytogenes, Campylobacter (Bisha & Brehm-Stecher, 2009;
Fuchizawa, Shimizu, Ootsubo, Kawai, & Yamazaki, 2009; Schmid,
Lehner, Stephan, Schleifer,&Meier, 2005) Bacillus cereus, E. coli and
Cronobacter (EFSA and ECDC, 2013). At early times, this technique
was confined to the detection of pure cultures however, in recent
years it has also been employed for the detection of bacteria in
complex food matrices like meat and dairy products (Oliveira,
Andrade, Guerra, & Bernardo, 2003, Oliveira et al., 2012). Like-
wise, other foods such as raw food commodities, alcoholic bever-
ages and fruit juices can also be examined for their microbial status
by using FISH. Additionally, it has also the potential to detect
foodborne parasites (Rohde et al., 2015).

6. Determination of microbial load by assessing intracellular
ATP

Adenosine triphosphate (ATP) bioluminescence is one of the
current rapid methods for online microbial detection in food. Many
ATP bioluminescent kits and luminometers are commercially
available for this purpose. ATP luminescence involves use of
chemical energy in ATP to drive the oxidative decarboxylation of
luciferin, with the resultant light production. ATP luminescence has
beenwidely used in food industries for the detection of total viable
count in water, fruits and vegetable surfaces, fresh fruit and vege-
table cuts, soy milk, meat, raw bovine milk and carbonated bever-
ages (Bottari, Santarelli, & Neviani, 2015). This technique can also
be used for estimation of surface cleanliness in food industries
(Aragones, Escude, Visa, Salvi, & Moce-Llivina, 2012). In addition to
detect bacterial contamination, it can also be used for the identi-
fication of organic debris and other residues that can cause
contamination during the processing of food (Corbitt, Bennion, &
Forsythe, 2000).

7. DNA based techniques

Following the advent of molecular biology, a number of DNA-
based techniques have been developed for improving food con-
trol activities. These molecular methodologies permit rapid,
consistent and economic detection of foodborne pathogens. Most
techniques rely on the analysis of genetic DNA markers and have
become increasingly important in food microbiology (Galimberti
et al., 2015).

7.1. DNA barcoding

DNA barcoding has been extensively used for the identification
of genetically modified organisms (GMOs) in different foods. This
technique has the potential to identify biological entities in a food
sample by analyzing the variation in standard molecular markers.
As an example, very recently, it has been investigated that DNA
barcoding biomarkers (bar-HRM) coupled with High-Resolution-
Melting (HRM) analyses effectively differentiated cultivars and
closely related species of GMOs in food products (Druml & Cichna-
Markl, 2014).

7.2. TaqMan probe-based real-time PCR protocol for Salmonella
detection in food

This is a time effective technique that can be used for the
detection of different strains of Salmonella in food samples. This
method has almost 100% sensitivity and can detect Salmonella
contamination up to 1 cfu in 25 mL food sample. The technique has
been successfully employed for Salmonella detection in milk,
yoghurt and cheese (El-Sharoud, 2015). Thus, it can be commer-
cialized for accurate microbial risk assessment in food industries.

7.3. Denaturing gradient gel electrophoresis (DGGE)

DGGE is a fingerprinting technique based on separation of PCR
amplicons having uniform size but different sequences. Fragments
are separated based on their denaturing profiles in a denaturing
gradient gel. This technique has extensive applications for the
detection of yeast and bacteria fermented products (Peres, Barlet,
Loiseau, & Montet, 2007). However, it is difficult to differentiate
these fragments if they have a minute difference or have same
denaturing behavior.

7.4. DNA walking strategy to identify unauthorized GMOs

This approach has been developed recently for the identification
of unauthorized GMOs in food and feed matrices that targets
pCAMBIA family vectors, found in transgenic plants. It involves the
use of PCR screening followed by characterization of transgene
flanking regions using DNAwalking. Recently, Fraiture et al., (2015)
used this technique for the identification of GMOs in rice products
and postulated that this system provides reliable and sensitive re-
sults for the identification of GMOs in food matrices.

8. Conclusion

This review paper concludes that traditional microbial investi-
gation methods are no doubt reliable but are quite time consuming
and laborious, thus, some novel label-free and on-plate colony
screening technologies should be adopted by food industries in
order to provide more accurate and comprehensive information
about the microorganisms that are significant for the food spoilage
& food borne illness. In this critique, potential of some rapid and
reagent-free techniques to estimate microbial contamination of
food has been reviewed. The above discussion concludes that
several spectroscopic, laser optical, bioluminescence and DNA-
based methodologies could be espoused by food industries,
biotechnology companies and public health laboratories in future
for screening of microorganisms from different types of samples.
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a b s t r a c t

In the current study three all-rice malt beers were produced in a traditional way from different rice malts
each with sufficient endogenous enzyme activity for degradation of the rice components. The use of a
simple infusion mashing program with acidification was mandatory as well as for improving hydrolytic
enzymes activity as for protein degradation. Following this procedure, a complete saccharification was
achieved 1 h after reaching 74 �C as ascertained with the iodine test. Lautering proceeded without
difficulty, probably due to the low viscosity of the worts and to the rice husk which was ideal for
filtration. Despite their low total nitrogen and FAN (Free-Amino Nitrogen) contents and suboptimal wort
sugar compositions, the fermentation for all the samples proceeded regularly. The most important
aroma-active substances were determined and compared to a barley malt bottom-fermented beer.
Identification of the sensory profiles of the beers was also performed using a trained taste panel.

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

Beer is a very popular beverage around the world. Generally the
basic ingredient is barley or wheatmalt. This can be problematic for
individuals who suffer from celiac disease, an intolerance to the
gluten proteins found in barley andwheat, andwho should follow a
gluten-free diet which would also exclude beer (Hager, Taylor,
Waters, & Arendt, 2014). This is one reason for which it may be
useful to replace the conventional barley or wheat ingredients in
beer productionwith rice, a gluten-free and readily available cereal.
Another reason is the possibility to produce beer with alternative
raw materials in those countries where barley is not cultivated.

Rice beer production is not without challenges. Meanwhile the
malting of barley and wheat produces malts that are suitable for
brewing, the malting of rice has not yet yielded an appropriate malt
despite several attempts made in recent years (Agu et al., 2012;
Ceppi & Brenna, 2010a; Kongkaew, Usansa, & Wanapu, 2012;
Zarnkow, Kessler, Burberg, Kreisz, & Back, 2005). The main prob-
lemwith rice malt is that it fails to complete saccharification during
mashing. This means the rice starch does not completely degrade
into soluble sugars and low molecular weight starch degradation
products in the wort, which is a necessary condition for beer
production. As a result, the yield and the rate of lautering decrease
and an undesirable haze forms during fermentation and the beer
flavor suffers (Narzib & Back, 2012a). One of the reasons for the
incomplete saccharification seems the high gelatinization temper-
ature of the rice starch and an insufficiency of starch-degrading
enzymes in the rice malt. But also a sufficient protein degrada-
tion, especially of the structural protein of the endosperm cell wall,
is indispensable for the saccharification of the starch and has to
occur prior to or simultaneously with starchmodification (Narzib&
Back, 2012a). This is more difficult in rice malt than in barley malt
probably due to the different protein composition of rice that can
be noted also in the absence of gluten. Even in the case of the
alternative way to produce beer, by supplementing the unmalted
raw material with commercial exogenous enzymes, it is not
possible until today to produce a beer-like 100% rice beverage even
though this technique is successfully applied to unmalted barley
(Steiner, Auer, Becker,& Gastl, 2012), because the rice protein could
not be degraded by synthetic enzymes and therefore the protein
cannot solubilize in the wort (Narzib & Back, 2012a; Steiner et al.,
2012; Zarnkow & Back, 2005). In this case the problem is the low
nitrogen content in the wort which is crucial for several reasons.
The high molecular weight proteins are important for foam quan-
tity and stability while the lowmolecular weight nitrogen products
e.g. amino acids, measured as FAN, are necessary for yeast nutrition
and so for a complete fermentation. Moreover, the formation of
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color and aroma substances by Maillard reactions, which are
important for beer quality and flavor, is reduced.

On the other hand the malting process increases proteolytic
activity even if the overall low protein content of rice malt and its
weak modification during malting and mashing yields less soluble
nitrogen in the wort than in barley malt (Ceppi & Brenna, 2010a;
Narzib & Back, 2012a). So the rice beer production is problematic
both in the traditional way by using themalted cereal and in a more
modern way by adding exogenous enzymes to the unmalted raw
material.

The present work will show how to produce a 100% rice malt
beer following a traditional method. The prerequisites are a well-
modified and saccharifying rice malt and optimized mashing con-
ditions as reported in a recent study (Mayer, Marconi, Regnicoli,
Perretti, & Fantozzi, 2014), where three rice malts capable of
completely saccharifying through the work of endogenous en-
zymes were produced for the first time in a laboratory test. Two of
the malts were of the same variety, but differed in origin and had
different protein contents. To obtain complete saccharification, it
was necessary to adapt the pH and temperature settings of the
laboratory mashing programs, because rice malt has a different
composition of the endosperm cell walls (Shibuya, Nakane, Yasui,
Tanaka, & Iwasaki, 1985; Shibuya & Iwasaki, 1978; Shibuya &
Misaki, 1978) and a different content and behavior of the amylo-
lytic enzymes than barley malt (Ceppi & Brenna, 2010b;
Dziedzoave, Graffham, Westby, & Komlaga, 2010; Iwata, Suzuki, &
Aramaki, 2003; Iwata, Suzuki, Takahashi, & Aramaki, 2002; Iwaki
& Fuwa, 1981; Nakai et al., 2007; Yamasaki, Nakashima, & Konno,
2008).

In the present study, the authors intended to verify if the good
results of the laboratory mashing trials can be achieved also under
brewhouse conditions and if the quality and quantity of the ob-
tained protein degradation products is sufficient or can affect the
course of fermentation or the organoleptic features of the final
product. In fact the presence of a balanced amino acid and sugar
composition of the wort is necessary for proper fermentation and
the formation of fermentation by-products like esters, aldehydes
and higher alcohols, which contribute to a beer's flavor and
determine its sensory profile.

The main objective of this study was to use the three rice malts
that have been previously developed to brew a beverage similar in
aroma, taste and mouthfeel to beer. The all-rice malt beers were
produced for the first time in a traditional way in a pilot brewery
and the final rice beers were evaluated and compared to a barley
malt beer. Finally the levels of major aroma-active components of
bottom-fermented beers were determined and a sensory analysis
was performed to assess the beer-like character of the rice
beverages.
2. Materials and methods

2.1. Rice

Three samples of Italian rice were used in this study and all were
harvested in 2011. The first sample was Centauro from Sardinia
(8.51% protein dry matter), the second sample was Centauro from
North Italy (7.62% protein d.m.) and the third sample was Balilla
(7.44% protein d.m.). Each rice sample was malted in duplicate as
paddy rice in an automatic micromalting system from Custom
Laboratory Products (Keith, UK) as has been described in a previous
article by the authors (Mayer et al., 2014).
2.2. Brewing

2.2.1. Wort production
The aforementioned malt samples (3 kg) were processed in a

20-L pilot scale brewery (Braumeister, Speidel, Ofterdingen, Ger-
many) in duplicate. Themalt was crushed in a two-roller mill (Engl-
Maschinen GmbH, Schwebheim, Germany) with a 0.5 mm gap
between the rollers. A 1:4 ratio of rice malt grist to brewing water
(3 kg of malt to 12 L of water) was used and supplemented with
CaCl2 � 2H2O to 85 mg/L of Ca. After mixing the malt grist with
water the pH was quickly adjusted with lactic acid to 5.3. The same
infusionmashing programwas used for the three different ricemalt
samples.

The optimal pH and temperature conditions for rice malt en-
zymes have not been described in the literature to our knowledge
with the exception of a-glucosidase (55 �C, pH 4.5 (Iwata et al.,
2003)), pullulanase (60 �C, pH 5.5 (Iwata et al., 2002) or 55 �C, pH
6.0 (Yamasaki et al., 2008)). Therefore, all temperature rests were
empirically developed. Mashing was conducted by increasing the
temperature by 1 �C/min and by maintaining the following tem-
perature rests: 30 min at 45 �C, 45 min at 65 �C, 60 min at 74 �C,
10 min at 78 �C. A temperature rest at 55 �C, optimal for a-gluco-
sidase, was avoided because of the already high amount of glucose
in the wort (Mayer et al., 2014). The saccharification test with
iodine solution was performed every 10 min after the beginning of
the temperature rest at 74 �C. All the samples completely saccha-
rified 1 h after reaching 74 �C, before increasing the temperature to
78 �C.

After 10 min of mashing-out, the wort was transferred to the
lauter tun for filtration. The lautering time for all samples was
approximately 1 h. Spargingwas conducted twicewith 4 L and once
with 2 L of water at 78 �C. The mash was boiled for 60 min. At the
beginning of this phase, hop pellets (variety Perle, 7.7 a-acids) were
added to achieve 15 International Bitter Units (IBU). The hopping in
the final part of wort boiling was avoided in order to minimize the
development of flavor compounds from the hop. After boiling and
elimination of the hot trub, the wort was cooled to 13 �C. Aeration
of the wort was then performed before yeast pitching.

2.2.2. Fermentation
Pitching of the yeast was carried out at 13 �C using 1 g yeast per

L of wort. A dry, bottom-fermenting yeast that is commercially-
available (Saflager S-23, Fermentis, Marcq-en-Barœul Cedex,
France) was introduced after rehydration with sterile water to
achieve 107 cells/mL in the wort. The use of a bottom-fermenting
yeast allowed for better identification of the typical rice malt fla-
vor. The fermentation temperature was maintained at 13 �C for 6
days. Then, after cooling down to 2 �C, the yeast was discharged
from the bottom of the tank. The maturation lasted for 10 days. At
the end of maturation, the beer was analyzed.

2.3. Chemical analyses

2.3.1. Wort analyses
The following analyses were performed on the worts in dupli-

cate according to the official Analytica-EBC methods (European
Brewery Convention, 2007): Extract of Wort (�P), EBC method
8.3; pH of Wort, EBC method 8.17; Color of Wort: Spectrophoto-
metric Method (EBC-U), EBC method 8.5; Viscosity of Wort (mPa*s
at 20 �C), EBC method 8.4; Fermentability, Attenuation Limit of
Wort e Rapid Method (%), EBC method 8.6.2; Total Nitrogen in
Wort: Kjeldahl method (mg/L), EBC method 8.9.1; Free Amino Ni-
trogen (FAN) in Wort by Spectrophotometry (mg/L), EBC method
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8.10.
The wort yield (%) at the end of wort production was calculated

as:

Yield % ¼ E x V x F
G

� 100

E: Extract content (1 g/0.1 L)
V: wort volume (L)
G: grain bill (g)
F: correction factor
2.3.2. Beer analyses
The beer samples were characterized for several quality attri-

butes using the following Analytica-EBC methods (European
Brewery Convention, 2007): Original Extract of Beer (�P), EBC
method 9.4; Alcohol in Beer by Distillation (% v/v), EBC method
9.2.1; pH of Beer (method 9.35); Color of Beer: Spectrophotometric
Method (EBC-U), EBC method 9.6; Total Nitrogen in Beer: Kjeldahl
Method (mg/L), EBC method 9.9.1; Free Amino Nitrogen (FAN) in
Beer by Spectrophotometry (mg/L), EBC method 9.10; Foam Sta-
bility of Beer using the NIBEM-T Meter 30 s (sec), EBC method 9.42;
Viscosity of Beer: Glass Capillary Viscometer (mPa*s at 20 �C), EBC
method 9.38. The apparent degree of fermentationwas determined
by following the Mebak method 2.8.4 (Mitteleurop€aische
Brautechnische Analysenkommission, 2013).

The contents of various amino acids (aspartic acid, glutamic
acid, serine, threonine, arginine, histidine, methionine, valine,
leucine, isoleucine, lysine, glycine, alanine, tyrosine, and phenyl-
alanine) were determined in rice malt wort and beer by high per-
formance liquid chromatography (HPLC) by quantifying the
fluorescence of the orthophtaldialdehyde (OPA)/mercaptoethanol
derivatives as reported by Marconi et al., 2013.

The composition of sugars in the worts and beers from rice malt
were determined by HPLC coupled with evaporative light scat-
tering detector (ELSD) as reported by Floridi, Miniati, Montanari &
Fantozzi, 2001.

The free dimethyl sulphide (DMS) concentration in beer was
determined according to the method from Stafisso, Marconi,
Perretti & Fantozzi, 2011.

Aldehydes, alcohols and esters in beer were quantified accord-
ing to slightly modified methods proposed by Vesely, Lusk,
Basarova, Seabrooks & Ryder, 2003, as shown by De Francesco,
Turchetti, Sileoni, Marconi & Perretti, 2015, based on solid-phase
microextraction with on-fiber derivatization. An Agilent Technol-
ogies 6850 gas chromatograph equipped with an Agilent Technol-
ogies Mass Spectrometer 5975C (Santa Clara, CA) coupled with a
Maestro Autosamples Gerstel Multi Purpose Sampler (Baltimore,
MD) was used. The gas chromatograph-mass spectrometer was
equipped with a glass direct inlet liner (1.5 mm inner diameter and
140 ml volume) and a DB-5MS capillary column of
60 m � 0.32 mm � 1 mm (J&W Scientific, Folsom, CA) consisting of
cross linked 5% phenyl methyl siloxane. A 65-mm poly(-
dimethylsiloxane)/divinyl benzene (PDMS/DVB) fiber coating
(Supelco, Bellefonte, PA) was used.
2.4. Statistical analyses

Statistical analyses were performed using SigmaPlot Software
(version 12.0; Systat Software, Inc., San Jose, CA). Different matrices
were compared by one-way repeated measures analysis of variance
(ANOVA), and the results were further analyzed using the
HolmeSidak test and the Tukey test.
2.5. Sensory analysis

A sensory evaluation of the beers was carried out by a trained,
18-member tasting panel (9 women and 9 men, 24e65 years old),
following the EBC method 13.10 (Sensory Analysis: description
analysis (IM) (European Brewery Convention, 2007)). The scores
ranged from 0 to 9. A score of 0 meant that the attribute was absent
whereas a score of 9 indicated that the attribute was extremely
strong. The twelve attributes assessed for the taste were: fruity/
estery, alcoholic/solvent, cooked vegetable, cereal, malty, oxidized/
aged, bitter, sweet, sour, astringent, body and linger, while the
seven attributes assessed for the aroma were: fruity/estery, alco-
holic/solvent, cooked vegetable, cereal, malty, oxidized/aged and
sweet. Blind-tasting was conducted on all the experimental sam-
ples. The results were depicted in a spider plot and the values were
expressed as the mean of the two technological replicates.

3. Results and discussion

In the current study three 100% rice malt beers were produced
in duplicate using a traditional method. The aimwas to control the
behavior of the ricemalt in the brewing process achieving complete
saccharification in the mashing step, an unproblematic wort
filtration and a regular fermentation. An additional goal was the
identification of typical flavor characteristics of the rice malt beers.

Complete saccharification, ascertained with the iodine test, was
achieved due to the developed, optimized mashing program.
Indeed, the starting temperature of 45 �C for 30minwith correction
of the pH to 5.3 improved protein degradation which was a pre-
requisite for complete saccharification of the starch, as previously
reported (Mayer et al., 2014). The lower pH-value might also
enhance the activity of the most hydrolytic enzymes for starch and
cell wall degradation (Meussdoerffer & Zarnkow, 2009). Only the
optimum pH of a-amylase is slightly higher, between 5.6 and 5.8, so
the activity of this enzyme could be therefore negatively influ-
enced. However, this fact could be compensated by the activity of
limit dextrinase which is increased by a lower pH-value (5.4e5.5
(Stenholm & Home, 1999)). Limit dextrinase content in rice malt is
more than 10-fold higher than in barley malt, so this enzyme ac-
quires great importance in the mashing process of a rice malt. The
adequate temperature rests at 65 �C for limit dextrinase and b-
amylase and 74 �C for a-amylase lead to complete saccharification.

In this study lautering happened without any difficulty, in
contrast to the long filtration times of the laboratory worts (Mayer
et al., 2014), executed at 20 �C. This may have been due to the
higher filtration temperature in the plant (78 �C), as well as the low
viscosity of the worts (Table 1) and the use of the rice husks which
formed an ideal filter bed. Rice wort yields at the end of the wort
production ranged from 64 to 66%. The fermentability values of the
rice malt worts of the North Italian and Sardinian Centauro vari-
eties were 71.5 and 73.0% respectively. This is below the value of a
pale barley malt wort, which is in the range of 78e85% (Narzib &
Back, 2012b). This level of fermentability was observed only in
the Balilla rice malt wort (79%), probably caused by its higher b-
amylase content (Mayer et al., 2014).

The very clear color of the rice malt worts (Table 1) and, as a
consequence, the very clear color of the final beers (Table 2) are
probably due to the low kilning temperature (70 �C) of the rice
malts (Mayer et al., 2014) and the low soluble nitrogen content in
the worts (Table 1). Indeed, less Maillard products and their pre-
cursors were produced, which are responsible for a great part of the
wort color. Also the low pH of the cast wort (wort after boiling prior
to fermentation), about 5.2 for Centauro and 5.4 for Balilla (Table 1),
may have decreased the wort color (Narzib & Back, 2012b). The
wort color of the variety Balilla was slightly darker than Centauro,



Table 1
Rice malt worts quality attributes.

North Italian Centauro Sardinian Centauro Balilla

Mean±sd Mean±sd Mean±sd

Extract (�P) 12.65 ± 0.25a 12.78 ± 0.01a 12.71 ± 0.50a

pH 5.20 ± 0.01a 5.21 ± 0.03a 5.41 ± 0.09a

Color (EBC-Unit) 5.4 ± 0.1a 5.5 ± 0.1a 6.9 ± 0.1b

Viscosity (mPa s at 12 �P) 1.59 ± 0.01a 1.61 ± 0.01a 1.68 ± 0.01b

Fermentability (%) 71.5 ± 2.1a 73.0 ± 0.1a 79.0 ± 0.1b

Soluble nitrogen (mg/L at 12 �P) 688 ± 9a 718 ± 13a 675 ± 17a

FAN 12 �P 179 ± 5a 160 ± 3a 174 ± 6a

Yield (%) 64 ± 1a 66 ± 2a 64 ± 2a

n ¼ 2 technological repetitions. Values in the same row followed by a different letter are statistically different (p � 0.05). sd ¼ standard deviation.

Table 2
Rice malt beers quality attributes.

North Italian Centauro Sardinian Centauro Balilla

Mean±sd Mean±sd Mean±sd

Original extract (% P) 12.45 ± 0.07a 12.45 ± 0.07a 12.50 ± 0.57a

Alcohol (%v/v) 4.59 ± 0.18a 4.77 ± 0.03a 5.12 ± 0.30a

Apparent degree of fermentation (%) 68.5 ± 2.8a 71.4 ± 0.1ab 76.2 ± 0.2b

pH 4.24 ± 0.03a 4.21 ± 0.01a 4.24 ± 0.01a

Color (EBC-Unit) 4.4 ± 0.1a 4.3 ± 0.4a 5.0 ± 0.8a

Total nitrogen (at 12 �P) (mg/L) 462 ± 14a 465 ± 6a 415 ± 39a

FAN (at 12 �P) (mg/L) 75 ± 10a 79 ± 1a 67 ± 6a

Viscosity (at 12 �P) 1.47 ± 0.01a 1.45 ± 0.01a 1.53 ± 0.06a

Nibem (sec) 169 ± 21a 166 ± 21a 157 ± 4a

n ¼ 2 technological repetitions. Values in the same row followed by a different letter are statistically different (p � 0.05). sd ¼ standard deviation.
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but the final beer color values were not statistically different
(Table 2).

Concerning nitrogen levels, the total nitrogen contents of the
worts (675e718 mg/L, Table 1) were satisfactory in relation to the
crude protein content, but low compared to a barley malt wort
(950e1.100 mg/L, (Narzib & Back, 2012b)). This could negatively
affect the beer foam as confirmed by the lowNibemvalues (Table 2)
of the beers. The FAN content in the rice malt worts ranged from
160 to 179 mg/L (Table 1). Generally, for a barley malt wort of 12 �P
the FAN content should not be less than 150mg/L (Meussdoerffer&
Zarnkow, 2009) for a proper fermentation, but 200e250 mg/L are
recommended since a low amount of total FAN promote over-
production of fermentation by-products like higher alcohols. In
fact, higher alcohol concentrations above 100 mg/L can damage the
flavor and quality of bottom-fermented beers (Kunze, 2004).
Indeed, Table 3 shows that higher alcohols are present in greater
amounts in the rice malt beers, probably due to the reduced con-
centration of the amino acids and a relatively high pitching tem-
perature of 13 �C.

However, their concentration was inside the range described by
the literature for a barley malt bottom-fermented beer
(Mitteleurop€aische Brautechnische Analysenkommission, 2013)
and only the 2-Methyl-1-propanol was slightly higher.

The amino acid profile of the Centauro wort samples (Table 4,
amino acid profile of the Balilla wort sample not available) shows
that key free amino acids were present in adequate quantities,
albeit less than in a barley malt wort. The exceptions were leucine
and methionine, which were very scarce, and arginine, which was
present in a relatively higher amount.

Successful fermentation also depends on the wort sugar
composition. Table 5 shows the different sugar profiles of the rice
malt worts of Centauro samples compared to a barley malt wort
(sugar profile of the Balilla wort sample not available). In the barley
malt wort the most abundant fermentable sugar is maltose, how-
ever in the Centauro rice malt worts maltose is in the same range of
glucose and there were higher levels of maltotetraose, malto-
pentaose and maltohexaose. The same result was previously ob-
tained in the laboratory wort for all three malts (Mayer et al., 2014).
This is an indication of the different amylolytic enzymes working in
the rice malts. Moreover, the sum of the fermentation onset stage
sugars glucose, fructose and sucrose were 49% and 42% of the total
content of the fermentable sugars for the North Italian Centauro
and the Sardinian Centauro varieties, respectively. According to
Annemüller, Manger & Lietz, 2011, this value should not exceed
25%, because maltose and maltotriose utilization could be delayed
causing a slow primary fermentation.

Overall, despite the low total nitrogen and FAN contents and the
suboptimal wort sugar composition, the fermentation for all the
three samples proceeded regularly (Fig. 1). The limit attenuation
was nearly achieved after 5 days of primary fermentation at 13 �C.
The quality attributes of the three rice malt beers are reported in
Table 2. The pH values dropped down to 4.21e4.24 probably due to
the pH-correction during mashing. The alcohol contents of the rice
malt beers were in an acceptable range, while the total nitrogen
and FAN contents were lowand this could be a reason for the poorly
developed body (Fig. 2).

Table 4 shows the strong decreases of the single amino acids
fromwort to beer. The amino acid present in the highest amount in
all three beers was arginine, as in the worts. Amino acids are non-
volatile, taste-active compounds. Arginine, for example, has a bitter
taste. Their concentrations in beer are very low and below the
threshold limits, but like all the single taste and aroma compounds
they can have interactions with other taste qualities. Through such
synergistic and masking effects many compounds can result in
different flavor impressions which characterize a beer
(Sch€onberger, 2004). For this reason the most important volatile
aroma-active compounds were determined in the beers and
compared to a barley malt bottom-fermented beer (Table 3). These
compounds, such as higher alcohols, originate from the raw ma-
terial or are formed during the brewing process. The aroma-active



Table 3
Volatile compounds in rice malt beers.

Higher Alcohols North Italy Centauro Sardinia Centauro Balilla Literature value of barley malt
bottom-fermented beer

Mean±sd Mean±sd Mean±sd

1-Propanol (mg/L) 17.6 ± 0.8a 16.2 ± 1.9a 17.6± 2.4a 5e20*

2-Methyl-1-propanol (mg/L) 36.1 ± 5.0a 34.1 ± 4.4a 37.4 ± 3.3a 5e20*

3-Methyl-1-butanol (mg/L) 54.1 ± 5.8a 60.1 ± 8.9a 58.8 ± 5.9a 30e70*

2-Methyl-1-butanol (mg/L) 26.4 ± 2.3a 28.8 ± 3.6a 27.8 ± 2.4a 8e30*

2-Phenylethanol (mg/L) 30.4 ± 4.2a 23.0 ± 1.9a 26.5± 2.1a 8e40*

2-Furanmethanol (mg/L) 0.62 ± 0.08a 0.48 ± 0.04a n.d. e

Esters
Ethyl acetate (mg/L) 13.8 ± 0.5a 12.0 ± 0.1a 9.9 ± 2.4a 10e40*

Ethyl butanoate (mg/L) 0.07 ± 0.01a 0.05 ± 0.02a 0.06 ± 0.01a 0.05e0.15*

3-Methylbut-1-yl ethanoate (iso-amyl acetate) (mg/L) 0.62 ± 0.01a 0.33 ± 0.16ab 0.15 ± 0.03b 0.5e3*

Ethyl hexanoate (mg/L) 0.08 ± 0.01a 0.10 ± 0.01a 0.09 ± 0.01a 0.05e0.3*

Ethyl octanoate (mg/L) 0.23 ± 0.02a 0.31 ± 0.01a 0.23 ± 0.02a 0.1e0.5*

Aldehydes
Ethanal (mg/L) 19.1 ± 0.5a 30.3 ± 9.3ab 41.9 ± 10.4b 2e10*

2-Methyl-1-butanal (mg/L) 12 ± 1a 8 ± 1a 11 ± 2a 60**

3-Methyl-1-butanal (mg/L) 46 ± 6a 24 ± 1b 36 ± 7ab 20**

Hexanal (mg/L) 19 ± 4a 20 ± 9a 22 ± 1a 4.5**

Furfural (mg/L) 42 ± 6a 51 ± 3ab 67 ± 1b 40**

Methional (mg/L) 25 ± 6a 16 ± 3a 15 ± 5a e

Phenylacetaldehyde (mg/L) 43 ± 7a 46 ± 3a 58 ± 23a 45**

Trans-2-nonenal (mg/L) n.d. n.d. n.d. e

Sulfur compounds
Dimethylsulfide (mg/L) 73 ± 4a 70 ± 20a 66 ± 15a <100**

n ¼ 2 technological repetitions, 4 analytical repetitions. sd ¼ standard deviation; n.d. ¼ not detectable; RT ¼ retention time in minutes.
Values in the same row followed by a different letter are statistically different (p � 0.05).
* Mitteleurop€aische Brautechnische Analysenkommission, 2013.
** Kunze, 2004.

Table 4
Amino acid profiles of rice malt worts and rice malt beers (mg/L).

Rice malt worts Literature value of
barley malt wort*

Rice malt beers

North Italian Centauro Sardinian Centauro North Italian Centauro Sardinian Centauro Balilla

Mean±sd Mean±sd Mean±sd Mean±sd Mean±sd

Aspartic acid 59 ± 13a 55 ± 12a 40e100 3.1 ± 0.2AB 4.3 ± 1.1A 1.8 ± 0.6B

Glutamic acid 68 ± 9a 64 ± 8a 35e130 0.9 ± 0.3A n.d. 1.3 ± 0.6A

Serine 73 ± 16a 68 ± 15a 40e140 4.7 ± 0.2A 4.3 ± 0.9A 1.8 ± 0.5B

Histidine 97 ± 13a 91 ± 13a 20e120 25 ± 1A 23 ± 1A 21 ± 3A

Arginine 188 ± 28a 177 ± 26a 60e200 60 ± 15A 48 ± 15AB 27 ± 9B

Glycine 34 ± 2a 32 ± 2a 20e60 31 ± 2A 26 ± 1A 18 ± 6B

Threonine 51 ± 8a 48 ± 8a 40e110 19 ± 2AB 24 ± 1A 13 ± 4B

Alanine 65 ± 13a 61 ± 12a 60e200 24 ± 10A 18 ± 1A 11 ± 5A

Tyrosine 113 ± 25a 106 ± 23a 60e200 20 ± 7A 20 ± 5A 9 ± 3B

Methionine 7 ± 4a 7 ± 4a 20e70 9 ± 1A 6 ± 1B 6 ± 1B

Valine 117 ± 25a 110 ± 24a 80e210 8 ± 2A 7 ± 1A 3 ± 2B

Phenylalanine 93 ± 20a 87 ± 19a 60e220 7 ± 1A 8 ± 2A 4 ± 2A

Leucine 45 ± 11a 42 ± 10a 100e300 4 ± 1A 5 ± 2A 3 ± 2A

Isoleucine 102 ± 27a 96 ± 25a 50e150 10 ± 1AB 12 ± 5A 5 ± 2B

Lysine 111 ± 26a 104 ± 24a 60e200 8 ± 1A 8 ± 3A 4 ± 1B

n ¼ 2 technological repetitions, 4 analytical repetitions; sd ¼ standard deviation. n.d. ¼ not detectable.
Values in the same row followed by a different letter are statistically different (p � 0.05), lowercase letters for wort samples and capital letters for beer samples.
* Mitteleurop€aische Brautechnische Analysenkommission, 2011.
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esters, other fermentation by-products that are highly desired in
beer, were present in small amounts, even if their concentration
was inside the range described by the literature for a barley malt
bottom-fermented beer (Mitteleurop€aische Brautechnische
Analysenkommission, 2013) and only the iso-amyl acetate was
slightly lower.

Concerning aldehydes, their concentrations in the rice malt
beers were in the range of a barley malt beer (Kunze, 2004). They
play an important role in flavor stability, and they are produced by
oxidation of the corresponding alcohols or are derived from fatty
acids and lipids present in the malt during the various stages along
the malting and brewing process (Baert, De Clippeleer, Hughes, De
Cooman, & Aerts, 2012). The DMS content was also low.
Table 5 shows the sugar profile of the rice malt beers. The data

confirmed the complete fermentation of the worts because nearly
all fermentable sugars were consumed by the yeast.

Finally, a sensory analysis was conducted on the rice malt beers.
All three beers were characterized by having a pale yellow color and
awhite, coarse foamwhich rapidly collapsed. Flavor attributes were
depicted on spider plots (Fig. 2). All attributes are in a low range
and confirm the relatively flat character of the beer. No particular
off-flavor was revealed even though ethanal exceeded the
perception threshold limit of 10 mg/L (Kunze, 2004). All panelists
recognized a vanillin taste in the three beers, which is a descriptor



Table 5
Sugar profiles of rice malt worts and rice malt beers (g/L).

Rice malt worts Literature value of
barley malt wort*

Rice malt beers

North Italian Centauro Sardinian Centauro North Italy Centauro Sardinia Centauro Balilla

Mean±sd Mean±sd Mean±sd Mean±sd Mean±sd

Fructose 1.0 ± 0.1a 1.1 ± 0.2a 1.9 n.d. n.d. n.d.
Glucose 33.8 ± 4.0a 36.9 ± 0.9a 8.5 n.d. n.d. 0.10±0.05
Sucrose 1.1 ± 0.1a 1.6 ± 0.2b 3e5 n.d. n.d. n.d.
Maltose 22.6 ± 0.3a 38.3 ± 0.8b 54e64 0.3±0.1A 0.4±0.1A 0.5±0.1A

Maltotriose 15.5 ± 0.5a 15.8 ± 0.3a 11e13 1.4±0.4A 2.5±0.6A 3.1±0.5A

Maltotetraose 12.3 ± 0.2a 12.3 ± 0.8a e 15.6±0.1A 14.8±1.3A 12.5±0.7A

Maltopentaose 5.9 ± 1.6a 4.3 ± 0.2a e 6.0±0.2A 4.9±1.1A 3.8±0.2A

Maltohexaose 13.7 ± 4.2a 12.7 ± 1.0a e 20.0±0.9C 7.4±0.5B 3.8±0.5A

Maltoheptaose n.d. 0.5 ± 0.1 e 0.9±0.3A 0.8±0.1A 0.5±0.2A

n ¼ 2 technological repetitions, 4 analytical repetitions; sd ¼ standard deviation. n.d. ¼ not detectable.
Values in the same row followed by a different letter are statistically different (p � 0.05), lowercase letters for wort samples and capital letters for beer samples.
* Mitteleurop€aische Brautechnische Analysenkommission, 2013.

Fig. 1. Course of fermentation. n ¼ 2 technological repetitions.

Fig. 2. Spider Plot of the taste and aroma characteristics of the rice malt beers. Legend.
10-point scale with 1-point increments (0 ¼ none, 9 ¼ extremely strong).
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for a malty flavor, which could be typical for a rice beer. In Balilla
rice beer the panelists specified a “rice” taste as descriptor for the
cereal attribute.

4. Conclusions

In conclusion, the main objective of the current study, to pro-
duce for the first time an alcoholic beverage from an all-rice malt
that is similar to a barleymalt beer was achieved. The obtained beer
samples showed a content of volatile compounds comparable with
a barley malt bottom-fermented beer. The sensory profile of the
rice malt beer was similar to a barley malt beer in aroma, taste and
mouthfeel, but certainly more flat. Moreover, the color was very
pale and the foam rapidly collapsed. These sensorial features of the
rice malt beer can be surely improved in the future. The tests were
performed on a pilot plant in a traditional way applying an opti-
mized acidic mashing program, often used in barley malt brewing,
but mandatory for rice malt brewing. In this way the main obsta-
cles, such as incomplete saccharification of the rice starch and the
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usually low content of protein degradation products in the rice malt
wort, which have prevented up to today the production of a 100%
rice malt beer, have been overcome. The use of a suitable saccha-
rifying and well modified rice malt was decisive. Lautering
happened without problems, probably due to the low viscosity of
the worts and to the rice husk which was ideal for filtration. The
subsequent fermentation took place regularly because the neces-
sary protein degradation products for yeast nutrition were suffi-
cient. Sensory analysis was performed on the final product with
encouraging results. No off-flavour was revealed and the beer like
character of the beverage was confirmed, representing a good
alternative for the diet of individuals who suffer from celiac disease.
In the future, the sensory profile may be improved by higher kilning
temperatures of themalt or bymeans of a different yeast strain, hop
variety or proportion of ingredients.
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a b s t r a c t

The aim of the present study was to enhance functional properties and extend shelf life of Himalayan
cheese (Kalari) by incorporating different probiotic strains [Lactobacillus casei (CA), Lactobacillus plan-
tarum (PL) and Lactobacillus brevis (BR)]. Samples were analyzed at 1, 7, 15, 21 and 30 days (stored at
4 �C ± 1 �C) for physicochemical, colour, antioxidant potential, oxidative stability and sensory charac-
teristics. Incorporating probiotics didn't affect physico-chemical characteristics of cheese accept titrable
acidity, which was found significantly higher than control cheese (CL). Cheese containing probiotic
strains exhibited greater antioxidant activity in all assays employed (DPPH, reducing power and metal
chelating) compared with control cheese. Malondialdehyde and carbonyl content significantly increased
during storage; however, their concentration was significantly lower in probiotic cheese. Counts of
probiotics during chosen storage period were approximately 6log CFUg�1. Psychrotroph, yeast and mould
count were found to increase significantly in CL whereas significant decrease was observed in probiotic
cheese. Probiotic cheese had significantly higher acceptability than CL. These results demonstrated
feasibility of incorporating different probiotics into Kalari because probiotics didn't negatively affect
quality characteristics of product instead they enhanced its functionality and keeping quality. Results also
suggested that Kalari is an efficient food matrix for maintaining viability of these probiotics during
storage.

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

Functional foods impart positive impact on health and the foods
containing probiotic bacteria fall in this category (Ortakci,
Broadbent, McManus, & McMahon, 2012). Probiotics are live
microrganisms that, when administered in sufficient amounts
(106e107 CFU g�1) confer health benefits on host (FAO/WHO, 2002).
Foods containing probiotics especially Lactobacilli and Bifidobacte-
rium claim many health benefits (Candela, Maccaferri, Turroni,
Carnevali, & Brigidi, 2010), which may include alleviation of in-
testinal disorders & prevention of diarrhoea of different origin,
ailment of allergy related diseases, help in prevention of cancers,
help in reduction of blood cholesterol and enhances immunity
(Caggia, De Angelis, Pitino, Pino, & Randazzo, 2015). Some studies
have also revealed the antioxidant and antimicrobial potential of
some lactic acid bacteria (Kaizu, Sasaki, Nakajama, & Suzuki, 1993;
Kullisaar et al., 2002; Pieniz, Andreazza, Anghinoni, Camargo, &
Brandelli, 2014).

Cheese is also believed to have health benefits (Choi, Sabikhi,
Hassan, & Anand, 2012) because of the presence of bioactive pep-
tides released during hydrolysis of proteins either by thermal
treatment or microbial enzymes (Hafeez et al., 2014). These pep-
tides possess many health benefits including antioxidant, antimi-
crobial, antihypertensive, etc (Nagpal et al., 2011).

The probiotics should be able to survive throughout the pro-
cessing and storage of the food inwhich they are to be incorporated
and should not alter their flavours and textures which could make
them unpalatable (Albenzio et al., 2013). However, there are several
factors which influence their survivability in the food system dur-
ing storage, which may include the amount of oxygen in the food
and the oxygen permeability of the material in which the food is
packed, sensitivity towards the bacteriocins secreted by other
microflora present and the initial and the post acidity of the food
(Fortin et al., 2011).
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Cheese could provide a good medium for target delivery of
probiotics into the gastrointestinal tract (GIT) as compared to other
fermented dairy products (Gomes da Cruz, Buriti, Batista de Souza,
Faria, & Saad, 2009), because of the fact that cheese has dense
matrix, high pH, low oxygen levels, buffering capacity and high
content of fat. These properties of cheese have reported to offer
protection to them during the entire shelf life and their transit in
the GIT (Karimi, Mortazavian, & Amiri-Rigi, 2012). Cheese varieties
with high salt content are not suitable for incorporation of pro-
biotics as they may retard their growth. Cheese variety suitable for
their growth should be selected, as they are able to impart desired
functionality to the product and expected health benefits to the
consumer when present in adequate amounts.

Kalari is a fresh cheese famous in Himalayan regions of Jammu
and Kashmir. The cheese is made by the tribes of the region from
buffalo buttermilk. The cheese has high moisture content, slightly
acidic flavour, bright smooth surface and no salt content (Mushtaq,
Gani, Shetty, Masoodi, & Ahmad, 2015). Because of its above
mentioned characteristics, Kalari could act as potential carrier for
delivery of probiotic microorganisms. Most studies regarding
incorporation of probiotic bacteria into cheese have focused on
their viability during processing and storage or effect of probiotics
& ripening temperature on organic acid production and composi-
tion. The objective of the present study was to evaluate the effect of
different probiotic bacteria on physicochemical, colour, microbio-
logical, lipid and protein oxidation, antioxidant properties and
sensory acceptance of Kalari cheese stored under refrigeration
temperature.
2. Materials and methods

2.1. Starter and probiotic organisms

The cultures incorporated in cheese consisted of L. casei 279, L.
brevis 021 and L. plantarum 01 were obtained from (National Dairy
Research Institute, Karnal, India) in freeze dried form. Cultures
were activated by growing three times at 30 �C for 18 h in 0.12 g/mL
skimmed milk sterilized at 121� C (15 psi) containing 20 mg mL�1

glucose and 12 mg mL�1 yeast extract. All cultures were sub-
cultured (10 mL mL�1) two times at 37 �C overnight in
120 mg mL�1 sterile reconstituted skimmed milk prior to use as a
bulk culture.
2.2. Experimental design and cheese production

Four batches of Kalari cheese were made in processing plant of
the Department of Food Science and Technology, University of
Kashmir. Raw buffalo milk was obtained from district Shopian of
Kashmir and was directly transported under hygienic conditions to
the pilot plant. First batch was inoculated with L. casei, 2nd with
L. plantarum, 3rd with L. brevis and 4th was not inoculated
(fermentation was carried out by natural microflora present in
milk). All the batches were kept for 24 h for fermentation. Fer-
mented milks were then churned and butter was separated leaving
acidified buttermilk. Leftover buttermilk was then heated to 50 �C
which resulted in curd formation. Curd was stretched and kneaded
at 50 �C until chewing gum like was formed which was then
moulded into Kalari which shapes like round discs. Cheese was
then stored at refrigeration temperature packed in pouches made
of LDPE and analysed at different storage periods. From each batch,
triplicates were sampled at 1, 7, 15, 21 and 30 days. For each anal-
ysis, samples at 1, 7, 15, 21 and 30 days were evaluated. Cheesewere
labelled as: CL for control cheese, PL for cheese inoculated with
L. plantarum, BR for L. brevis, and CA for L. casei.
2.3. Chemical composition

Moisture content was quantified by using the AOAC (1997)
method; Gerber-Van Gulik method was used to determine the fat
content; total nitrogen content, using micro-Kjeldahl method
(AOAC, 1997), conversion factor of 6.38 was used to determine the
protein content out of total nitrogen content; ash content was
determined by incinerating the sample at 550 �C using muffle
furnace (AOAC, 1997). Titrable acidity was expressed in lactic acid %
(AOAC, 1997). pH of all samples was analysed using pH meter
(Hanna Instruments Pty. Ltd., Singapore). Water activity was
determined by Aqua Lab Dew Point Analyzer CX-2 (Decagon De-
vices Inc., USA).

2.4. Colour analysis

International Commission on Illumination (CIE, 1976) was fol-
lowed to determine L*, a* and b* values using Hunter Lab spectro-
colorimeter (Mini Scan XETM, Hunter Associates Laboratory Inc.,
Reston, Virginia, USA).

2.5. Lipid oxidation

Thiobarbaturic acid reactive substances (TBARS) were evaluated
as described by Salih, Smith, Price, and Dawson (1987).

2.6. Protein oxidation

Carbonyl content as a measure of protein oxidation, was eval-
uated by derivatisation with 2,4-dinitrophenylhydrazine (DNPH)
(Oliver, Ahn, Moerman, Goldstein, & Stadtman, 1987).

2.7. Survival of bacteria in cheese

Twenty gram of cheese was diluted with 180 mL of 0.9% NaCl
saline solution and homogenized; then, serial dilutions were car-
ried out and plated onto the appropriate media:

Two different temperatures were used for lactic acid bacteria
(LAB) cultivation because some of the strains known as thermo-
philic LAB show optimum growth at 40e45 �C and strains known as
mesophilic LAB show optimum growth around 30 �C. Mesophilic
and thermophilic LAB on MRS agar (Himedia, India) incubated
under anaerobic conditions at 30 �C for 4 d and 44 �C for 4 days
respectively; psychrotrophic and mesophilic bacteria on nutrient
agar, incubated at 7 �C for 7 days and 30 �C for 48 h, respectively.
Coliforms on violet red bile glucose agar for 18e24 h (37 �C); Yeast
on SD agar and moulds PDA agar at 25 �C for 5e7 days (IDF
Standard 94A; 1985). L. casei, L. plantarum and L. brevis were
enumerated on MRS agar incubated at 37 �C for 48 h added with
erythromycin, ciprofloxin, and clindamycin, respectively.

2.8. Extraction of peptides

Water-soluble extracts (WSE) of cheese were prepared accord-
ing to Rizzello et al. (2005). 50 mg mL�1 of lyophilized extract was
used for each antioxidant assay.

2.8.1. Antioxidant activity
2.8.1.1. ABTS radical scavenging activity

The scavenging activity against the ABTS radical (Sigma-
eAldrich, St Louis, MO, USA) was determined by the decolorization
assay described by Re et al. (1999).

2.8.1.2. Metal chelating
The ferrous ion chelating ability of WSE was determined using
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the ferrozine method Tang, Kerry, Sheehan, and Buckley (2002).

2.8.1.3. Reducing power
The reducing power of WSE was assessed according to the

method of Duh, Tu, and Yen (1999).

2.9. Sensory analysis

The sensory attributes of the cheese were evaluated following
the IDF standards (FIL-IDF 99B, 1995). Staff and students (Total 12
members) of the department were trained and then were assigned
to evaluate the cheese with respect to the extent of liking of color,
flavour, texture, appearance and overall acceptability using 5-point
hedonic scale (1 ¼ poor, 2 ¼ acceptable, 3 ¼ good, 4 ¼ very good
and 5 ¼ excellent). The samples were randomly presented and
were labelled with 3 digit codes.

2.10. Statistical analysis

The results are presented as means ± standard deviation, and all
analyses were run in triplicate. Microbiological counts were con-
verted to log CFU g�1. Statistical analyses were carried out using
commercial statistical package IBMSPSS statistics 21. The data were
assessed by analysis of variance (ANOVA) and significant differ-
ences were considered at P � 0.05 using Duncan's Multiple Range
Test.

3. Results and discussions

3.1. Physicochemical analysis

Change in chemical composition of all the cheese samples (CT,
PL, BR, and CA) stored for 30 days at 4 �C are mentioned in Table 1.
Results showed that addition of probiotic bacteria did not affect
(P � 0.05) the water activity, moisture, protein and fat content
when compared with control. Ong and Shah (2009); Mahmoudi,
Table 1
Effect of different probiotic strains on physicochemical properties of Kalari cheese durin

Parameters Cheese Storage days

1d 7d

Moisture
(%)

CL 55.240 ± 3.031d 53.130 ± 1.941cd

PL 55.320 ± 1.851d 52.793 ± 2.711cd

BR 55.777 ± 1.271c 52.130 ± 2.111bc

CA 55.153 ± 2.081c 53.827 ± 1.171b

Protein
(%)

CL 32.493 ± 1.941a 33.023 ± 1.381a

PL 31.561 ± 6.181a 32.740 ± 1.751a

BR 32.646 ± 3.841a 33.803 ± 0.721a

CA 32.873 ± 0.831a 32.597 ± 3.451a

Fat (%) CL 13.990 ± 1.261a 12.477 ± 0.851a

PL 13.167 ± 1.011a 12.824 ± 0.041a

BR 13.413 ± 0.291a 13.263 ± 0.421a

CA 13.457 ± 1.351a 14.233 ± 1.311a

aw CL 0.991 ± 0.021a 0.989 ± 0.011b

PL 0.993 ± 0.011a 0.991 ± 0.021b

BR 0.993 ± 0.011a 0.990 ± 0.011b

CA 0.992 ± 0.011a 0.989 ± 0.021b

Acidity
(%)

CL 0.383 ± 0.031a 0.455 ± 0.011b

PL 0.475 ± 0.072a 0.506 ± 0.012a

BR 0.483 ± 0.012a 0.499 ± 0.012b

CA 0.469 ± 0.021a 0.528 ± 0.013b

pH CL 5.457 ± 0.0412a 5.270 ± 0.013b

PL 5.410 ± 0.031a 5.230 ± 0.0112b

BR 5.513 ± 0.0323a 5.213 ± 0.031b

CA 5.547 ± 0.023a 5.257 ± 0.0223b

1�4Mean values ± SD within a column with different superscript numerals and aeemean
(P � 0.05). CL ¼ cheese with probiotics, PL ¼ Cheese added with L. plantarum, BR ¼ Che
Asl, and Zomorodi (2012), also reported non-significant difference
on addition of probiotic cultures to the product. However, pH and
acidity of probiotic cheese differed significantly (P � 0.05) during
storage. The pH of control was significantly (P � 0.05) higher and
acidity was significantly lower than probiotic cheese at all storage
periods, except at day 1 where non-significant (P� 0.05) difference
was observed in these parameters with respect to probiotic cheese.
This could be due to presence of higher microbial count particularly
LAB in probiotic cheese as compared to control (Table 3), as they are
responsible for conversion of milk sugar to lactic acid which results
in increase in acidity with concomitant decrease in pH. Gomes et al.,
(2011) have also reported acidity increases and pH decreases with
increase in microbial population.

Moisture content and water activity in all samples had shown
decline with increase in storage time. Elsamani, Habbani, Babiker,
and Ahmed (2014), also reported the decrease in moisture con-
tent during cheese storage. There was non-significant change
observed in protein and fat content in all cheese samples. This could
be because of the absence of brining step involved in cheese
making which otherwise would have leached out small peptides
and oxidative products of fats that may have been responsible for
decrease in protein and fat content (Atasoy & Turkoglu, 2008).
Acidity increased and pH decreased significantly during storage,
however, rapid increase was observed in acidity of cheese on
addition of probiotics. These observations could be explained by
the fact that lactic acid bacteria promote the lactose degradation
(Buriti, da Rocha, Assis, & Saad, 2005). Kirmaci, Hayaloglu, Ozer,
Atosoy, and Turkoglu (2014), have reported increase in acidity
and decrease in pH during storage. Overall the results showed that
probiotic cheese exhibited same trend in evolution of physico-
chemical characteristics as that of control except for acidity and pH.
3.2. Colour analysis

Evolution of hunter values during refrigerated storage of CL, PL,
BR and CS cheese are depicted in Table 2. Results showed that L*
g refrigerated storage.

15d 21d 30d

51.217 ± 0.451bc 48.887 ± 0.341ab 46.527 ± 1.351a

51.410 ± 0.921bc 49.120 ± 2.931b 46.336 ± 1.541a

51.593 ± 2.221bc 49.633 ± 0.801ab 46.867 ± 2.251a

51.400 ± 1.861b 50.400 ± 1.341ab 46.800 ± 2.301a

32.743 ± 3.921a 32.546 ± 1.281a 32.510 ± 2.011a

33.167 ± 2.561a 32.427 ± 2.191a 33.116 ± 0.871a

33.803 ± 0.721a 33.356 ± 1.241a 32.623 ± 1.261a

33.347 ± 1.731a 34.067 ± 1.441a 31.797 ± 1.631a

13.23 ± 0.991a 13.400 ± 0.721a 13.390 ± 1.261a

13.027 ± 0.671a 13.473 ± 0.891a 12.736 ± 0.871a

13.177 ± 0.511a 13.114 ± 1.211a 13.067 ± 1.461a

13.730 ± 2.451a 13.250 ± 0.711a 13.096 ± 0.521a

0.987 ± 0.011c 0.980 ± 0.011d 0.975 ± 0.031e

0.988 ± 0.011c 0.981 ± 0.021d 0.976 ± 0.01e1

0.987 ± 0.011c 0.980 ± 0.011d 0.977 ± 0.011e

0.989 ± 0.011c 0.980 ± 0.021d 0.976 ± 0.011e

0.483 ± 0.011b 0.538 ± 0.011c 0.585 ± 0.011d

0.531 ± 0.022a 0.632 ± 0.013b 0.674 ± 0.032b

0.532 ± 0.022c 0.589 ± 0.012d 0.687 ± 0.022e

0.549 ± 0.013b 0.612 ± 0.0223c 0.660 ± 0.022d

5.127 ± 0.022c 5.013 ± 0.023d 4.823 ± 0.012e

4.997 ± 0.041c 4.830 ± 0.032d 4.647 ± 0.041e

4.953 ± 0.031c 4.753 ± 0.031d 4.603 ± 0.021e

4.960 ± 0.091c 4.803 ± 0.022d 4.643 ± 0.021e

values ± SD within a row with different superscript letters are significantly different
ese added with L. brevis, CA ¼ Cheese added with L. casei.



Table 2
Effect of different probiotic strains on hunter values of Kalari cheese during storage.

Hunter values Cheese Storage days

1d 7d 15d 21d 30d

L value CL 90.140 ± 3.661c 88.177 ± 1.632c 83.070 ± 1.351b 76.843 ± 3.031a 73.157 ± 1.322a

PL 88.617 ± 2.811c 83.403 ± 1.6112b 82.773 ± 2.141b 77.523 ± 2.261b 73.770 ± 1.062a

BR 90.250 ± 6.831c 81.240 ± 1.761b 81.870 ± 2.101b 76.750 ± 2.101ab 72.533 ± 2.152a

CA 89.630 ± 6.581d 83.003 ± 1.7812c 79.657 ± 1.051bc 74.287 ± 2.281ab 69.663 ± 1.141a

a value CL �2.857 ± 0.251ad �3.333 ± 0.131c �3.776 ± 0.211b �3.803 ± 0.071b �4.190 ± 0.181a

PL �3.336 ± 0.491b �3.500 ± 0.591ab �3.480 ± 0.311ab �3.230 ± 0.451ab �2.767 ± 0.151a

BR �2.626 ± 0.721c �2.490 ± 0.821abc �2.360 ± 0.371bc �2.497 ± 0.661ab �2.160 ± 0.291a

CA �2.447 ± 0.671b �2.040 ± 0.881b �2.680 ± 0.162b �3.267 ± 0.272b �2.113 ± 0.291a

b value CL 18.930 ± 1.291a 22.820 ± 5.751b 20.713 ± 0.991b 21.124 ± 0.651b 22.640 ± 0.211b

PL 19.016 ± 1.451a 22.020 ± 1.631b 20.460 ± 1.031c 22.023 ± 2.071b 21.526 ± 0.981bc

BR 18.313 ± 1.031a 19.470 ± 1.161ab 21.126 ± 1.701b 22.002 ± 2.371b 21.670 ± 0.881b

CA 18.314 ± 1.031a 17.753 ± 1.071b 21.030 ± 1.891c 22.397 ± 1.191c 20.890 ± 2.091c

1�4Mean values ± SD within a column with different superscript numerals and a-cmean values ± SD within a row with different superscript letters are significantly different
(P � 0.05). CL ¼ cheese with probiotics, PL ¼ Cheese added with L. plantarum, BR ¼ Cheese added with L. brevis, CA ¼ Cheese added with L. casei.
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value (Lightness) decreases significantly (P � 0.05) in all the sam-
ples during storage. Decrease in lightness could be associated with
decrease in pH, as low pH impairs ability of casein to reflect white
light by facilitating the absorption of whey and serum which en-
hances the opacity and thus reduces whiteness, (Mushtaq et al.,
Table 3
Average count (log10 cfu g�1) of microorganisms during storage of control and treated ch

Cheese Storage days

1 d 7 d

Mesophilic aerobes CL 4.941 ± 0.201a 5.736 ± 0
PL 4.813 ± 0.181a 5.473 ± 0
BR 4.996 ± 0.241a 5.504 ± 0
CA 5.160 ± 0.341a 5.680 ± 0

Psychrotrophic aerobes CL 2.384 ± 0.231a 2.840 ± 0
PL 2.203 ± 0.161a 1.963 ± 0
BR 2.276 ± 0.151a 2.124 ± 0
CA 2.370 ± 0.181a 2.147 ± 0

Mesophilic LAB CL 6.463 ± 0.261a 5.023 ± 0
PL 8.423 ± 0.432a 7.140 ± 0
BR 8.587 ± 0.352a 7.020 ± 0
CA 8.466 ± 0.592a 7.197 ± 0

Thermophilic LAB CL 5.260 ± 0.361a 4.940 ± 0
PL 8.767 ± 0.692a 7.840 ± 0
BR 8.943 ± 0.572a 7.920 ± 0
CA 8.570 ± 0.642a 7.883 ± 0

L. casei CL e e

PL e e

BR e e

CA 9.421 ± 0.45a 8.307 ± 0
L. plantarum CL e e

PL 9.244 ± 0.39a 8.715 ± 0
BR e e

CA e e

L. brevis CL e e

PL e e

BR 9.396 ± 0.44a 8.543 ± 0
CA e e

Coliforms CL ND ND
PL ND ND
BR ND ND
CA ND ND

Yeast CL 3.880 ± 0.231a 3.976 ± 0
PL 3.093 ± 0.202a 2.543 ± 0
BR 3.076 ± 0.322a 2.740 ± 0
CA 2.843 ± 0.132a 2.567 ± 0

Mould CL 3.926 ± 0.311a 4.490 ± 0
PL 3.233 ± 0.192a 2.727 ± 0
BR 3.110 ± 0.272a 2.543 ± 0
CA 3.067 ± 0.192a 2.640 ± 0

1�4Mean values ± SD within a column with different superscript numerals and aee mean
(P � 0.05). CL ¼ cheese with probiotics, PL ¼ Cheese added with L. plantarum, BR ¼ Che
2015). Decrease in lightness (L*) during refrigerated storage was
also reported in Pasta filata cheese by Fuentes, Mateo, Quinto, &
Caro (2015). b* value was found to remain unchanged (P � 0.05)
during storage. However, control cheese showed significant in-
crease in a* value whereas probiotic cheese showed decrease in a*
eese.

15 d 21 d 30 d

.191b 7.546 ± 0.321c 8.323 ± 0.161d 8.836 ± 0.201e

.241b 6.290 ± 0.312c 7.656 ± 0.192d 8.497 ± 0.261e

.351b 6.286 ± 0.432c 7.640 ± 0.292d 8.643 ± 0.191e

.211b 6.487 ± 0.342c 7.703 ± 0.232d 8.580 ± 0.231e

.081b 3.426 ± 0.321c 4.213 ± 0.231d 5.726 ± 0.261e

.162b 1.473 ± 0.192c 1.558 ± 0.162c 1.433 ± 0.192c

.202a 1.602 ± 0.182b 1.716 ± 0.232c 1.477 ± 0.222d

.272b 1.697 ± 0.252c 1.474 ± 0.172d 1.474 ± 0.162d

.201b 4.506 ± 0.231c 3.853 ± 0.261d 3.060 ± 0.241e

.282b 6.660 ± 0.632c 6.538 ± 0.292c 6.406 ± 0.382c

.612b 6.933 ± 0.712b 6.595 ± 0.362c 6.533 ± 0.272c

.592b 7.245 ± 0.471b 6.761 ± 0.482c 6.700 ± 0.392c

.341a 4.286 ± 0.231b 3.820 ± 0.281c 3.103 ± 0.281d

.292b 7.447 ± 0.342c 6.603 ± 0.202d 6.353 ± 0.162e

.452b 7.380 ± 0.252c 6.646 ± 0.272d 6.310 ± 0.112e

.392b 7.533 ± 0.212b 6.956 ± 0.152c 6.581 ± 0.192d

e e e

e e e

e e e

.17b 8.166 ± 0.27b 7.548 ± 0.34c 6.793 ± 0.37d

e e e

.26b 8.163 ± 0.245c 7.236 ± 0.21d 6.233 ± 0.24d

e e e

e e e

e e e

e e e

.19b 7.043 ± 1.52c 7.47 ± 0.15d 6.496 ± 0.17e

e e e

ND ND ND
ND ND ND
ND ND ND
ND ND ND

.271b 4.466 ± 0.151c 4.676 ± 0.111d 5.080 ± 0.301e

.342b 2.817 ± 0.163c 2.293 ± 0.132d 1.886 ± 0.212e

.282b 2.743 ± 0.1923b 2.234 ± 0.252c 1.892 ± 0.182d

.182b 2.473 ± 0.152c 2.227 ± 0.162d 1.847 ± 0.352e

.231b 4.983 ± 0.221b 5.020 ± 0.401b 5.510 ± 0.341c

.182b 2.564 ± 0.192c 2.126 ± 0.212d 1.764 ± 0.212e

.192b 2.546 ± 0.092c 2.123 ± 0.392d 1.630 ± 0.272e

.182b 2.481 ± 0.172c 2.085 ± 0.332d 1.643 ± 0.182e

values ± SD within a row with different superscript letters are significantly different
ese added with L. brevis, CA ¼ Cheese added with L. casei.
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value during storage. Same trend was observed by Verruck,
Prudencio, Muller, Fritzen-Freire, and Amboni (2015), for control
and probiotic minas frescal cheese during refrigerated storage.
Non-significant difference was observed in a* and b* values be-
tween the cheese. However, control cheese had significantly higher
L* value than probiotic cheeses. Overall, the results showed that all
cheese samples exhibited high L* values throughout storage which
indicated that addition of probiotic bacteria did not alter whiteness
of cheese profoundly.

3.3. Lipid oxidation

The results showed that MDA content was affected (P� 0.05) by
storage time and probiotic cultures (Fig. 1). In general, MDA content
was observed to increase (P � 0.05) during storage. Unalan, Arcan,
Korel, and Yemenicioglu (2013), also reported increase in MDA
content during cold storage of kashar cheese. MDA content of each
treated sample was significantly lower from control at all storage
periods evaluated. However, non-significant difference was
observed between treated samples at all storage periods except at
day 21 whereMDA content of CAwas significantly different from PL
and BR. The lower MDA content of sample containing L. casei (at 21
day storage) could probably be because of the environmental
conditions at that storage period which might have favoured the
activity of this specific strain and resulted in formation of bioactive
peptides with high lipid oxidation inhibition activity. Highest MDA
content was found in CL throughout storage as compared to the
treated samples. Lower values for MDA content in treated samples
could be related to their higher antioxidant activity (Table 4) that
could be due to bioactive peptides formed by the probiotic bacteria
and their capacity to release antioxidant enzymes which enables
them to scavenge more free radicals responsible for fat oxidation as
compared to the cheese without added probiotics. Ejtahed,
Mohtadi-Nia, and Homayouni-Rad. (2012) confirmed that intake
of dairy products with probiotic bacteria decreases MDA content.

3.4. Carbonyl content

Effect of different probiotics on susceptibility of cheese proteins
to oxidation is given in Fig. 2. Oxidative degradation of some amino
acids (lysine, proline, arginine and histidine) results in the
Fig. 1. Effect of different probiotic bacteria during storage at 4 �C for 30 days on
oxidation of fats. Data are presented as mean (±SD) of four samples. Values on the
same day of treatment with different numerals are significantly different (P < 0.05).
Values for the same treatment at different storage days with different letters are
significantly different (P < 0.05).
formation of carbonyl compounds (Bazargani-Gilani, Aliakbarlu, &
Tajik, 2015). Oxidation of proteins in cheese has not been studied
extensively and scarce literature is available till date.

Our results revealed that oxidation of proteins in all samples
increased during storage as the concentration of carbonyls was
found to increase. Our results are in agreement with Fernandez,
Ganan, Guerra, and Hierro (2014), where the authors reported in-
crease in carbonyl content during refrigerated storage. However,
probiotic bacteria were significantly able to retard oxidation of
proteins during storage as carbonyl content of probiotic cheese was
significantly lower than control cheese at all storage periods. This
could be because of higher bioactivity in probiotic cheese than
control which is able to scavenge free radicals generated by ab-
sorption of light by cheese matrix (Choe, Huang, & Min, 2005).

3.5. Microbiological analysis

The overall change in microflora of CL, PL, BR, and CA cheese
during refrigerated storage are depicted in Table 3. Recovery of
probiotic cells from treated cheese demonstrated successful pro-
duction of functional cheese. During storage, mesophilic bacterial
count increased significantly from 4.941 ± 0.20 to 8.836 ± 0.20,
4.813 ± 0.18 to 8.497 ± 0.26, 4.996 ± 0.24 to 8.643 ± 0.19 and
5.160 ± 0.34 to 8.580 ± 0.23 log CFU g�1 in CL, PL, BR, and CA,
respectively. However, the samples showed the non-significant
difference in the total viable count during the storage periods. In
cheese made with probiotic bacteria, psychrotroph count was
significantly lower than cheese without added probiotics and their
count was found to increase in CL and decrease in PL, CA, and BR
during storage. Inhibition of these spoilage and harmful microflora
by addition of probiotics could be attributed to the nutrient
competition among the microorganisms and to the production of
some antimicrobial compounds including lactic acid, acetic acid,
hydrogen peroxide and some bacteriocins by lactic acid bacteria
(Aljewicz& Cichosz, 2015). In CL cheese the averagemesophilic LAB
count was determined on day 1 of storage which was significantly
(approx. 2.5 log CFU g�1) lower than treated cheese, but, their count
was observed to decrease significantly during storage. However,
their count for PL, BR and CAwas in the range of log CFU g�1 6.1e6.3
at 30 day of storage which was significantly lower than CL. Ther-
mophilic LABwere also found to show same behaviour with respect
to storage time and treatments as shown by mesophilic LAB.
However, their count at day 30 was slightly higher than mesophilic
LAB which could be due to their resistance to higher temperatures
to which they were exposed during cheese processing. Coliforms
were not detected in all the samples during storagewhich indicated
hygienic handling and processing of the products. Yeast and mould
growth was negatively affected by addition of probiotic bacteria as
there was significant reduction observed in their count during
storage whereas CL cheese was found to promote their growth
significantly during storage. This could be due to higher concen-
tration of lactic acid in treated cheese and antifungal agents like
lactones and hydrogen peroxides produced by LAB which inhibit
the propagation of yeasts and moulds (Tharmaraj & Shah, 2009).
With respect to L. casei, L. plantarum and L. brevis counts were
maintained between log CFUg�1 9.42 ± 0.45 to 6.793 ± 0.37,
9.244 ± 0.39 to 6.233 ± 0.24, 9.396 ± 0.44 to 6.496 ± 0.17, respec-
tively during storage, which confirm the probiotic functionality of
the probiotic cheese as minimum of 106 cfu/g is required to be
present in probiotic foods to confer therapeutic effects to the host
(Granato, Branco, Cruz, Faria, & Shah, 2010). Our findings validate
that Kalari cheese has potential to be used as carrier matrix for
delivery of different probiotic bacteria because the cheese was able
to maintain high number of viable probiotic counts throughout
storage.



Table 4
Evolution of antioxidant potential of Kalari cheese added with probiotics during refrigerated storage.

Antioxidant assays Cheese Storage days

1d 7d 15d 21d 30d

ABTS radical scavenging activity % CL 12.031 ± 0.40a1 27.492 ± 1.32b1 36.489 ± 0.84c1 45.267 ± 1.07d1 54.915 ± 1.43e1

PL 13.874 ± 0.37a2 31.814 ± 1.55b2 42.994 ± 0.59c3 52.806 ± 0.65d2 58.677 ± 0.56e2

BR 13.266 ± 0.59a2 32.033 ± 0.56b2 38.658 ± 1.45c2 52.582 ± 1.24d2 58.689 ± 1.15e2

CA 15.082 ± 0.80a3 33.371 ± 1.26b3 41.869 ± 0.49c3 54.742 ± 0.57d3 60.641 ± 0.55e3

Metal chelating ability % CL 13.179 ± 0.99a1 29.267 ± 0.59b1 38.350 ± 1.44c1 45.949 ± 2.21d1 53.368 ± 1.09e1

PL 14.623 ± 0.69a1 32.274 ± 0.78b2 43.845 ± 0.55c2 52.579 ± 2.14d2 60.576 ± 0.59e2

BR 14.029 ± 0.52a1 32.757 ± 0.69b2 43.561 ± 0.98c2 51.431 ± 1.42d2 60.689 ± 1.15e2

CA 14.427 ± 0.87a1 33.249 ± 0.35b3 45.241 ± 1.51c3 55.998 ± 0.32d3 63.598 ± 1.22e3

Reducing power
Abs 700 nm

CL 0.123 ± 0.01a1 0.230 ± 0.01b1 0.321 ± 0.01c1 0.358 ± 0.02d1 0.388 ± 0.01e1

PL 0.136 ± 0.01a2 0.253 ± 0.01b2 0.327 ± 0.01c2 0.371 ± 0.01d2 0.425 ± 0.01e2

BR 0.134 ± 0.01a2 0.249 ± 0.01b2 0.325 ± 0.01c2 0.369 ± 0.01d2 0.422 ± 0.01e2

CA 0.145 ± 0.01a3 0.262 ± 0.01b3 0.342 ± 0.02c3 0.389 ± 0.01d3 0.439 ± 0.01e3

1�4Mean values ± SD within a column with different superscript numerals and aee mean values ± SD within a row with different superscript letters are significantly different
(P � 0.05). CL ¼ cheese with probiotics, PL ¼ Cheese added with L. plantarum, BR ¼ Cheese added with L. brevis, CA ¼ Cheese added with L. casei.
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3.6. Antioxidant activity

Antioxidant activity of WSE of cheese samples at different
storage periods was evaluated using three different assays; ABTSþ

radical scavenging activity, metal chelating ability, and reducing
power (Table 4).

Antioxidant activity was exhibited by all the samples at all
storage intervals. Activity was observed to increase significantly
(P � 0.05) with increase in storage time. ABTSþ radical scavenging
activity of CL, PL, BR, and CA increased significantly during storage.
This could be explained by the fact that the proteolysis carried out
by microflora during storage results in the release of small peptides
with bioactivity which are otherwise encrypted in primary protein
structures (Hafeez et al., 2014). Similar results were obtained by
Abadía-Garcia et al., (2013) in cottage cheese with added probiotics
during storage. Caseins in cheese are responsible for antioxidative
characteristic as they involve different mechanisms to scavenge the
reactive species of oxygen and nitrogen or free radicals (Sarmadi &
Ismail, 2010). As already discussed, peptides with antioxidant ac-
tivity are released due to the hydrolysis of proteins by proteinases
and peptidases of microflora, but they are involved in secondary
proteolysis. However, the primary proteolysis is carried out by the
coagulant enzymes and plasminwhich results in formation of more
Fig. 2. Effect of different probiotic bacteria during storage at 4 �C for 30 days on
oxidation of fats. Data are presented as mean (±SD) of four samples. Values on the
same day of treatment with different numerals are significantly different (P < 0.05).
Values for the same treatment at different storage days with different letters are
significantly different (P < 0.05).
bioactive peptides, thus, enhances antioxidant activity of the
cheese. This explains lower antioxidant activity of the Kalari cheese
when compared with cheese which involve the use of coagulant
enzymes, e.g., cheddar cheese (Pritchard, Phillips, & Kailasapathy,
2010). Antioxidant activity of Kalari cheese was observed to in-
crease (P � 0.05) with addition of probiotic strains. Our results are
in agreement with Sah, Vasiljevic, McKechnie, and Donkor (2014),
where the authors have reported increase in the antioxidant ac-
tivity of yoghurt extracts with addition of probiotic strains.

Among the three strains used CA cheese exhibited significantly
higher (P � 0.05) reducing power, metal chelating ability and
ABTSþ radical scavenging activity than PL and BR. PL and BR had
non-significant (P � 0.05) difference in their antioxidant activity in
all the assays employed. This could be attributed to formation of
different hydrolysates from the Kalari cheese by different probiotic
strains. As each strain of lactic acid bacteria has specific proteases
which are responsible for cleavage of specific peptide bonds. This
cleavage results in the formation of peptides with varying antiox-
idant capacity as bioactivity of peptides depend on number of
factors such as peptide structure, sequence of the amino acids in
the structure and size of the peptides Foh, Amadou, Foh, Kamara,
and Xia (2010). In this case, the higher antioxidant activity
showed by CA could be probably due to the presence of more
peptides with methionine, glutamine, tyrosine, lysine, histidine,
cysteine, valine, and proline as they have been associated with the
strong antioxidant activity (Sah et al., 2014). Higher antioxidant
activity of probiotic cheese could also be because of the inherent
defensive system of some LABwhere different antioxidant enzymes
(superoxide dismutase, catalase, flavin dependent oxidases/per-
oxidases, thioredoxin and glutathione reductases (Zhang & Li,
2013)) are released to scavenge reactive oxygen species and free
radicals (Ianniello et al. 2015). Overall, the results revealed that
antioxidant potential of Kalari cheese has been enhanced by
incorporation of probiotic bacteria.

3.7. Sensory analysis

Scores for sensory attributes obtained from sensory evaluation
of probiotic and control Kalari cheese during refrigeration storage
are given in Table 5. Texture, flavour, taste, appearance and overall
acceptability of the samples were evaluated using 5-point hedonic
scale. Results showed that overall acceptance of probiotic cheese
was not significantly different than control cheese upto 15 days of
storage and at 21 day storage period non-significant difference
were observed between all the samples, however, the preference
was given to CL at 30th day of storage. This could be probably due to



Table 5
Effect of incorporation of different probiotic bacteria on sensory characteristics of Kalari cheese.

Parameters Cheese Storage days

1d 7d 15d 21d 30d

Texture CL 3.416 ± 0.141a 3.166 ± 0.141b 3.083 ± 0.141b 2.833 ± 0.141c 2.666 ± 0.281c

PL 4.166 ± 0.282a 3.166 ± 0.141b 3.000 ± 0.001b 2.916 ± 0.281b 2.083 ± 0.142c

BR 3.416 ± 0.141a 3.333 ± 0.141a 3.167 ± 0.181b 2.917 ± 0.141b 2.166 ± 0.142c

CA 3.500 ± 0.251a 3.416 ± 0.141a 3.083 ± 0.141b 2.916 ± 0.381b 2.167 ± 0.282c

Flavour CL 3.833 ± 0.281a 3.666 ± 0.141ab 3.416 ± 0.141b 3.167 ± 0.141c 3.166 ± 0.281c

PL 4.166 ± 0.281a 4.000 ± 0.2512a 3.833 ± 0.2812a 3.583 ± 0.142b 2.416 ± 0.142c

BR 4.667 ± 0.611a 4.083 ± 0.2812b 3.750 ± 0.2512bc 3.500 ± 0.252c 2.583 ± 0.142d

CA 4.416 ± 0.141a 4.167 ± 0.142b 3.917 ± 0.142b 3.667 ± 0.122c 2.583 ± 0.142d

Appearance CL 3.750 ± 0.251a 3.583 ± 0.381a 3.416 ± 0.291ab 3.250 ± 0.251b 3.166 ± 0.281b

PL 4.333 ± 0.761a 3.916 ± 0.571b 3.583 ± 0.631c 3.417 ± 0.291c 2.667 ± 0.281d

BR 4.250 ± 0.251a 4.166 ± 0.141a 4.000 ± 0.431a 3.583 ± 0.381b 2.750 ± 0.431c

CA 4.250 ± 0.251a 4.083 ± 0.141b 3.833 ± 0.141c 3.416 ± 0.141d 2.917 ± 0.521e

Taste CL 3.917 ± 0.141a 3.833 ± 0.141a 3.500 ± 0.251b 3.250 ± 0.251b 2.667 ± 0.141c

PL 4.583 ± 0.382a 4.166 ± 0.281b 3.583 ± 0.631c 3.333 ± 0.381c 2.416 ± 0.141d

BR 4.584 ± 0.152a 4.167 ± 0.141b 3.833 ± 0.381c 3.583 ± 0.141b 2.750 ± 0.251c

CA 4.666 ± 0.142a 4.250 ± 0.252b 3.750 ± 0.251c 3.334 ± 0.291d 2.667 ± 0.141e

Overall acceptability CL 3.333 ± 0.141a 3.166 ± 0.281a 3.000 ± 0.251a 2.833 ± 0.291a 3.083 ± 0.141a

PL 4.416 ± 0.382a 4.166 ± 0.382a 3.416 ± 0.3812b 3.167 ± 0.141b 2.333 ± 0.142c

BR 4.500 ± 0.252a 4.166 ± 0.142b 3.583 ± 0.142c 3.250 ± 0.251c 2.333 ± 0.142d

CA 4.583 ± 0.142a 4.333 ± 0.142a 3.667 ± 0.142b 3.166 ± 0.141c 2.250 ± 0.252d

1�4Mean values ± SD within a column with different superscript numerals and a-e mean values ± SD within a row with different superscript letters are significantly different
(P � 0.05). CL ¼ cheese with probiotics, PL ¼ Cheese added with L. plantarum, BR ¼ Cheese added with L. brevis, CA ¼ Cheese added with L.casei.
Mean data from 12 penalists and based on a 5-point hedonic scale (1 ¼ poor, 2 ¼ acceptable, 3 ¼ good, 4 ¼ very good, 5 ¼ excellent).
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high acid content in probiotic cheese resulting in more acidic taste
and more fragile texture that might have influenced their overall
acceptability (Buriti, da Rocha, Assis, & Saad, 2005). Higher scores
of overall acceptance for Scamorza probiotic cheese than non-
probiotic scamorza cheese were reported by Minervini et al.
(2012) and their preference over control cheese was reported to
decline with the increase in storage time. Minas fresh cheese added
with Lactobacillus acidophilus also showed good acceptance
(Marcatti, Habitante, Sobral, & Favaro- Trindade, 2009). Turkish
white cheese also exhibited non-significant effect of probiotics on
its sensory attributes (Kasimoglu, Goncuoglu, & Akgun, 2004). In
general, the sensory evaluation of the cheese revealed that Kalari
cheese can be used as a probiotic carrier while maintaining its
sensory characteristics.
4. Conclusions

Results indicated that the addition of different probiotic
strains increased the antioxidant activity of Kalari cheese due to
the formation of bioactive peptides because of the protein hy-
drolysis carried out by microbial enzymes. Also, the probiotics
were able to retard lipid and protein oxidation. Addition of
probiotics also inhibited the growth of spoilage micro-organisms
which reveals their possible use in biopreservation of the prod-
uct. The viable counts of all the strains were sufficient
throughout storage indicating that Kalari cheese could be used
efficiently for the target delivery of probiotics. Sensory scores of
probiotic cheese were higher which confirmed that incorporation
of probiotics have positive influence on palatability. This can be
concluded from the results that addition of different probiotics
not only increase the functionality of the product but also ex-
tends its shelf life without any use of synthetic compounds
(preservatives or antioxidants) which otherwise is a measure
concern for consumers because of their possible health hazards.
However, further studies should be carried out in terms of their
other possible health benefits and their tolerance to gastric
conditions during digestion.
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a b s t r a c t

The suitability of two physically modified (thermally inhibited) starches as a “clean label” alternative was
investigated in the preparation of white sauces. The rheological and sensory properties of white sauces
prepared with the two physically modified starches, a chemically modified starch and a native starch
were evaluated before and after a freeze/thaw cycle. The thermally inhibited starches have similar
pasting properties to the chemically modified starch, characterized by the absence of a breakdown in
viscosity. The mechanical spectra showed that the structure of sauces prepared with the two types of
thermally inhibited starches and with the chemically modified starch were practically unchanged after
thawing, denoting a good freeze/thaw stability. However, in sauces prepared with the native starch, a
decrease in tand was observed (from 0.49 to 0.20). All of the sauces exhibited shear thinning behaviour
and thixotropy. Ranking tests were used to evaluate the sensory differences among sauces prepared with
the different starches and paired comparisons were used to study differences between fresh and frozen/
thawed sauces. In general, the thermally inhibited starches provided sauces of a similar sensory quality
to the chemically modified starch.

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

Starch is the most widely used thickening and gelling agent in
the food industry because of the wide variety of textures and
mouthfeel sensations it provides. The functional properties of
starch are developed during the gelatinization process (Thomas &
Atwell, 1997). The starch gelatinization process occurs when
starch granules are heated in an aqueousmedium at a characteristic
temperature (gelatinization temperature), which produces irre-
versible granule swelling up to many times their original size, and
the leaching of amylose from the granules as they swell (Mitolo,
2006). As heating continues, additional amylose and amylopectin
are released and granule birefringence disappears (Miles, Morris,
Orford, & Ring, 1985). A maximum peak viscosity is reached over
the temperature range of 65e95 �C. This increase in viscosity is a
desired property and results from the physical force or friction
between the highly swollen granules. However, the swollen, hy-
drated starch granules are very fragile and, as the starch slurry is
held at temperatures of 92e95 �C, native starch granules begin to
fragment and the viscosity breaks down. Shear or conditions of
extreme pH also tend to disrupt and fragment the granules, so that
the starch polymers dissociate and become solubilized, leading to a
rapid breakdown in viscosity. After heating, the solubilized starch
polymers and the remaining insoluble granular fragments have a
tendency to re-associate (retrogradation phenomenon). As a
consequence, native starches have many limitations, including a
poor thermal and shearing stability, a tendency to retrograde dur-
ing cooling or/and freezing, a poorer viscosity and texture and less
shelf-stability, all of which significantly reduce the quality of the
final product (Jacobson, Obanni, & BeMiller, 1997).

In order to improve their performance and quality properties,
native starches are chemically modified. The modification of starch
chemicals bycrosslinkingmakes it possible to control the swellingof
starch granules and inhibit breakdown. Because of this inhibition,
crosslinked starches are also called inhibited starches. Crosslinking
or inhibition results in covalently-bonded inter and intramolecular
bridges between starch polymers that reinforce the granule struc-
ture. Crosslinking controls the granular swelling and produces a
starch that can tolerate high temperature, high shear, and acidic
conditions. Another very frequent starch chemical modification is
stabilization, which introduces chemical blocking groups between
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starch polymers, which prevent retrogradation after cooling and
confer freeze/thaw stability (Thomas & Atwell, 1997).

However, despite the great quality benefits associated with
chemically modified starches, the increased tendency towards
natural, clean elabel food has motivated the use of native starches
and of alternative ways to alleviate native starch limitations.

Another alternative means of improving native starch func-
tionality without chemical modification is by inhibiting the starch
using a thermal process. This modification is a physical process, so
the obtained inhibited starch possesses the label of a native starch
(Haghayegh & Schoenlechner, 2011). Basically, the process consists
of two steps: firstly, the granular starch is dehydrated and, sec-
ondly, the dehydrated starch is heat-treated for long enough and at
a sufficiently high temperature to inhibit the starch. This thermal
inhibition is supposed to increase starch resistance to breakdown,
producing a non-cohesive, or “short” texture paste, preventing the
appearance of a runny or gummy texture. An additional advantage
is that starch increases the flavour of the product to which it is
added, so the need for flavour enhancers is reduced. Depending on
the extent of the heat treatment, various levels of inhibition can be
reached. Lightly inhibited starches possess higher viscosity and
little breakdown, whereas highly inhibited starches possess lower
viscosity and no breakdown.

A type of food in which starch plays an important functionality
is sauce. In particular, white sauces are composed basically of starch
or/and flour, milk, oil and fat. White sauces prepared with native
starches have exhibited poorer sensory quality attributes and
freeze/thaw stability than sauces prepared with crosslinked and
substituted starches. The quality of the native starch white sauce
was improved by the incorporation of hydrocolloids to the sauce
formulation, in particular when using xanthan gum, which would
prevent interaction between amylose chains and, therefore, reduce
retrogradation, lessening the negative effects of the appearance of
graininess or a lack of homogeneity (Arocas, Sanz, Salvador, Varela,
& Fiszman, 2010).

The aim of the present study was to evaluate the suitability of
employing thermally inhibited starches in a white sauce formula-
tion. The pasting properties and the effect of thermal processing
and a freeze/thaw cycle in the flow, viscoelastic and sensory
properties were evaluated.

2. Materials and methods

2.1. Starches

Four different starches were employed, supplied by UNIVAR
IBERIA SA and manufactured by INGREDION Incorporated National
Starch and Food Innovation (Westchester, IL, USA): native waxy
corn starch (NS), chemically crosslinked and substituted waxy corn
starch (QMS) and two thermally-inhibited, non-pregelatinized
granular waxy corn starches (TISa and TISb).

2.2. Preparation and frozen storage of the white sauces

The white sauce consisted of powdered skimmed milk (9.30 g/
100 g) (Central Lechera Asturiana, Asturias, Spain), sunflower oil
(2.55 g/100 g) (Coosol), starch (6.00 g/100 g), salt (0.23 g/100 g) and
water (up to 100 g). All of the ingredients were placed into a
cooking device (Thermomix TM 31, Wuppertal, Germany) and
heated up to 90 �C (17 �C/min) at 200 rpm and kept at 90 �C at the
same agitation speed for 6 min. The obtained sauces were placed in
crystal containers, covered with a plastic film, and cooled down to
20 �C in an ice-water bath. In the case of the study of the freshly
preparedwhite sauces, measurements were taken on the same day.

In order to study the effect of a freeze/thaw cycle, the white
sauces were placed in plastic containers at 20 �C and were frozen
at �18 �C for four days. After frozen storage, the sauces were
thawed at room temperature until they reached 20 �C and mea-
surements were taken on the same day.

2.3. Rheological behaviour

2.3.1. Pasting properties
The pasting properties were studied using a starch pasting cell

(SPC) attached to a controlled stress rheometer (AR-G2, TA In-
struments, Crawley, England). The SPC consists of an impeller and a
cylindrical cup (3.6 cm wide and 6.4 cm high). The impeller is
designed to closely fit the cylindrical cup containing the sample.
The top of the mixing element shaft is gradually extended to pro-
vide a non-contact conical shape cover, which significantly pre-
vents solvent evaporation. Heating is accomplished through
electrical elements placed concentrically to the cup, and cooling is
achieved through water recirculation carried out in a helical
conduct in close proximity to the cup's outer walls. The cooling
water flow is controlled through the cooling control unit, which is
placed upstream of the cup.

Measurements were taken in the starches dispersed in water
(6 g/100 g). 25 g of the corresponding sample was placed in the
cylindrical cup of the SPC. The sample was first vigorously stirred
(100 s�1) for 10 s at 30 �C, and then the shear rate was switched to
30 s�1 until the end of the test. The samples were heated from 30 �C
to 90 �C at 15 �C/min, and then the temperature was held at 90 �C
for 5 min. Subsequently, the samples were cooled down to 30 �C at
15 �C/min, and held at 30 �C for 5 min. The viscosity data were
recorded over time; data collecting was performed using the TA
data analysis software, provided by the instrument's manufacturer.

From the viscosity versus time curves, the following parameters
were obtained: pasting temperature (PT), considered as the tem-
perature at which viscosity begins to rise; peak viscosity (PV),
considered as the highest viscosity value reached during heating;
hot paste viscosity (HPV), considered as the viscosity value at the
end of the isothermal period at 90 �C; the cold paste viscosity (CPV),
considered as the viscosity value at the end of the isothermal
period at 30 �C; in addition, relative breakdown (PV-HPV)/PV and
relative total setback (CPV-HPV)/CPV were calculated.

2.3.2. Viscoelastic properties
The viscoelastic properties of the white sauces were studied

using a controlled stress rheometer (AR-G2, TA Instruments,
Crawley, England). A 40 mm diameter plateeplate geometry with
serrated surface and a gap of 1 mm was employed. Before mea-
surements were taken, the samples remained between the plates
for 10 min as equilibration time. The exposed edges of the samples
were covered with a silicon oil to avoid sample drying during
measurements.

In order to simulate the effect of heating on the structure of the
white sauce, temperature sweeps were performed from 20 �C to
80 �C at a heating rate of 1.5 �C/min and a frequency of 1 Hz. The
applied strain was selected to guarantee the existence of a linear
viscoelastic response according to previous stress sweeps carried
out at different moments of the temperature sweep: 20 �C and
80 �C (applied strain ¼ 0.001e0.025 as a function of the sample).
The temperature sweep was stopped at the corresponding tem-
peratures, and after 10 min as temperature equilibration time, the
stress sweep was performed. The mechanical spectra in the linear
region (applied stress ¼ 0.3e0.5 Pa as a function of the sample)
from 10 to 0.01 Hz at 20 �Cwere also recorded in separate tests. The
values of the storage modulus (G0), the loss modulus (G00), the
complex modulus (G*) and the loss tangent (tan d ¼ G00/G’) were
recorded.
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2.3.3. Flow properties
The sample flow was measured by recording the shear stress

values when shearing the samples with a linearly increasing shear
rate from 1 to 100 s�1 for a period of 60 s and in reverse sequence
for the same time. The measurements were taken in both the fresh
and the frozen/thawed sauces at 20 �C and 50 �C. The percentage of
the relative hysteresis area was calculated by means of the
following equation:

% Relative hysteresis area ¼ Aup � Adown

Aup
� 100

where, Aup is the area under the upstream data point curve and
Adown is the area under the downstream data point curve.

The data from the ascending segment of the shear cycle were
fitted to the Ostwald-de Waele model:

s ¼ kx _gn

where, s (Pa) is the shear stress, k is the consistency index, _g is the
shear rate and n is the flow index.
2.4. Sensory properties

All of the sensory tests were carried out in a standardised test
room (ISO, 2007). The samples (40 ml) were served in white plastic
cups at 50 �C coded with three-digit random numbers. Mineral
water was provided for mouth-rinsing. Data acquisition was per-
formed using Compusense Five v.5.0 software (Compusense Inc.
Guelph, Canada).
2.4.1. Ranking tests
The ranking tests were used to study the effects of the type of

starch used to prepare white sauces. Two sets of four samples (NS,
QMS, TISa and TISb), one with fresh samples and another with
frozen/thawed samples were evaluated in different sessions. For
each set of samples, 24 naïve assessors were asked to rank the four
sauces according to the intensity of the corn flavour, the salty taste,
the creaminess, the consistency and the elasticity.
2.4.2. Paired comparison tests
Paired comparison tests were performed by 24 naïve assessors

to evaluate the differences between the corn flavour, the salty taste,
the creaminess, the consistency and the elasticity attributes of fresh
and frozen/thawed sauces for each type of starch. In order to reduce
the possible effect that the order in which they are served may
have, an equal number of assessors received a different sample first
for each pair.
Fig. 1. Starch pasting profiles of the different starches studied (white circle: NS, native
waxy corn starch; black square: TISa and grey circle: TISb, thermally-inhibited non-
pregelatinized granular waxy corn starches; black triangle: QMS, chemically cross-
linked and substituted waxy corn starch; grey line: temperature).
2.5. Statistical analysis

A two-way analysis of variance (ANOVA) with interaction was
performed on the rheological parameters to study the effects of the
type of starch and the freezing/thawing process using the XLSTAT
2009.4.03 (Addinsoft, Paris, France).

The Friedman Analysis of Variance was applied to the sensory
data obtained in the ranking tests and the significance of the dif-
ferences between samples was determined by the Fisher test
(a ¼ 0.05), as modified for non-parametric data (Meilgaard, Civille,
& Carr, 1999). Paired comparisons tests were considered two-tailed
and significant differences were established for (a ¼ 0.05).

A sensory data analysis was performed using Compusense® five
release 5.0 software (Compusense Inc., Guelph, Ontario, Canada).
3. Results and discussion

3.1. Starch pasting properties

The pasting properties corresponding to the four starches are
shown in Fig. 1. The values of PV, GT, HPV, CPV, Breakdown, Relative
breakdown, Setback and Relative setback are shown in Table 1.

The pasting profiles of both physically treated starches (TISa and
TISb) and the chemically modified starch (QMS) were very similar.
The three types were characterized by the absence of a breakdown
in viscosity during heating. In the three starches, the maximum
viscosity value reached (PV) during heating is maintained during
the isothermal period at 90 �C, indicating the resistance of the
starch structure to breakdown. A different profile was shown by the
native waxy maize starch, where a breakdown in viscosity is
observed.

Both TISa and TISb showed values of PV that were lower than
those for QMS and NS. The peak viscosity provides a measure of the
thickening power of starch, which indicates the ability of the
granules to swell freely before physical breakdown (Kaur, Fazilah,&
Karim, 2011; Li, Bai, Mousaa, Zhang, & Shen, 2012). The lower PV of
the physically treated starches indicated that thermal inhibition
has induced a higher restriction to swelling than the one shown by
the chemically modified starch considered as control. As expected,
the NS, whose swelling power is not restricted by modification,
exhibited the highest PV.

Significant differences were found between the pasting tem-
peratures of the two thermally treated starches. TISb showed the
lowest PT, followed by QMS, TISa and NS samples, which had the
highest PT.

As commented on above, only NS showed a decrease in HPV in
comparison to PV, indicating the starch breakdown.

The viscosity value reached after cooling (CPV) was highest in
the QMS, revealing its greater thickening ability. The waxy maize
starch showed a significantly lower CPV, which should be inter-
preted as the consequence of two features: a poorer thickening
capacity (in comparison to modified starches) and a lower level of
starch retrogradation. It is well known that waxy corn starch has
lower CPV and relative total setback than non-waxy native corn
starch, indicating its well known reduced tendency to retrograda-
tion due to its lower amylose content (Arocas, Sanz, & Fiszman,
2009a).

Special care has to be taken in the correct interpretation of the
higher value of total setback and relative total setback of the
chemically modified starch. The setback parameter has been



Table 1
Pasting parameters corresponding to the four starches studied (PV: peak viscosity, PT: pasting temperature, HPV: hot paste viscosity, CPV: cold paste viscosity) (Mediumvalues
of three replicates).

Starch type PV (Pas) PT (�C) HPV (Pas) CPV (Pas) Breakdown (Pas) Relative breakdown Setback (Pas) Relative setback

NS 0.72a 68.85a 0.34a 0.49a 0.38a 0.53a 0.15a 0.30a
TSIa 0.50b 67.00b 0.51b 0.88b 0.00b 0.00b 0.37b 0.42a
TSIb 0.54b 61.90c 0.51b 0.83b 0.03b 0.05b 0.32b 0.39a
QMS 0.65c 65.50d 0.60c 1.38c 0.05b 0.08b 0.79c 0.57b

NS: native waxy corn starch; TSIa, TSIb: thermally-inhibited non pregelatinized granular waxy corn starches and QMS: chemically crosslinked and substituted waxy corn
starch.
ab Values in the same column for each treatment with the same letter are not statistically different according to the Tukey test (p < 0.05).
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traditionally associated with the extent of starch retrogradation,
but its application is restricted to native starches, not being
appropriate to compare starches with and without retrogradation.
The marked increase in the viscosity of QMS during the cooling
stage should be associated solely with the increase in viscosity
linked to temperature reduction (Arrenhius law), but not to other
phenomena such as retrogradation.

3.2. Viscoelastic properties

The effect of the freeze/thaw cycle on the viscoelastic properties
of the sauces preparedwith the different starches is shown in Fig. 2.
In all the sauces, the viscoelastic behavior was always characterized
by values of G0 higher than G00, both moduli being quite indepen-
dent of frequency. The mechanical spectra revealed that the
Fig. 2. Mechanical spectra of fresh and frozen/thawed sauces with each type of starch at 2
granular waxy corn starches and QMS: chemically crosslinked and substituted waxy corn st
samples).
viscoleastic properties of sauces prepared with both thermally
inhibited starches (TISa and TISb) and the chemically modified
starch (QMS) remained practically unchanged after thawing. In the
TIS sauces, the values of both G0 and G00 were slightly higher after
thawing indicating a very mild increase in consistency. In the TISb
sauce, only a very slight increase in G0 values was observed. On the
contrary, the viscoelastic properties of the fresh native starch (NS)
sauce were clearly affected after the freeze/thaw cycle. The
behavior of this sauce was also different. The mechanical spectra of
the fresh sauces reveal the behavior of a weaker gel with lower
values of G0 and G00 and a greater dependence on frequency; this
behavior agrees with the poorer thickening ability previously
described in the pasting properties. After thawing, a clear change in
the shape of the mechanical spectra is observed with an increase in
the values of both G0 and G00, and an increase in the distance
0 �C (NS: native waxy corn starch; TISa, TISb: thermally-inhibited non-pregelatinized
arch). (G0:closed symbols; G00: open symbols). (Circles: fresh sample; triangles: thawed
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between both moduli and a decrease in the frequency dependence,
indicating a clear increase in the elasticity after the freeze/thaw
cycle. The absence of amylose in the waxy starch minimizes the
starch retrogradation process in comparison to maize starch
(Arocas, Sanz, & Fiszman, 2009b), but does not eliminate it
completely.

In Table 2, values of G0, G00 and tand at 1 Hz, before and after the
freeze/thaw cycle are shown. As shown in the graphs, values of G0

and G00 were higher in the chemically modified starch (QMS), which
is coherent with the fact that this starch has the greatest thickening
capacity of. The native waxy starch (NS) showed the lowest G0 and
G00 and the lowest viscoelasticity (values of tand closer to 1), asso-
ciated with the fact that its thickening ability in comparison to the
modified starches is less pronounced.

After the freeze/thaw cycle, no significant differences were
found among G0, G00 and tand before or after thawing in the
chemically modified starch (QMS), which indicates its total freeze/
thaw stability. In the thermally-inhibited (TISa a and TISb) sauces,
the values of G0 were markedly higher after thawing in comparison
to the fresh sauces (NS), although the differences found were very
small. However, this small but significant difference did not greatly
affect the system viscoelasticity as no significant differences were
found in tan d. This result indicates that no significant change in the
type of structure occurs. On the contrary, in the thawed nativewaxy
starch (NS) sauces, a significant decrease in tand (increase in
viscoelasticity) was observed, together with a big significant in-
crease in G0 and G00.

In order to simulate the effect of reheating on the structure of
the fresh and thawed sauces, the viscoelastic properties during
heating were also investigated. The changes in G0 and G00 during
heating are shown in Fig. 3 (A: for the different fresh sauces and B:
for the thawed sauces). Similarly to previous results, both thermally
inhibited starches (TISa and TISb) behaved in a similar way to the
chemically modified starch (QMS), characterized by a mild linear
decrease in G0 and G00 in line with the increase in temperature. In
the native starch (NS), the decreasewas slightly greater, but still not
very pronounced.

In the frozen/thawed sauces, the evolution of G0 and G00 was
again very similar in all three modified starches characterized by a
mild decrease in both G0 and G00 in line with temperature. For the
TISa sauce, a very slight change in the slope was observed at around
50 �C, with a further decrease in G0 and G00 in comparison to the
TISb sauce or the QMS sauce. This small change in the slope may be
associated with a break of any type or chemical links which may
have been formed in this starch as a consequence of the thawing/
freezing step. The behavior of the native waxy maize starch (NS)
sauce showed a completely different profile, which is characterized
by a sudden decrease in the viscoelastic functions at temperatures
of 45 �C and over, attributed to a consequence of the breaking of the
linkages formed during retrogradation. As a consequence, the
Table 2
Values of the rheological parameters of the different white sauces at 1 Hz (Medium valu

Starch G0 (Pa) G00 (Pa)

Fresh Frozen/thawed Fesh

NS 15.8aA (0.6) 63.5bA (6.6) 7.8aA (0.2)
TISa 248.6aB (0.4) 309.8bBC (0.5) 32.4aB (0.3)
TISb 203.4aB (14.4) 254.4bB (2.1) 33.2aB (0.5)
QMS 465.5aC (20.8) 385.9aC (50.1) 50.0aC (1.0)

NS: native waxy corn starch; TSIa, TSIb: thermally-inhibited non pregelatinized granula
starch.
Values in parentheses are standard deviations.
ab Values in the same row for each starch and parameter with the same letter are not st
AB Values in the same column for parameter and treatment with the same capital letter
viscoelasticity of the native waxy corn sauce was noticeably
reduced at 80 �C.
3.3. Flow properties

The up and down flow curves exhibited shear thinning behavior
in all the sauces, characterized by an increase in shear stress in line
with the rise in shear rate. The down curves always showed a
decrease in shear stress and viscosity values, representative of the
thixotropy of the sauces.

The behavior of the up curves was adjusted to the Ostwald de
Waele model. The values of consistency coefficient (K), and flow
behavior index (n), together with the values of Relative thixotropic
area at 20 �C are shown in Table 3. The K values of the native starch
sauce (NS) were significantly lower, while those of the QMS starch
were significantly higher, revealing their poorer and greater
thickening capacity, respectively. The thermally inhibited starches
(TISa and TISb) had K values that were only slightly lower than
those of the QMS starch. The lowest degree of pseudoplasticity was
shown in the native starch (NS) sauce, with values of n closer to 1.
The three modified starches exhibited similar n values, although
significant differences were found among the three types. The
freeze/thaw cycle produced a decrease in the k values of all the
modified starches and an increase in the native starch sauce. The n
values of the native starch (NS) decreased after thawing (values
closer to 0), implying that there was an increase in pseudoplasticity
at that time, while in the modified starches, values of n remained
practically unaffected. None of the thawed sauces exhibited any
significant differences in terms of n values.

At 50 �C (Table 4), a decrease in the viscosity values was found in
all the sauces, associated with the increase in temperature. The
same trend as at 20 �C was observed, the fresh native (NS) sauce
being the one with the lowest K values and the QMS sauce the one
with the highest K values. At 50 �C, the changes in the flow prop-
erties of the native sauce (NS) associatedwith the freeze/thaw cycle
were less noticeable.

As for the comparison of the relative thixotropic areas, there
were no significant differences found between the native starch
(NS) sauce and the two physically modified starches (TISa and
TISb). The chemically modified (QMS) sauce exhibited the smallest
relative thixotropic area. A lower value of relative thixotropic area
indicates a more stable structure in response to agitation. The
freeze/thaw cycle only had very little effect on the relative thixo-
tropic area in all the starches. The increase in temperature to 50 �C
produced a decrease in the relative thixotropic area in all the
starches in comparison to 20 �C.
3.4. Sensory properties

Ranking tests and paired comparisons tests were used to
es of three replicates).

tand

Frozen/thawed Fresh Frozen/thawed

13.1bA (0.8) 0.491aA (0.007) 0.203bA (0.011)
37.7bB (1.1) 0.132aBC (0.003) 0.122aB (0.004)
31.6aC (0.5) 0.164aB (0.013 0.125aB (0.001)
50.3aD (1.9) 0.108aC (0.003 0.132aB (0.012)

r waxy corn starches and QMS: chemically crosslinked and substituted waxy corn

atistically different according to the Tukey test (p < 0.05).
are not statistically different according to the Tukey test (p < 0.05).



Fig. 3. Evolution of G0(closed symbols) and G00 (open symbols) versus temperature of sauces (A: fresh sauces; B: frozen/thawed sauces) (circle: NS, native waxy corn starch; Star:
TISa and downwards pointing triangle:TISb, thermally-inhibited non-pregelatinized granular waxy corn starches and triangle: QMS, chemically crosslinked and substituted waxy
corn starch).

Table 3
Values of the flow curve parameters and relative tixotrophy of the different starches
at 20 �C (Medium values of three replicates).

Treatment Starch K (Pa sn) n Relative tixotrophy

Fresh NS 27.0a (0.2) 0.412a (0.004) 17.9a (0.9)
TSIa 100.4bc (4.9) 0.142b (0.007) 18.0a (0.5)
TSIb 78.4b (8.9) 0.188c (0.015) 14.3a (1.1)
QMS 105.8c (7.4) 0.248d (0.010) 9.4b (1.7)

Frozen/thawed NS 107.7a (18.9) 0.192a (0.028) 28.9a (2.5)
TSIa 49.2c (2.7) 0.191a (0.013) 16.0b (1.4)
TSIb 65.8bc (1.3) 0.195a (0.004) 14.5b (0.2)
QMS 95.7ab (6.5) 0.209a (0.018) 14.3b (1.2)

NS: native waxy corn starch; TSIa, TSIb: thermally-inhibited non pregelatinized
granular waxy corn starches and QMS: chemically crosslinked and substituted waxy
corn starch.
Values in parentheses are standard deviations.
ab Values in the same column for each treatment with the same letter are not sta-
tistically different according to the Tukey test (p < 0.05).

Table 4
Values of the flow curve parameters (K: consistency index and n: flow index) and
relative tixotrophy of the different starch at 50 �C (Medium values of three
replicates).

Treatment Starch K (Pa sn) n Relative tixotrophy

Fresh NS 9.6a (2.6) 0.516a (0.031) 9.3a (3.0)
TSIa 32.3b (3.7) 0.283b (0.013) 6.0a (3.8)
TSIb 37.0bc (0.7) 0.292b (0.002) 8.2a (0.7)
QMS 48.2c (5.9) 0.313b (0.009) 5.6a (1.4)

Frozen/thawed NS 15.4a (6.1) 0.383a (0.072) 20.5a (5.5)
TSIa 28.0ab (2.4) 0.286a (0.008) 8.8ab (1.7)
TSIb 37.2b (3.5) 0.289a (0.010) 7.5b (0.2)
QMS 23.6ab (1.7) 0.343a (0.019) 3.0b (0.9)

NS: native waxy corn starch; TSIa, TSIb: thermally-inhibited non pregelatinized
granular waxy corn starches and QMS: chemically crosslinked and substituted waxy
corn starch.
Values in parentheses are standard deviations.
ab Values in the same column for each treatment with the same letter are not sta-
tistically different according to the Tukey test (p < 0.05).
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evaluate the sensory differences between sauces with different
types of starch and differences between fresh and frozen/thawed
sauces. Results of the ranking tests of fresh and frozen/thawed
sauces are shown in Table 5. The fresh samples presented signifi-
cant differences (a ¼ 0.05) in the corn flavour, the saltiness, the
creaminess, the consistency and the elasticity. Sauces made with
the physically treated starches (TISa and TISb) presented a more
intense corn flavour than those made with the native starch (NS) or
the chemically modified starch (QMS). The sauce with chemically
modified starch was significantly saltier than the others. As regards
the textural attributes, the sauce made with native starch (NS) was
significantly less creamy and consistent but more elastic than the
other sauces. No significant differences in textural attributes were
found between QMS and TIS sauces, indicating that the physically
treated starches provide sauces with the same quality than sauces
preparedwith chemically modified starch. The lower consistency of
the NS sauces can be associated with both the lower values of the
viscoelastic functions, G0 and G00, and the lower consistency index,
in comparison to the other three starch sauces. The frozen/thawed
sauces also presented significant differences in terms of flavour and
textural attributes between samples depending on the starch type
used. However, these differences did not follow the same pattern as
in the case of the fresh samples, indicating that the freezing/
thawing process affected the different types of starch differently.
Sauces with physically modified starches once again presented a
more intense corn flavour than the other two starches. The sauces
made with native starch and also the two sauces made with the
physically modified starch were less salty. Paired comparison tests
of fresh and frozen/thawed sauces also confirmed a significant
decrease in saltiness (a ¼ 0.05) after the freezing/thawing process
in the sauces with the two physically modified starches; this may
indicate that, in this type of starch, a change in the salt distribution
during the freezing/thawing process occurs, reducing the salt
release in the mouth and the intensity of the perceived salty taste.

As far as textural properties as concerned, the sauce with native
starch again exhibited lower creaminess and consistency and
greater elasticity than the rest of the sauces. The paired comparison
test indicated that, after the freeze/thaw process the sauce with
native starch was less consistent than the fresh sample. The sauce
made with the physically treated starch, TISa, exhibited lower
creaminess and consistency than sauces made with physically
treated starch, TISb, and the chemically modified starch (QMS).
Paired comparisons showed that the freezing/thawing process
caused a significant decrease in the consistency of the sauce made
with the physically treated starch, TISa. The sauce made with the
physically treated starch, TISb, and the chemically modified starch
(QMS) exhibited no significant differences in terms of elasticity and
creaminess, though the TISb sauce demonstrated slightly less
consistency than the QMS sauce.

So, in general, in the case of frozen/thawed sauces, the



Table 5
Ranking test of sensory properties of fresh and frozen/thawed sauces elaborated with the different starches (Medium values of 24 scores).

Treatment Starch Corn flour Salty taste Creaminess Consistency Elasticity

Fresh NS 48b 44b 38b 39a 85a
TSIa 69a 58b 62a 64b 58b
TSIb 73a 59b 65a 64b 58b
QMS 50b 81a 77a 75b 44b

Frozen/thawed NS 40c 38b 33c 30d 83a
TSIa 64ab 70a 60b 48c 52b
TSIb 70a 65a 66ab 66b 52b
QMS 54bc 60a 79a 86a 46b

NS: native waxy corn starch; TSIa, TSIb: thermally-inhibited non pregelatinized granular waxy corn starches and QMS: chemically crosslinked and substituted waxy corn
starch.
ab Values in the same column for each treatment with the same letter are not statistically different according to the Tukey test (p < 0.05).
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physically treated starch, TISb, produces ones of similar sensory
quality to the chemically modified starch.

4. Conclusions

Nowadays, there is a tendency towards clean label food, which
implies no chemical modifications. This study evaluated the suit-
ability of using thermally inhibited starches, which possess the
label of native starch, to prepare white sauces, instead of a chem-
ically modified starch. . The results obtained regarding rheological
and sensory properties reveal that, in general, the thermally
inhibited starches behave similarly to the chemically modified
starch, both before and after a freeze/thaw cycle. Therefore, clean
label white sauces with good freeze/thaw stability can be obtained
without changing the suitable creaminess and consistency ob-
tained with the typically used chemically modified starches.
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a b s t r a c t

Wheat chips enriched with stale bread were produced and response surface methodology was used for
the studying the simultaneous effects of stale bread level (0e50 g/100g), frying temperature (170
e190 �C) and frying time (40e60 s) on some physicochemical, chemical, textural, morphological and
sensorial properties of chips. Additionally, product optimization was performed by using ridge analysis to
detect the optimum levels of process variables. The dry matter, ash, Hunter Lab a and b values of samples
increased with the increasing stale bread level. Higher frying temperature caused a decrease in the
hardness and water activity values. Also, addition of stale bread in the formulation of chips decreased the
oil uptake of samples significantly (p < 0.01). Sensory values of wheat chips increased with the increasing
stale bread level. In general, panelists preferred wheat chips enriched with stale bread compared to
control sample. The addition of stale bread made the structure of chips firm and electron microscopy
analysis revealed that pores and fractures of chips decreased for the samples containing stale bread,
which resulted in lower oil uptake during frying.

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

Potato and corn chips are the most common salty snacks in the
world and consumed by all age groups (Senthill, Ravi, Bhat &
Seethalakshmi, 2002; Thakur & Saxena, 2000). One of the impor-
tant driving forces of snack food industry is to develop new snacks
by using alternative rawmaterials and ingredients. Althoughwheat
flour has not been used as the main ingredient of fried chips in the
industry, there are various studies in the literature concerning its
possible utilization for the production of chips. (Cankurtaran, 2008;
Kayacier, Yuksel, & Karaman, 2014a; Yuksel, Karaman, & Kayacier,
2014).

Bread is an inseparable part of a daily diet and it is probably the
most commonly consumed food product in the world. Bread, a
fermented food product, is generally produced with wheat flour,
y, Food Engineering Depart-

yacier).
water, yeast and salt (Mondal & Datta, 2008; Yuksel, 2014). Staling
occurs in the bread when it starts losing moisture after production
and retrogradation of starch takes place (Ribotta, Cuffini, Le�on, &
A~n�on, 2004). For this reason, staling of bread causes the loss of
some aromatic characteristics and textural properties of bread;
therefore most people would not like to consume stale bread
(Siljestr€om et al., 1988). Non-consumed stale bread is generally
wasted to garbage causing the loss of economic and natural re-
sources. Although there are many campaigns running in the world
to curb the amount of stale bread waste; still millions of loaves of
bread go to garbage every year. For example, in Turkey the amount
of stale bread per day is about 5 million units in 2013 (TMO, 2013).
On the other hand, stale bread can be used to be as a food ingre-
dient in food industry. It is also known that the staling may provide
some functional characteristics to bread. Stale bread contains more
dietary fiber (due to resistant starch), has lower glycemic index and
higher capacities of bile acids and water binding (Niba, 2002; Rabe
& Sievert, 1992; Silijestr€om et al, 1988). These properties could be
associated to lower oil uptake during frying for deep fried snacks.
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Hence the formulation of snack foods can be incorporated with
stale bread flour to obtain chips with lowered oil content. Addi-
tionally, higher dietary fiber and lower glycemic index mean that
the snacks prepared with stale bread addition could be healthier
alternative to present snacks in the market. (Sajilata & Singhal,
2005; Sajilata, Singhal, & Kulkarni, 2006).

The objective of the present study is to enrich wheat chips with
stale bread to produce a new snack food for consumers and snack
industry. Response surfacemethodologywas used to determine the
optimum processing variables according to certain quality charac-
teristics of wheat chips enriched with stale bread in order to obtain
overall acceptability and low oil content.
2. Material and methods

2.1. Materials

Wheat flourwas obtained fromHatap Flour Co. (Corum, Turkey).
Initial analysis of flour revealed that it contained 11.8 g moisture,
10.92 g protein, 0.53 g ash in 100 g dry matter and its water activity
was 0.54. Bread dough was produced in the laboratory using flour,
yeast, salt and water. After fermentation the dough was baked at
220 �C for 20 min (fermentation conditions: 30 �C 45 mine30 �C
60 min respectively). Afterwards, bread was staled at room condi-
tions for two days. The stale bread was ground using a food grinder
(Kitchen Aid Professional 600, MI, USA) to obtain stale bread flour.
It was determined that the stale bread contained 11.8 g moisture,
9.01 g protein, 1.93 g ash in 100 g dry matter and its aw was
measured to be 0.57. Corn oil (Bizim Brand, Istanbul, Turkey) used
for the frying was purchased from local market in Kayseri (Turkey).
2.2. Methods

2.2.1. Preparation of chips
Chip samples were prepared with wheat flour and ground stale

bread at different proportions as presented in Table 1 (100:0;
75:25; 50:50). To form dough, wheat flour and ground stale bread
were mixed as a dry mixture using dough mixer (Kitchen Aid
Professional 600, MI, USA) for 5 min and then 50 mL tap water was
incorporated into the mix which was kneaded for 10 min. After
kneading the dough was covered with a stretch film to prevent
drying of dough and rested for 30 min at room conditions for
proper hydration. Afterwards, the thickness of dough was adjusted
to 1 mm using a lab-scale sheeter (Rondo, Doge, Model:SS0615,
Table 1
Second order design matrix used for the evaluation of the effects of process variables (stal
sensory properties of wheat chips enriched with stale bread.

Coded values

Runs Stale bread (g/100g) X1 Frying temp. (�C) X2 Frying time (

1 0 e e

2 þ 0 e

3 þ 0 þ
4 e e 0
5 e 0 þ
6 0 0 0
7 e þ 0
8 þ þ 0
9 0 þ þ
10 þ e 0
11 0 e þ
12 0 0 0
13 e 0 e

14 0 0 0
15 0 þ e
Switzerland). Finally, chip samples were deep fried using a tem-
perature controlled fryer (Mikrotest, Ankara, Turkey). Different
frying temperature (170, 180 and 190 �C) and frying duration (40,
50 and 60 s) were chosen as presented in Table 1 for the optimi-
zation of processing variables. Fried chip samples were cooled and
rested on paper towel at ambient conditions.

2.2.2. Proximate composition of wheat chips
Dry matter, oil, ash contents and water activity of the samples

were determined according to the official procedures (AOAC, 2000).
Dry matter content of the samples was determined by drying
samples at 105 �C for 4 h in a laboratory oven (Nuve FN 120, Ankara,
Turkey). Ash content was measured by incinerating the samples at
550 �C for 4 h using an ashing furnace (Protherm, Ankara Turkey).
Oil content of chip samples was analyzed using a soxhlet extraction
system. The water activity of samples was measured using an
automatic aw meter (Decagon, USA).

2.2.3. Color analysis
The color values of chip samples determined using a colorimeter

(Lovibond RT Series Reflectance Tintometer, England) were recor-
ded as L (brightness), a (±redegreen) and b (±yelloweblue) ac-
cording to the Hunter scale. The chip samples were milled with
mortar and the milled samples poured in a tube. Afterwards, the
tube was placed to colorimeter and the color was measured.

2.2.4. Textural analysis
Textural characteristics of wheat chips were determined using a

Texture Analyzer (TA.XT Plus, Stable Micro System Ltd., Surrey,
England) equipped with a Kramer shear cell attachment (HDP/KS-
5) using a 294.3 N of load cell for the analysis. The analyses were
performed with six replicates at room temperature. Wheat chips
(approximately 3 g) were placed in the Kramer shear cell and
samples were placed to be perpendicular to the Kramer shear
blades to ensure maximum number of blades contacting to the
samples. The blades travelled at 5 cm/min during analysis. The
fracture force (N) which is the maximum force required to break
the sample was measured from the timeeforce curve.

2.2.5. Scanning electron microscopic analysis
SEM analysis of wheat chips enriched with stale bread were

conducted according to the procedure described by Konuklar,
Inglet, Cariere, & Felker, 2004. Two chips were fixed in 10 mL of
14 mL/L glutaraldehyde solution for 2 h. Afterwards, the samples
e bread, frying temperature and frying time) on some physicochemical, chemical and

Uncoded values

s) X3 Stale bread (g/100g) Frying temp. (�C) Frying time (s)

25 170 40
50 180 40
50 180 60
0 170 50
0 180 60

25 180 50
0 190 50

50 190 50
25 190 60
50 170 50
25 170 60
25 180 50
0 180 40

25 180 50
25 190 40



F. Yuksel, A. Kayacier / LWT - Food Science and Technology 67 (2016) 89e98 91
were washed with distilled water six times and 30 s wait time was
used between two consecutive washes. Then, the samples were
dehydrated with 10, 30, 50, 70, 90 and 100 mL/100 mL ethanol
solution for 90 min. The samples were washed twice again with
ethanol absolute for 5 min and they were soaked in chloroform for
10 min. In the end, all samples were kept in chloroform to remove
the fat from the chips for 24 h. After dehydration, the dried chip
samples weremounted on aluminum studs with conductive carbon
tape and they were coated with 36 nm gold/palladium using a mini
sputter coater (Polaron SC 7620, Thermo VG Scientific,West Sussex,
UK). The structure of prepared chips was monitored by scanning
electron microscope (Leo 440, LEO Electron Microscopy Ltd, Cam-
bridge, England).

2.2.6. Sensory analysis
Samples were served to trained panel consisting of fifteen

members (faculty and graduate students of Food Engineering
Department in Erciyes University, ages of panelist group were be-
tween 19 and 45, the group contained 8 female and 7 male mem-
bers) for sensory evaluation. Panelists cleansed their palates by
deionized water prior to proceeding to the next sample. Descriptive
sensory analysis was used inwheat chips enrichedwith stale bread.
The analysis include a scaling method for taste (1 ¼ undesired,
7 ¼ desired), color (1 ¼ very brown, 7 ¼ desired yellowness),
crispness (1 ¼ undesired texture, 7 ¼ desired texture) and overall
acceptability (1 ¼ dislike, 7 ¼ like).

2.2.7. Statistical analysis and modeling
In the study, a 3-factor-3 level Box Behnken experimental design

(Box& Behnken,1960) with three replicates at the center point was
chosen for the modeling of processing variables (stale bread, frying
temperature and frying time). The predictive regression models
were constructed for all parameters of analysis. Coded and uncoded
values of the 3 processing variables (factors), levels and experi-
mental design were tabulated in Table 1. Second-order polynomial
equation of function Xi as stated belowwas fitted for each response
analyzed:

Y ¼ b0 þ
X3

i¼1

biXi þ
X3

i¼1

biiX
2
ii þ

X3

i¼1
i< j

X3

j¼1

bijXiXj (1)

Where Y is the estimated response; b0, bi, bii, bij are constants. Xi and
Xj are processing variables (stale bread, frying temperature and
frying time). Uncoded values were used for analysis. The number of
tests for the Box-Behnken designwere limited to 15 as presented in
Table 1. The experimental combinations were implemented in
triplicate (6th,12th and 14th runs as indicated in Table 1) in the
center point of the model for the estimation of the experimental
variance. The response surface analysis was carried out using JMP
statistical software (Version 5.0.1.a SAS Institute. Inc. NC, USA) and
Statistica for Windows (Version 8.0 Statsoft Inc. OK, USA) was used
for the computational work including 3D surface plots. Maximum
and minimum response for increment radii from the center of the
original design were calculated using JMP for estimated ridges.

3. Results and discussion

3.1. Physicochemical and chemical properties of wheat chips
enriched with stale bread

Physicochemical and chemical parameters of wheat chips
enriched with stale bread are tabulated in Table 2. Box-Behnken
design of response surface methodology was chosen to show the
main effects of processing variables (stale bread, frying tempera-
ture and frying time) and their interactions. The dry matter content
of samples increased significantly with increasing stale bread level
(p < 0.01, Table 3). In addition, the quadratic effect of stale bread on
dry matter content of samples was significant (p < 0.01, Table 3).
Regression model constructed for the estimation of dry matter
content of thewheat chips enrichedwith stale breadwith relatively
high coefficient of determination (R2 ¼ 0.94) was demonstrated in
Table 4.

The highest dry matter content was determined to be 77.9 g/
100g in the wheat chip containing 25 g/100g stale bread and fried
at 190 �C for 60 s while the lowest to be 63.4 g/100g in the sample
containing 0 g/100g stale bread and fried at 180 �C for 40 s. The
frying temperature and time did not significantly affect the mois-
ture content of final products (p > 0.05, Table 3); Fig. 1 shows the
change in the drymatter content of wheat chips enrichedwith stale
bread with respect to added stale bread content, frying time and
temperature. Increasing frying temperature and frying time de-
creases the moisture content of chip samples due to the vapor-
ization of moisture from chips during frying (Baltacioglu, 2012).
Rababah et al. (2012) reported that the dry matter content of
corn chips containing flavor compounds increased with the
increasing frying conditions. Nath and Chattopadhyay (2007) re-
ported that the drymatter content of snack foods enrichedwith soy
and potato flour significantly decreased with the increase in frying
temperature and time.

The ash content of samples increased significantly with
increasing stale bread content in the formulation (p < 0.01, Table 3).
The maximum ash content was determined to be 1.04 g/100g in the
wheat chip containing 50 g/100g stale bread and fried at 170 �C for
50 s while the minimumwas 0.32 g/100g in the sample containing
0 g/100g stale bread and fried at 180 �C for 40 s. The ash content of
stale bread was 1.93 g/100g. Therefore, the main reason for higher
ash content with the increasing stale bread amount could be the
fact that stale bread is rich in minerals. The coefficient of deter-
mination for the ash content of the chips was 0.99 (Table 4). Gul
(2010) investigated the effect of stale bread addition on tarhana
and reported that the addition of stale bread increased the ash
content of tarhana significantly (p < 0.05).

Maximum response for oil content (34.0 g/100g) was deter-
mined for the sample containing 0 g/100g stale bread and fried at
190 �C for 50 s while minimum response for oil content (21.5 g/
100g) was obtained for the sample containing 25 g/100g stale bread
and fried at 190 �C for 60 s (Table 2). The oil content of chip samples
significantly decreased with increasing stale bread concentration
(p < 0.01, Table 3). In addition, the quadratic effect of stale bread on
oil content of samples was significant (p < 0.05, Table 3). Increasing
stale bread level in the formulation of chips decreased the oil up-
take during frying, resulting in end products with lower oil content
(Fig 1). Reduced expansion and a smaller pore size as a result of
stale bread addition also could lead to reduced oil uptake. A
regression model (Table 4) was constructed for the prediction of oil
content of the wheat chips enriched with stale bread with notably
high coefficient of determination (R2 ¼ 0.91). Due to the high co-
efficient of determination, this regression model can be effectively
used to estimate the oil content of the samples based on the stale
bread level, frying temperature and frying time. The main reason of
decreased oil content with the increasing stale bread in the
formulation of chips might be that stale bread acts as a covering
matter which caused the formation of smaller pores. As a result of
smaller pore size, less oil was taken up during frying.
Balasubramaniam, Chinnan, Mallikarjunan, and Phillips (1997) re-
ported that the oil content of fried chicken products decreased (by
33.7%) with increasing stale bread concentration. In the present
study, the oil content of samples similarly decreased by 35% with



Table 2
Physicochemical and chemical, color and sensory properties of wheat chips enriched with stale bread.

Runs Physicochemical and chemical properties Color properties Sensory properties

*Dry matter (g/
100g)

Ash (g/
100g)

Oil (g/
100g)

Water activity
(aw)

Hardness
(N)

L a b Color Crispness Taste/
Odor

Overall
acceptability

1 73.0 ± 0.5 0.68 23.3 ± 0.6 0.09 232 ± 38 74.1 ± 1.4 6.1 ± 0.3 19.2 ± 0.5 4.6 ± 1.4 5.3 ± 0.7 5.0 ± 0.7 4.9 ± 0.8
2 74.2 ± 0.1 1.02 25.3 ± 0.6 0.08 154 ± 14 65.7 ± 2.7 10.5 ± 1.1 20.9 ± 1.5 5.6 ± 0.7 6.1 ± 1.0 5.8 ± 0.6 5.9 ± 0.4
3 76.6 ± 0.1 0.98 23.3 ± 0.4 0.08 166 ± 29 58.8 ± 1.7 13.9 ± 0.6 19.8 ± 1.4 4.1 ± 1.2 5.8 ± 0.8 5.2 ± 0.9 5.0 ± 1.0
4 69.1 ± 0.3 0.39 27.4 ± 0.2 0.10 236 ± 32 75.2 ± 2.1 4.2 ± 0.3 18.9 ± 1.3 4.0 ± 1.2 5.6 ± 0.7 5.1 ± 1.1 4.8 ± 0.9
5 66.1 ± 0.1 0.37 33.3 ± 0.1 0.06 142 ± 17 64.5 ± 0.3 9.4 ± 0.0 30.2 ± 0.2 5.5 ± 1.1 5.8 ± 1.2 5.4 ± 1.0 5.6 ± 0.8
6 74.0 ± 1.2 0.70 23.4 ± 0.2 0.14 163 ± 33 63.5 ± 2.2 11.9 ± 0.7 22.9 ± 0.7 4.7 ± 1.3 5.7 ± 1.2 5.8 ± 1.0 5.6 ± 1.1
7 65.2 ± 0.3 0.35 34.0 ± 0.4 0.07 102 ± 17 52.7 ± 0.4 15.2 ± 0.2 36.5 ± 0.3 5.5 ± 0.9 5.7 ± 0.6 5.3 ± 1.1 5.5 ± 1.0
8 76.2 ± 0.1 0.98 23.7 ± 0.1 0.06 185 ± 38 56.6 ± 0.6 14.1 ± 0.2 33.5 ± 0.2 5.2 ± 1.8 5.4 ± 1.2 5.7 ± 1.1 5.5 ± 1.3
9 77.9 ± 0.1 0.61 21.5 ± 0.3 0.09 174 ± 19 46.3 ± 0.2 15.6 ± 0.2 31.3 ± 0.2 3.9 ± 1.3 5.4 ± 1.4 4.8 ± 1.1 5.1 ± 1.1
10 77.8 ± 0.1 1.04 21.6 ± 0.3 0.10 191 ± 21 65.3 ± 2.1 9.5 ± 0.3 21.4 ± 1.3 5.5 ± 0.6 5.9 ± 0.8 5.7 ± 0.6 5.6 ± 0.5
11 74.3 ± 0.1 0.67 25.1 ± 0.3 0.16 154 ± 18 68.9 ± 2.1 9.9 ± 0.9 22.7 ± 0.9 5.5 ± 0.7 5.6 ± 1.0 5.7 ± 0.7 5.7 ± 0.6
12 75.1 ± 0.0 0.61 24.7 ± 0.3 0.10 141 ± 30 61.8 ± 1.1 13.0 ± 0.9 23.1 ± 0.6 5.3 ± 1.0 5.7 ± 1.1 5.9 ± 1.0 5.9 ± 0.9
13 63.4 ± 0.1 0.32 29.6 ± 0.7 0.06 161 ± 23 76.12 ± 0.8 4.9 ± 0.6 19.2 ± 1.1 5.0 ± 1.4 5.3 ± 0.8 5.2 ± 0.8 4.9 ± 1.0
14 76.2 ± 0.1 0.69 23.6 ± 0.3 0.12 139 ± 32 63.3 ± 1.9 12.5 ± 0.2 22.4 ± 1.2 5.5 ± 1.0 5.7 ± 0.9 5.5 ± 1.0 5.4 ± 1.0
15 74.8 ± 0.1 0.64 24.5 ± 0.2 0.07 160 ± 23 66.6 ± 0.9 11.2 ± 0.5 22.4 ± 1.2 5.4 ± 1.3 6.0 ± 1.0 5.8 ± 0.9 5.6 ± 1.0

R 75.1 ± 1.2 0.66 ± 0.04 23.9 ± 0.7 0.12 ± 0.02 172 ± 56 62.9 ± 0.91 12.4 ± 0.56 22.8 ± 0.35 5.2 ± 0.36 5.7 ± 0.04 5.7 ± 0.24 5.6 ± 0.27

* The oil content of chips was removed from the dry matter.
R: Replicated central point's means and experimental standard deviations.

Table 3
Significance of the regression models (F values) and the effects of variables on physicochemical, chemical and sensory properties of wheat chips enriched with stale bread.

Source of
Variance

DF Physicochemical and chemical properties Color properties Sensory properties

Dry matter (g/
100g)

Ash (g/
100g)

Oil (g/
100g)

Water activity
(aw)

Hardness
(N)

L a b Color Crispness Taste/
Odor

Overall
acceptability

Linear
x1 1 59.23a 738.70a 32.37a 0.31 1.05 14.88b 16.56a 1.08 0.10 1.56 8.14a 3.43
x2 1 0.00 4.89 1.36 7.83b 12.87b 113.66a 54.92a 21.91a 0.07 0.00 0.09 1.34
x3 1 3.05 0.04 0.01 3.21 1.78 59.14a 20.81a 6.34 1.00 0.01 2.25 0.01
Cross product
x12 1 0.36 0.11 1.50 0.02 11.71b 11.45b 6.58 0.79 2.69 1.90 0.68 4.33
x13 1 0.01 1.48 2.31 0.00 0.71 1.33 0.17 3.74 3.85 3.03 4.40 15.72b

x23 1 0.24 0.04 1.58 1.81 5.98 13.94b 0.06 0.77 5.43 4.81 20.12a 11.08b

Quadratic
x11 1 16.41a 1.60b 12.59b 13.23b 0.12 0.81b 4.32 1.10 0.02 0.37 1.16 1.10
x22 1 1.01 0.00 0.58 0.42 7.84b 1.68 0.30 3.52 0.44 1.37 3.20 2.30
x33 1 1.20 0.90 0.20 2.59 0.25 5.46 4.46 1.45 0.28 0.02 5.06 2.37
Total error 5
Lack of fit 3 4.08 0.04 12.11 0.99 2.76 7.59 7.63 131.59 2.69 37.53 0.30 0.28
Pure error 2
Total model 9 9.09 82.33 5.87 3.14 4.67 24.75 11.93 4.56 1.54 1.46 4.89 4.55

X1: Stale bread, X2: Frying temperature, X3: Frying time. a p < 0.01, bp < 0.05.

Table 4
Predicted models for the experimental data of wheat chips enriched with stale bread.

Chemical properties R2

Dry Matter (g/100g) Y ¼ 75.09 þ 5.124X1�0.02X2þ1.164X3�0.567X1X2�0.075X1X3þ0.457X2X3�3.97X2
1þ0.982X2

2�1.0756X2
3 0.94

Ash (g/100g) Y ¼ 0.665 þ 0.325X1�0.026X2�0.002X3�0.005X1X2�0.020X1X3�0.003X2X3þ0.022X2
1þ0.000X2

2�0.016X2
3 0.99

Oil (g/100g) Y ¼ 23.913�3.812X1þ0.780X2þ0.057X3�1.160X1X2�1.439X1X3�1.191X2X3þ3.499X2
1�0.753X2

2þ0.440X2
3 0.91

Water Activity (aw) Y ¼ 0.122 þ 0.003X1�0.018X2þ0.012X3�0.001X1X2þ0.0002X1X3�0.012X2X3�0.035X2
1�0.006X2

2�0.015X2
3 0.85

Textural properties
Hardness (N) Y ¼ 148.036 þ 6.827X1�23.910X2�8.884X3þ32.265X1X2þ7.9263þ23.046X2X3þ3.4137X2

1þ27.479X2
2þ4.902X2

3 0.89
Color proportion
L Y ¼ 62.903�2.765X1�7.642X2�5.512X3þ3.43X1X2þ1.17X1X3�3.785X2X3þ0.950X2

1�1.369X2
2þ2.465X2

3 0.98
a Y ¼ 12.456 þ 1.815X1þ3.303X2þ2.033X3�1.617X1X2�0.262X1X3þ0.155X2X3�1.363X2

1�0.360X2
2�1.385X2

3 0.96
b Y ¼ 22.81�1.148X1þ5.182X2þ2.788X3�1.392X1X2�3.03X1X3þ1.377X2X3þ1.712X2

1þ3.06X2
2�1.962X2

3 0.87
Sensory properties
Color Y ¼ 5.18 þ 0.056X1þ0.048X2�0.182X3�0.422X1X2�0.506X1X3�0.6X2X3þ0.036X2

1�0.178X2
2�0.141X2

3 0.73
Crispiness Y ¼ 5.716 þ 0.097X1þ0.002X2þ0.007X3�0.152X1X2�0.192X1X3�0.242X2X3þ0.070X2

1�0.134X2
2�0.014X2

3 0.73
Taste/smell Y ¼ 5.743 þ 0.19X1þ0.02X2�0.1X3�0.077X1X2�0.197X1X3�0.422X2X3�0.105X2

1�0.175X2
2�0.220X2

3 0.90
Overall Acceptability Y ¼ 5.64 þ 0.133X1þ0.083X2þ0.007X3�0.212X1X2�0.405X1X3�0.34X2X3�0.111X2

1�0.161X2
2�0.163X2

3 0.89

X1: Stale bread; X2: Frying temperature (�C); X3: Frying time (s.); R2: Coefficient of determination.
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Fig. 1. Effect of process variables of wheat chips enriched with stale bread on dry matter, hardness and oil content along with the second-order polynomial model equations
predicting effects of variables.
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increasing stale bread content in the formulation.
The highest water activity value was measured for the sample

containing 25 g/100g stale bread and fried at 170 �C for 60 s while
control sample with no stale bread fried at 180 �C for 40 s had the
lowest water activity (Table 2). The water activity content of chips
significantly decreased (p < 0.05) with increasing frying
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temperature (Table 3). In addition, the quadratic effect of the stale
bread decreased the water activity content of chip samples signif-
icantly (p < 0.05, Table 3). The water activity of samples did not
exhibit a certain trend with the addition of stale bread in the
Fig. 2. Effect of process variables of wheat chips enriched with stale bread on color properti
predicting effects of variables.
formulation. The aw of sample containing stale bread of 25 g/100g
was higher than control sample but it decreased when the stale
bread amount increased to 50 g/100g. Sulaeman, Keeler, Giraud,
Taylor, and Driskell (2003) reported that the water activity
es (L, a and b) along with the response surface and prediction profiler model equations
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contents of carrot chips were 0.40e0.44. Perez-Tinoco, Perez,
Salgado-Cervantes, Reynes, and Vaillant (2008) who investigated
the effect of frying conditions on the pineapple chips reported that
the increasing frying temperature significantly decreased the water
activity of samples.

Maximum response for hardness value (236 N) was measured
for the control sample fried at 170 �C for 50 s while minimum
response for hardness value (102 N) was observed for the chips
containing stale bread at the level of 0 g/100g and fried at 190 �C for
50 s (Table 2). The hardness value of chip samples was significantly
affected from frying temperature (p < 0.05, Table 3). In addition, the
interaction of stale bread addition and frying temperature and the
quadratic effect of frying temperature on the hardness of samples
were determined to be significant (p < 0.05, Table 3 and Fig. 1). The
determination coefficient of the hardness value was 0.89 as pre-
sented in Table 4. Hardness and crispness are very important
quality parameters in snack foods especially for chip products. The
chips should be hard enough to withstand cracking during pro-
cessing and within the package until it reaches the consumer and
should be crisp when it is taken to mouth for chewing. Especially,
frying temperature decreases the hardness values of chips due to
the fact that moisture of the sample decreased faster with
increasing frying temperature (Yuksel, 2014). Rababah et al. (2012)
investigated the effect of broad bean flour, chickpea flour or
Fig. 3. Effect of processing variables of wheat chips enriched with stale bread on sensory pr
variables.
isolated soy protein fortification on properties of corn chips. They
report that the hardness values of corn chips is significantly
affected by frying temperature (p < 0.05). Lisinska and Golubowska
(2005), who investigated the effects of frying conditions and
moisture value on the potato chips, report that increasing frying
temperature causes a significant decrease in the hardness of chips.
Also, the hardness value of potato chips decreased with the
increasing tissue degradation of samples.

The processing parameters including frying temperature and
time as well as the amount of stale bread in the formulation
significantly affected the color characteristics of samples. The
lightness values (L) of samples were affected from processing var-
iables significantly (p < 0.01, p < 0.05, Table 3). The highest L value
was observed to be 76 while the lowest was 46. Fig. 2 illustrates the
color properties (Hunter Lab) of wheat chip samples. As expected,
increment in stale bread concentration, frying temperature and
time decreased the lightness values of samples significantly (Fig. 2).
Coefficient of determination was high for the estimation of light-
ness values of sample (R2 ¼ 0.98). Similar results were reported by
Shyu and Hwang (2001) for fried apple chips, i.e. that the lightness
values of the chip samples decreases with increasing frying tem-
perature. Kayacier, Yuksel, and Karaman (2014b) report that the
lightness values of the wheat chips enriched with apple fiber de-
creases with the increasing fiber level, frying temperature and time.
operties along with the second order polynomial model equations predicting effects of



Fig. 4. Scanning electron microscope (SEM) pictures (magnification ¼ 140�) of wheat
chips enriched with stale bread.
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Minimum response for redness value (4.2) was obtained for the
sample containing stale bread at the level of 0 g/100g and fried at
170 and 50 s. Maximum response for redness value (16) was ob-
tained for the chip samples containing stale bread at the level of
25 g/100g and fried at 190 �C for 60 s (Table 2). The redness (a)
value of samples increased significantly as expected with the
increasing stale bread level in the formulation, frying temperature
and time (p < 0.01, Table 3). Coefficient of determination was high
for the estimation of redness values of chip sample (R2 ¼ 0.96). The
yellowness (b) value of samples significantly increased with
increasing frying temperature (p < 0.01, Table 3 and Fig. 2). The
highest yellowness value was determined to be 37 in the wheat
chip containing 0 g/100g stale bread and fried at 190 �C for 50 s
while the lowest was to be 19 in the sample containing 0 g/100g
stale bread and fried at 170 �C for 50 s. The Maillard reaction takes
place within the chip during frying as a result of high temperature.
The redness characteristics of samples increased with the stale
bread addition, frying temperature and time because of higher
occurrence of Maillard reaction (Yuksel, 2014). Rababah et al (2012)
reported that the corn chips enriched with bean flour, chickpea
flour or isolated soy protein have higher redness values than the
control sample and they speculated that higher redness values
could be due to Maillard reaction. Similarly, Yashoda, Modi, Rao
Jagannatha, and Mahendrakar (2008) reported that the source of
different color properties of cereal chips enriched with egg could be
Maillard reaction.

3.2. Sensory evaluations

No difference was detected in terms of sensory color and
crispness of chip samples by panelists (p > 0.05), but taste and
overall acceptability were significantly affected by stale bread level
(p < 0.05, Table 3). The sensory color values of samples slightly
decreased (Fig. 3) with increasing stale bread and frying temper-
ature while the crispness values of samples did not change. The
taste/odor values of samples are shown in Fig. 3. Also, interaction
effect of frying temperature and time caused a significant decrease
in the taste/odor scores (p < 0.01). Linear effect of stale bread level,
frying temperature and time were determined to be insignificant
on the overall acceptability (p > 0.05, Table 3). The highest overall
acceptability score was 5.9 in the wheat chip containing 50 and
25 g/100g stale bread and fried at 180 �C for 40 and 50 s while the
lowest was 4.9 in the sample containing 0 g/100g stale bread and
fried at 170 �C for 50 s. Raudout, Dacremont, and Meste (1998)
used stale bread in extrusion and they find a significant increase
in sensory crispness with the decreasing moisture level. Kayacier
et al. (2014a) report that the taste values for wheat chips con-
taining different legume flours (pea, chickpea and soy flour)
increased with the increasing legume flours. The addition of stale
bread increased the sensory appeal of wheat chips since the
samples prepared with stale bread addition received higher
overall acceptability scores compared to control. Hence it could be
suggested that stale bread can be utilized as an ingredient in the
formulation snack foods.

3.3. Scanning electron microscopic (SEM) analysis

The morphological characteristics of samples were determined
using SEM (Fig. 4). Increase in the stale bread level changed the
structure of samples significantly (Fig. 4). Stale bread covered the
sample as if it was to be a coating material and a firm structure was
observed with the increasing stale bread level in the formulation.
The firm structure might be a result of stale bread addition
obstructing the moisture removal from the chips. Thus, oil uptake
of samples was limited with increasing stale bread in the
formulation (Yuksel, 2014). The pores and fractures of chip samples
decreased with increasing stale bread concentration. Krokida,
Oreopoulou, Maroulis, and Marinos-Kouris (2001) report that the
morphological characteristics of chip samples are affected from the
frying conditions, thickness of chip and frying reactions (Maillard,
Caramelization etc.). Kayacier and Singh (2003) report a change in
the structure of tortilla chips due to frying temperature and time.

3.4. Optimization of parameters

The maximum and minimum response of worked parameters
were determined with ridge analysis according to the processing
variables (Stale bread, frying temperature and time). Table 5 illus-
trates maximum and minimum values for response of some physi-
ochemical, chemical and sensory parameters of wheat chips
enrichedwith stale bread. Increase in stale bread level decreased the



Table 5
Estimated ridge of maximum and minimum values for responses of some physicochemical, chemical and sensory parameters of wheat chips enriched with stale bread.

Stale bread (g/100g) Frying temperature (�C) Frying time (s) Maximum response Minimum response

Physicochemical and chemical properties
Dry matter (g/100g) 50 190 58 78.32

0 185 40 68.40
Ash (g/100g) 50 170 45 1.05

0 190 40 0.31
Oil (g/100g) 0 185 60 33.35

50 190 60 20.34
Water activity (aw) 27 170 58 0.144

50 190 60 0.047
Hardness (N) 0 170 40 273.04

0 190 44 113.95
L 0 170 40 81.69

0 190 60 46.18
a 25 190 60 16.20

0 170 40 0.47
b 0 190 60 40.54

50 170 60 19.06
Sensory properties
Color 50 170 47 5.48

0 170 40 3.45
Crispness 50 184 40 6.07

0 170 40 4.94
Taste 50 179 45 5.90

0 170 40 4.43
Overall acceptability 50 183 43 5.88

0 170 40 4.02
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oil content and for that reasonmaximumoil content could be at stale
bread level ¼ 0 g/100g, frying temperature ¼ 185 �C and frying
time¼ 60 s while the minimum could be at stale bread level¼ 50 g/
100g, frying temperature¼ 190 �C and frying time¼ 60 s. To produce
wheat chips with lower oil content, the stale bread level in the
sample could be adjusted to be as high as 50 g/100g. Increase in
frying temperature increased the crispness scores and for that reason
maximum crispness score could be at stale bread level ¼ 50 g/100g,
frying temperature ¼ 184 �C and frying time ¼ 40 s while the min-
imum could be at stale bread level ¼ 0 g/100g, frying
temperature¼ 170 �C and frying time¼ 40 s. To producewheat chips
with high crispness, the stale bread level in the sample could be
adjusted to be as high as 50 g/10g. Maximum overall acceptability
score (5.9) could be obtained at stale bread level¼ 50 g/100g, frying
temperature ¼ 183 �C and frying time ¼ 43 s. The Ridge analysis
pointed out that the optimized sensory properties and lowest oil
content could be reached when the formulation of wheat chips was
incorporated with 50 g/100g stale bread.

4. Conclusion

Stale bread can be used in the production of wheat chips since it
helps to obtain snack with lower oil content and better sensory
characteristics. According to the optimization of results it could be
concluded that stale bread up to 50 g/100g can be used in the
formulation of chips.
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a b s t r a c t

Irradiation is recognized by international organizations as a conservation technology, which was pre-
viously applied to some wild mushrooms species. Our research group evaluated the effectiveness of
gamma irradiation to preserve different samples of highly appreciated species, particularly, Lactarius
deliciosus, Macrolepiota procera, Boletus edulis and Hydnum repandum. According to the obtained results
and to specific international recommendations on this subject, the 2 kGy dose was selected. Therefore,
this dose was extended to Boletus pinophilus Pil�at & Dermek and Clitocybe subconnexa Murrill to validate
the proposed technology. The results indicated that some of the analysed chemical (specially sugars and
fatty acids) and antioxidant parameters showed significant changes after irradiation treatment, partic-
ularly in B. pinophilus (probably due to its higher water content). Nevertheless, the obtained differences
did not seem to be enough to change the overall characteristics of these mushrooms. Furthermore, the
antioxidant activity was generally higher in irradiated samples. In conclusion, the detected chemical
changes might be considered as acceptable, when considering the high advantages of gamma irradiation
at decontamination and/or disinfestation level.

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

Edible wild mushrooms are abundant in woods and forests and
are an important natural resourcewith progressively highermarket
demand. In recent years, mushrooms' picking evolved from a family
activity, to become a booming business, with annual trading in-
dicators of thousands of tons of mushrooms (Koune, 2001;
Marques, 2005).

The consumption of mushrooms (especially seasonal wild spe-
cies) is seriously limited by the short shelf life of mushrooms, which
is related to their high perishability. After harvest, the signs of
deterioration include dehydration, loss of texture, enzymatic
browning and bacterial lesions (Aguirre, Frias, Barry-Ryan, & Gro-
gan, 2008; Kulshreshtha, Singh & Deepti-Vipul, 2009). Mushroom'
conservation and distribution are critical points, demanding
appropriate preservation methods (Lacroix & Ouattara, 2000).
Irradiation treatment, internationally recognized (Nagar, Hajare,

Saroj, & Bandekar, 2012; WHO, 1999), might be an alternative to
minimize these losses. This technology has recognized benefits
such as extending the shelf life, stopping the maturation process,
decontaminating and lowering the presence of bacteria and fungi
(Minnaar, Taylor, & McGill, 1995).

Our research group evaluated the effectiveness of gamma irra-
diation in the maintenance of wild mushrooms' quality, using fresh
and/or processed samples, with focus on Lactarius deliciosus
(Fernandes, Antonio, et al., 2013), Macrolepiota procera (Fernandes
et al., 2014a), Boletus edulis and Hydnum repandum (Fernandes,
Barreira, et al., 2013). The gamma irradiation of fresh samples of
B. edulis at a dose of 2 kGy, maintained the amounts of fat, carbo-
hydrates, ash, fructose, glucose, mannitol, trehalose, saturated fatty
acids, citric and fumaric acids, in the same levels as those observed
in non-irradiated samples. Likewise, the antioxidant activity was
preserved after irradiation (Fernandes, Barreira, et al., 2013). The
same dose (2 kGy) had a similar effect on H. repandum fresh
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samples, as verified by the preservation of carbohydrates, mannitol,
trehalose, ash, d-tocopherol, saturated fatty acids, oxalic, malic,
citric and fumaric acids, as well as of its antioxidant activity
(Fernandes, Barreira, et al., 2013).

In different countries (Argentina, China, Croatia, Hungary, Israel,
Korea, Poland, United Kingdom, Mexico) the recommended dose
range for extending the shelf life of fresh mushrooms is 1e3 kGy
(Akram & Kwon, 2010). Moreover, ICGFI (1999) reported that irra-
diation of mushrooms at 2e3 kGy inhibits cap opening, stem
elongation and has been shown to have minimal effect on flavour,
aroma and colour (ICGFI, 1999, Sommer, Schwartz, Solar, & Sontag,
2009, 2010). The texture of mushroom is often the primary quality
attribute judged by the consumer, being extremely important in
overall product acceptance. However, many studies indicate that
mushrooms' firmness is similar between irradiated and control
samples (Fernandes, Antonio, Oliveira, Martins, & Ferreira, 2012;
Jiang, Luo, Chen, Shen, & Ying, 2010).

According to Lacroix and Ouattara (2000), a 2 kGy dose com-
bined with cooling (10� C) is enough to increase the shelf life of
mushrooms.

Therefore, the aim of the present work was validating the use of
2 kGy of gamma irradiation as a technology able to maintain
chemical parameters of wildmushrooms, while extending previous
studies to unreported edible species: Boletus pinophilus Pil�at &
Dermek and Clitocybe subconnexa Murrill.

2. Materials and methods

2.1. Standards and reagents

To estimate the dose and dose rate a Fricke dosimeter was used.
This consists of a chemical solution sensitive to ionizing radiation;
prepared in the laboratory following the standards (ASTM, 1992)
and Amber Perspex dosimeters (batch V, from Harwell Dosimeters,
Harwell, UK). To prepare the acid aqueous Fricke dosimeter solu-
tion the following reagents were used: ferrous ammonium sulfa-
te(II)hexahydrate, sodium chloride and sulfuric acid, all of them
purchased from Panreac S.A. (Barcelona, Spain) with purity PA
(proanalysis), and water treated in a Milli-Q water purification
system (Millipore, model A10, USA).

For chemical analyses: Acetonitrile 99.9%, n-hexane 95% and
ethyl acetate 99.8% were HPLC grade from Lab-Scan (Lisbon,
Portugal). The fatty acids methyl ester (FAME) reference standard
mixture 37 (standard 47885-U) was purchased from Sigma (St.
Louis, MO, USA), as also other individual fatty acid isomers, organic
acid, tocopherol and sugar standards. Racemic tocol, 50mg/mL, was
purchased from Matreya (PA, USA).

For antioxidant potential analysis: 2,2-diphenyl-1-
picrylhydrazyl (DPPH) was obtained from Alfa Aesar (Ward Hill,
MA, USA). Standards trolox (6-hydroxy-2,5,7,8-tetramethylchro
man-2-carboxylic acid) and gallic acid were from Sigma (St. Louis,
MO, USA). Methanol and all other chemicals were of analytical
grade and obtained from common sources. Water was treated in a
Milli-Q water purification system (TGI Pure Water Systems, USA).

2.2. Samples and samples irradiation

B. pinophilus wild samples were obtained in Tr�as-os-Montes, in
the Northeast of Portugal, in November 2012 and C. subconnexa in
November 2013. Subsequently, the samples were divided in two
groups with five mushrooms per group for B. pinophilus and seven
mushrooms in each group, for C. subconnexa: control (non-irradi-
ated, 0.0 kGy) and irradiated (2 kGy). The estimated dose rate for
the irradiation position was obtained with Fricke dosimeter. The
irradiation of the samples was performed in a Co-60 experimental
chamber with four sources, total activity 198 TBq (5.33 kCi) in
November 2012 (Precisa 22, Graviner Manufacturing Company Ltd,
U.K.), following the procedure described by the authors in a pre-
vious work (Fernandes, Antonio, et al., 2013). The estimated doses,
dose rates and dose uniformity ratios (Dmax/Dmin) were:
2.09 ± 0.16 kGy, 1.56 kGy/h, 1.18 for B. pinophilus; and
1.95 ± 0.22 kGy, 1.95 kGy/h, 1.33 and for C. subconnexa.

All the samples were lyophilized (FreeZone 4.5 model 7750031,
Labconco, Kansas, USA), reduced to a fine dried powder (20 mesh)
andmixed to obtain homogenized samples for subsequent analysis.

2.3. Chemical parameters

2.3.1. Nutritional value
Moisture, protein, fat, carbohydrates and ash were deter-

mined following the AOAC procedures (AOAC., 1995). Moisture
content was evaluated by the weight difference before and after
lyophilization (FreeZone 4.5 model 7750031, Labconco, Kansas,
USA), crude protein content (N � 4.38) of the samples was
estimated by the macro-Kjeldahl method; the crude fat was
determined by extracting a known weight of powdered sample
with petroleum ether, using a Soxhlet apparatus; the ash content
was determined by incineration at 600 ± 15 �C using a Chamber
furnace Lenton Thermal Designs Ltd, model ECF 12/22. Total
carbohydrates were calculated by difference. Energy was calcu-
lated according to the following equation: Energy (kcal) ¼ 4 �
(gprotein) þ 3.75 � (gcarbohydrate) þ 9 � (gfat).

2.3.2. Free sugars
Free sugars were determined by high performance liquid

chromatography coupled to a refraction index detector (HPLC-RI)
according to the extraction procedure was set as follows by Heleno,
Barros, Sousa, Martins, and Ferreira (2009), using raffinose as in-
ternal standard (IS). Dried sample powder (1.5 g) was spiked with
the IS (5 mg/mL), and was extracted with 40 mL of 80% aqueous
ethanol at 80 �C for 1h30 min. The resulting suspension was
centrifuged at 15,000 g for 10 min. The supernatant was concen-
trated at 60 �C under reduced pressure and defatted three times
with 10mL of ethyl ether, successively. After concentration at 40 �C,
the solid residues were dissolved inwater to a final volume of 5 mL,
filtered through a 0.22 mm disposable LC filter disk, transferred into
an injection vial and analysed by HPLC.

The equipment consisted of an integrated system with a pump
(Knauer, Smartline system 1000), degasser system (Smartline
manager 5000), auto-sampler (AS-2057 Jasco) and a RI detector
(Knauer Smartline 2300). Data were analysed using Clarity 2.4
Software (DataApex). The chromatographic separation was ach-
ieved with a Eurospher 100-5 NH2 column (4.6 � 250 mm, 5 mm,
Knauer) operating at 30 �C (7971 R Grace oven). The mobile phase
was acetonitrile/deionized water, 70:30 (v/v) at a flow rate of 1 mL/
min. The compounds were identified by chromatographic com-
parisons with authentic standards. Quantification was performed
using the internal standard method and sugar contents were
further expressed in g per 100 g of dry weight (dw).

2.3.3. Fatty acids
Fatty acids were determined by gaseliquid chromatography

with flame ionization detection (GC/FID)/capillary column as
described previously by the authors (Heleno et al., 2009), and after
the following trans-esterification procedure: fatty acids were
methylated with 5 mL of methanol:sulphuric acid:toluene 2:1:1
(v:v), during at least 12 h in a bath at 50 �C and 160 rpm; then 3 mL
of deionized water were added, to obtain phase separation; the
FAME were recovered with 3 mL of diethyl ether by shaking in
vortex, and the upper phase was passed through a micro-column of
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sodium sulfate anhydrous, in order to eliminate the water; the
sample was recovered in a vial with Teflon, and before injection the
sample was filtered with 0.2 mm nylon filter from Milipore. The
fatty acid profile was analysed with a DANI model GC 1000 in-
strument equipped with a split/splitless injector, a flame ionization
detector (FID) at 260 �C and a MachereyeNagel (Düren, Germany)
column (50% cyanopropyl-methyl-50% phenylmethylpolysiloxane,
30 m � 0.32 mm i.d. � 0.25 mm df). The oven temperature program
was as follows: the initial temperature of the column was 50 �C,
held for 2 min, then a 30 ºC/min ramp to 125 �C, 5 ºC/min ramp to
160 �C, 20 ºC/min ramp to 180 �C, 3 ºC/min ramp to 200 �C, 20 ºC/
min ramp to 220 �C and held for 15 min. The carrier gas (hydrogen)
flow-rate was 4.0 mL/min (0.61 bar), measured at 50 �C. Split in-
jection (1:40) was carried out at 250 �C. Fatty acid identification
was made by comparing the relative retention times of FAME peaks
from samples with standards. The results were recorded and pro-
cessed using the Clarity DataApex 4.0 Software and expressed in
relative percentage of each fatty acid.

2.3.4. Tocopherols
Tocopherols were determined as previously described, using

tocol as IS (Heleno, Barros, Sousa, Martins, & Ferreira, 2010). BHT
(butylhydroxytoluene) solution in hexane (10 mg/mL; 100 ml) and
internal standard (IS) solution in hexane (tocol; 2.0 mg/mL; 250 ml)
were added to the sample prior to the extraction procedure. The
samples (~500 mg) were homogenized with methanol (4 mL) by
vortex mixing (1 min). Subsequently, hexane (4 mL) was added and
again vortex mixed for 1 min. After that, saturated NaCl aqueous
solution (2 mL) was added, the mixture was homogenised (1 min),
centrifuged (Centurion K24OR-2003 refrigerated centrifuge, 5 min,
6185 rpm) and the clear upper layer were carefully transferred to a
vial. The samplewas re-extracted twicewith hexane. The combined
extracts were taken to dryness under a nitrogen stream, re-
dissolved in 1 mL of n-hexane, dehydrated with anhydrous so-
dium sulfate, filtered through a 0.22 lm disposable LC filter disk,
transferred into a dark injection vial and analysed by HPLC. The
analysis was carried out in the HPLC system described above con-
nected to a fluorescence detector (FP-2020; Jasco) programmed for
excitation at 290 nm and emission at 330 nm. The chromatographic
separation was achieved with a Polyamide II normal-phase column
(250 � 4.6 mm; YMC Waters) operating at 30 �C. The mobile phase
used was a mixture of n-hexane and ethyl acetate (70:30, v/v) at a
flow rate of 1 mL/min. The compounds were identified by chro-
matographic comparisons with authentic standards. Quantification
was based on the fluorescence signal response, using the internal
standard method, and tocopherols content was further expressed
in mg per 100 g of dry weight (dw).

2.3.5. Organic acids
Organic acids were determined following a procedure previ-

ously optimized and described by the authors (Barros, Pereira, &
Ferreira, 2013). Samples (~2 g) were extracted by stirring with
25 mL of meta-phosphoric acid (25 �C at 150 rpm) for 45 min and
subsequently filtered through Whatman no. 4 paper. Before anal-
ysis by UFLC coupled to PDA, the sample was filtered through
0.2 mm nylon filters. Analysis was performed by ultra-fast liquid
chromatograph (UFLC) coupled to photodiode array detector (PDA),
using a Shimadzu 20A series UFLC (Shimadzu Cooperation).
Detection was carried out in a PDA, using 215 and 245 nm as
preferred wavelengths. The organic acids were quantified by
comparison of the area of their peaks recorded at 215 nm with
calibration curves obtained from commercial standards of each
compound. The results were expressed in mg per 100 g of dry
weight (dw). The results were expressed in mg per 100 g of dry
weight (dw).
2.3.6. Phenolic compounds
Mushroom sample (1.5 g) was extracted with acetone:water

(80:20; 50 mL) mixture at 20 �C for 6 h. The extract was put in an
ultrasonic bath for 15 min, centrifuged at 4000 g for 10 min, and
filtered through Whatman No. 4 paper. The residue was then
extracted with three additional 50 mL portions of the acetone:-
water mixture. The combined extracts were evaporated at 30 �C to
remove acetone. The aqueous phase was washed with n-hexane,
and then submitted to a liquideliquid extraction with diethyl ether
(3� 50 mL) and ethyl acetate (3� 50 mL). The organic phases were
evaporated at 30 �C to dryness, re-dissolved in water:methanol
(80:20), and filtered through a 0.22 lm disposable LC filter disk for
HPLC analysis, as previously described by the authors (Barros,
Due~nas, Ferreira, Baptista, & Santos-Buelga, 2009). DAD detection
was carried out using 280 nm and 370 nm as preferred wave-
lengths. The phenolic compounds were characterized according to
their UV spectra and retention times, and comparison with
authentic standards. For quantitative analysis, calibration curves
were prepared from different standard compounds. The results
were expressed in mg per g dw.

2.4. Antioxidant parameters

2.4.1. Extraction procedure
Lyophilized powdered mushrooms samples (1 g) stirred

together with methanol (30 mL) at 25 �C at 150 rpm for 1 h and
filtered through Whatman No. 4 paper. The residue was then
extracted with an additional portion of methanol and were evap-
orated under reduced pressure (rotary evaporator Büchi R-210;
Flawil, Switzerland), re-dissolved in methanol at 20 mg/mL (stock
solution) for both mushrooms; and stored at 4 �C for further use.
Seven successive dilutions were made starting from the stock so-
lution and further submitted to in vitro assays already described by
the authors (Heleno et al., 2010) to evaluate the antioxidant activity
of the samples. The sample concentrations providing 50% of anti-
oxidant activity or 0.5 of absorbance (EC50) were calculated from
the graphs of antioxidant activity percentages (DPPH, b-carotene/
linoleate and TBARS assays) or absorbance at 690 nm (reducing
power assay) against sample concentrations. Trolox was used as
standard.

2.4.2. DPPH radical scavenging activity
This methodology was performed using an ELX800 Microplate

Reader (Bio-Tek, Winooski, VT, USA). The reaction mixture in each
one of the 96-wells consisted of one of the different concentrations
of the extracts (30 mL) and methanolic solution (270 mL) containing
DPPH radicals (6 � 10�5 mol/L). The mixture was left to stand for
60 min in the dark. The reduction of the DPPH radical was deter-
mined by measuring the absorption at 515 nm. The radical scav-
enging activity (RSA) was calculated as a percentage of DPPH
discolouration using the equation: % RSA ¼ [(ADPPH e AS)/
ADPPH] � 100, where AS is the absorbance of the solution when the
sample extract has been added at a particular level, and ADPPH is the
absorbance of the DPPH solution.

2.4.3. Reducing power
Two different procedures were used to evaluate the reducing

power:

A) The first methodology was performed using the microplate
reader described above. The different concentrations of the
extracts (0.5 mL) were mixed with sodium phosphate buffer
(200 mmol/L, pH 6.6, 0.5 mL) and potassium ferricyanide (1%
w/v, 0.5 mL). For each concentration, the mixture was incu-
bated at 50 �C for 20 min, and trichloroacetic acid (10% w/v,
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0.5 mL) was added. The mixture (0.8 mL) was poured in the
48-wells, as also deionized water (0.8 mL) and ferric chloride
(0.1% w/v, 0.16 mL), and the absorbance was measured at
690 nm.

B) The second methodology followed the Folin-Ciocalteu assay.
The extract solution (1 mL) was mixed with Folin-Ciocalteu
reagent (5 mL, previously diluted with water 1:10, v/v) and
sodium carbonate (75 g/L, 4 mL). The tubes were vortex
mixed for 15 s and allowed to stand for 30 min at 40 �C for
colour development. Absorbance was then measured at
765 nm. Gallic acid was used to obtain the standard curve
(0.0094e0.15 mg/mL), and the results were expressed as mg
of gallic acid equivalents (GAE) per g of extract.
2.4.4. Inhibition of b-carotene bleaching
b-carotene (2mg) was dissolved in chloroform (10mL) and 2mL

of this solution were pipetted into a round-bottom flask. After the
chloroform was removed at 40 �C under vacuum, linoleic acid
(40 mg), Tween 80 emulsifier (400 mg), and distilled water
(100 mL) were added to the flask with vigorous shaking. Aliquots
(4.8 mL) of this emulsion were transferred into different test tubes
containing different concentrations of the extracts (0.2 mL). The
tubes were shaken and incubated at 50 �C in a water bath. As soon
as the emulsion was added to each tube, the zero time absorbance
was measured at 470 nm b-Carotene bleaching inhibition was
calculated using the following equation: (absorbance after 2 h of
assay/initial absorbance) � 100.

2.4.5. TBARS (thiobarbituric acid reactive substances) assay
Porcine (Sus scrofa) brains were obtained from official slaugh-

tering animals, dissected, and homogenized with a Polytron in ice
cold TriseHCl buffer (20 mM, pH 7.4) to produce a 1:2 w/v brain
tissue homogenate which was centrifuged at 3000 g for 10 min. An
aliquot (100 mL) of the supernatant was incubated with the
different concentrations of the samples solutions (200 mL) in the
presence of FeSO4 (10 mM; 100 mL) and ascorbic acid (0.1 mM;
100 mL) at 37 �C for 1 h. The reactionwas stopped by the addition of
trichloroacetic acid (28% w/v, 500 mL), followed by thiobarbituric
acid (TBA, 2%, w/v, 380 mL), and the mixture was then heated at
80 �C for 20 min. After centrifugation at 3000 g for 10 min to
remove the precipitated protein, the colour intensity of the
malondialdehyde (MDA)-TBA complex in the supernatant was
measured by its absorbance at 532 nm. The inhibition ratio (%) was
calculated using the following formula: Inhibition ratio
(%) ¼ [(A�B)/A] � 100%, where A and B were the absorbance of the
control and the sample solution, respectively.

2.5. Statistical analysis

All extractions were performed in triplicate and each replicate
was analysed three times. Data were expressed as mean ± standard
deviation. The normal distribution of the residuals and the homo-
geneity of variance was tested by means of the ShapiroeWilk and
the Levene's tests, respectively. Results were classified using a t-test
for equality of means. All statistical tests were performed at a 5%
significance level using the SPSS software, version 20.0 (SPSS Inc).

3. Results and discussion

3.1. Effects on chemical parameters

As far as we know, there are no reports describing the nutri-
tional and chemical composition or the antioxidant activity of
C. subconnexa. Hence, comparisons with previous works could not
be made.
The proximate composition and energetic value of B. pinophilus

and C. subconnexa (Table 1) were quite dissimilar, which might be
looked up as an advantageous feature, considering the main pur-
pose of validating gamma irradiation at 2 kGy as a suitable tech-
nology to increasewildmushrooms shelf life. Either way, water was
the predominant component (z93% in B. pinophilus; z70% in
C. subconnexa), raising the possible production of primary free
radicals (hydroxyl, hydrogen atoms and hydrated electrons) as
result of irradiation process. Therefore, several types of chemical
compounds and quality attributes should be evaluated in irradiated
foods, in order to understand the potential induced damages.
Accordingly, this work focused on those parameters more prone to
suffer significant changes when treated with gamma irradiation
(Institute of Food Science and Technology, 2015).

Regarding the composition on a dry basis, B. pinophilus stood out
for its content in proteins (z55 g/100 g dw), indicating its adequacy
to be included in vegetarian diets, carbohydrates (z31 g/100 g dw),
ash (z8 g/100 g dw) and fat (z5 g/100 g dw) levels. The detected
values are generally in agreement with previous works (Fernandes
et al., 2014b; Heleno et al., 2011; Manzi, Marconi, Aguzzi, &
Pizzoferrato, 2004). In C. subconnexa, carbohydrates were the ma-
jor component (z90 g/100 g dw), followed by ash (z6 g/100 g dw),
proteins (z3 g/100 g dw) and fat (z1 g/100 g dw) contents. In
terms of gamma irradiation effects, dry matter, ash and carbohy-
drates revealed significant changes in both mushrooms. The effect
on the proteins of B. pinophilus was also significant, as verified in
other Boletus species submitted to gamma irradiation (Fernandes,
Barreira, et al., 2013). These changes might be associated to scis-
sions in the CeN bonds in the polypeptide chain, splitting of the
dissulfide bonds, or physical changes like unfolding or aggregation
(Molins, 2001).

Mannitol was the sugar detected in the highest amount (Table 2)
in C. subconnexa, while trehalose was the main sugar in
B. pinophilus, in agreement with previous reports studying the
Boletus genus (Fernandes, Barreira, et al., 2013, Fernandes et al.,
2014b; Heleno et al., 2011). All sugars showed a significant
decrease in irradiated samples for both mushrooms, except for
mannitol in C. subconnexa. The verified degradation may be
explained by a reduction in the optical rotation of sugars, which is a
common occurrence when sugars are irradiated (Molins, 2001).

Regarding fatty acids profiles (Table 3), the studied mushrooms
were surprisingly similar, with C18:1 (z45% in B. pinophilus;z50%
in C. subconnexa), C18:2 (z42% in B. pinophilus; z36% in
C. subconnexa) and C16:0 (z7% in B. pinophilus; z8% in
C. subconnexa) as major compounds. Due to the magnitude of their
relative percentages, these results were closely reflected in the
amounts of saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA). The fatty acids
profile of B. pinophilus showed percentages typically reported for
Boletus genus (Hanu�s, Shkrob, & Dembitsky, 2008; Heleno et al.,
2011). B. pinophilus, most likely because of its higher fat content,
proved to be less sensitive to irradiation, since C18:3, C20:0 and
C20:1 did not show significant changes. On the other hand, all fatty
acids (except C16:1) quantified in C. subconnexa gave significant
changes among control and irradiated samples. In most cases, these
differences were characterized as slight decreases, which may
result from oxidative or radiolytic processes. In fact, the observed
changes were more likely produced by autoxidation, since the
presence of oxygen accelerates the formation of free radicals and
causes the breakdown of hydrogen peroxide and the destruction of
antioxidants that would normally scavenge the free radicals formed
(Nawar, 1977). The same reasoning might be applied to the a-
tocopherol (in C. subconnexa) and d-tocopherol (in B. pinophilus)
contents, which showed the same decreasing effect (Table 3).



Table 1
Proximate composition and energetic value of Boletus pinophilus and Clitocybe subconnexa. The results are presented as mean ± SD.

Dry matter
(g/100 g fw)

Fat
(g/100 g dw)

Proteins
(g/100 g dw)

Ash
(g/100 g dw)

Carbohydrates
(g/100 g dw)

Energy
(kcal/100 g dw)

B. pinophilus 0 kGy 7 ± 1 5.2 ± 0.1 52 ± 3 8.0 ± 0.2 34 ± 3 394 ± 1
2 kGy 6 ± 1 5.2 ± 0.2 59 ± 3 8.3 ± 0.2 28 ± 3 393 ± 2

Levene's test p-value 0.623 0.082 0.438 0.642 0.454 0.249
t-test p-value (n ¼ 18) 0.022 0.820 <0.001 0.010 <0.001 0.102
C. subconnexa 0 kGy 34 ± 3 1.4 ± 0.1 2.9 ± 0.2 5.5 ± 0.3 90.2 ± 03 385 ± 2

2 kGy 27 ± 2 1.4 ± 0.2 3.0 ± 0.4 6.4 ± 0.3 89.3 ± 0.5 381 ± 2
Levene's test p-value 0.253 0.230 <0.001 0.963 0.052 0.730
t-test p-value (n ¼ 18) <0.001 0.449 0.702 <0.001 <0.001 <0.001

Table 2
Free sugars (g/100 g dw) of Boletus pinophilus and Clitocybe subconnexa. The results are presented as mean ± SD.

Fructose Mannitol Trehalose Total sugars

B. pinophilus 0 kGy 0.085 ± 0.05 0.82 ± 0.05 6.6 ± 0.1 7.6 ± 0.1
2 kGy 0.101 ± 0.001 0.71 ± 0.02 6.0 ± 0.2 6.8 ± 0.2

Levene's test p-value 0.009 0.002 <0.001 <0.001
t-test (n ¼ 18) p-value <0.001 0.002 <0.001 <0.001
C. subconnexa 0 kGy 0.37 ± 0.03 9.5 ± 0.3 1.56 ± 0.03 11.4 ± 0.4

2 kGy 0.25 ± 0.01 9.1 ± 0.1 1.46 ± 0.04 10.8 ± 0.2
Levene's test p-value 0.035 <0.001 <0.001 <0.001
t-test (n ¼ 18) p-value <0.001 0.063 <0.001 <0.001

Table 3
Fatty acids (relative percentage)a and tocopherols (mg/g dw) of Boletus pinophilus and Clitocybe subconnexa. The results are presented as mean ± SD.

Analyte B. pinophilus Levene's test
p-value

t-test
p-value (n ¼ 18)

C. subconnexa Levene's test
p-value

t-test
p-value (n ¼ 18)

0 kGy 2 kGy 0 kGy 2 kGy

C14:0 0.134 ± 0.002 0.125 ± 0.002 0.602 <0.001 0.37 ± 0.02 0.22 ± 0.01 0.079 <0.001
C15:0 0.072 ± 0.002 0.058 ± 0.003 0.043 <0.001 0.40 ± 0.01 0.34 ± 0.01 0.673 <0.001
C16:0 7.3 ± 0.1 6.9 ± 0.1 0.003 <0.001 8.7 ± 0.2 7.5 ± 0.2 0.668 <0.001
C16:1 0.84 ± 0.05 0.76 ± 0.05 <0.001 0.010 0.63 ± 0.05 0.64 ± 0.02 0.014 0.691
C18:0 1.9 ± 0.1 2.0 ± 0.1 0.762 0.011 2.1 ± 0.1 1.6 ± 0.1 0.336 <0.001
C18:1 45.8 ± 0.3 45.1 ± 0.2 0.450 <0.001 47.9 ± 0.3 52.5 ± 0.3 0.993 <0.001
C18:2 41.0 ± 0.2 42.3 ± 0.2 0.548 <0.001 37.3 ± 0.2 35.1 ± 0.2 0.353 <0.001
C18:3 0.70 ± 0.05 0.67 ± 0.04 0.025 0.208 0.48 ± 0.01 0.18 ± 0.01 0.249 <0.001
C20:0 0.21 ± 0.01 0.21 ± 0.01 0.943 0.936 0.10 ± 0.01 0.07 ± 0.01 0.237 <0.001
C20:1 0.54 ± 0.01 0.54 ± 0.02 0.034 0.636 0.48 ± 0.02 0.52 ± 0.03 0.127 0.005
C20:2 0.23 ± 0.01 0.21 ± 0.01 0.022 0.001 0.09 ± 0.01 0.10 ± 0.01 0.911 0.031
C24:0 0.18 ± 0.01 0.16 ± 0.01 0.084 <0.001 0.38 ± 0.02 0.27 ± 0.02 0.584 <0.001

SFA 10.3 ± 0.1 9.9 ± 0.2 0.098 <0.001 12.7 ± 0.1 10.6 ± 0.1 0.329 <0.001
MUFA 47.5 ± 0.3 46.7 ± 0.2 0.238 <0.001 49.2 ± 0.2 53.8 ± 0.3 0.620 <0.001
PUFA 42.2 ± 0.3 43.4 ± 0.2 0.286 <0.001 38.0 ± 0.2 35.6 ± 0.2 0.413 <0.001
a-Tocopherol nd nd e e 5.2 ± 0.5 4.5 ± 0.4 0.495 0.004
d-Tocopherol 70 ± 7 29 ± 5 0.251 <0.001 nd nd e e

nd e not detected.
a Besides the tabled fatty acids, C6:0, C8:0, C10:0, C12:0, C14:1, C17:0, C20:3, C20:5, C22:0, C22:1, C23:0 and C24:1, were also quantified in amounts lower than 0.2% for both

mushrooms.
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The organic acids profile (Table 4) showed only oxalic acid and
fumaric acid in both mushrooms, which revealed also similar
quantities of each compound. Among the assayed parameters, the
organic acids seemed to be the most resistant to gamma-
Table 4
Organic acids (mg/100 g dw) of Boletus pinophilus and Clitocybe subconnexa. The results

Oxalic acid

B. pinophilus 0 kGy 4.0 ± 0.2
2 kGy 4.1 ± 0.2

Levene's test p-value 0.098
t-test (n ¼ 18) p-value 0.408
C. subconnexa 0 kGy 3.2 ± 0.2

2 kGy 3.4 ± 0.2
Levene's test p-value 0.604
t-test (n ¼ 18) p-value 0.141
irradiation, since only fumaric acid showed a significant increase
in irradiated samples of C. subconnexa.

Regarding phenolic acids composition (Table 5), p-hydrox-
ybenzoic acid was the only compound detected in B. pinophilus,
are presented as mean ± SD.

Fumaric acid Organic acids

0.35 ± 0.03 4.3 ± 0.2
0.37 ± 0.04 4.4 ± 0.2
0.206 0.146
0.192 0.284
0.27 ± 0.03 3.5 ± 0.3
0.31 ± 0.04 3.7 ± 0.2
0.472 0.038
0.023 0.053



Table 5
Phenolic acids and related compounds (mg/100 g dw) of Boletus pinophilus and Clitocybe subconnexa. The results are presented as mean ± SD.

Gallic acid Protocatechuic acid p-Hydroxybenzoic acid Phenolic acids Cinnamic acid

B. pinophilus 0 kGy nd nd 17.8 ± 0.4 17.8 ± 0.4 5.0 ± 0.2
2 kGy nd nd 17.9 ± 0.3 17.9 ± 0.3 4.7 ± 0.2

Levene's test p-value e e 0.618 0.618 0.415
t-test p-value (n ¼ 18) e e 0.434 0.434 <0.001
C. subconnexa 0 kGy 1.4 ± 0.1 4.3 ± 0.2 0.5 ± 0.1 6.3 ± 0.2 nd

2 kGy 1.5 ± 0.1 3.9 ± 0.1 1.0 ± 0.1 6.4 ± 0.2 nd
Levene's test p-value 0.061 0.159 0.015 0.954 e

t-test p-value (n ¼ 18) 0.139 <0.001 <0.001 0.198 e

Table 6
In vitro antioxidant properties obtained for the extracts of Boletus pinophilus and Clitocybe subconnexa. The results are presented as mean ± SD. Values are presented as EC50
values (mg/mL) for all assays except Folin-Ciocalteau, expressed as mg GAE/g extract.

Reducing power Lipid peroxidation inhibition

DPPH scavenging
activity

Ferricyanide/Prussian
blue assay

Folin-Ciocalteu
assay

b-Carotene bleaching
inhibition

TBARS formation
inhibition

B. pinophilus 0 kGy 1.78 ± 0.01 0.69 ± 0.01 43 ± 1 0.8 ± 0.1 2.2 ± 0.1
2 kGy 1.71 ± 0.03 0.62 ± 0.01 44 ± 1 0.9 ± 0.2 1.1 ± 0.1

Levene's test p-value 0.022 <0.001 0.330 0.039 0.194
t-test p-value (n ¼ 18) <0.001 <0.001 0.061 0.144 <0.001
C. subconnexa 0 kGy 2.9 ± 0.1 1.05 ± 0.02 32 ± 1 0.61 ± 0.02 0.7 ± 0.1

2 kGy 2.2 ± 0.2 0.92 ± 0.01 34 ± 1 0.58 ± 0.03 1.3 ± 0.1
Levene's test p-value 0.856 0.020 0.586 0.271 0.003
t-test p-value (n ¼ 18) <0.001 <0.001 0.002 0.005 <0.001
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while C. subconnexa showed also gallic acid and protocatechuic
acid, despite the lower quantified levels in this species. Cinnamic
acid was only detected in B. pinophilus, as it was previously re-
ported for Boletus reticulatus (Heleno et al., 2011). Protocatechuic
acid (in C. subconnexa) and cinnamic acid (in B. pinophilus) showed
a significant decrease in irradiated samples, while p-hydrox-
ybenzoic acid (in C. subconnexa) increased significantly with
irradiation.

3.2. Effects on antioxidant parameters

In order to evaluate the effect of gamma irradiation in the
antioxidant activity, five chemical and biochemical assays were
tested (Table 6). B. pinophilus extracts showed to be more active as
radical scavengers and reducing agents, while C. subconnexa ex-
tracts were especially active as b-carotene bleaching inhibitors. The
antioxidant activity was expressed as EC50 values (mean ± SD); in
this case, higher values correspond to lower DPPH scavenging ac-
tivity, ferricyanide/prussian blue assay, b-carotene bleaching inhi-
bition and TBARS formation inhibition. Except for the results
obtained from reducing power (as assessed by Folin-Ciocalteau
assay) and b-carotene bleaching assays in B. pinophilus extracts,
the antioxidant activity showed a significant increase in irradiated
samples (except for TBARS formation inhibition in C. subconnexa
extracts). Since phenolic acids and tocopherols decreased with
irradiation, these results indicate that other antioxidant molecules
(e.g., ascorbic acid, flavonoids or carotenoids) might be present in
higher amounts in mushroom samples submitted to irradiation.

4. Conclusions

Overall, some of the analysed chemical parameters showed
significant changes after irradiation treatment. Nevertheless, the
magnitude of the obtained differences did not seem to affect the
chemical profiles of the assayed mushrooms. The higher effects
observed in B. pinophilus might be related to its higher water
content, which might raise the possibility of radiolysis occurrence.
As a result, different reactions such as addition to carboxylic acids,
ketones, aldehydes, thiols, aromatic and olefinic compounds or
abstracting hydrogen atoms from CeH bonds might take place due
to the presence of oxidizing hydroxyl radicals, reducing aqueous
electrons and hydrogen atoms (Molins, 2001). The effect observed
in the antioxidant activity of both mushrooms was quite inter-
esting, since it showed an increased bioactivity in most cases,
reflecting an additional advantage of irradiating mushrooms with
the suggested dose. In conclusion, the detected chemical changes
might be considered as acceptable, in view of the high advantages
offered by gamma irradiation at decontamination and/or disinfes-
tation level.

Acknowledgements

Authors are grateful to the Foundation for Science and Tech-
nology (FCT, Portugal) for financial support to research centres
CIMO (PEst-OE/AGR/UI0690/2011), REQUIMTE (PEst-C/EQB/
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a b s t r a c t

Putrescine and cadaverine are common diamines in fermented food and represent a toxicological risk for
consumer health. This work aimed to investigate the inhibitory effects of cell-free supernatant (CFS) and
water bathed (100 �C, 10 min) cell-free supernatant (WCFS) from Lactobacillus plantarum on cell growth,
diamine production, and the related decarboxylase activities of four amine-positive bacteria, namely,
Enterobacter aerogenes, Enterobacter cloacae, Enterococcus faecium, and Enterococcus faecalis. Results
showed that compared with Man Rogosa Sharpe (MRS) broth (control), both CFS and WCFS treatment
significantly reduced the cell growth and diamine production of the four amine-positive bacteria, but
only caused limited inhibition (less than 15%) on related decarboxylase activities from E. aerogenes and
E. cloacae. Meanwhile, cell growth and related decarboxylase activities significantly declined when initial
pH value decreased from 6.5 to 4.5. Furthermore, a significant positive relationship was found between
diamine production and cell number of the four amine-positive bacteria. However, no significant rela-
tionship was observed between diamine production and related decarboxylase activities (except for
E. aerogenes and E. cloacae in pH 6.5). These results indicate that the reduction in diamine accumulation
by L. plantarum may mainly result from the inhibition of cell growth, but not from the inhibition of
relevant decarboxylases.

© 2015 Published by Elsevier Ltd.
1. Introduction

Biogenic amines (BAs) are organic bases with low molecular
weight that widely exist in fermented food and beverages (Halasz,
Barath, Simonsarkadi,&Holzapfel, 1994). BAs are mainly formed by
amino acid decarboxylating properties of natural microbiota or the
enzymes of raw material (Silla Santos, 1996). Excessive consump-
tion of food containing high levels of BAs may affect the nervous
and vascular systems and lead to various types of food-borne dis-
eases, such as edemas, rashes, hypotension, headache, diarrhea,
vomiting, and death in very severe cases (Papavergou, Savvaidis, &
Ambrosiadis, 2012; Shalaby, 1996). Relatively high amounts of BAs
have been reported in fermented meat products in many countries
because of abundant free amino acids and the factors affecting
decarboxylase activity and bacterial growth (Gonzalez-Tenorio
et al., 2013; Latorre-Moratalla et al., 2008; Lu et al., 2010). In
meat products, the principal BAs are putrescine (PUT) and cadav-
erine (CAD) (Bover-Cid, Hugas, Izquierdo-Pulido, & Vidal-Carou,
2001; De Filippis et al., 2013). These two amines are generally not
considered toxic, but they can enhance the acute reaction of aro-
matic BAs, such as histamine and tyramine, because they can
interact with amino oxidases and decrease their activity to detoxify
BAs (Bover-Cid et al., 2009). When a certain amount of nitrites are
present in the meat products, these amines may also form nitro-
soamines (Ruiz-Capillas & Jimenez-Colmenero, 2004) which have
been shown to induce tumors in liver, lung, esophagus, bladder and
pancreas in various experimental animal species (Lijinsky, 1999).

The presence of BAs in fermented food reflects a highly complex
equilibrium dependent upon the balance of amino oxidases and
decarboxylases in food (Alvarez & Moreno-Arribas, 2014). The
decarboxylases responsible for BA formation arewidespread among
Gram-negative and Gram-positive bacteria (Suzzi& Gardini, 2003).
Although the capacity to produce BAs is a strain-specific charac-
teristic within microbial groups, such capacity is more widely
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distributed among certain genera or species (Linares, Martin,
Ladero, Alvarez, & Fernandez, 2011). High amounts of PUT and
CAD havemainly been related to Gram-negative bacteria, especially
in the family Enterobacteriaceae (Bover-Cid, Hernandez-Jover,
Miguelez-Arrizado, & Vidal-Carou, 2003; Durlu-Ozkaya, Ayhan, &
Vural, 2001). However, some Gram-positive bacteria, such as
Enterococcus sp., have also been described to be capable of pro-
ducing CAD and PUT in a substrate-rich medium (Pleva et al., 2012).

Inoculation of starter cultures is one of the most important
methods that affects the accumulation of BAs during meat
fermentation (Latorre-Moratalla, Bover-Cid, Veciana-Nogues, &
Vidal-Carou, 2012). Zhang et al. (Zhang, Lin,& Nie, 2013) found that
adding an amine-negative Lactobacillus plantarum as starter culture
can reduce the accumulation of PUT and CAD because of the rapid
acidification and inhibition of undesirable bacteria, such as Pseu-
domonas and Enterobacteriaceae. Mangia et al. (Mangia et al.,
2013) and Xie et al. (Xie et al., 2015) also found that BAs forma-
tion in sausage is reduced by adding L. plantarum.

Most studies have focused on the isolation and utilization of
L. plantarum as a starter culture to inhibit the accumulation of PUT
and CAD. However, no information is available on the inhibiting
effect of cell-free supernatant (CFS) from L. plantarum on PUT and
CAD production by amine-positive bacteria in vitro, except that of
Toy et al. (Toy, Ozogul, & Ozogul, 2015), who reported inhibitory
effects of CFS from lactic acid bacteria (LAB) on tyramine and other
BA production by different food borne-pathogens in tyrosine
decarboxylase broth. In the present study, the effects of CFS from
L. plantarum on the cell growth, related decarboxylase activities,
and diamine production of four amine-positive bacteria in three pH
levels (4.5, 5.5, and 6.5) were investigated. Furthermore, Pearson
correlation was performed to study the mechanism by which CFS
from L. plantarum inhibited PUT and CAD production by four
amine-positive bacteria.

2. Materials and methods

2.1. Strains and growth conditions

The Enterococcus faecium and Enterococcus faecalis along with
the L. plantarum used in this work were isolated from traditional
Chinese sausage obtained from the Meat Processing and Quality
Control Center of China. Enterobacter aerogenes (ATCC 13048) and
Enterobacter cloacae (ATCC 13047) were purchased from the China
Center of Industrial Culture Collection. L. plantarum was grown on
Man Rogosa Sharpe (MRS) broth, and the other four bacteria were
incubated in nutrient broth at 37 �C.

2.2. Preparation of CFS and water bathed CFS (WCFS) from
L. plantarum

L. plantarumwas cultured in 500mL ofMRS at 37 �C for 24 h. The
culture was then centrifuged at 8000 g for 10 min (4 �C), and the
supernatant was sterilized by passing through 0.22 mm filters. The
supernatant was then divided into two equal portions. One part
was used as CFS, and another part was maintained in a water bath
at 100 �C for 10 min as WCFS. The pH values of the CFS and WCFS
were 3.80. After the water bath, protein ingredients in CFS were
denatured, so that compared of results of group CFS and group
WCFS can determinewhether the reduction of diamines was due to
protein ingredients such as amino oxidases or enzymes.

2.3. Preparation of crude decarboxylases from four amine-positive
bacteria

For enzyme collection, the bacteria were inoculated in nutrient
broth and incubated at 37 �C for 24 h. Cells were harvested by
centrifugation at 12,000 g for 10 min at 4 �C and suspended in
potassium phosphate buffer (pH 5.8). The suspended cells were
then cooled in an ice bath and subjected to ultrasonication for
about 30 min so that cells were broken. The suspensions were then
centrifuged at 12,000 g for 20 min at 4 �C, and supernatant solu-
tions were used as the crude decarboxylases after being sterilized
by passing through a 0.22 mm filter.

2.4. Effects of CFS and WCFS on cell growth and amine generation
of Enterobacteria

Three different groups were established according to the added
solution: CFS (S), WCFS (W), and MRS broth used as control (C).
Each tube containing 3mL of nutrient brothwas addedwith 3mL of
CFS/WCFS/MRS broth, and every batch had three initial pH levels
(4.5/5.5/6.5). The pH value of each tube was adjusted using sterile
solutions of 1 N NaOH or 1 N HCl after the mix of nutrient broth and
CFS/WCFS/MRS broth. After that, tubes were injected with 0.1mL of
suspension (107 CFU/mL) of amine-positive bacterium then incu-
bated at 37 �C. After 24 h, 2 mL of suspensions from each tube was
extracted after vibration, and 1 mL of suspension was diluted to
appropriate dilutions and spirally plated on PCA plates using an
automatic spiral plater (EasySpiral, Interscience, France). The plates
were incubated at 37 �C for 48 h, and the colonies were then
counted using an automatic colony counter (Scan500, Interscience,
France). Another 1 mL of suspension was used to determine the
concentrations of PUTand CAD. Four repetitions were done in every
batch.

2.5. Effects of CFS and WCFS on related decarboxylase activities

Three different groups were established according to the added
solution: CFS (S), WCFS (W), andMRS broth used as control (C). CFS/
WCFS/MRS broth (5 mL) containing ornithine (1 mg/mL), lysine
(1 mg/mL), arginine (1 mg/mL), and pyridoxal-50-phosphate
(0.25 mg/mL) was added into tubes, and the pH value of each group
was adjusted using sterile solutions of 1 N NaOH or 1 N HCl to three
initial pH levels (4.5/5.5/6.5). The reactions were started by adding
1mL of crude decarboxylases and stopped by adding 0.1mL of 0.4 N
perchloric acid. Thereafter, 1 mL of the mixture was extracted to
determine the PUT and CAD concentrations.

2.6. Determination of amine contents of samples

The BA contents in samples were measured by HPLC as previ-
ously described (Liu et al., 2014), with slight modifications. The
suspension was centrifuged at 12,000 g for 5 min, and the super-
natants were collected. BAs were derived as follows: 0.2 mL of 2 N
NaOH, 0.3 mL of saturated NaHCO3, and 2 mL of dansyl chloride
solution (10 mg/mL in acetone) were added to 1 mL of supernatant
solution and incubated at 40 �C for 45 min in the dark. Subse-
quently, 0.1 mL of ammonia water was added to the mixture to
remove the unbound dansyl chloride. The volume of the solution
was adjusted to 5 mL by adding acetonitrile, and the mixture was
filtered through a 0.22 mm size nylon membrane filter. The BA
contents were determined by HPLC techniques (Waters Alliance
2695). Separation was performed on a C18 column (Agilent ZOR-
BAX SB-C18 4.6*250 mm2, 5 mm) at 30 �C, and the peaks were
detected at 254 nm. A gradient elution program was used with a
mixture of ultrapure water as solvent A and with acetonitrile as
solvent B. The gradient elution procedure was 35% A þ 65% B at
0min, 30% Aþ 70% B at 5min, 0% Aþ 100% B at 20min, 0% Aþ 100%
B at 24 min, 35% A þ 65% B at 25 min, and 35% A þ 65% B at 30 min.
A standard solution of mixed PUT and CAD was prepared in a
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similar manner. The concentrations of BAs in the samples were
calculated by comparing with the concentrations of standards us-
ing a calibration curve. Standard amines were purchased from
Sigma (USA).
2.7. Statistical analysis

Statistical analysis was performed using SPSS 20.0 for Win-
dows. LSD test and analysis of the variance (ANOVA) were
employed to determine any significant difference among samples.
Pearson correlation between the capability for the amine forma-
tion and growth of strains and the activities of related enzymes
was determined. In all cases, the level of statistical significance
was p < 0.05.
3. Results

3.1. Effects of CFS and WCFS on the cell growth of four
Enterobacteria

The effects of CFS and WCFS on the cell growth of each bacte-
rium (E. aerogenes, E. cloacae, E. faecium, and E. faecalis) are shown
in Fig. 1. The number of four amine-positive bacteria was highly
positively correlated to pH value. When initial pH value declined
from 6.5 to 4.5, the viable cell count in each batch declined to nearly
3 log cfu/mL.

Compared with the control group, both CFS and WCFS resulted
in significant (p < 0.05) inhibitions on the cell growth of four
bacteria at all initial pH levels. Notably, the suppression of CFS and
WCFS on the number of the two Gram-negative bacteria weakened
with the rise in initial pH value. Meanwhile, no significant
(p > 0.05) difference was observed between the inhibition of CFS
and WCFS on four Enterobacteria.
Fig. 1. Effects of cell-free supernatant (S), water bathed cell-free supernatant (W) and con
aerogenes (C) and Enterobacter cloacae (D) in three pH levels. Each bar represents mean an
3.2. Effects of CFS and WCFS on related decarboxylase activities

The effects of CFS and WCFS on the related decarboxylase ac-
tivities of each bacterium are shown in Table 1. The decarboxylase
activities of the crude extracts prepared from four bacteria were
highly positive relative to the pH value. Moreover, the decarbox-
ylases of two Enterococci seemed more sensitive to the decrease in
pH than decarboxylases from two Enterobacteriaceae. Notably,
decarboxylases of E. aerogenes and E. cloacae in pH 4.5 still had over
20% and 40% of activities of PUT formation-related decarboxylases
and CAD formation-related decarboxylase as compared with pH
6.5.

The CFS and WCFS only showed slight inhibition on CAD
formation-related decarboxylase of two Gram-negative bacteria
(approximately 15% in pH 6.5 and 8% in pH 5.5, respectively) but no
inhibitory action on CAD formation-related decarboxylase of two
Gram-positive bacteria. Moreover, significant inhibition (p > 0.05)
of CFS and WCFS was observed on PUT formation-related decar-
boxylase, except for E. cloacae in pH 6.5. Meanwhile, no difference
was noted between the inhibition of CFS and WCFS on
decarboxylases.

3.3. Effects of CFS and WCFS on the diamine generation of four
enterobacteria

The effects of CFS and WCFS on PUT and CAD generation of four
strains are shown in Table 2. The production of PUTand CAD in each
strain was highly positively correlated to initial pH value, and
production in every initial pH level is significantly different
(p < 0.05). When the initial pH dropped from 6.5 to 5.5, only a mild
decline in CAD and PUT production was observed, but when the
initial pH dropped from 5.5 to 4.5, the production of CAD and PUT
suffered a sharp decline.

Compared with the case of the control group, both CFS and
trol (M) on growth of Enterococcus faecium (A), Enterococcus faecalis (B), Enterobacter
d standard deviations of all the measurements (n ¼ 4).



Table 1
Effects of cell-free supernatant (S), water bathed cell-free supernatant (W) and control (C) on crude putrescine-formed enzyme (PFE) and crude cadaverine-formed enzyme
(CFE) of Enterococcus faecium, Enterococcus faecalis, Enterobacter aerogenes and Enterobacter cloacae in three pH levels (n ¼ 4).

Strain pH CFE activity (%)a PFE activity (%)

C S W C S W

E. faecium 4.5 13.8 ± 1.4a 13.0 ± 0.3a 12.0 ± 2.5a 9.9 ± 1.3a 10.9 ± 0.9a 9.2 ± 0.4a

5.5 88.3 ± 2.7b 88.6 ± 2.8b 86.9 ± 2.7b 70.0 ± 2.3b 68.7 ± 3.7b 70.7 ± 4.5b

6.5 100.0 ± 4.2c 100.5 ± 3.4c 104.7 ± 2.5c 100.0 ± 4.8c 99.5 ± 3.7c 100.5 ± 4.4c

E. faecalis 4.5 20.1 ± 0.8a 23.7 ± 0.5a 21.6 ± 2.5a 9.7 ± 1.0a 9.1 ± 0.2a 9.1 ± 1.0a

5.5 73.1 ± 1.8b 74.0 ± 3.0b 75.0 ± 0.6b 62.0 ± 1.9b 62.2 ± 1.9b 61.0 ± 1.9b

6.5 100.0 ± 1.3c 101.1 ± 1.2c 100.2 ± 2.1c 100.0 ± 3.6c 98.4 ± 1.9c 99.6 ± 0.7c

E.aerogenes 4.5 41.1 ± 1.3a 41.7 ± 1.6a 41.6 ± 1.8a 35.2 ± 4.2a 32.8 ± 0.7a 34.5 ± 3.0a

5.5 91.4 ± 3.9c 82.3 ± 2.3b 83.8 ± 2.3b 68.2 ± 1.2b 67.2 ± 1.3b 69.4 ± 3.9b

6.5 100.0 ± 2.4d 87.6 ± 2.5c 89.5 ± 1.2c 100.0 ± 1.9c 96.4 ± 2.4c 99.0 ± 2.6c

E.cloacae 4.5 47.7 ± 3.5b 39.9 ± 3.6a 40.6 ± 2.4a 26.4 ± 0.2b 23.4 ± 0.7a 22.8 ± 0.9a

5.5 80.3 ± 1.6d 72.8 ± 1.0c 72.6 ± 0.6c 62.0 ± 4.1c 59.6 ± 0.1c 58.3 ± 0.8c

6.5 100.0 ± 3.3f 83.7 ± 3.7e 85.0 ± 3.1e 100.0 ± 2.1e 94.3 ± 1.4d 94.5 ± 1.1d

a Amino acid decarboxylase activity was represented as the percentage content of biogenic amine with respect to the corresponding control in pH 6.5. Data were taken as a
mean ± standard deviation calculated from triplicates. Mean values (a�f) in the same strain and amine in three pH levels that are not followed by the same letter are sig-
nificantly different (p < 0.05).

Table 2
Effects of cell-free supernatant (S), water bathed cell-free supernatant (W) and control (C) on BAs generation (mg/mL) of Enterococcus faecium, Enterococcus faecalis, Enter-
obacter aerogenes and Enterobacter cloacae in three pH levels (n ¼ 4).

Strains pH Cadaverine (mg/mL) Putrescine (mg/mL)

C S W C S W

E. faecium 4.5 75.1 ± 3.6ax 29.5 ± 3.3ay 26.3 ± 4.0ay 54.6 ± 3.6ax 20.4 ± 2.0ay 21.8 ± 2.1ay

5.5 182.4 ± 4.0bx 135.5 ± 2.2by 130.2 ± 2.4by 153.5 ± 3.1bx 92.8 ± 1.7by 98.0 ± 7.5by

6.5 228.2 ± 3.2cx 197.9 ± 8.7cy 192.1 ± 2.7cy 207.3 ± 6.9cx 147.9 ± 10cy 152.7 ± 11.1cy

E. faecalis 4.5 18.1 ± 2.8ax 9.6 ± 2.6ay 11.4 ± 1.2ay 18.7 ± 3.3ax 12.7 ± 0.4ay 10.5 ± 0.8ay

5.5 149.1 ± 3.6bx 107.7 ± 2.9by 109.0 ± 5.5by 81.5 ± 2.9bx 66.2 ± 5.1by 68.2 ± 3.1by

6.5 168.9 ± 7.1cx 144.1 ± 2.3cy 143.6 ± 7.2cy 138.0 ± 4.8cx 112.4 ± 3.7cy 113.6 ± 5.2cy

E. aerogenes 4.5 160.0 ± 13.6ax 27.1 ± 2.6ay 27.0 ± 2.4ay 93.8 ± 1.5ax 43.2 ± 1.4 ay 45.4 ± 4.0 ay

5.5 256.4 ± 18.6bx 175.3 ± 6.3by 172.1 ± 6.5by 157.2 ± 8.2 ax 88.3 ± 5.0 ay 91.2 ± 5.1 ay

6.5 311.8 ± 10.5cx 260.1 ± 5.5cy 255.4 ± 5.3cy 181.5 ± 8.3 ax 126.8 ± 4.9 ay 130.1 ± 3.7 ay

E. cloacae 4.5 72.3 ± 0.8ax 30.0 ± 5.3 ay 27.1 ± 4.2ay 58.3 ± 9.7ax 23.5 ± 0.8ay 22.9 ± 1.4ay

5.5 338.1 ± 24.3bx 214.5 ± 1.9by 217.7 ± 4.4by 188.2 ± 14.1bx 72.0 ± 9.1by 69.9 ± 2.5by

6.5 422.2 ± 23.1cx 356.7 ± 22.0cy 357.9 ± 3.6cy 262.5 ± 22.9cx 165.2 ± 13.3cy 165.8 ± 11.6cy

Means in the same row (x,y) and same column (a-c) in every strain and amine bearing different superscript are significantly different (p < 0.05).
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WCFS had significant (p < 0.05) inhibitions on the CAD and PUT
generation of four bacteria in all pH levels. Meanwhile, no signifi-
cant difference (p > 0.05) was observed between the inhibition of
CFS and WCFS.

3.4. Correlation between the production of CAD and PUT, as well as
the number and relevant decarboxylase activities of the four strains

A correlation analysis was performed to determine the re-
lationships between CAD and PUT formation and cell number of
four amine-positive bacteria, as well as the related decarboxylase
activities. The Pearson's correlation coefficients are shown in
Table 3. We observed a significant positive correlation (p < 0.05)
between Enterobacteria growth and accumulation of CAD and PUT
in all pH levels. No significant correlation (p > 0.05) was observed
between CAD and PUT accumulation and the related decarboxylase
activities of two Gram-positive bacteria. In the two Gram-negative
bacteria, a significant positive correlation (p < 0.05) was found
between related decarboxylase activities and accumulation of CAD
in pH 6.5.

4. Discussion

The inhibitory effect of LAB on other microorganisms is known
to be the result of the competition for nutrients and the generation
of bacteriocins or other antagonistic compounds, such as organic
acids, hydrogen peroxide, and enzymes (Castellano, Aristoy,
Sentandreu, Vignolo, & Toldra, 2012). Organic acids produced by
LAB can inhibit a broad range of microorganisms because of their
permeability, which results in damage to the membrane (Jarboe,
Royce, & Liu, 2013). According to Tirloni et al. (Tirloni et al., 2014),
the antagonistic effect of organic acids is absent at a pH value over
6.5. In this study, CFS and WCFS still exhibited a significant
(p < 0.05) antimicrobial activity in pH 6.5, suggesting that this
strain of L. plantarum may secrete other inhibitory compounds,
such as bacteriocins or hydrogen peroxide (Tirloni et al., 2014).
Moreover, we found that CFS and WCFS from L. plantarum had a
better inhibition on two Gram-positive bacteria than on two Gram-
negative bacteria, whichmay be attributed to the fact that the outer
membrane of Gram-negative bacteria protects the cytoplasmic
membrane from the action of antimicrobial compounds (Gao, van
Belkum, & Stiles, 1999). This observation was in accordance with
previous studies conducted by Albano et al. (Albano et al., 2007)
and Zeng et al. (Zeng et al., 2014). Moreover, given the lack of a
significant difference (p > 0.05) between the antibacterial capa-
bilities of CFS and WCFS, extracellular antibacterial compounds
produced by L. plantarum were highly thermostable.

Although the decrease in pH value can, to some extent, inhibit
decarboxylase activities, the inhibition may be neutralized by
inducible decarboxylases, which had been reported to be expressed
at slightly acidic pH (Wunderlichova, Bunkova, Koutny, Valenta, &
Bunka, 2013). According to some researchers, the production of



Table 3
Pearson correlations between production of cadaverine and putrescine, numbers of each Enterobacteria and relevant activities of decarboxylase (RAD) of them in different pH
levels.

Cadaverine Putrescine

pH ¼ 4.5 pH ¼ 5.5 pH ¼ 6.5 pH ¼ 4.5 pH ¼ 5.5 pH ¼ 6.5

E. faecium numbers RAD 0.831** 0.697* 0.590* 0.803** 0.666* 0.782**

�0.287 �0.046 0.140 0.163 �0.303 0.448
E. faecalis numbers RAD 0.662* 0.712** 0.671* 0.845** 0.739** 0.783**

�0.14 0.165 �0.350 �0.196 �0.263 �0.074
E. aerogenes numbers RAD 0.599* 0.764** 0.692* 0.585* 0.599* 0.574*

0.056 0.252 0.608* �0.018 �0.168 0.301
E. cloacae numbers RAD 0.671* 0.627* 0.674* 0.734** 0.764** 0.618*

0.490 0.343 0.622* 0.410 0.332 0.553

*p < 0.05; **p < 0.01.
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BAs in fermented food may occur through two forms of decar-
boxylases, the biosynthetic (or constitutive) form and the bio-
degradative (or inducible) form (De Filippis et al., 2013;
Wunderlichova et al., 2013). Li et al. (Li et al., 2014) reported that
CAD can be formed by two kinds of lysine decarboxylase, LdcC and
CadA, in Escherichia coli. LdcC is constitutively expressed and active
over a broad pH range with an optimum pH value of 7.6. However,
CadA is an inducible enzyme and prefers acidic conditions with an
optimum pH of 5.5. Wunderlichov�a et al. (Wunderlichov�a, Bu�nkov�a,
Koutný, Jan�cov�a, & Bu�nka, 2014) also reported that enzymes
involved in PUT formation have both constitutive and inducible
forms. Broadly speaking, the decline in pH value can inhibit the
activities of decarboxylases on the one hand, while stimulating
microorganisms to produce more decarboxylase as a part of their
defense mechanisms against the acidity on the other hand. These
two opposing factors interfere with each other, and the net result
depends on their balance (BIOHAZ, 2011). Compared with the case
of the control group, CFS and WCFS from L. plantarum exhibited a
certain degree of inhibition on decarboxylase activities involved in
the CAD formation of E. aerogenes and E. cloacae in three pH levels.
However, a significant correlation (p < 0.05) was only observed in
pH 6.5. Furthermore, the effect of CFS from L. plantarum on the
production of decarboxylases of amine-positive bacteria should be
further investigated.

The above results suggest that CFS and WCFS from L. plantarum
reduced the accumulation of CAD and PUT mainly through the
inhibition of the cell number of amine-positive bacteria rather than
related decarboxylase activities. These results were consistent with
those obtained by Bover-Cid et al. (2009), who reported that
decarboxylase-negative starter cultures characterized by antago-
nistic effects on amine-positive bacteria in the meat microbial
community can guarantee a considerable reduction in PUTand CAD
during food fermentation. However, the protective effect of amine-
negative starter cultures may be diminished if meat products were
made from raw materials with relatively poor hygienic quality
because high amine-positive spoilage bacteria load (both Gram-
negative and Gram-positive) may hinder the implantation and
competitiveness of amine-negative starter cultures (Bover-Cid,
Izquierdo-Pulido, & Vidal-Carou, 2001; Latorre-Moratalla et al.,
2012). Therefore, even if the starter cultures effectively inhibit the
growth of amine-positive bacteria, certain amounts of decarbox-
ylases (endogenous or excreted by amine-positive bacteria) may
have been secreted in the meat product (Suzzi & Gardini, 2003).
Many studies showed that the pH value during the manufacturing
of fermented sausages predominantly ranges from 5 to 5.5 (Simion,
Vizireanu, Alexe, Franco, & Carballo, 2014; Lu et al., 2010; Tabanelli
et al., 2012). Given that decarboxylases within this pH level still
have high activities and the relatively long period of manufacturing
of fermented sausages, high amounts of PUT and CAD may have
accumulated. In order to achieve a better inhibition of CAD and PUT
during fermentation of raw materials, some other ingredients
should be added besides amine-negative starter cultures, such as
starter cultures contain amine oxidases (Callejon, Sendra, Ferrer, &
Pardo, 2014; Gardini, Martuscelli, Crudele, Paparella,& Suzzi, 2002)
or some natural extracts (Kim, Kim, Cho, & Ahn, 2014; Wendakoon
& Sakaguchi, 1995) which can inhibit the activity of decarboxylases.
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a b s t r a c t

Antioxidant supplementation in animal feed has an impact on the properties of raw pork meat. The aim
of this study was to investigate the changes of volatile compounds and fatty acids profiles of raw
Longissimus dorsi muscle from pigs whose feed was supplemented with vitamin E (100 mg kg�1 diet) and
selenium (1 mg kg�1 diet). By using Heracles II electronic nose, the volatile compounds were analyzed
and seventeen characteristic volatile compounds were identified. These compounds are aldehydes, ke-
tones, acids, esters, pyrazines, and phenols. It was found that vitamin E and selenium supplementation in
pigs' feed reduced the level of volatile aldehydes in Longissimus dorsi muscle. The results also demon-
strated that antioxidants (combination of vitamin E and selenium) added to pigs feed have changed the
volatile compounds profile. Besides, specific antioxidant especially prevents the formation of sulfur
compounds which are undesirable in raw meat.

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

The quality of meat includes many aspects such as texture,
tenderness, colour, flavour, etc. (please cite the following references
here), among them, flavour (Barbin, ElMasry, Sun, & Allen, 2012;
Cheng & Sun, 2008; Desmond, Kenny, Ward, & Sun, 2000; ElMasry,
Barbin, Sun, & Allen, 2012; Jackman, Sun, Du, & Allen, 2009;
Kamruzzaman, ElMasry, Sun, & Allen, 2012) is one of the most
important sensory attributes affecting the overall acceptance of
different kinds of meat (Bryhni et al., 2002). Meat flavour generates
during cooking or roasting and is a result of the interactions of
precursors in the raw meat. The interactions mainly include py-
rolysis of amino acids and peptides, degradation of sugar and ri-
bonucleotides, Maillard reactions as well as, degradation of lipids
and thiamine (Elmore, Mottram, Enser, & Wood, 1999; Gorraiz,
Berain, & Insousti, 2002). Among the different factors influencing
/sun
meat flavour, the most important one is the diet of the animal
which is the main source of volatile compounds (Estevez,
Morcuende, Ventanas, & Cava, 2003; Koutsidis et al., 2007).
Among the qualitative characteristics of meat, the volatile com-
pounds profile and the fatty acid composition play a key role in
meat sensory properties (Vasta et al., 2013). Fatty acids (especially
unsaturated fatty acids) are the major source for the production of
volatile compounds (Ba, Touseef, & Hwang, 2013). The fatty acid
composition affects the sensory quality and the lipid stability of
meat (Nuernberg et al., 2005). Lipid oxidation is a major quality
deteriorative process in muscle, resulting in a variety of breakdown
products which produce off-odours and flavours. Lipid oxidation in
muscle may be controlled using synthetic or natural antioxidants
(Valencia, O'Grady, Ansorena, Astiasar�an, & Kerry, 2008). It has
been studied that the supplementation of natural antioxidants
(such as vitamin E) could simultaneously reduce meat oxidation
and the appearance of lipid oxidation induced aldehydes (Descalzo
et al., 2005). Vitamin E is a highly effective lipid-soluble chain-
breaking antioxidant and could be considered as acceptable sup-
plement in animals' diets (Lahucky et al., 2001). Selenium
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supplementation in diet can improve meat juiciness and softness,
and reduce the content of fat, water loss and flavour (Cole, 2000). It
is considered that the most metabolic role of selenium in
mammalian species is its function in the active site of sele-
noenzyme gluthatione peroxidase. The enzyme, together with su-
peroxide dismutase and catalase protects cell against damage
caused by free radicals and hydro- or lipoperoxides (Flohe, 1997;
Nuernberg et al., 2002).

For flavour analysis, an electronic nose based on ultrafast gas
chromatography can provide a non-destructive, fast, relatively low
cost and trustworthy method. It has already beenwidely applied in
both the field of scientific research and quality control (Cheng, Qin,
Guo, Hu, & Wu, 2013; Hong & Wang, 2015; Huang, Liu, Zhang, &
Wu, 2015; Huang, Yuan, Wang, Jiang, & Yue, 2015; Lopez de
Lerma, Moreno, & Peinado, 2014; Nurjuliana, Man, Mat Hashim,
& Mohamed, 2011; Wang, Xu, & Sun, 2010; Zhang, Wang, Ye, &
Chang, 2012). However, there is little information on the influ-
ence of using vitamin E and selenium as an additives in the diets on
volatile compounds and fatty acids profile. The aim of this study
was to investigate the changes of volatile compounds and fatty
acids profiles in Longissimus dorsi from pigs whose feed was sup-
plemented with vitamin E (100 mg kg�1 diet) and selenium
(1 mg kg�1 diet).
2. Materials and methods

2.1. Meat samples

The evaluated raw pork loin (Longissimus dorsi) was produced
from 24 Polish Landrace pigs. The pigs (~60 kg) were divided into
four groups and fed with diets containing different bioactive
components. The basic feed consisted of barley grits (360 g kg�1),
wheat middlings (360 g kg�1), corn grits (100 g kg�1), extracted
soybean meal (80 g kg�1), extracted rapeseed meal (40 g kg�1),
vitamin-mineral premix (25 g kg�1). The composition of basic diets
was presented earlier in the work of Guzek, Głąbska, Sakowska, and
Wierzbicka (2012). In control (C) group pigs were fed with addition
of 3% of linseed oil in diets. In group L1 pigs were fed diets sup-
plemented with 3% of linseed oil, 1 mg kg�1 of organic selenium
and 100 mg kg�1 of vitamin E. In group L2 pigs were fed diets
supplemented with 3% of linseed oil and 1 mg kg�1 of organic se-
lenium. In group L3, pigs were fed diets supplemented with 3% of
linseed oil and 100 mg kg�1 of vitamin E. The feeds were prepared
according to Nutrient Requirements of Swine (1998). Animals were
slaughtered in industrial conditions after they reached 100 ± 5 kg.
Raw pork meat was stored at e 21 �C until performing the analysis.
2.2. pH measurement

The pH value was measured using the potentiometric method in
which a hand-held pH meter (Model 205, Testo AG, Lenzkirch,
Germany) was used. The pHmeter was calibrated using two buffers
solutions (pH ¼ 4.01 and pH ¼ 7.00). The measurements were
performed in triplicate for each sample.
2.3. NIR measurement

A portion of meat was homogenized and placed on a Petri dish,
forming a layer of 0.5 cm. Basic compositions (moisture, fat, protein,
ash, connective tissue) were analysed by a near-infrared (NIR)
spectrometer NIRFlex N-500 (Büchi Labortechnik AG, Flawil,
Switzerland). The measurement was performed three times for
each sample.
2.4. Volatile compounds analysis

The Heracles II electronic nose (Alpha M.O.S., Toulouse, France)
based on ultrafast gas chromatography was applied to analyze the
volatile compounds in raw pork meat. The instrument consists of a
sampling system, a detector system containing two columns of
different polarities (non polar MXT-5 and slightly polar MXT-1701,
length ¼ 10 m, diameter ¼ 180 mm) connected to two flame ioni-
zation detectors (FID). 3 g raw pork meat was placed in 20 ml
headspace vials and capped with a teflon faced silicon rubber cap.
The vials were placed in the automatic sampler of the headspace
system. Each vial was incubated at 50 �C for 10 min under agitation
(500 rpm). The carried gas, hydrogen, was circulated at 1 mLmin�1.
The accumulated gas in the headspace was then injected into GC
with 2 m � 0.18 mm DB-5/DB-1701 þ (Tenax trap) for C7eC30. The
injected volume was 2500 mL and the injector temperature was
200 �C. The oven temperature programwas set as follows: 60 �C for
2 s; 3 �C s�1 ramp to 270 �C and kept for 20 s. The temperature of
the two flame ionization detectors was 280 �C (Xiao et al., 2014).
The injection on e-nosewas carried out on 5 replicates. Themethod
was calibrated using an alkane solution (n-butane to n-hex-
adecane) in order to convert retention time in Kovats indices and to
identify the volatile compounds using the AroChemBase database.
2.5. Fatty acids analysis

Fatty acids were extracted from the homogenized samples of
pork muscles with the chloroform-methanol according to the
procedure of Folch, Lee, and Sloane Stanley (1957). Fatty acid
methyl esters (FAME) were analyzed using a GC-7890 Agilent gas
chromatography and a 60 m capillary column Hewlett-Packard-88
(Agilent J & W Columns GC, USA) with dimensions of
0.25 mm � 0.20 mm. Individual fatty acid was identified by the
comparison of retention time to that of a standard as presented in
Poławska et al. (2013).
2.6. Vitamin E analysis

Samples were saponified with aqueous potassium hydroxide
solution and vitamin E was extracted by hexane. Then, vitamin E
was determined using the reverse phase high performance liquid
chromatography (HPLC), coupled with ultraviolet detection. A Nova
Pak analytical C18 column (4 mm, 300 � 3.9 mm, I.D., Waters) was
accompanied by a guard-column of 10 � 6 mm, I.D. (Nova Pak,
Waters) containing C18 pellicular packing material (degrade
themselves 30e40 mm). An autosampler was thermostated at 7 �C.
Standards and samples were UV-monitored at 205 nm. The iso-
cratic HPLC analyses were performed at a flow rate of 1.5 mL min�1.
The chromatographic separations were performed using themobile
phase in the composition of propan-2-ol in acetonitrile (17:83, v/v).
Vitamin E was identified based on retention times and its content
was finally determined by a standard curve (Czauderna, Kowalczyk,
& Nied�zwiedzka, 2009; J�o�zwik et al., 2013).
2.7. Multivariate data analysis

ShapiroeWilk test was performed to verify the normality of
distribution. The significance differences were determined by one-
way Anova, Tukey's post hoc and KruskaleWallis's tests. The level
of significance p � 0.05 was used for statistical tests. Statistical
analysis was conducted using Statistica software version 8.0 (Stat-
Soft, Tulsa, Oklahoma, USA).



Table 1
Means of variables assessed in physicochemical characterization of Longissimus dorsi muscle from pigs whose feed was enriched in bioactive components.

Parameters C L1 L2 L3 P Value

Vitamin E (mg/g) 4.53 ± 1.57 5.90 ± 1.22 5.37 ± 1.28 6.88 ± 2.31 ns
Moisture (%) 72.75 ± 1.09 73.03 ± 0.85 73.81 ± 0.47 73.24 ± 1.15 0.0022**

Fat (%) 4.21 ± 1.24 3.63 ± 0.74 3.30 ± 0.33 3.37 ± 0.83 0.0003***

Protein (%) 23.59 ± 0.47 23.94 ± 0.23 23.79 ± 0.15 24.05 ± 0.40 0.0228*

Ash (%) 1.41 ± 0.09 1.46 ± 0.11 1.40 ± 0.11 1.45 ± 0.09 ns
Connective tissue (%) 0.80 ± 0.24 0.85 ± 0.16 0.74 ± 0.16 0.75 ± 0.13 ns
pH 5.75 ± 0.19 5.80 ± 0.16 5.66 ± 0.17 5.66 ± 0.22 ns

ns e no statistically significant; *p � 0.05; **p � 0.01; ***p � 0.001.
C e control group; L1 e experimental group with 3% of linseed oil, 1 mg Se and 100 mg vitamin E; L2 e experimental group with 3% of linseed oil and 1 mg Se; L3 e

experimental group with 3% of linseed oil and 100 mg vitamin E.
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3. Results and discussion

3.1. Physicochemical analysis

To analyse the role of vitamin E and selenium in pigs' feed the
mainmeat properties were examined. Table 1 shows that the lower
value of vitamin E was found in C group (4.53 mg/g) but the highest
value was in L3 group (6.88 mg/g). There were no statistically sig-
nificant differences between all groups.

The pH value of raw meat plays an important role in meat
characterization because it has an impact on other meat properties
such as shelf-life (Holmer et al. 2009; Huff-Lonergan et al., 2002).
The obtained data demonstrated that the range of pH values of
meat were between 5.66 and 5.80 (Table 1). Nanni Costa, Fiego,
Dall'Olio, Davoli, and Russo (1999) reported that an ideal pH
value for meat was from 5.5 to 5.8. The pH value of this study did
not indicate statistically significant differences between supple-
mented groups.

No effect of dietary treatment was observed in ash and con-
nective tissue. However, statistically significant differences were
observed in moisture (p � 0.01), protein (p � 0.05) and fat content
(p � 0.001) between the analyzed groups. Although supplemen-
tation of vitamin E to the pigs' feed increased the concentration of
Fig. 1. Monounsaturated fatty acids (MUFA) of Longissimus dorsi muscle from animals fed wi
with 3% of linseed oil, 1 mg Se and 100 mg vitamin E; L2 e experimental group with 3% o
vitamin E; Significant difference (p � 0.05) between groups with different letters).
vitamin E in the muscle, there were no statistically significant dif-
ferences between the investigated groups (Table 1).

3.2. Impact of vitamin E and selenium supplementation on the fatty
acids profile

According to Wang, Wang, Shi, and Shan (2012), supplementa-
tion of vitamin E indeed has an effect on the fatty acids profile of
Longissimus dorsi. To check the effects of vitamin E and selenium
supplementation on the fatty acids profile, SFA (saturated fatty
acids), MUFA (monounsaturated fatty acids) and PUFA (poly-
unsaturated fatty acids) were determined. The results indicated
that vitamin E with selenium (L1 group), selenium (L2 group) and
vitamin E (L3 group) supplementation did not change the sum of
SFA, MUFA and PUFA (data not shown). However, statistically sig-
nificant differences in palmitoleic (16:1) acid level (Fig. 1) were
observed, with differences among the four groups. It was also
showed that the level of alpha-linoleic (18:3n3/PUFA) acid was
higher for the group supplemented with both vitamin E and sele-
nium but lower in the group supplementedwith selenium (date not
shown). Our results are in accordance with the research conducted
by Guo et al. (2006) where pigs' diet containing 200 or 400 IU/kg of
vitamin E made the produced meat with lower levels of SFA and
th feed enriched in bioactive components (C e control group; L1 e experimental group
f linseed oil and 1 mg Se; L3 e experimental group with 3% of linseed oil and 100 mg



Table 2
Characterization of the main volatile compounds identified in the headspace of Longissimus dorsi muscle by their Kovats indexes.

Possible matches compounds Sensory descriptors K MXT-5* K MXT-17** Ca L1a L2a L3a

1-propanol Alcoholic 543 659 X X X X
Butan-2-one Butter 588 691 X X X
Butanal Green 589 649 X X X X
1-propanol, 2-methyl- alcoholic 623 735 X X X
1-butanamine Ammoniacal 629 709 X X
2-ethyl furan Acidic 699 732 X X
2,3-pentanedione Butter 699 797 X X
dimethyl disulfide Cabbage 762 774 X X X X
Nonane Alkane 908 903 X X X
Methional Baked potato 918 1036 X X X
Methyl hexanoate Etheral 923 983 X X X X
Beta-pinene Green 968 986 X X
Benzeneacetaldehyde Floral 1049 1187 X X X
E-2-nonen-1-ol Green 1172 1186 X X
Diterpene Mentholic 1174 1247 X X X
(E,E)-2,4-nonadienal Fatty 1204 1339 X X
Decanal Aldehydic 1207 1288 X X

*MXT-5 e non polar column.
**MXT-1701 e slightly polar column.
C e control group; L1 e experimental group with 3% of linseed oil, 1 mg Se and 100 mg vitamin E; L2 e experimental group with 3% of linseed oil and 1 mg Se; L3 e

experimental group with 3% of linseed oil and 100 mg vitamin E.
a The presence of volatile compound in a given group (X).

Fig. 2. Relative area of peaks for MXT-5 non polar column and MXT-17 slightly polar column (C e control group; L1 e experimental group with 3% of linseed oil, 1 mg Se and 100 mg
vitamin E; L2 e experimental group with 3% of linseed oil and 1 mg Se; L3 e experimental group with 3% of linseed oil and 100 mg vitamin E).
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greater levels of unsaturated fatty acids.
The results indicated that vitamin E and selenium supplemen-

tation changed the profiles of MUFA and PUFA. Differences in MUFA
and PUFA profiles may have an impact on meat quality because the
components of meat quality influenced by fatty acids are flavour, fat
tissue firmness and shelf life. The effects of fatty acids on meat
flavour is due to the production of volatile compounds, odorous,
lipid oxidation produced during cooking and the involvement of
these with Maillard reaction products to form other volatiles which
contribute to flavour. In the research the highest level of fat was
found in group C (Table 1) and themain compoundswere identified
from this group.

3.3. Volatile compounds analysis

Seventeen characteristic volatile compounds in all groups were
identified and showed in Table 2. Based on chromatographic im-
ages 16 compounds were identified in group C and 10 in group L1.
There were 12 characteristic compounds identified from L2 group
and 10 from L3 group. These compounds are aldehydes, ketones,
acids, esters, pyrazines, and phenols. The results showed that
vitamin E and selenium supplementation of pigs' feed reduced the
level of decanal and methional (aldehydes) in Longissimus dorsi
muscle (Fig. 2). Most studies reported that almost all aldehydes
present in pork are oxidation products of oleic acids and linoleic
acids which accounts for the most unsaturated fatty acids of pork
(Meinert, Andersen, Bredie, Bjergegaard, & Aaslyng, 2007;
Wettasinghe, Vasanthan, Temelli, & Swallow, 2001). However, our
results suggested that low levels of decanal and methional in
vitamin E and selenium supplemented meat are related to the
amount of palmitoleic acid in raw meat. Aldehydes have a huge
impact on meat product aroma due to their low flavour threshold
values. They exhibit characteristic aroma notes, such as butter,
sweet, floral, toasted or green flavours (Stahnke, 1994).

The analysis of relative peak areas (Fig. 2) for both non polar
column MXT-5 and slightly polar column MXT-17 showed that
therewere statistically significant differences within supplemented
groups in 2,3-pentanedione (keton) (p � 0.001) and dimethyl di-
sulfide (sulfur) (p � 0.01) compounds. The highest value of peak
area of dimethyl disulfide was observed in L2 group. The highest
value of 2,3-pentanedionewas noted in group C, respective for both
columns. For MXT-17 column there was also a statistically signifi-
cant difference for 2-ethyl furan (furan) (p � 0.001) and the highest
value of peak area was noticed in group C. The presence of some
sulphur compounds, such as methional, carbon disulfide, dimethyl
disulfide or trimethyl trisulfide have been described as the result of
a reaction between the sulphur amino acids, cysteine and methi-
onine and carboxilyc compounds from lipid oxidation such as 2,3-
pentadione. Sulphur compounds possess intense flavours such as
sulphuric, cauliflower or onion (Muriel, Antequera, Petron, Andres,
& Ruiz, 2004; Tikk, Tikk, Aaslyng, & Karlsson, 2007). Alcohols are
mainly generated as reaction products of lipid oxidation. Ketones
can be produced from lipid autoxidation and microbiological
metabolism (Martin, Antequera, Muriel, Perez-Palacios, & Ruiz,
2009).

In all supplemented groups the low level of methional which is
the first product of methionine degradation was observed. The
production of methional is noted as a process of mediated by amino
transferase and a-keto acid decarboxylase activities (Amarita,
Fernandez-Espla, Requena, & Pelaez, 2001; Giri, Osako, &
Ohshima, 2010). However, a higher level of dimethyl disulfide in the
group supplemented with vitamin E or selenium was seen and
lower amount of dimethyl disulfide in group supplemented with a
combination of vitamin E and selenium was observed. Dimethyl
disulfide is the fourth product of methionine degradation. It is
suggested that vitamin E or selenium accelerated the changing
process of methional to dimethyl disulfide but the combination of
vitamin E and selenium block the first stage of methionine degra-
dation (Di, 2008).

In summary, the total amount of sulfur volatile compounds
decreased when antioxidants were added. Simultaneously, the
compounds namely 1-butanamine, 2,3-pentanedione and beta-
pinene were not formed when vitamin E was added.

4. Conclusions

Vitamin E and selenium supplementation of pigs feed changed
the profiles of palmitolic acid in raw Longissimus dorsi muscle. The
addition of vitamin E and selenium to the pigs feed changed the
volatile compounds profile. Electronic nose analysis allowed to
determine seventeen specific volatile compounds in supplemented
meat. Furthermore, the results showed that the addition of anti-
oxidants (combination of vitamin E and selenium) to pigs feed
prevented the formation of sulfur compounds in raw meat. Further
studies should be carried out in order to investigate the mechanism
of volatile compound formation both in raw meat and meat after
heat treatment, with addition of bioactive components in pig feed.
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a b s t r a c t

Whey proteins are important in manufacturing bakery products, dairy products and infant formula
because they have favorable technological properties, such as easy solubility, emulsification and anti-
allergenic action. The objective of this study was to develop and characterize no added sugar cookies
containing different proportions of whey protein concentrate (WPC; to replace wheat) and margarine,
evaluating the effect of storage on the physical characteristics of these products. A 22 central composite
rotational design was used to study the effect of WPC (25.9e54.1 g/100 g) and margarine (24.4e33.3 g/
100 g) addition on the measurements of the cookies. Moreover, chemical composition and sensory an-
alyses were conducted. After 15 days of storage, the samples were evaluated for water activity, color,
texture and microbiological profile. The addition of up to 54.0 g WPC/100 g and 33.4 g margarine/100 g
did not influence the measurements of the cookies. All samples had acceptance rates that were greater
than or equal to 70%. The addition of WPC in the cookies increased their protein content and mineral
residue as well as reduced both carbohydrates and calories. After storage for 15 days, the cookies
maintained all initially evaluated characteristics, making them feasible and safe for consumption.

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

Whey protein is an economically important by-product of the
cheese manufacturing process that is used as an ingredient by the
food industry because of its high nutritional value and functional
attributes. Moreover, it has high biological quality resulting from its
essential amino acid contents, especially leucine and lysine and is a
good source of methionine and cysteine. Whey protein also has
significant quantities of vitamins and minerals (Oliveira, Bravo, &
Tonial, 2012; Schokker, Singh, & Creamer, 2000), as its primary
source is milk. In the production of bakery products, the enrich-
ment of these products with whey protein improves the emulsi-
fying and stabilizing capacities (Lam & Nickerson, 2015), enhances
flavor, texture and color, and increases the nutritional value
(Zavareze, Moraes, & Salasmellado, 2010). These improvements are
from the inherent qualities of whey protein. Because it consists of
all amino acids and is highly soluble, it is excellent for forming
. Silva).
foams and emulsions (Laleye, Jobe, & Wasesa, 2008).
Cookies are the most popular bakery product and are consumed

by the majority of the population because of their ease of con-
sumption, variety and affordable price, which enables access by
most consumers (Park, Choi, & Kim, 2015). Most cookies are rich in
sugar and fat and are therefore considered unhealthy foods. How-
ever, because of their long shelf-life and convenience of use, they
could be enriched with other nutrients (eg. high quality proteins)
and/or replaced some ingredients such as sugar.

Today's consumers expect more and more pleasure from food.
They want it to be lower in fat, sugar and calories and to be able to
maintain or improve their health conditions (Arora, Nayak, Sindhu,
& Seth, 2001). The food industry has been successful in formulating
products that are nutritionally modified versions and deliver
altered nutrition than their standard equivalents (Bajwa & Mittal,
2015). Some products with no added sugar are formulated for
consumers with special dietary needs such as diabetics. Also, the
replacement of sugar, combining with the addition of protein can
promote the reduction of the glycemic index, being a positive factor
for this target population. Thus, it is important to note that the
replacement of sugar not always will promote the reduction in the
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energetic value. The consumers should take into account the
amount of other nutrients, such as fat. For this purpose, it becomes
important to reading and analysis of the labeling and conscious
consumption according to individual requirements of each
consumer.

The objective of this study was to develop and characterize no
added sugar cookies made with different concentrations of
margarine and whey protein concentrate (WPC) to replace wheat
and to assess quality characteristics during the storage of these
products.

2. Materials and methods

2.1. Experimental design for evaluation of the cookies

A second order central composite rotational design (Box &
Draper, 1987, p. 669) was used to study the effect of different pro-
portions of WPC (25.86e54.14 g/100 g) and margarine
(28.5e34.2 g/100 g) on the measurements of the cookies. The
variables were established in five levels encoded with four repli-
cates at the central point, four variables in the axial point and four
factors, totaling twelve experiments (Table 1). The proposed center
point was obtained through experiments conducted during pre-
liminary testing and information obtained from the literature
during a wide bibliographic review. For the preliminary tests stage,
the main objectives were to insert maximal concentrations of WPC
to replace wheat and to test different margarine concentrations to
minimize its inclusion in the formulation. The variables were
studied at three coded levels (�1, 0, þ1). This design also had two
levels of axial variables that were encoded as (�a) and (þa), where
a ¼ 1.41.

2.2. Cookie preparation

All ingredients were purchased in local shops (Vitoria, ES,
Brazil). Whey protein concentrate, the source of branched-chain
amino acids (BCAAs), was extracted from milk and has 24 g of
protein, 2.1 g of carbohydrates and 1.9 g of total fat in 30 g of the
product. This protein concentrate was courtesy of Probi�otica® (S~ao
Paulo, SP, Brazil). The cookies were prepared excluding the sucrose
of the recipe. The sweetener (sucralose powder) was donated by
Table 1
Experimental design with coded and real values for whey protein concentrate (WPC)
measuring the cookies.a

Run Levels: coded and real values Results obtained

WPC (g/
100 g)

Margarine (g/
100 g)

Weight
reduction (g)

T1 �1 (30) 1 (32.1) 1.1
T2 �1 (30) �1 (25.7) 1.1
T3 1 (50) 1 (32.1) 1.2
T4 1 (50) �1 (25.7) 1.1
T5 �1.41

(25.9)
0 (28.9) 1.2

T6 1.41 (54.1) 0 (28.9) 1.2
T7 0 (40) �1.41 (24.4) 1.1
T8 0 (40) 1.41 (33.4) 1.1
T9 0 (40) 0 (28.9) 1.1
T10 0 (40) 0 (28.9) 1.0
T11 0 (40) 0 (28.9) 1.0
T12 0 (40) 0 (28.9) 1.1
Mean ± standard deviation of the

central point
e e 1.05 ± 0.05

PSD e e 0.14
CV (%) e e 14.7

a Data are expressed as the mean of ten replications. PSD: Pooled standard deviation,
Linea® (S~ao Paulo, SP, Brazil). The cookies were prepared using the
following formulation: wheat flour (112 g), egg white (18.6 g),
sucralose (7 g), oat bran (7 g), wheat bran (5.7 g), palm oil (2.7 g),
soy lecithin (2.1 g), baking powder (0.9 g), and vanilla extract
(6 drops). The WPC and margarine were added according to the
proposed design. The commercial margarine used had 82 g/100 g of
total fat, was suitable for use in the oven and was made by the
interesterification process, maintaining its original properties. The
formulation for cookie production had concentrations from 25.9 to
54.1 g WPC/100 g in relation to the wheat flour content. The
margarine content ranged from 24.7 to 33.44 g/100 g of the total
weight of the dough. Initially, the lecithin and palm oil were ho-
mogenized with margarine and then WPC, sucralose, wheat flour,
oats, wheat bran, vanilla extract and egg whites were added. After
the homogenization of all ingredients, the cookies were shaped,
transferred to a semi-industrial type oven pre-heated to 180 �C and
baked for approximately 20 min.

2.3. Cookie measurements

Ten cookies selected randomly from the same batch were
measured using the methodology proposed by the 10-50D method
of the American Association of Cereal Chemists (AACC, 1995). The
analysis of cookie weight loss was determined by the weight
change before and after baking. Pre- and post-baking diameters
and thicknesses of the cookies were determined with a Vernier
Caliper (150 � 0.05 mm). The expansion factor was obtained from
the ratio of the diameter and thickness values of the cookies. The
volume was determined by the displacement of millet seeds, and
the specific volume was calculated from the ratio of the cookie
volume and weight (mL g1).

2.4. Sensory analysis

Because the addition of WPC and margarine did not influence
the weight or shape of the cookies (Fig. 1), the sample selection
criteria to be sensorially evaluated were adopted based on the
different proportions of WPC used in the formulations. Treatments
from both of the axial points (minimum andmaximumWPC levels)
of the design were selected, as well as a central point with an in-
termediate WPC content. These specific treatments were: T5
and margarine concentrations as well as the results obtained in the experiments

in the experiment

Yield (%) Expansion factor (cm/
mm)

Diameter
(cm)

Thickness
(mm)

Specific volume
(mL g1)

86.0 5.5 0.05 0.2 1.2
86.5 5.2 0.07 0.2 1.2
86.9 5.2 0.02 0.2 1.2
86.9 5.1 0.04 0.2 1.1
86.6 4.6 0.05 0.3 1.2

87.3 4.8 0.00 0.2 1.3
85.6 5.3 0.05 0.2 1.2
86.8 5.2 0.01 0.2 1.2
87.2 5.0 0.01 0.2 1.3
87.3 5.4 0.02 0.2 1.2
88.4 4.9 0.01 0.2 1.3
86.4 5.6 0.01 0.2 1.2
87.3 ± 0.8 5.2 ± 0.3 0.01 ± 0.005 0.2 ± 0.0 1.25 ± 0.06

2.54 0.31 0.05 0.63 0.10
2.9 8.3 147.6 36.0 11.2

CV: Coefficient of variation.
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(25.9 gWPC/100 g), T6 (54.1 gWPC/100 g) and T8 (40 gWPC/100 g).
The selected cookies were submitted to an acceptability test using a
9-point hedonic scale (9 ¼ like a lot, 5 ¼ neither liked nor disliked
and 1 ¼ disliked extremely). Sensory attributes included appear-
ance, flavor, color, aroma and texture of the cookies. To perform the
acceptance test, 58 untrained judges randomly received samples of
cookies with three-digit coding that were accompanied by a glass
of mineral water and a product evaluation form. The tests were
conducted individually. To participate, the judges had to voluntarily
sign the Free and Informed Consent Form (FICF). Participants under
18 years of age, those who did not sign the consent form, and those
who withdrew from participation or had an illness at the time of
the analysis were excluded. The study was approved by the Ethics
in Research Committee of the UFES Health Sciences Center (No.
302.657/2013).

2.5. Chemical composition

The cookie preparations chosen by the sensory analysis were
analyzed for chemical composition; moisture (determined by
heating in a 105 �C oven until the cookies achieved constant
weight); nitrogen (determined by the Kjeldahl method using a
conversion factor of 6.25); ash (by incineration in a muffle furnace
at 550 �C); and lipids (determined by continuous extraction with
petroleum ether using the Soxhlet method) according to the As-
sociation of Official Analytical Chemists (AOAC, 2005). The total
carbohydrate content of the cookies was calculated by:
100 � (moisture þ ash þ protein þ lipids). The energy value was
determined in kJ according to the formula: energy ¼ (%
protein� 4)þ (% carbohydrate� 4)þ (% lipids� 9). For comparison
purposes, a control sample (without WPC) was used with an in-
termediate margarine content (28.9 g/100 g) equivalent to the
center point of the design.

2.6. Physical and microbiological characteristics during storage

The cookie preparations chosen by sensory analysis were
packed in a PET/Al (aluminum foil)/LDPE (low density poly-
ethylene) packaging structure, identified and sealed with the aid of
a Sulpack model SP400T sealer (Caxias do Sul, RS, Brazil). The
packages containing the samples were kept in a dry environment at
room temperature (27 �C). These cookies were analyzed on the first
day and 15 days after preparation for water activity, color and
instrumental texture (firmness), and they were also subjected to
microbiological analysis. To compare possible differences between
the physical and chemical characteristics of the cookies, a control
sample (without WPC) was used with an intermediate margarine
content (28.9 g/100 g) equivalent to the central point of the design
for the analysis of water activity, color and texture.

2.6.1. Microbiological analysis
Each sample (25 g) was homogenized separately in 225 mL of

0.1 g/100 mL peptone water at a dilution of 10�1. The homogeni-
zation was conducted for 1 min. Appropriate dilutions were pre-
pared, and aliquots of these dilutions were transferred to the
culture medium specific for the detection of each microbial group.
To determine the number of aerobic mesophiles, the inoculation
was performed in standard plate count agar (PCA; Himedia® e

L.B.S. Marg, Mumbai, India), followed by incubation for 48 h at
35 ± 1 �C (Morton, 2001). Mold and yeast aliquots were inoculated
on potato dextrose agar (PDA; Himedia® e L.B.S. Marg, Mumbai,
India) at a pH of 3.5 and incubated at 25 ± 2 �C for 5e7 days
(Beuchat & Cousin, 2001). The plating of these aliquots was per-
formed in duplicate and the results were expressed in colony-
forming units per gram (CFU/g). For total coliforms (35 �C) and
thermophiles (45 �C), the most probable number test (MPN) was
used. For the MPN test, a 10-fold dilution series of the sample to be
tested was prepared, and then 1 mL samples of each dilution are
inoculated into broth culture tubes in triplicate for incubation.
Following incubation, all tubes were examined for turbidity and the
growth pattern in the tubes was scored against a table of values.
The measurement of coliforms at 35 �C and coliforms at 45 �C was
performed using 1 mL aliquots of each dilution. The aliquots were
inoculated in a series of three tubes containing 9 mL of lauryl sul-
fate tryptose broth (Oxoid® e S~ao Paulo, SP, Brazil) with inverted
Durham tubes (presumptive test), then the tubes were incubated at
35 �C for 24e48 h. The positive readings from the tubes (turbidity
and gas formation) were performed as confirmatory tests for co-
liforms in 2% Brilliant Green Lactose Bile broth (Himedia® e L.B.S.
Marg, Mumbai, India) at 35 �C for 24e48 h and thermotolerant
coliforms in Escherichia coli broth (Acumedia® e Lansing, MI, USA)
at 45 �C for 24e48 h. After the incubation period, the results were
based on the proportion of tubes with turbidity and gas production
for three consecutive dilutions and were expressed in MPN/g. The
sample reading was performed for the positive tubes and the most
probable number (MPN) was quantified using the Hoskins
Table (Kornaki & Johnson, 2001).
2.6.2. Water activity
The evaluation of water activity was performed in Decagon

Devices AquaLAB LITE analyzer (Pullman, WA, USA) in duplicate.
2.6.3. Instrumental color
The instrumental color analysis was performed by trans-

mittance using a Hunterlab Colorquest colorimeter, model XE
(Reston, Virginia, USA), calibrated with white and black tiles. The
device was set to illuminant condition D65 (medium daylight) and
a 10� (field of view) standard observer. The color of the samples
placed in a clear Petri dish was measured on the top in at least
quadruplicate. A CIELAB and CIELCh scale was used and the color
parameters measured were: L* ¼ lightness (0 ¼ black and
100 ¼ white), a* ¼ the red-green color (�80 to zero ¼ green, zero
toþ100¼ red) and b*¼ the yellow-blue color (�100 to zero¼ blue,
zero toþ 70¼ yellow). Four replicates for each test were performed
on each cookie from the same batch.
2.6.4. Instrumental texture
The cookie samples were analyzed for firmness using a guillo-

tine type 2.0 mm probe in a TAXt2i texturometer (Stable Micro
Systems e Surrey, England, UK) coupled to software. The test was
performedwith a 49 N load cell. The test setupwas adapted tomeet
the characteristics of the sample, as follows: test speed, 1.00 mm/s;
post-test speed, 10.00 mm/s; distance, 40 mm; and trigger force,
0.196 N. The maximum force required to break a cookie was
recorded and the mean of six repetitions for each test was calcu-
lated and expressed in Newton (N).
2.7. Scanning electron microscopy

The characteristics and morphological changes of the cookie
structure were analyzed by scanning electron microscopy (SEM)
(Papantoniou, Hammond, Tsiami, Scriven, Gordon, & Schofield,
2003). Pieces of the inner part of the cookies were laminated and
fixed on sheet metal (“stubs”) by double sided adhesive tape and
subsequently metallized with gold ions in a Denton Vacuum (Desk
V model). Images were captured with a JEOL Scanning Electron
Microscope, Model JSM6610 LV (Pleasanton, CA, USA). Photomi-
crographs were obtained with 100x and 500x magnification.
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2.8. Data analysis

The results obtained from the measurements of the cookies
were expressed as the mean, pooled standard deviation and coef-
ficient of variation. The significance of the applied model evaluated
the effect of WPC and margarine addition on the cookie measure-
ments using the analysis of variance (F-test). The entire model in-
cludes linear (L), quadratic (Q) and cross product terms. The effect
of each term and the statistical significance of the response vari-
ables were analyzed using a standardized Pareto chart. Possible
correlations were assessed using correlation coefficients (Pearson
correlation). The sensory analysis results were subjected to one-
way analysis of variance (ANOVA) followed by the Tukey test. The
results from the analysis of the cookies during storage were
compared using the Student's t-test. For all assessments, a 95%
confidence level was considered significant. All statistical analyses
Fig. 1. Estimates of linear (L) and quadratic (Q) effects of the whey protein concentrate and
Expansion factor; D: Diameter; E: Thickness; F: Specific volume; 1Lby2L: interaction between
indicates the 95% confidence level, and factors with standardized effect values to the right
were performed using Statistica 10.0 software (Statsoft Inc.e Tulsa,
OK, USA).

3. Results and discussion

3.1. Cookie measurements

Based on the analysis of the cookie measurements, the weight
(Fig. 1A), yield (Fig. 1B), expansion factor (Fig. 1C), diameter
(Fig. 1D), thickness (Fig. 1E) and specific volume (Fig. 1F) did not
change significantly when up to 54.1 g WPC/100 g and 33.4 g
margarine/100 g was added (p > 0.05). After baking, theweight loss
(Table 1) varied by an average of 1 g, as observed by Sarabhai and
Prabhasankar (2015), who worked with cookies made with wheat
bran and rice. The yield varied from 85.6% (treatment 7 with 40 g
WPC/100 g and 24.4 g margarine/100 g) to 88.4% (treatment 11
margarine variables on the measures of the cookies. A: Weight reduction; B: Yield; C:
the independent variables (1L: whey protein concentrate and 2L: margarine). The line
of the line are statistically significant.
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with 40 g WPC/100 g and 28.9 g margarine/100 g). The expansion
factor varied between 4.6 cm/mm (treatment 5 with 25.86 g WPC/
100 g and 28.9 g margarine/100 g) and 5.6 cm/mm (treatment 12
with 40 g WPC/100 g and 28.9 g margarine/100 g; Table 1). Very
high or very low cookie expansion can cause technological prob-
lems, such as inadequacy of standard product packaging, as well as
problems inmanufacturing, resulting in small-sized or high-weight
products (Moraes, Zavareze, Miranda, & Salas-Melladomoraes,
2010). According to Odorica-Falomir and Paredes-L�opez (1991),
flour or any other ingredient that absorbs water during dough
mixing can reduce the expansion factor. The specific volume
(Table 1) varied from 1.1 to 1.3 (mL g1), which was similar to the
study by Moura, Spier, Zavareze, Dias, and Elias (2010).

Although significant relationships between WPC and margarine
addition were not identified, strong and moderately negative cor-
relations were detected, respectively, between the thickness
(r ¼ �0.76) and specific volume (r ¼ �0.66) with the expansion
factor (Table 2). Thus, the lower the thickness and specific volume
values, the higher the expansion factor. The diameter and thickness
ratio (expansion factor) of cookies is primarily physical and is
related to the aforementioned capacity of ingredients to absorb
water. The specific volume is affected by the treatments used dur-
ing processing and the quality of the ingredients used in the
formulation of the dough, especially flour. According to Table 2,
there was no correlation between the yield and the weight of the
cookies developed in this study.

3.2. Sensory analysis

As seen in Table 3, all treatments assessed had similar results for
all attributes, except texture. The axial points (ends) of WPC
differed with regard to texture, where the lower concentration of
WPC (T5: 25.9 g WPC/100 g) had better evaluation. However, this
assessment was similar to the control sample (T8) with 40 g WPC/
100 g that, besides the higherWPC content, had a higher margarine
content (33.4 g margarine/100 g), which may have aided in the
favorable evaluation of this attribute. The texture is an essential
attribute for the acceptance of cookies, as consumers anticipate
crunchy and soft products. Guemes-Vera, Martinez-Herrera, Her-
nandez-Chavez, Yanez-Fernandez, and Totosaus (2008) observed
that higher percentages of whey protein concentrate (25e30 g
WPC/100 g) resulted in more resistant bread dough and conse-
quently, the firmness of the product decreased, demonstrating that
WPC addition improves the texture of the product. According to
Meilgaard, Civille, and Carr (2007, p. 354), for a product to be
considered acceptable, the samples must result in at least 70%
approval. Therefore, all three analyzed treatments achieved
acceptable levels, which were higher than those recommended.

3.3. Chemical composition

Based on the sensory analysis results, especially those for
texture, two samples were selected for further analysis (T5 and T8).
Table 2
Correlation coefficients between the variables of the measurements of the cookies made

Variables Weight reduction (g) Diameter (cm) Thicknes

Weight reduction (g) 1.00
Diameter (cm) �0.42ns 1.00
Thickness (cm) 0.17ns 0.21ns 1.00
Yield (%) �0.29ns 0.10ns 0.26ns

Expansion factor (cm/mm) �0.25ns 0.08ns �0.76a

Specific volume (mL g1) 0.22ns �0.35ns 0.42ns

a Significant at 5% probability (p < 0.05); ns: not significant.
As seen in Table 4, the higher the WPC (up to 40 g WPC/100 g) and
margarine (up to 33.4 g margarine/100 g) contents, the higher the
moisture content. According to Chung, Cho, and Lim (2014), cookie
moisture should be between 2 and 8 g/100 g. Therefore, by this
recommendation, the cookies made with WPC are suitable. Treat-
ment 8 (40 g WPC/100 g and 33.4 g margarine/100 g) exhibited a
higher protein content (45.2 g/100 g), with four times the protein
content of the cookies made with whey protein by Sarabhai and
Prabhasankar (2015). Based on a serving size of 30 g, treatments
8 and 5 can be classified as having a high protein content (WHO,
2007, p. 41), with 13 and 11 g of protein per serving, respectively.
This designation does not apply to the control treatment (6 g of
protein per serving).

For the lipid measurements, treatment 8 had a higher lipid level
from a higher margarine proportion in the preparation. Further-
more, increasing theWPC content (up to 40 gWPC/100 g) increased
the ash content of the final product. Lastly, with the increase in
moisture, protein and ash content of the preparation, the total
carbohydrate content was reduced, and this was evident in treat-
ments with a higher WPC content (T8) that had a lower carbohy-
drate content (11.5 g/100 g). The same effect was observed by
Guilherme and Jokl (2005), who, when replacing wheat flour with
better protein quality corn flour in cookies, observed a reduction in
the amount of total carbohydrates. Moreover, the treatments con-
taining WPC presented lower energy values in comparison to the
control sample.

3.4. Physical and microbiological characteristics during storage

3.4.1. Microbiological analysis
As seen in Table 5, even after 15 days of storage, there was no

growth of coliforms at 35 �C and 45 �C, which indicated satisfactory
quality of the product. According to the current legislation (Brazil,
2001), the tolerance for coliforms at 45 �C in cookies without
filling is 10 MPN/g. The International Commission on Microbio-
logical Specifications for Foods (ICMSF, 1986) does not provide
limits for coliforms, molds and yeasts. Ordinance No. 12 of the
Ministry of Health (Brazil, 2001) also does not provide limits for
molds and yeasts and recommends a visual analysis of the growth
of these microorganisms. Therefore, no changes were visually
observed that indicated the presence of these microorganisms.
Generally, molds are destroyed when the cookie is baked. Mold
growth can generally be observed when these products are stored
for extended periods of time (ICMSF, 2011). According to the results
herein, these cookies are suitable for consumption after up to 15
days of storage, as they are within the standards set by the current
legislation (Brazil, 2001).

3.4.2. Water activity
According toTable 5, only the control treatment had a significant

increase (p < 0.05) in water activity during the 15 days of storage.
The water content in treatments made with WPC remained stable
for up to 15 days of storage. Products containing WPC have water
with whey protein concentrate and margarine.

s (cm) Yield (%) Expansion factor (cm/mm) Specific volume (mL g1)

1.00
�0.49ns 1.00
0.52ns �0.66a 1.00



Table 3
Sensory evaluation and percentage of acceptability for cookies made with whey protein concentrate and margarine*.

Treatment Appearance Flavor Color Aroma Texture

T5 7± 1a (94.8%) 7± 1a (84.4%) 7± 1a (93.1%) 7± 2a (84.5%) 7± 1a (89.6%)
T6 7± 1a (87.9%) 7± 2a (70.0%) 7± 1a (96.5%) 7± 2a (81.0%) 6± 2b (75.8%)
T8 7± 1a (82.7%) 7± 1a (87.9%) 8± 1a (93.1%) 7± 1a (84.5%) 7± 2ab (77.6%)

Means with the same letter in the same column are not significant at a confidence interval of 95% (Tukey test). T5: treatment with 25.9 g whey protein concentrate/100 g and
28.9 g margarine/100 g; T6: treatment with 54.1 g whey protein concentrate/100 g and 28.9 g margarine/100 g; T8: treatment with 40 g whey protein concentrate/100 g and
33.4 g margarine/100 g.
*Data are expressed as the mean of 58 evaluations by the judges. The parenthetical values refer to the acceptability percent (ideal �70%).

Table 4
Chemical composition of cookies made with whey protein concentrate and margarine*.

Component (dry basis) Control T5 T8 PSD CV (%)

Moisture (g/100 g) 1.31 ± 0.06c 5.32 ± 0.01b 7.78 ± 0.01a 0.03 60.8
Protein (g/100 g) 17.1 ± 0.4c 36.7 ± 0.5b 45.2 ± 0.9a 0.63 39.1
Lipids (g/100 g) 27.0 ± 0.3b 25.4 ± 0.3b 28.0 ± 0.5a 0.32 4.4
Ash (g/100 g) 1.49 ± 0.07c 3.26 ± 0.06b 7.46 ± 0.07a 0.07 67.3
Total carbohydrates (g/100 g) 53.1 ± 0.7a 29.3 ± 0.2b 11.5 ± 0.3c 0.44 59.6
Energy (kJ) 2191± 6a 2061± 4b 2003± 9c 6.92 4.1

Means with the same letter in the same line are not significant at a confidence interval of 95% (Tukey test).
Control: control treatment, no whey protein concentrate and 28.9 g margarine/100 g; T5: treatment with 25.9 g whey protein concentrate/100 g and 28.9 g margarine/100 g;
T8: treatment with 40 g whey protein concentrate/100 g and 33.4 g margarine/100 g.
*Data are expressed as the mean ± the SD of three replications. PSD: Pooled standard deviation, CV: Coefficient of variation.

Table 5
Results of microbiological analysis and water activity of cookies made with whey protein concentrate and margarine during storage.

Analysis Control (day 1) Control (day 15) T5 (day 1) T5 (day 15) T8 (day 1) T8 (day 15)

Total coliforms 35 �C (MPN/g) na na <3.0 <3.0 <3.0 <3.0
Thermotolerant coliforms 45 �C (MPN/g) na na <3.0 <3.0 <3.0 <3.0
Molds and yeast (CFU/g) na na 1.0 � 102 2.5 � 102 1.0 � 102 5.0 � 10

Water activitya 0.422 ± 0.000 0.529 ± 0.002 0.704 ± 0.000 0.686 ± 0.002 0.730 ± 0.000 0.729 ± 0.001
P-valueb <0.05 >0.05

>0.05
PSDc e day 1 0.0
PSD e day 15 0.002
CV (%) e day 1 24.7
CV (%) e day 15 14.5

na: not analyzed
a Data are expressed as the mean ± the SD of two replications.
b P value according to Student's t test using a 95% confidence interval. Control: control treatment, no whey protein concentrate and 28.9 g margarine/100 g; T5: treatment

with 25.9 g whey protein concentrate/100 g and 28.9 g margarine/100 g; T8: treatment with 40 g whey protein concentrate/100 g and 33.4 g margarine/100 g.
c Pooled standard deviation (PSD) and coefficient of variation (CV) were calculated considering all the samples analyzed at the 1st day and the samples analyzed at the 15th

day of storage.
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binding capacity (Chung et al., 2014), which may explain the lack of
variation inwater activity for treatments 5 and 8 because they both
presented moisture contents and water activity higher than the
control sample. Levels of water activity under 0.85 are desirable for
baked cereal products (Deibel & Swanson, 2001). The type of
packaging used was sufficiently able to maintain the balance of free
water content in the samples containing WPC, unlike the control
sample that, given its lower initial water activity content, required
packaging that provides a better moisture barrier.

3.4.3. Color
According toTable 6, therewas no significant color change in the

cookies during the 15 days of storage. However, as noted by Singh
and Mohamed (2007), the red (a*) and yellow (b*) color values
increased with the addition of WPC, and the brightness value (L*)
generally decreased. All treatments had a tendency to darken (L*),
but there was no significant difference among them. Furthermore,
the three treatments had red (parameter a*) and yellow (parameter
b*) colors, which are expected in products such as baked cookies
from the caramelization of sugar and the Maillard reaction.
3.4.4. Instrumental texture
According to Table 6, there was no significant texture change

during the storage period (15 days). The results obtained in this
study were similar to those obtained by Singh and Mohamed
(2007), who verified that the protein content of soy flour did not
affect the texture of the resulting cookies. In contrast, Conforti and
Lupano (2004) showed a reduction in firmness of cookies prepared
with 5 g WPC/100 g. The maintenance of organoleptic character-
istics during storage, especially texture, is an essential factor for
these products, and the packaging and storage location are critical
to ensure product integrity. Texture is an important element in the
quality of cookies, directly affecting consumer acceptance and sales
(Gaines, Kassuba,& Finney, 1991). The cookies manufactured in this
study had lower firmness values than those found by Mareti,
Grossmann, and Benassi (2010), who obtained greater firmness
values (85e218 N) in cookies with partial replacement of wheat
flour by soy flour, oat bran and maltodextrin mixtures. Cookie
hardness is the result of sugar behavior during heating in the oven.
The sugar is dissolved in the dough water to form a highly
concentrated solution, and when the product cools after exiting the



Table 6
Instrumental characterization of the color and texture of cookies made with whey protein concentrate and margarine during storage.

Control (day 1) Control (day 15) T5 (day 1) T5 (day 15) T8 (day 1) T8 (day 15) PSDd (day 1) PSD (day 15) CV % (day 1) CV % (day 15)

Color parametera

L (lightness) 64 ± 5 62 ± 5 64 ± 3 63 ± 2 62.2 ± 0.7 61.2 ± 0.6 3.28 3.28 4.9 4.9
P-valuec >0.05 >0.05 >0.05
a (redness) 5.5 ± 0.3 5.2 ± 0.2 6.3 ± 0.5 6.1 ± 0.6 6.9 ± 0.2 6.1 ± 0.3 0.37 0.37 11.0 11.0
P-value >0.05 >0.05 >0.05
b (yellowness) 22 ± 2 21 ± 3 24 ± 2 23 ± 2 23.9 ± 0.8 23.1 ± 0.9 1.89 1.89 8.6 8.6
P-value >0.05 >0.05 >0.05
Textureb

Firmness (N) 30 ± 8 31 ± 4 37 ± 10 27 ± 3 30 ± 9 28 ± 15 8.72 9.07 27.5 27.7
P-value >0.05 >0.05 >0.05

a Data are expressed as the mean ± the SD of four replications.
b Data are expressed as the mean ± the SD of six replications.
c P value according to Student's t test using a 95% confidence interval. Control: control treatment, no whey protein concentrate and 28.9 g margarine/100 g; T5: treatment

with 25.9 g whey protein concentrate/100 g and 28.9 g margarine/100 g; T8: treatment with 40 g whey protein concentrate/100 g and 33.4 g margarine/100 g.
d Pooled standard deviation (PSD) and coefficient of variation (CV) were calculated considering all the samples analyzed at the 1st day and the samples analyzed at the 15th

day of storage.

Fig. 2. Electron micrographs at 100x magnification of cookies made with whey protein concentrate. Images: 2A (control treatment with no whey protein concentrate and 28.9 g
margarine/100 g), 2B (treatment with 25.9 g whey protein concentrate/100 g and 28.9 g margarine/100 g), 2CeE (treatment with 40 g whey protein concentrate/100 g and 33.4 g
margarine/100 g). AB: air bubble, PM: protein matrix, FM: fibrous matrix, SLC: starch lipid complex.
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Fig. 3. Electron micrographs at 500x magnification of cookies made with whey protein. Images: 3A (control treatment with no whey protein concentrate and 28.9 g margarine/
100 g), 3B (treatment with 25.9 g whey protein concentrate/100 g and 28.9 g margarine/100 g), 3C and D (treatment with 40 g whey protein concentrate/100 g and 33.4 g
margarine/100 g). AB: air bubble, PM: protein matrix, FM: fibrous matrix, SLC: starch lipid complex, PB: protein bodies.
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oven, this solution solidifies to become a hard, amorphous, glassy
material, giving the product a crisp texture (Townsend, 1990).
However, in the investigation of no added sugar cookies, using an
ideal sweetener as a sugar substitute, as well as the presence of
emulsifiers, may also contribute to achieving characteristics similar
to conventional ones.
3.5. Scanning electron microscopy

The characteristics and morphological changes in the structure
of the cookies are illustrated in Figs. 2 and 3 with 100x and 500x
magnifications, respectively. As seen in Fig. 2, there are predomi-
nant air bubbles (AB). According to Metwal, Jyotsna, Jeyarani, and
Venkateswara Rao (2011), AB are a type of connection between
the interior of the cookies and the atmosphere that allow the
elimination of water vapor and gases during preparation. A struc-
ture permeated by a network shape is present, which is typical of
products made in the presence of gluten. In Fig. 2BeE (treatments 5
and 8 containing WPC), a protein matrix (PM) formed by the
interaction and consequent denaturing of the proteins present in
the raw ingredients is present. Furthermore, as highlighted in
Fig. 2E, fibrous matrix (FM) is present, which is derived from the
addition of oat flakes andwheat bran in the formulation. In Figs. 2A,
3A, B and D, there is evidence of a starch lipid complex (SLC), which
is nothingmore than the starch granule interwovenwithmargarine
(Metwal et al., 2011). SLC formation occurs during the dough
mixing process from the ability of lipids to interact with starch,
particularly in the presence of a phospholipid (lecithin) as an
emulsifier. Moreover, WPC insertion can also act as an emulsifier in
the dough. In Fig. 3C, protein bodies (PB) are present in addition to
the globular protein structures, which was also documented by
Sarabhai and Prabhasankar (2015).

4. Conclusion

The development of no added sugar cookies was possible with
the addition of up to 54.1 g WPC/100 g and 33.4 g margarine/100 g
and to replace wheat without significantly influencing their phys-
ical characteristics. All evaluated samples obtained equal or greater
acceptability rates than those recommended. Wheat substitution
with up to 25.9 gWPC/100 g increased the protein levels of cookies,
which could result in their characterization as products with high
protein levels and reduced energy values. The cookies made with
whey protein remained stable in their water activity, color, and
instrumental texture and met the microbiological standards
required by law for 15 days of storage. However, it is assumed that
the shelf-life of these products is greater than 15 days. Therefore,
WPC is a great ingredient for the preparation of bakery products,
thus improving the aroma, flavor, texture, and shelf-life, in addition
to the nutritional value of these products.
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a b s t r a c t

The mixture of rice flours, starches and proteins is common in gluten-free bakery products such as bread
or cake. The aim of this study was to determine the effects of starch and/or protein addition in rice flour
gluten-free cookie quality. For this purpose, the hydration and oil absorption properties of flour-starch-
protein mixtures, dough rheology and quality cookie parameters (thickness, final diameter, spread factor,
texture, colour and acceptability) were analysed. Generally, protein incorporation increased hydration
properties of the mixture and dough consistency, producing cookies with limited spreading in the baking
time, lower hardness values and darker colour. In particular, protein addition reduced the width up to
8.4% and the hardness up to 10.60% (control versus 20% of protein inclusion). However, maize starch
addition reduced hydration properties and gave rise to cookies with higher thickness and width, but the
texture and colour were not affected by the starch. Cookies with higher protein content showed higher
acceptability than cookies with higher starch content and no protein addition. Therefore, protein and
starch can be used in order to adjust the desired cookie characteristics depending on the cookie
formulation and the needs of manufacturers.

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

Cookies are a baked product that typically has three major in-
gredients; flour, sugar and fat. There are distinct types of cookies
depending on cookie composition, the making of cookie dough and
baking parameters. Sugar-snap cookie is a particular type of cookie
with high levels of fat and sugar and lowwater levels characterised
by a limited development of the gluten network (Hadnadev,
Torbica, & Hadnadev, 2013; Pareyt & Delcour, 2008). In addition,
because of the insufficient water content of the cookie dough, most
of the starch granules do not gelatinize during the cookie baking
process (Pareyt & Delcour, 2008). Due to the minimal gluten
development of sugar-snap cookies, there is the possibility to
produce gluten-free cookies made from gluten-free flours without
any gluten substitute (Donelson, 1988). However, gluten-free flours
produce cookies with different physico-chemical characteristics in
comparisonwith cookies made fromwheat flour, depending on the
cereal origin and the milling process (Mancebo, Pic�on, & G�omez,
2015).
Most studies that have investigated gluten-free cookies have
used different gluten-free flours such as amaranth (De la Barca,
Rojas-Martínez, Islas-Rubio, & Cabrera-Ch�avez, 2010; Gambus
et al., 2009; Hozova, Buchtov�a, Dodok, & Zemanovi�c, 1997; Tosi,
Ciappini, & Masciarelli, 1996; Schoenlechner, Linsberger, Kaczyc, &
Berghofer, 2006), buckwheat (Gambus et al., 2009; HadnaCev et al.,
2013; Kaur, Sandhu, Arora, & Sharma, 2015: Schoenlechner et al.,
2006) and/or rice flour (Chung, Cho, & Lim, 2014; Torbica,
Hadnadez, & Dap�cevi�c Hadnadev, 2012) or a mixture of these
flours with other cereal flours (maize, sorghum ormillet) or legume
flours (Altında�g, Certel, Erem, & Konak, 2015; Rai, Kaur, & Singh,
2014). However, many commercial bakery products are mainly
made frommaize starchmixed, greater or lesser extent, with gluten
free flours, starches from tubers and/or proteins. It has been proven
that the protein and starch proportion in cookies made fromwheat
flour play an important role in cookie quality, because of their water
absorption capacity, their effect in dough rheology and their spread
in the baking process (Pareyt & Delcour, 2008). In general, soft
wheat flour, which is characterised by a low protein content and
weak gluten strength, is preferred in sugar-snap cookie elaboration
(Souza, Kruk, & Sunderman, 1994) since they give rise to cookies
with higher spread and cookie set time in the baking process
(Kaldy, Kereliuk, & Kozub, 1993; Miller & Hoseney, 1997). Thereby,
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starch and protein addition could adjust the expansion in the
baking process and gluten-free cookie diameter. It has also been
shown that protein content affected dough rheology and texture of
cookies, at least in the case of wheat cookies (Gaines, 1990). There
are few studies about starch and protein addition in gluten-free
cookies. Schober, O'Brien, McCarthy, Darnedde, and Arendt (2003)
added starches in gluten-free cookies formulations but they were
mixed with three gluten-free flours and only three mixtures were
analysed, therefore the effect of starches could not be clearly
compared. Sarabhai, Indrani, Vijaykrishnaraj, Milind, and
Prabhasankar (2015) studied the effect of protein concentrate
(soya and whey protein), however they were added with
emulsifiers.

The aim of this study was to determine the effect of the addition
of starch and/or protein to rice flour on dough rheology and gluten-
free sugar-snap cookies quality.
2. Materials and methods

2.1. Materials

The following ingredients were employed in this study: rice
flour (8.01 g/100 g of protein and 74.35 g/100 g starch) provided by
Harinera Castellana S.L. (Medina del Campo, Valladolid, Spain),
maize starch (DAESANG, Korea), Nutralys F85M pea protein (80%
protein content) (Roquette, Leutrem, France), white sugar (AB
Azucarera Iberia, Valladolid, Spain), margarine 100% vegetable
(Argenta crema, Puratos, Barcelona, Spain), sodium bicarbonate
(Manuel Riesgo S.A., Madrid, Spain) and local tap water.
Table 1
Experimental design of flour-starch-protein mixtures for preparation of gluten-free
cookies.

Trials Mix (F-S-P) Rice floura Maize starcha Pea proteina

1 100-0-0 100 0 0
2 90-0-10 90 0 10
3 80-0-20 80 0 20
4 70-30-0 70 30 0
5 65-25-10 65 25 10
6 60-20-20 60 20 20
7 40-60-0 40 60 0
8 35-55-10 35 55 10
9 30-50-20 30 50 20

Mix (F-S-P): Mixture of rice flour, maize starch and pea protein (g/100 g of flour).
Each mixture was performed in duplicate (n ¼ 2).

a g/100 g of flour.
2.2. Methods

2.2.1. Mixture hydration and oil absorption properties
The different flour-starch-protein mixtures were characterised

by their hydration and oil absorption properties.
Swelling volume (SV), or the volume occupied by a known

weight sample, was evaluated by adding 100 mL of distilled water
to 5 g (±0.1 g) of flour sample in a test tube and allowing it to hy-
drate for 24 h. Water holding capacity (WHC), defined as the
amount of water retained by the sample without being subjected to
any stress, was determined on the same suspension used to eval-
uate swelling; the hydrated solid was weighed after removing the
excess water and values were expressed as grams of water per gram
of solid (AACCmethod 88-04, 2012).Water binding capacity (WBC),
or the amount of water retained by the sample after it has been
centrifuged, was measured as described in AACC method 56-30.01
(AACC, 2012). Hydration properties were analysed in duplicate.

The method described by Lin, Humbert, and Sosulski (1974) was
used to determine oil absorption capacity (OAC). Flour
(100.0 ± 0.2 mg) was mixed with 1.0 mL of vegetable oil. The
mixture was stirred for 1 min with a wire rod to disperse the
sample in the oil. After a period of 30min in the vortex mixer, tubes
were centrifuged at 3000� g and 4 �C for 10 min. The supernatant
was carefully removed with a pipette and the tubes were inverted
for 25 min to drain the oil and the residue was then weighed. The
oil absorption capacity was expressed as grams of oil bound per
gram of sample on dry basis. Three replicates were performed for
each sample. OAC was calculated by Eq. (1):

OACðg=gÞ ¼ Wr=Wi (1)

Where Wr is the residue weight and Wi is the sample weight (g,
db).
2.2.2. Cookie preparation
All formulations were prepared using the same quantities of

ingredients except for water, which was added to adjust dough
moisture content to 15.0%, and the proportions of flour, starch and
protein added (Table 1). The flour-starch-protein mixture moisture
was determined by the AACC 44-15.02 method (AACC, 2012). The
following ingredients (as g/100 g on dough basis) were used: flour-
starch-protein mixture (43.3 g), sugar (31.2 g), margarine (19.4 g),
water (5.2 g) and sodium bicarbonate (0.9 g). The margarine and
sugar were then creamed at speed 4 for 180 s in a Kitchen Aid
5KPM50 mixer (Kitchen Aid, Benton Harbor, Michigan, USA) with a
flat beater, scraping down every 60 s. The water was then added
and mixing was continued at speed 4 for 120 s with intermediate
scraping. After mixing, the cream was scraped down. Finally, flour
and sodium bicarbonate were added, followed bymixing at speed 2
for 120 s, whilst scraping down every 30 s. After mixing, the dough
was allowed to stand for a predefined period of 30 min. The dough
pieces were then laminated with a salva L-500-J sheeter (Salva,
Lezo, Spain) (gap width 6.00 mm). Cookie dough was cut with a
circular cookie cutter (internal diameter, 40 mm) and weighed.
Batches of at least 15 dough pieces were baked in an electric
modular oven for 14 min at 185 �C. All the cookie elaborations were
performed twice.

2.2.3. Dough rheology properties
The rheological behaviour of doughs was studied using a

Thermo Scientific HaakeRheoStress 1 controlled strain rheometer
(Thermo Fisher Scientific, Schwerte, Germany) and a Phoenix II P1-
C25P water bath that controlled analysis temperature (set at 25 �C).
The rheometer was equippedwith parallel-plate geometry (60-mm
diameter titanium serrated plate-PP60 Ti) with a 3-mm gap. After
adjusting the 3-mm gap, vaseline oil (Panreac, Panreac Química SA,
Castellar del Vall�es, Spain) was applied to the exposed surfaces of
the samples to prevent them drying during testing. In oscillatory
tests, dough was rested for 800 s before measuring. First, a strain
sweep test was performed at 25 �Cwith a stress range of 0.1e100 Pa
at a constant frequency of 1 Hz to identify the linear viscoelastic
region. On the basis of the results obtained, a stress value included
in the linear viscoelastic region was used in a frequency sweep test
at 25 �C with a frequency range of 10e0.1 Hz. Values of elastic
modulus (G0 [Pa]), viscousmodulus (G00 [Pa]), complexmodulus and
tangent d (G00/G0) were obtained for different frequency values (u
[Hz]). Samples were analysed in duplicate.

2.2.4. Cookie properties
The texture of the cookies was measured sixty minutes after

baking on eight cookies from each elaboration, using a TA-XT2
texture analyser (Stable Microsystems, Surrey, UK) fitted with the



Table 3
Dynamic oscillatory test results of the dough for gluten-free cookies prepared from
mixtures of rice flour, maize starch and pea protein.

Mix (F-S-P) G0 (Pa) G00(Pa) G* tan d

100-0-0 148750a 36810ab 153250a 0.25e
90-0-10 278450b 57540cd 284400b 0.21d
80-0-20 672500e 94035ef 679350e 0.14a
70-30-0 105465a 28960a 109750a 0.28f
65-25-10 218400b 47730bc 223750b 0.22d
60-20-20 509400d 84410e 516500d 0.17b
40-60-0 107450a 28010a 111150a 0.26e
35-55-10 355500c 66595d 362250c 0.19c
30-50-20 712200e 101195f 720000e 0.14a
Standard error 19974 3701 20192 0.01

Mix (F-S-P): Mixture of rice flour. maize starch and pea protein (g/100g of flour).
G0: elastic moduli; G00: viscous moduli; G*: complex moduli; tan d: tangent delta.
Mean values (n ¼ 4) followed by the same letter in the same column are not
significantly different (p < 0.05).
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“Texture Expert” software. The cookies were broken using the three
point bending rig probe (HDP/3PB). The experimental conditions
were: supports 30 mm apart, a 20 mm probe travel distance, a
trigger force of 5 g and a test speed of 2.0 mm/s. The maximum
force (N) and the displacement at rupture (mm) were measured.

Four cookies were weighed and their widths (diameter) and
thicknesses were measured with caliper to calculate the spread
factor. The diameter of each cookie was measured twice, perpen-
dicularly, in order to calculate an average diameter. The spread
factor of the cookies was calculated by dividing the average width
by the thickness of the cookies.

Measurements at the centre of the upper surface (crust) colour
of six sugar-snap cookies from each elaboration were carried out
with a Minolta CN-508i spectrophotometer (Minolta, Co. LTD,
Tokyo, Japan) using the D65 illuminant with the 2� standard
observer. Results are expressed in the CIE L*a*b* colour space.

2.2.5. Consumer test
Hedonic sensory evaluation of the cookies was conducted with

66 volunteers, staff and students from the Agricultural Engineering
College in Palencia (Spain), between the ages of 18e66 and of
various socioeconomic backgrounds, who were habitual cookie
consumers. Samples were analysed one day after baking. For sen-
sory evaluation, samples were presented as whole pieces on white
plastic dishes coded with four-digit random numbers and served in
random order. The cookies were evaluated on the basis of accept-
ability of their appearance, odour, texture, taste and overall
appreciation on a nine-point hedonic scale. The scale of values
ranged from “like extremely” to “dislike extremely”, corresponding
to the highest and lowest scores of “9” and “1” respectively.

2.2.6. Statistical analysis
Differences between the parameters of the different formula-

tions were studied by analysis of variance (ANOVA). Fisher's least
significant difference (LSD) was used to describe means with 95%
confidence intervals. The statistical analysis was performed with
the Statgraphics Centurion XVI software (StatPoint Technologies
Inc, Warrenton, USA).

3. Results and discussion

3.1. Mixture characteristics

As can be seen in Table 2, protein addition increased every hy-
dration property significantly (WBC, WHC and swelling volume).
These results agree with those reported by Traynham, Myers,
Carriquiry, and Johnson (2007) when evaluated the WHC for flour
blends. It is well-known that protein has a profound effect on the
Table 2
Flour hydration properties and oil absorption capacity.

Mix (F-S-P) WBC (g water/g solid) WHC (g w

100-0-0 1.380d 8.8a
90-0-10 1.735g 13.4cd
80-0-20 2.014i 17.4f
70-30-0 1.145b 9.1a
65-25-10 1.465e 12.0bc
60-20-20 1.790h 14.9e
40-60-0 0.930a 8.9a
35-55-10 1.300c 11.0b
30-50-20 1.700f 14.4de
Standard error 0.007 0.5

Mix (F-S-P): Mixture of rice flour. maize starch and pea protein.
WBC: Water binding capacity (n ¼ 2); WHC: Water Holding Capacity (n ¼ 2); SV: Swell
Mean values followed by the same letter in the same column are not significantly differ
water absorption properties of the flour when preparing dough,
absorbing twice its weight in water, and meanwhile undamaged
starch absorbs 33% of its own weight in water (Manley, 2011). An
increase in starch content, reduced WBC, WHC and swelling vol-
ume. However, the effect of the starch in WHC and SV was lower
than inWBC and the starch effect inWHC and SV was greater as the
protein content was increased. The starch effect could be due to
high levels of starch in rice flour, and therefore the insignificant
differences in total protein content when flour is replaced by starch.
In contrast, there were no significant differences in OAC between
the different formulas based on the starch or protein addition.
3.2. Dough properties

Dough properties depend on the different ingredients added,
such as starch, protein or the water present, and their quantity
which in turn influence the handling properties. If the dough is too
soft or too firm, it is not easy to handle; the dough must be suffi-
ciently cohesive to hold together during the different processing
steps and viscoelastic enough to separate cleanly when cut by the
mould (Gujral, Mehta, Samra, & Goyal, 2003). Dough rheological
results are shown in Table 3. It was observed that elastic moduli (G0)
was greater than viscous moduli (G00) throughout the frequency
range for all samples, which suggests a solid elastic-like behaviour
of all the cookie doughs studied. Protein addition definitely
increased G0, G00 and G* values, and decreased tg d, which agrees
with the observations reported by Inglett, Shen, and Liu (2015)
when wheat flour was substituted with flours with a higher pro-
tein content than wheat flour in cookie. In general, no clear ten-
dency of starch additionwas found in dough rheological properties.
ater/g solid) SV (ml/g) OAC (g oil/g solid)

1.255b 1.89ab
1.815d 1.87ab
2.315f 1.89ab
1.235b 1.82a
1.670cd 1.84ab
2.070e 1.91ab
1.000a 1.92ab
1.250b 1.88ab
1.630c 1.96b
0.058 0.05

ing volume (n ¼ 2); OAC: Oil Absorption Capacity (n ¼ 3).
ent (p < 0.05).



Table 4
Quality parameters of cookies based on rice flour, maize starch and pea protein.

Mix (F-S-P) Moisture (%) Thickness (mm) Width (mm) Spread F max (N) Distance (mm) L* a* b*

100-0-0 2.76ab 8.87c 44.27c 4.99a 28.30d 0.34a 78.63e 0.67a 22.73bc
90-0-10 3.29bc 8.01b 42.57b 5.32a 27.26cd 0.37a 76.63cd 4.55b 23.17c
80-0-20 2.77abc 7.32a 40.52a 5.53a 25.30bc 0.34a 73.94b 6.77d 26.68d
70-30-0 2.93abc 9.59d 48.56d 5.06a 28.25d 0.41a 77.95de 0.22a 20.21ab
65-25-10 2.47ab 8.72c 44.29c 5.08a 22.82a 0.34a 77.10cde 3.89b 23.49c
60-20-20 3.88c 8.05b 42.11b 5.23a 25.43bc 0.37a 75.18bc 5.61c 26.23d
40-60-0 2.51ab 7.16a 57.98e 8.15b 24.03ab 0.57b 70.95a 0.82a 19.61a
35-55-10 1.86a 9.76d 47.86d 4.90a 27.01cd 0.36a 76.70cd 3.97b 22.92c
30-50-20 3.12bc 8.57bc 44.44c 5.19a 22.37a 0.35a 77.01cde 5.69c 23.40c
Standard error 0.35 0.20 0.49 0.25 1.52 0.04 0.60 0.22 0.81

Mix (F-S-P): Mixture of rice flour. maize starch and pea protein (g/100 g of flour).
Spread (width/thickness). F max (N): The maximum force (N); Distance: displacement at rupture (mm).
Mean values (n ¼ 2) followed by the same letter in the same column are not significantly different (p < 0.05).
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A positive correlation between dough rheology and hydration
properties with a confidence of 99.9% was found (data not shown),
which suggest that the water absorption of the mixture affects the
dough rheology.

3.3. Cookie properties

Cookie properties are shown in Table 4. No differences were
found in cookie moisture content between the mixtures studied,
whichmeans that starch and protein did not have any clear effect in
this parameter. However, cookie dimensions were affected by the
different proportions of flour, starch and protein. On the one hand,
thickness and width (diameter) decreased when protein content
increased in the formula. In this way, there were no differences
Fig. 1. Images of gluten-free cookies made from rice flour (F) substituted by maize starch (S
0 g starch and 0 g protein (100F-0S-0P); B) 90F-0S-10P; C) 80F-0S-20P; D) 70F-30S-0P; E)
observed in spread factorwhen protein content wasmodified, since
width results were compensated for thickness results. On the other
hand, the addition of starch increased cookie thickness and width.
Despite this, the resultant dimension for cookies with the higher
level of starch studied (60%) were not representative, since the
cookie dough for this formula was excessively sticky and some
difficulties were found in the process and it was necessary to add
flour in the dough lamination. Just like the incorporation of protein,
spread factor was not affected by starch addition, with the excep-
tion of the cookie with the highest starch content. The lower dough
expansion during the baking process promoted by the protein
addition, was also observed by Kaldy et al. (1993) and Miller and
Hoseney (1997) in cookies made from wheat flour. It could be
related to the protein effect on apparent glass transition
) and pea protein (P) with different substitution levels (g/100 g of flour): A) 100 g flour,
65F-25S-10P; F) 60F-20S-20P; G) 40F-60S-0P; H) 35F-55S-10P; I) 30F-50S-20P.



Table 5
Consumer test results of cookies based on rice flour, maize starch and pea protein.

Mix (F-S-P) Appearance Odour Texture Taste Overall acceptability

100-0-0 6.06b 5.68a 5.26ab 5.68a 5.73ab
80-0-20 5.91b 6.22b 5.77bc 5.80a 5.98b
70-30-0 5.29a 5.42a 4.86a 5.32a 5.23a
30-50-20 6.44b 5.59a 5.97c 5.68a 5.92b
Standard error 0.20 0.18 0.20 0.21 0.19

Mix (F-S-P): Mixture of rice flour. maize starch and pea protein (g/100 g of flour).
Mean values (n ¼ 66) followed by the same letter in the same column are not
significantly different (p < 0.05).
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temperature which determines the cookie set time (Pareyt &
Delcour, 2008). Another explanation of protein effect on dough
expansion could be the higher dough viscosity confirmed by other
authors (Hoseney & Rogers, 1994; Miller & Hoseney, 1997). In fact,
our study revealed a high correlation between G00 values and cookie
diameter with 99.9% confidence. In addition, a high correlation
(99.9%) between hydration properties of mixtures (WHC, SV and
WBC) and cookie diameter was observed. It is in agreement with
the results of other authors such as Barrera, P�erez, Ribotta, and Le�on
(2007) and Barak, Mudgil, and Khatkar (2014), and it could be
related to the dough hydration effect on dough rheology.

Regarding the texture of the cookies, it was found that protein
incorporation decreased hardness (maximum breaking strength),
which is consistent with the observations of Sarabhai et al. (2015)
when incorporated protein concentrates and mixtures of emulsi-
fiers, and the results of Hadnadev et al. (2013) who substituted rice
flour with buckwheat flour, which has higher protein content, both
in gluten-free cookiesThese authors attributed the lower cookie
hardness to changes in the internal structure of the cookies.
Conversely, Singh andMohamed (2007) found no differences in the
texture of cookies fortified with gluten or soy protein, which may
be due to the wire cut cookie formula used, and especially to the
modifications in the water content of the formula based on the
farinograph absorption. No clear trend of starch addition was
showed in cookie texture. It should be highlighted that texture data
of the cookies with the maximum quantity of starch was not
representative because of the processing problems already
explained. In fact, it was the only cookie that has a significantly
larger displacement at rupture and there were no significant dif-
ferences among the other cookies. No significant correlations be-
tween the values of texture and hydration of mixtures or texture
and shape cookie (thickness or width) were found, therefore, dif-
ferences in texture may have been caused by the internal structure
(see Fig. 1).

It was observed that the addition of protein increased a* and b*
values of cookie colour. Thereby protein incorporation produced
more red-looking and yellow-looking cookies. Protein also reduced
L* values on cookies without starch, although this effect was
smaller as the amount of starch was increased in the formula.
However, including starch hardly influenced the colour of the
cookies. The results of the cookies with the maximum quantity of
starch (60% of starch) should not be taken into account, since there
were difficulties at lamination and formation and thereby had
greater spread ratio, which probably influenced the colour devel-
opment and give cookies with lower L* values than the others. The
higher protein level, and therefore the greatest amount of amino
acids can increase the Maillard reactions and therefore the gener-
ation of brown compounds, which contribute to the surface col-
ouration of the cookies (Manley, 2011). Other authors found similar
effects when they incorporated isolated or concentrated protein in
the formulation of cookies (Rababah, Al-Mhasneh, & Ereifej, 2006;
Singh & Mohamed, 2007) and when they compared different pro-
tein content flours (Mancebo et al., 2015). In contrast, starch had no
effect on the colour, it hardly modified the overall proportions of
amino acids and/or reducing sugars. The darkening of the cookies
can be a positive effect as cookies made from rice flour often have a
clearer colour than cookies made fromwheat flour (Mancebo et al.,
2015). Thereby, the incorporation of protein could minimize these
differences.

3.4. Consumer test

After the instrumental analysis of the different cookies, four
types of them were selected for a consumer test (Table 5). The
cookies made from 100% rice flour were selected as the control
cookies (100-0-0), a cookie with the highest dose of protein but
without starch (80-0-20), another with the highest dose of protein
and high starch content (30-50-20) and the last cookie without
protein but with high starch content (70-30-0). The results of the
cookie sensory evaluation are shown in Table 5. Cookies with
protein had the best scores for texture and for odour, in this case,
when no starch was added. Meanwhile, cookies with starch and
without protein got the lowest appearance and texture values.
However, this cookie did not show differences in texture with the
control cookie. No significant differences in taste between the
different cookies were observed. Consumers rated cookies pre-
pared from protein with the highest overall acceptability, although
it was not significantly different from the control cookie. However,
the cookie with high starch content and no protein got the worst
overall acceptability. The higher scores of cookies with high protein
content than the scores of cookies made with starch but without
protein may be motivated by the darker colour (similar to cookies
made from wheat flour) and the lower hardness of these cookies.

4. Conclusion

The substitution of rice flour with protein or starch can help to
modify the characteristics of gluten-free cookies. Thus, the incor-
poration of protein in the formula reduced the size of the cookies
(thickness andwidth), giving rise to less hard and darker cookies. In
contrast, starch addition increased the cookie size (thickness and
width) without affecting the texture or colour. Starch or protein
incorporation did not showa negative effect in sensory evaluation if
they are compared with the control cookie. However, it should be
taken into account that protein addition modified dough rheology
of the cookies, producing more consistent doughs, which could
solve problems in cookie lamination and formation if the dough is
too soft.
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a b s t r a c t

Bibliometric indicators are used to characterize the research activity of institutions worldwide with
production in the period 2003e2013 in journals that are indexed in Scopus's Food Science thematic
category. Basic, normalized indicators were used to compare the institutions' performances, together
with highly cited papers (top-10% and top-1%). An interactive map was generated, displaying the 645
institutions with at least 100 documents produced during this period. The greatest numbers of those
institutions are in the United States, South Korea, Spain, and China. National collaboration networks were
detected on the East and West Coasts of the United States, and in Canada, Ireland, France, Spain, Holland,
Denmark, China, South Korea, Malaysia, Brazil, India, Argentina, and Nigeria. There was no significant
research activity in many developing and food exporting countries located in sub-Saharan Africa, North
and East Africa, the Middle East, Latin America, the Caribbean, Eastern Europe, Central Asia, and South
East Asia. The need to take into account other criteria based on qualitative attributes and the inherent
limitations in the bibliometric indicators are discussed.

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

The world's population has now surpassed seven billion people.
Current projections estimate that by 2030 there will be 8.5 billion,
and that by 2050 there will be 9.7 billion (United Nations, 2015).
This demographic development goes together with dietary
changes, increased demand for food, improvements in crop and
livestock farming, and the consequent increase in food production,
although there will persist problems of malnutrition, food safety,
and threats to biodiversity.

Food Science (FS) is a multidisciplinary field of research inter-
twining chemistry, biochemistry, nutrition, microbiology, and en-
gineering. According to the classification scheme of scientific fields
used in the AgriMapping project, FS comprises eleven broad the-
matic areas in the first level of aggregation, and forty-one that are
more specific in the second level (Borsi & Schubert, 2011). This
applied science character, aimed at solving complex, trans-
disciplinary, inter-institutional, cross-border problems, oriented
towards quality control, and with a high level of social re-
sponsibility, means that its research practices fall under the so-
ote).
called Mode 2 production of knowledge (Nowotny, Scott, &
Gibbons, 2003).

The present study applies one of the possibilities offered by
bibliometric methods (Guerrero-Bote & Moya-Aneg�on, 2015) to
analyse the scientific productionworldwide in FS at an institutional
level. A characteristic of Mode 2 production of knowledge is that
the resolution of the problems it deals with requires collaborative
work of teams made up of people with different skills and
experiences.

Institutionally, this means that there are many more potential
places where such knowledge can be created (Hoekman, Frenken,
& Tijssen, 2010). As well as universities, Mode 2 knowledge pro-
duction will typically involve the interaction of research centres
and institutes, governmental organizations, industry laboratories,
and business firms, and from different regions within a given
country or from different countries. With the bibliometric in-
dicators calculated in the present work, the aim is to offer a
comprehensive global overview of the scientific results obtained by
the most productive institutions that carry out FS research. To this
end, we use the basic bibliometric indicators that have been
available for decades, relative or normalized indicators that correct
some previous biases, and advanced network analysis indicators
which express influence or prestige (Moed & Plume, 2011).

Another aspect of the present study is that it takes advantage of
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today's graphical visualization techniques to represent spatially
certain aspects of the worldwide system of FS production. We
consider the links of cooperation between the producing centres,
detecting those links through the counts of co-authored papers and
adding the impact values of those works. We then analyse different
dimensions that those links express: (i) the network's structure as
indicated by the sizes of the nodes; (ii) the national dimension of
the network as represented by the relationships of interconnection
between centres of the same country; and (iii) the international
dimension as determined from the co-authorship relationships.
Finally, we shall colour-code the links according to their impact
values to facilitate the exploration of the resulting topology and the
identification of paths in the network. To this end, we shall overlay
the inter-institutional network on a Google map of the world.
Studies taking a similarmethodological approach have been carried
out on, for example, the thematic category of Library and Infor-
mation Sciences worldwide (Leydesdorff & Persson, 2010), on the
highly cited papers produced in European cities on Neuroscience,
Social Sciences, Astronomy, and Physics (Bornmann, Leydesdorff,
Walch-Solimena, & Ettl, 2011), and on international collaboration
between countries worldwide (Leydesdorff, Wagner, Park, &
Adams, 2013).
2. Material and methods

The empirical material used in this study is based on original
data of the Scopus multidisciplinary index (http://www.elsevier.
com/solutions/scopus) compiled for the SCImago Institution
Ranking (SIR) database (http://www.scimagoir.com). Scopus is the
abstract and citation database of peer-reviewed literature with the
broadest coverage. It is published by Elsevier. The SIR database
includes bibliometric indicators of 4289 research centres world-
wide (August 2015), including universities and research institutes,
that published at least 100 documents during 2013. Together, these
centres account for more than 80% of the world's scientific pro-
duction indexed by the Scopus database.

SIR's thematic classification follows the Scopus conventions,
classifying the journals into 27 major thematic categories (Subject
Areas) and 313minor, more restricted, thematic categories (Specific
Subject Areas or Categories). The Subject Area of Agriculture and
Biological Sciences comprises 11 Specific Subject Areas. One of
these is Food Science, which, in 2013, included 234 journal titles.

For the purposes described above, we downloaded all the doc-
uments published in those journals in the period 2003e2013.

The bibliometric indicators calculated to characterize the sci-
entific production in FS of each of those institutions were the
following:

� Ndoc: Number of documents published in scientific journals
included in the Scopus database.

� %Ndoc: Percentage of the documents concerning an area or
category (here Food Science) with respect to the total produc-
tion of the institution in question.

� % International Collaboration: Percentage of the documents in
whose byline there appear authors of various countries. The
“whole counting” method was used, following the procedures
by which Scopus obtained and assigned the personal addresses
contained in the publications in its database. If there were two
different institutions signing the publications, the two institu-
tion names were used to subsequently add to them the
geographic coordinates of latitude and longitude.

� RG: Number of documents published in scientific journals
indexed in Scopus in which an author of the corresponding
institution acted as Research Guarantor (corresponding author)
(Moya-Aneg�on, Guerrero-Bote, Bornmann, & Moed, 2013). This
indicator is also expressed as a percentage (%RG).

� Normalized Impact (NI): Average normalized citation received by
each document. This is understood as being the ratio between
the citation received by the document and the average citation
of documents of the same type, year, and category (Rehn &
Kronman, 2008).

� Excellence10: Number of documents that are among the 10%
most cited of the same year, type, and category (Bornmann,
Moya-Aneg�on, & Leydesdorff, 2012). The indicator is also
expressed as a percentage (%Excellence10).

� Excellence10 as RG: Number of documents that are among the
10% most cited of the same year, type, and category in which an
author of the corresponding institution acted as Research
Guarantor (corresponding author). The indicator is also
expressed as a percentage (%Excellence10 as RG).

� Excellence1: Number of documents that are among the 1% most
cited of the same year, type, and category. The indicator is also
expressed as a percentage (%Excellence1).

We analysed the distribution of the indicators %Excellence10 as
RG and %Excellence1 of the institutions classified into 42 classes: a
“total” class, with the values of all the institutions included in the
study; four classes of institutions classified by activity sector; eight
classes by continent; and twenty-nine classes by country. For these
two indicators of excellence, we calculated the 25th, 50th, and 75th
percentiles for each class of institution. Outliers were determined
using the interquartile range method. The results are presented as
box-and-whisker plots. This approach, based on percentile ranges,
is interpreted as providing quality values because it takes into
consideration the underlying form of the distribution of the cita-
tionswithin the thematic category. The advantage of using rankings
based on percentiles is that it allows one to compare the citation
distributions of uneven sets of documents, as is the case with
institutional productions in FS (Leydesdorff, Bornmann, Mutz, &
Opthof, 2011). To assist in better understanding the performance
of the institutions, Table A1 in Appendix A presents other results of
interest of the great amount of data used.

Geolocation using the place or institution names listed in the
addresses of research papers, as in the present case, allows the
places where this knowledge has been created, and whence it is
being disseminated, to be located (Frenken, Hardeman, &
Hoekman, 2009). The names and locations of the institutions that
appear in the byline of the document's address field were extracted
after normalization with manual and semi-automatic procedures.
To generate the map, we used the GPS Visualizer online utility,
accessible gratis at http://www.gpsvisualizer.com/. Besides giving
this utility the institution's coordinates (latitude and longitude), we
also input to it a series of bibliometric data for representation and
consultation. The provider of the geographic coordinates was
Google.

3. Results and discussion

The downloaded data were 201 220 documents of all types. Of
these, 90% were articles, 5% reviews, 2% conference papers, 1% ed-
itorials, and the remaining 2% other documents. In order to discard
the participating institutions which just have an occasional pro-
duction on FS, we kept only those that produced 100 ormoreworks
in the period studied. This left a total of 645 different institutions
worldwide. Of these, 84% were higher education institutions, 13%
public research institutes, 2% health institutions, and 1% private
entities.

The plots of Figs. 1 and 2 show the rankings of the 645 in-
stitutions using different indicators: production-size dependent

http://www.elsevier.com/solutions/scopus
http://www.elsevier.com/solutions/scopus
http://www.scimagoir.com
http://www.gpsvisualizer.com/


Fig. 1. Superposition of the values of the total production (Ndoc) (best trend line: y ¼ 11645x�0.708; R2 ¼ 0.9709), total production as Research Guarantor (RG) (best trend
line: y ¼ 10229x�0.782; R2 ¼ 0.9191), total production with international collaboration (best trend line: y ¼ 297.98e�0.005x; R2 ¼ 0.9159), excellence as belonging to the 10% most
cited documents of the same type (Excellence10) (best trend line: y ¼ 131.37e�0.005x; R2 ¼ 0.9283), the same but also as Research Guarantor (Excellence10 as RG) (best trend
line: y ¼ 85.136e�0.006x; R2 ¼ 0.9447), and excellence as belonging to the 1% most cited documents of the same type (Excellence1) (best trend line: y ¼ 15.887e�0.006x; R2 ¼ 0.943)
versus the institution's ranking.

Fig. 2. Superposition of the Normalized Impact (best trend line: y ¼ �0.433ln(x) þ 3.5546; R2 ¼ 0.9007), and the percentage values of excellence as belonging to the 10% most
cited documents of the same type (%Excellence10) (best trend line: y ¼ �6.343ln(x) þ 46.672; R2 ¼ 0.9319), the same but also as Research Guarantor (%Excellence10 as RG)
(best trend line: y ¼ �4.076ln(x) þ 28.935; R2 ¼ 0.9519), and excellence as belonging to the 1% most cited documents of the same type (%Excellence1) (best trend line:
y ¼ 4.2244e�0.005x; R2 ¼ 0.9379), versus the institution's ranking.
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indicators were used in Fig. 1, and research-performance depen-
dent indicators in Fig. 2. The indicator most strongly correlated
with Ndoc is RG (R ¼ 0.98), followed by the absolute values of
Excellence10 (R ¼ 0.93), Excellence10 as RG (R ¼ 0.91), and Excel-
lence1 (R ¼ 0.82). The percentage of international collaboration is
poorly correlated with Ndoc (R ¼ 0.00), with the NI (R ¼ 0.42), and
with the other indicators of excellence. Consequently, in FS,
collaboration with foreign partners either did not contribute to
achieving a greater impact or good foreign partners were not
chosen. The three excellence-based indicators are at a level below
that of the other three indicators. The mean value of Ndoc (x ¼ 332;
s.d. ¼ 2757.5; SEM ¼ 108.5), is 8 times greater than the mean of
Excellence10 (x¼ 40; s.d.¼ 3489; SEM¼ 13.7),14 times greater than
the mean of Excellence10 as RG (x ¼ 23; s.d. ¼ 205; SEM ¼ 8.0), and
79 times greater than themean of the absolute values of Excellence1
(x¼ 4; s.d.¼ 38; SEM¼ 1.4). The distributions of the size dependent
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indicators fit a power law (r2>0.91), although the final fall is
exponential, as shown in Fig. 1. There is no such fall in Ndoc because
it was the indicator used to set the threshold.

Fig. 2 shows the values of the performance of the world's elite in
FS research. The NI and %Excellence10 indicators are strongly
correlated (R¼ 0.92). The values fall more sharply in the first group
of institutions (1e10) than in the next group (11e100). In other
words, there are greater differences in performance among the top-
ten ranked institutions worldwide as measured with the two in-
dicators of normalized impact and 90th percentile than among the
following, more homogeneous, group of institutions. The fall fits a
process of logarithmic decline.

Fig. 3 shows the box-and-whisker plot of the RG values of the
645 institutions with production in Food Science. Noteworthy are
the productions of Denmark, Belgium, Ireland, United States, and
Malaysia.

Comparisons of the institutional performances by continent,
sector, and country are presented in the box-and-whisker plots of
Figs. 4 and 5 and in the set of tables of Appendix A.

Fig. 4 shows these institutional performance comparisons as
reflected in the values of the %Excellence10 as RG indicator. By
sector, the performance is very uneven because of the existence of
centres with extreme performances in both directions, especially in
higher education institutions in the United States and Canada. By
continent, the mean performances of the European (8.5%), North
American (8.2%), and Pacific (7.0%) institutions are greater than
those of Asia (4.8%), Latin America (3.8%), Middle East (6.1%),
Eastern Europe (4.3%), and Africa (2.8%). Western Europe has the
greatest institutional base in terms of the number of most active
institutions in publication in the Specific Subject Area e 32% of the
institutions in the study. It is followed by Asia (24%) and North
America (15%).

The average of Excellence10 as RG of research studies ascribed to
the United States is below that of suchWestern European countries
as Greece (11.2%), Ireland (11.1%), Belgium (10.4%), Spain (10%), and
Portugal (9.6%) or, in the Middle East, Israel (10.6%). The interval
occupied by the fourth quartile of Europe is larger than that of
North America, whose first quartile, however, occupies a greater
interval, as well as having a greater interquartile range. Therefore,
the existence of outliers makes us unable to draw any definite
conclusions in this first analysis. In Asia, there stand out China
(6.5%) and India (6.4%). Taiwan has values of the median above
those of Asia overall, and an uneven distribution of centres towards
those of better performance. In this sense, its distribution is similar
to that of Thailand. South Korea and Japan do not reach the mean
value of Asia. New Zealand's institutions (7.6%) are more productive
in this sense of excellence than those of Australia (6.7%), and are
more homogeneous. In Latin America, the impact of research in
Chile (7.9%) is greater than that in Argentina (5.2%), Mexico (4.2%),
and Brazil (3.1%). In the Middle East, Turkey and Iran have similar
values of the median and the mean, but below those of China and
India.

Fig. 5 presents the comparison of the research performances of
the institutions classified by activity sector, continent, and country
based on the 99th percentile of most cited papers, i.e., of the %
Excellence1 indicator. There are many classes of institution whose
ratios, medians, and means surpass the totals. By sectors, there
stand out those involving private entities such as Nestle, DayriNZ
Ltd, and Pfizer, among others. According to this indicator, the top
centres (>6%) are the University of Development Alternative (BGD),
Oak Ridge National Laboratory (USA), the University of Michigan,
Ann Arbor (USA), the Max Planck Gesellschaft (DEU), the Uni-
versidade do Minho (PT), the Memorial University of Newfound-
land (CAN), and the University of Massachusetts Amherst (USA).

The map in Fig. 6 represents the worldwide network of inter-
institutional collaboration involving research institutions which
produced at least 100 documents from 2003 to 2013 indexed in the
Scopus Specific Subject Area of Food Science. The radius of a disc at
a node on the map is proportional to the volume of production, and
the thickness of a link is proportional to the volume of co-authored
papers between the corresponding institutions. The colours of the
nodes and links correspond to the value of the normalized impact
of the respective institutions' own production and production in
collaboration. The key to the equivalence between impact and
colour is in the upper left-hand corner of themap. The collaborative
links between institutions that appear in the window at the top
right can be used to locate those links on the map and to see the
bibliometric indicators related to production in collaboration be-
tween institutions (Ndoc; NI; %Excellence10; %Excellence1). Also in
that window, with the abbreviation of an institution, all of its links
can be located by searching with the browser. This is convenient
because the thinness of some links makes them invisible. Clicking
on one of the discs opens a window displaying all the bibliometric
indicators associated with the production of that institution, and
similarly for the links if one of them is clicked on.

The interconnection between research centres is an important
quality with which to detect areas with high-status centres. With
production volume chosen as the criterion for allocating the size of
the nodes, certain institutions stand out. For example, Washington,
D.C. on the East Coast of the United States houses the United States
Department of Agriculture, and Ottawa its Canadian counterpart.
Examples in Western Europe are Madrid (Consejo Superior de
Investigaciones Científicas), Paris (Centre National de la Recherche
Scientifique; Institute Nationale de la Recherche Agronomique),
Brussels (Katholieke Universiteit Leuven), Ghent (Ghent Univer-
sity), Wageningen (Wageningen University and Research Centre) in
the Netherlands, and Copenhagen (University of Copenhagen).
Outside these agglomerations in Europe and North America, other
centres stand out for the volume of their production, but not for the
value of their normalized impact. Examples are Sao Paulo (Uni-
versidade de Sao Paulo), Brasilia (Empresa Brasileira de Pesquisa
Agropecuaria), Delhi (Indian Council of Agricultural Research),
Buenos Aires (Consejo Nacional de Investigaciones Científicas y
T�ecnicas), and Beijing (China Agricultural University).

Intercontinental links have been frequent between centres of
Western Europe and the United States, and between centres of the
United States or Canada and three Asian countries (China, South
Korea, and Japan). But in this thematic domain, the system of na-
tional links between centres is always of greater intensity than links
established internationally, reflecting how the effects of
geographical proximity, the weight of national regulations, and
language constrain international interactions (Katz, 1994; Ponds,
van Oort, & Frenken, 2007). Two examples of national networks
in Europe are the cluster of Irish centres (University College Dublin
e Irish Agriculture and Food Development Authority e University
College Cork) and the French radial network, centred in Paris and
reaching out to Nantes (Universit�e de Nantes), Dijon (Universit�e de
Bourgogne), Bordeaux (Universit�e de Bordeaux), Montpellier
(Universit�e Paul Sabatier), and Toulouse (Institut National Poly-
technique de Toulouse). Another European national network stands
out in Spain, around Madrid (Consejo Superior de Investigaciones
Científicas) and its links with Catalonia (Universidad Aut�onoma de
Barcelona), Valencia (Universidad de Valencia), and Seville (Uni-
versidad de Sevilla). Similar national networks are distinguishable
on the East Coast and in the Great Lakes regions of the United States
and Canada, in South Korea with Seoul as the centre, Japan,
Malaysia, Australia, and New Zealand. In this sense, the nation-state
is still a long way from disappearing, and remains a key unit in the
panorama of scientific research in the early twenty-first century.



Fig. 3. Box-and-whisker plot of the RG values of the 645 institutions with production in Food Science. Inside the box, the black diamond identifies the arithmetic mean, and the
vertical separator the median. The edges of the box indicate the first and third quartiles. The ends of the straight lines (the “whiskers”) extending from the box are the minimum and
maximum values. Asterisks displayed beyond the ends of the whiskers represent outliers as calculated by the interquartile range method.



Fig. 4. Box-and-whisker plot of the %Excellence10 as RG of the 645 institutions with production in Food Science. Inside the box, the black diamond identifies the arithmetic mean,
and the vertical separator the median. The edges of the box indicate the first and third quartiles. The ends of the straight lines (the “whiskers”) extending from the box are the
minimum and maximum values. Asterisks displayed beyond the ends of the whiskers represent outliers as calculated by the interquartile range method.
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Fig. 5. Box-and-whisker plot of the %Excellence1 of the 645 institutions with production in Food Science. Inside the box, the black diamond identifies the arithmetic mean, and the
vertical separator the median. The edges of the box indicate the first and third quartiles. The ends of the straight lines (the “whiskers”) extending from the box are the minimum and
maximum values. Asterisks displayed beyond the ends of the whiskers represent outliers as calculated by the interquartile range method.
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Fig. 6. Global network of inter-institutional collaboration in Food Science from 2003 to 2013 (for institutions with a total production of at least 100 documents, whole counting). An
interactive version, with zoom, is accessible at http://tinyurl.com/ojrlnuy. Data source: Scopus.
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4. Conclusions

Using various bibliometric indicators of impact, this work has
characterized the research performance of 645 institutions
worldwide with production in Scopus's Food Science thematic
category. These indicators provided a global panorama of this
research production. But synthesizing the results of this analysis in
a single image was complicated by the large number of active
centres and of networks and sub-networks detected through the
co-authorship links. The methodological approach taken to
contribute to resolving this problem was to generate a map of the
institutions that distinguishes nodes whose collaborative work is
highly cited and others which simultaneously have high values of
both production and impact. The resulting map brings out visually
the spatial structure of the distribution of research activities in FS.
In accordance with other studies, the analysis confirmed the long-
standing dominance in terms of the absolute number of publica-
tions and the impact of their citations of important research centres
located in Western Europe, the United States, and Canada. Our
analysis suggests that worldwide production of scientific knowl-
edge in FS is organized with a clear division between countries of
the North and such emerging countries as China, South Korea,
Malaysia, India, and Brazil. The national networks that are seen on
the map are governed, in the absence of further analysis, by the
factor of geographical proximity, an important determinant of
interregional collaboration. Online consultation of the map also
highlights the hybridization existing in the production of knowl-
edge in this field since it reveals links between research organiza-
tions of quite different nature, both within and across national
frontiers. Nationally, economic prosperity is clearly correlated with
investment in science.
However, there are wide geographical areas inwhich no notable

research activity is detected. These are food-exporting developing
countries of Sub-Saharan Africa, North and East Africa, the Middle
East, Latin America, the Caribbean, Eastern Europe, Central Asia,
and Southeast Asia. The concentration of scientific research in
certain countries and geographical areas means not only that they
generate more and better knowledge than others, but that they can
determinewhat type of orientation the research is to take andwhat
kind of problems have priority in that research, in particular with
institutions that have a worldwide reputation. While institutions of
this type play a critical role in ensuring the quality of life in their
own countries, the knowledge they possess and create is so
specialized and local that it may not be effectively applicable in
other regions.

This study has certain limitations. There may have slipped
through some visualization error in the automated allocation of the
geographic coordinates or classification of the data in the docu-
ments' address fields. The bibliometric indicators only take into
account the results of the analysis of scientific journals, rejecting
other research results which are disseminated through other
channels such as patents, or books. Research practices are too
complex to be reduced to a set of numbers, so that other relevant
aspects of practical research itself are not reflected. However,
citations-based indicators are good approximate measures of a
publication's impact on research communities, and as such may be
used in processes of expert reviews. The results presented here do
not prejudge future findings, but they do contribute to the
description of the spatial distribution of scientific output in FS at a
global, national, regional, and city level.
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Appendix A

Table A1
Number of institutions, percentages with respect to total, and averages per institution, by
RG: Percentage of documents in which an author of the corresponding institution acted a
among the 10%most cited of the same year, type, and category inwhich an author of the co
Percentage of documents, Ndoc: Number of documents, %RG: Percentage of documents
(corresponding author), %IC: Percentage of the documents in whose byline there appear
received by each document, %Exc10: Percentage of documents among the 10% most cited
10%most cited of the same year, type, and category inwhich an author of the correspondin
of documents among the 10% most cited of the same year, type, and category.

Sector Ins. With respect to total Averages per

%Ins %RG %Exc10 RG %Ndoc N

Higher educ. 540 83.98 77.27 76.35 3.52 3
Government 82 12.75 20.62 21.33 13.62 5
Health 15 2.33 1.38 1.74 7.21 2
Private 6 0.93 0.73 0.58 23.71 3
Total 645 100 100 100 5.09 3

Table A2
Number of institutions, percentages with respect to total, and averages per institution, by
RG: Percentage of documents in which an author of the corresponding institution acted a
among the 10%most cited of the same year, type, and category inwhich an author of the co
Percentage of documents, Ndoc: Number of documents, %RG: Percentage of documents
(corresponding author), %IC: Percentage of the documents in whose byline there appear
received by each document, %Exc10: Percentage of documents among the 10% most cited
10%most cited of the same year, type, and category inwhich an author of the correspondin
of documents among the 10% most cited of the same year, type, and category.

Region Ins. With respect to total Averages p

%Ins %RG %Exc10 RG %Ndoc

Western Europe 207 32.09 33.01 41.65 4.75
Northern America 96 14.88 21.88 25.76 3.27
Asiatic Region 160 24.81 22.76 16.58 5.32
Latin America 59 9.15 8.30 5.37 6.10
Middle East 52 8.06 5.67 4.50 3.22
Eastern Europe 28 4.34 3.89 1.96 11.68
Pacific Region 27 4.19 2.96 3.28 6.26
Africa 14 2.17 1.34 0.68 6.34
Total 645 100.00 100.00 100.00 5.09

Table A3
Number of institutions, percentages with respect to total, and averages per institution, by c
RG: Percentage of documents in which an author of the corresponding institution acted a
among the 10%most cited of the same year, type, and category inwhich an author of the co
Percentage of documents, Ndoc: Number of documents, %RG: Percentage of documents
(corresponding author), %IC: Percentage of the documents in whose byline there appear
received by each document, %Exc10: Percentage of documents among the 10% most cited
10%most cited of the same year, type, and category inwhich an author of the correspondin
of documents among the 10% most cited of the same year, type, and category.

Country Ins. With respect to total Averages per

%Ins %RG %Exc10 RG %Ndoc N

United States 78 12.09 18.90 21.45 3.12 5
South Korea 40 6.20 5.28 2.60 6.70 2
Spain 39 6.05 8.18 11.21 5.42 3
China 38 5.89 7.12 6.43 3.45 3
Japan 31 4.81 3.13 1.48 4.02 2
Italy 30 4.65 4.61 4.46 2.70 3
40530-R.
Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.lwt.2015.11.035.
sector. Abbreviations: Ins: Number of Institutions, %Ins: Percentage of Institutions, %
s Research Guarantor (corresponding author), %Exc10 RG: Percentage of documents
rresponding institution acted as Research Guarantor (corresponding author), %Ndoc:
in which an author of the corresponding institution acted as Research Guarantor
authors of various countries, NI: (Normalized Impact) Average normalized citation
of the same year, type, and category,%Exc10 RG: Percentage of documents among the
g institution acted as Research Guarantor (corresponding author), %Exc1: Percentage

institution

doc %RG %IC NI %Exc10 %Exc10 RG %Exc1

02 61.70 28.86 1.17 11.72 6.66 1.27
48 53.58 30.91 1.18 12.29 5.91 1.22
30 51.88 29.56 1.41 15.83 6.74 1.49
61 48.83 38.48 1.33 13.42 5.25 1.92
32 60.32 29.24 1.18 11.92 6.56 1.28

region. Abbreviations: Ins: Number of Institutions, %Ins: Percentage of Institutions, %
s Research Guarantor (corresponding author), %Exc10 RG: Percentage of documents
rresponding institution acted as Research Guarantor (corresponding author), %Ndoc:
in which an author of the corresponding institution acted as Research Guarantor
authors of various countries, NI: (Normalized Impact) Average normalized citation
of the same year, type, and category,%Exc10 RG: Percentage of documents among the
g institution acted as Research Guarantor (corresponding author), %Exc1: Percentage

er institution

Ndoc %RG %IC NI %Exc10 %Exc10 RG %Exc1

347 59.82 35.97 1.41 15.17 8.50 1.50
505 55.38 30.78 1.53 16.42 8.20 2.19
292 60.74 22.58 0.94 8.71 4.86 0.95
322 57.08 23.35 0.84 7.04 3.85 0.57
212 68.46 22.34 0.99 9.29 6.16 0.92
255 72.30 24.47 0.85 7.15 4.35 0.58
255 57.94 39.36 1.34 13.43 7.06 1.58
198 64.09 33.32 0.74 5.73 2.83 0.46
332 60.32 29.24 1.18 11.92 6.56 1.28

ountry. Abbreviations: Ins: Number of Institutions, %Ins: Percentage of Institutions, %
s Research Guarantor (corresponding author), %Exc10 RG: Percentage of documents
rresponding institution acted as Research Guarantor (corresponding author), %Ndoc:
in which an author of the corresponding institution acted as Research Guarantor
authors of various countries, NI: (Normalized Impact) Average normalized citation
of the same year, type, and category,%Exc10 RG: Percentage of documents among the
g institution acted as Research Guarantor (corresponding author), %Exc1: Percentage

institution

doc %RG %IC NI %Exc10 %Exc10 RG %Exc1

17 56.17 28.60 1.51 16.00 8.15 2.24
91 58.31 17.29 0.78 6.66 3.14 0.74
84 69.98 26.84 1.39 14.80 10.08 1.34
50 65.16 23.09 1.09 10.73 6.54 1.02
24 55.96 24.49 0.76 6.12 3.04 0.39
04 65.52 23.39 1.33 12.92 7.57 1.27

(continued on next page)
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Table A3 (continued )

Country Ins. With respect to total Averages per institution

%Ins %RG %Exc10 RG %Ndoc Ndoc %RG %IC NI %Exc10 %Exc10 RG %Exc1

France 29 4.50 5.19 6.06 4.85 416 51.00 40.38 1.33 14.48 7.24 1.00
Brazil 29 4.50 5.02 2.87 6.56 386 56.76 11.77 0.69 5.36 3.10 0.42
Turkey 29 4.50 3.42 2.75 3.39 211 71.69 14.56 0.99 9.52 6.75 0.87
Germany 25 3.88 3.04 3.63 3.88 267 57.39 37.08 1.32 14.46 7.34 1.60
United Kingdom 23 3.57 1.98 2.64 2.91 211 51.47 51.33 1.43 15.99 7.89 1.93
Australia 19 2.95 2.01 2.17 1.59 243 56.78 37.44 1.32 13.21 6.79 1.60
Canada 18 2.79 3.69 4.85 3.90 452 51.93 40.20 1.59 18.25 8.43 2.00
Taiwan 15 2.33 1.47 1.35 4.39 223 51.34 12.83 1.13 11.93 5.18 1.03
India 14 2.17 3.26 2.18 4.63 377 76.59 11.13 0.89 8.08 6.48 0.97
Mexico 11 1.71 0.96 0.75 8.56 215 49.86 33.66 0.97 8.77 4.24 0.72
Argentina 10 1.55 1.69 1.30 4.84 363 58.56 25.52 1.10 9.39 5.26 0.64
Poland 10 1.55 1.81 0.71 10.32 308 77.60 18.99 0.77 6.48 4.14 0.59
Portugal 10 1.55 1.24 1.75 6.32 277 58.59 36.78 1.56 16.94 9.66 2.35
Iran 10 1.55 1.08 0.84 2.39 214 64.79 17.04 0.94 8.40 5.48 0.91
Netherlands 9 1.40 1.65 2.29 8.54 456 48.47 43.28 1.84 21.76 9.82 1.73
Thailand 9 1.40 1.02 1.01 5.49 250 53.50 48.12 1.15 11.71 5.72 0.87
New Zealand 8 1.24 1.05 1.18 17.36 281 60.69 43.92 1.37 13.96 7.69 1.52
Greece 7 1.09 1.10 1.47 4.95 283 71.57 22.51 1.36 15.14 11.23 1.54
Malaysia 6 0.93 1.43 1.13 10.03 420 65.04 21.56 0.84 7.37 5.01 1.04
Belgium 6 0.93 1.39 2.10 1.58 462 62.87 47.21 1.57 17.41 10.44 2.16
Nigeria 6 0.93 0.63 0.11 9.59 203 67.78 19.52 0.45 2.47 1.18 0.00
Ireland 5 0.78 1.60 2.44 11.53 685 62.50 31.49 1.59 19.18 11.16 2.74
Finland 5 0.78 0.82 1.01 6.42 345 61.47 35.32 1.47 17.35 9.27 1.38
Norway 5 0.78 0.49 0.51 15.03 253 49.75 39.01 1.30 12.77 6.24 0.79
Egypt 5 0.78 0.48 0.27 4.06 205 57.91 40.10 0.89 6.81 3.89 0.54
Switzerland 4 0.62 0.42 0.47 2.81 224 63.01 45.77 1.24 12.98 7.04 0.63
South Africa 4 0.62 0.48 0.40 3.27 239 64.11 38.60 1.02 9.20 4.47 1.03
Austria 4 0.62 0.39 0.46 3.11 229 54.12 57.63 1.68 17.23 7.99 2.94
Denmark 3 0.47 1.38 1.42 2.56 991 60.31 45.08 1.43 14.36 7.31 0.96
Sweden 3 0.47 0.60 0.59 2.33 425 57.42 47.48 1.27 13.51 7.27 0.97
Czech Republic 3 0.47 0.34 0.24 3.68 225 61.52 27.85 1.10 9.75 5.95 0.09
Israel 3 0.47 0.41 0.52 3.62 275 65.03 42.86 1.54 17.28 10.63 2.21
Chile 3 0.47 0.37 0.36 2.56 241 65.55 37.38 1.29 12.86 7.99 1.81
Hungary 3 0.47 0.22 0.07 23.10 145 63.32 24.18 0.61 4.52 2.53 0.48
Bangladesh 3 0.47 0.22 0.20 24.01 142 64.24 59.03 1.26 9.47 7.59 5.68
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a b s t r a c t

Time-temperature-indicator, or integrator (TTI), can be used for visual display of food product safety
information for consumers. A prototype isopropyl palmitate (IPP) diffusion-based TTI system was char-
acterized and evaluated for monitoring microbial quality of non-pasteurized angelica (NPA) juice based
on temperature abuse. Diffusion of IPP in the TTI system was measured at various iso-thermal and dy-
namic temperatures and a mathematical model based on relationships between diffusion and time-
temperature was established. Predicted results from the established model were in good agreement
with experimental results. Total aerobe counts in NPA juice reached a critical level of 6 log CFU/mL from
an initial load of 3.7 log CFU/mL after 36.6 h and 12.5 h of storage at 15 �C and 25 �C, respectively. IPP
diffusion distances were 9.7 mm and 7.2 mm at 15 �C and 25 �C, respectively. IPP diffusion of 7.0 mm in
the TTI system was considered to be a threshold point for bacterial quality of NPA juice. However, the
proposed TTI was only verified for indicating temperature abuse above 13.5 �C. The TTI system charac-
terized in this study showed potential for monitoring the microbial quality of perishable food products
during distribution and storage.

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

Temperature and time, widely recognized as major factors
influencing the rate of microbial activity in foods, often deviate
from specifications during manufacturing, distribution, handling,
and storage (Giannakourou, Koutsoumanis, Nychas, & Taoukis,
2005; McMeekin et al., 2008). Therefore, it is important to
monitor changes in temperature and time parameters from pro-
duction to final consumption to ensure microbial safety and quality
of food products (Taoukis & Labuza, 2003). Characteristics of a
modern quality and safety assurance system should be based on
capability to monitor, record, and control critical parameters to
prevent contamination throughout the product life cycle (Lu,
Zheng, Lv, & Tang, 2013; Wanihsuksombat, Hongtrakul, &
Suppakul, 2010).
A TTI is an intelligent packaging system, usually in the form of a

small intelligent tag or label attached to a food product. A TTI in-
dicates the cumulative time-temperature history of a food product
using an irreversible chemical change in the TTI device that is
detected as a visible response in the form of mechanical deforma-
tion, color development, or color movement. A TTI is a simple, cost-
effective, and consumer friendly device for monitoring, recording,
and translating quality information for consumers (Pavelkov�a,
2013; Taoukis & Labuza, 2003; Vaikousi, Biliaderis, &
Koutsoumanis, 2008; Zabala, Cast�an, & Martínez, 2015). The over-
all effect of the temperature history of a food product on food
quality, safety, and shelf-life can be observed using a TTI (Ellouze &
Augustin, 2010). Different commercial TTI types have been devel-
oped based on enzymatic, polymer, and biological reactions
(Ellouze & Augustin, 2010; Kim, Kim, & Lee, 2012; Lu et al., 2013;
Wu et al., 2015).

A prerequisite for effective application of a TTI based control
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system is kinetic study and modeling of food quality loss indices
and of the response of the TTI (Tsironi, Stamatiou, Giannoglou,
Velliou, & Taoukis, 2011; Wanihsuksombat et al., 2010). The
temperature-dependent performance of a TTI system has been
investigated previously using the Arrhenius equation (Ellouze &
Augustin, 2010). Fick's law of diffusion can also be applied to
establish a kinetic model with regards to the TTI diffusion rate
(Galagan, Hsu, & Su, 2010).

Angelica keiskei is a well known herbal plant in Asian countries.
Green juice extracted from fresh leaves of this plant is used as a
functional food drink that is known for nutritional and health
benefits (Akihisa et al., 2003; Kim et al., 2014; Zhang, Yamashita,
Yasuda, Yamamoto, & Ashida, 2015). Fresh angelica juice reaches
consumers without pasteurization mostly through a home delivery
service and is recommended for consumptionwithin 48e72 h with
storage at 5 �C (Pulmuone, 2015). However, temperature deviations
occur from specified values during product transport, handling, and
storage, particularly when consumers store the product at home
during summer. Such temperature variations put this product at
risk of microbial contamination. Previous studies reported that
unpasteurized vegetable juices can support growth of microor-
ganisms (Song et al., 2006; Zhou, Wang, Hu, Wu, & Liao, 2009). On
the other hand, there are concerns about nutritional and sensory
quality deterioration in vegetable juices after thermal pasteuriza-
tion (Song et al., 2007).

The aim of this study was to establish a model for prediction of
the response of a diffusion-based TTI system and to evaluate
applicability of the TTI system as an indicator of thresholdmicrobial
growth in NPA juice or similar types of perishable food products
due to temperature abuse during storage and distribution. A
mathematical kinetic model was established based on measure-
ment of the time-temperature dependent diffusion distance of a TTI
at different temperatures. Predicted diffusion distances were then
compared with measured values to validate the kinetic model.
Finally, the relationship between TTI response and microbial
growth in NPA juice was investigated under both isothermal and
dynamic temperature conditions.
2. Materials and methods

2.1. Materials

Non-pasteurized angelica (NPA) juice (pH ¼ 6.12) was obtained
directly from Pulmuone Health & Living (Jeungpyeong, Republic of
Korea). Isopropyl palmitate (IPP) (model: Hipure 13T) was provided
by OhSung Chemical Ind. Co., Incheon, Republic of Korea. Prototype
TTIs based on diffusion of IPP were provided by Inditech Korea Co.,
Hwaseong, Republic of Korea. The IPP type of TTI has a multi-
layered structure (maximum diffusion distance: 41 mm; width:
Fig. 1. Schematic diagram and photos showing isopropyl palmitate (IPP) diffusion th
5.0mm; thickness: 0.2mm) comprised of a red bottom layer and an
upper microporous film (3M, St. Paul, MN, USA) (Fig. 1). The
microporous film is originally opaque white (non-transparent). As
IPP diffuses and fills micropores in the film, light passes through oil-
containing pores and the IPP containing film becomes transparent,
revealing the color of the bottom layer. The diffusion of IPP from the
injection site can be clearly observed as IPP melts and diffuses from
the injection site as a function of time and temperature (Park,
2010).

2.2. Experimental design and storage conditions

TTI prototypes were stored at isothermal temperatures of 15, 20,
25, 30, and 35 �C for 48 h to establish a kinetic response model. The
temperature was recorded using a data logger (QuadTemp 2000,
MadgeTech, Inc., Contoocook, NH, USA). Validation of the kinetic
model was accomplished using TTI storage at three isothermal
temperatures of 13, 23, and 33 �C. NPA juice samples taken directly
from the manufacturing plant were used to enumerate initial mi-
crobial counts. Other juice samples were stored isothermally at 5 ,
15 , and 25 �C (278, 288, and 298 K), respectively, with the TTI to
investigate correlations betweenmicrobial growth in NPA juice and
TTI response. Temperature fluctuations between 5 �C (refrigeration
temperature) and 25 �C (room temperature) were used for simu-
lation of dynamic storage conditions. NPA juice storage at 5 �C for
6 h, followed by storage at 25 �C for 6 h, was repeated 4 times.
Temperature was recorded using a temperature logger (TL20, 3M,
St. Paul, MN, USA) that remained with juice samples during the
dynamic storage period.

2.3. Characterization of the isopropyl palmitate (IPP) diffusion-
based TTI

2.3.1. Differential scanning calorimetry (DSC)
A DSC 8000 differential scanning calorimeter (Perkin Elmer,

Waltham, MA, USA) was used for the measurement of the melting
point of IPP. Samples of IPP and an empty stainless steel pan as a
reference were heated from �10 �C to 60 �C at a rate of 5 �C/min.
Nitrogen was used as a purge gas at a flow rate of 50 mL/min.
Samples were then allowed to cool to�10 �C, followed by reheating
to 60 �C at the same rate. The calorimeter was calibrated using
indium and zinc as standard reference materials.

2.3.2. Measurement of the isopropyl palmitate (IPP) diffusion
distance in the TTI

IPP (200 mL) was injected into a TTI well made with a cotton pad
(10 � 4 � 2 mm) and the hourly diffusion distance was measured
using images recorded with a digital single-lens reflex camera
(EOS500D, Cannon, Tokyo, Japan). The camera and the TTI were set
rough microporous film in a TTI system (a) before and (b) after injection of IPP.
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in a low-temperature incubator (SC-LIB150, Sungchan Science Co.,
Pocheon, Republic of Korea) to establish isothermal and dynamic
temperature conditions. Eight TTI devices were used for each
storage temperature and experiments were performed in triplicate.
2.4. Microbial analysis

The microbiological quality of NPA juice was evaluated based on
measurement of total aerobes every 6 h for 48 h under both
isothermal and dynamic storage temperatures. Juice microbial
enumeration involved ten-fold serial dilution in a sterile 0.85% NaCl
solution. Total aerobes were enumerated using the pour plate
method on an aerobic count plate (Petrifilm™, 3M, St. Paul, MN,
USA) and colonies were counted using a plate reader (3M, St. Paul,
MN, USA) after 48 h of incubation at 35 �C. Microbial analyses were
carried out in triplicate using three samples for each storage
temperature.
2.5. Modeling approach

2.5.1. Kinetic model of time-temperature dependent diffusion in the
TTI

In order to establish a TTI diffusion model, several equations
relative to diffusion time and temperature were used. A major
advancement in diffusion theory was based on the work of Adolf
Eugen Fick who developed the first law of diffusion and defined a
total one-dimensional flux J as Eq. (1) where D is the diffusion
coefficient, C is the concentration of the diffusing substance, x is the
coordinate perpendicular to the section, and J is the flux per unit
area (Table 1) (de Beer, Stoodley, Roe, & Lewandowski, 1994).

Another equation for diffusion, derived from Eq. (1) and known
as Fick's second law, is used to determine the amount of a diffusing
substance in a medium when diffusion is one-dimensional. The
equation is represented as Eq. (2) where C (mol/m3) is the con-
centration of the substance, t (s) is time, D (m2/s) is the diffusion
coefficient, and x (m) is the distance (Table 1) (Geankoplis, 1995).
Fick's second law was applied to the TTI system on the assumption
that surface resistance was negligible for non-steady-state
diffusion.

According to the average value of the squared distance X2

(Galagan et al., 2010), the diffusion coefficient does not depend on
the substance concentration. Hence, the X2 value of diffusion with
time (t) was determined using Eq. (3) (Table 1). The distance and
time for diffusion were known, so the coefficient of diffusion was
determined as Eq. (4) (Table 1).

The IPP diffusion rate was studied at 288, 293, 298, 303, and
308 K and a kinetic model equation for IPP diffusion was deter-
mined. In order to confirm the temperature dependence of diffu-
sion, the IPP diffusivity (D) value and the absolute temperature (T)
were plotted using a modified Arrhenius equation, as Eq. (5) where
D is the diffusion coefficient, Do is a frequency factor, R
(8.314 J mol�1 K�1) is the universal gas constant, Ea (kJ/mol) is the
Table 1
The equations used for fitting the IPP diffusion activity and microbial growth of NPA juic

No. Name of the model Equa

1 Fick's first law of diffusion J ¼ �
2 Fick's second law of diffusion vC

vt ¼
3 X2 ¼
4 D ¼
5 Modified Arrhenius equation ln D
6 log N

N
7 ln D
8 X ¼
activation energy, and T (K) is absolute temperature (Table 1) (Li,
Liu, Liang, Li, & Zhang, 2008). The curve fitting and regression
analysis were performed using IBM SPSS Statistics 21.
2.5.2. Model of microbial growth
A model reflecting microbial growth in juice was required for

precise evaluation of the microbiological quality of juice in relation
to TTI diffusion because microbial counts can fluctuate due to
experimental error. Exponential growth of total aerobes was
expressed in linear form in log count versus time plots. Therefore,
the population of total aerobes was plotted and linear regression
was performed using exponential growth phase data, as Eq. (6)
where N (CFU/mL) is the juice microbial count, N0 (CFU/mL) is the
initial microbial load, a is the slope, b is an intercept, and t (h) is
time (Table 1) (P�erez-Rodríguez & Valero, 2013).
3. Results and discussion

3.1. Diffusion in the TTI under isothermal conditions

Monitoring and recording of temperature conditions during
distribution and storage of perishable food products is important.
Variations in temperature can affect food safety and quality. A TTI
provides a visual summary of the temperature history of a product,
translating the overall effect of time and temperature into a visually
simple presentation (Pavelkov�a, 2013). A diffusion-based TTI uses
temperature-dependent diffusion of a colored chemical substance,
such as a fatty acid ester, through a porous matrix made of high-
quality blotting paper. The measurable response is the distance of
the proceeding diffusion front of fatty acid from the origin (Kerry,
O'Grady, & Hogan, 2006). The diffusion of the fatty acid ester may
depend on different factors, such as time and temperature, result-
ing in a clear and instantaneous color change. In addition, the
maximum diffusion end-point can be established using experi-
mentation and mathematical modeling for prediction of the shelf-
life of a specific food product (Vaikousi, Biliaderis,& Koutsoumanis,
2009).

Differential scanning calorimetry (DSC) is a thermoanalytical
technique used for direct measurement of the heat capacity of
polymeric materials, which takes place within a regulated increase
or decrease in temperature. DSC provides the melting temperature
of a material from a calibrated and highly precise system. DSC has
wide applications in industry for evaluation of sample purity and
stability. The presence of an impurity in a material can affect the
melting point. Moreover, DSC not only indicates the onset of
melting, but also the peak temperature that corresponds to com-
plete melting in organics and the energy that the melting transition
requires in order to occur. The results of a DSC experiment comprise
a heating and a cooling curve (Gill, Moghadam, & Ranjbar, 2010;
Gregorova, 2013). DSC thermograms revealed characteristic tran-
sitions (first-order melting, and second-order endothermic transi-
tion) occurring in IPP (Fig. 2). The peak corresponding to transition
e.

tion Reference

D dC
dx de Beer et al. (1994)

�D v2C
vx2 Geankoplis (1995)

2Dt
X2

2t
¼ �

�
Ea
R

�
1
T þ ln D0 Li et al. (2008)

0
¼ at þ log b P�erez-Rodríguez and Valero (2013)

¼ �3760:3 1
T � 8:5906ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2t � e�3760:31
T�8:5906

p



Fig. 2. DSC thermogram showing the melting point of isopropyl palmitate (IPP) and description of temperature abuse for NPA juice, and the corresponding TTI system response.

Fig. 3. The diffusion distance of isopropyl palmitate (IPP) through a TTI film during
48 h of storage at 5 different isothermal temperatures.
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at a temperature of 13.5 �C (onset of melting) showed the melting
point of IPP (14.8 �C) used in this study. The DSC thermogram
melting peak for IPP reported hereinwas similar to results reported
by Klar and Urbanetz (2009). Furthermore, no TTI activity was
observed belowa temperature of 13.5 �C in this study, in agreement
with DSC experiment results.

The diffusion rate of IPP was studied under five different
isothermal conditions (Fig. 3). After 48 h of storage, the final
diffusion distances were 11.1, 12.8, 14.5, 16.0, and 17.5 mm at 15, 20,
25, 30, and 35 �C, respectively. The diffusion rate was faster in the
beginning, but velocity declined with time. Faster diffusion
occurred at higher temperatures, indicating that TTI diffusion was
both time and temperature dependent and that IPP was suitable for
use in diffusion-based TTI systems. However, the proposed TTI was
only verified for indication of temperature abuse above 13.5 �C
(Fig. 2). Diffusion of IPP may also depend on the temperature
sensitivity of IPP, the polymer concentration, and the film matrix.
However, these factors can be controlled and are mostly non-
variable. IPP is also suitable for reduction of capillary forces in the
film matrix (Klar & Urbanetz, 2009). Polymer-based TTI systems
can provide a good indication of temperature and time fluctuations
during different stages of food processing and storage (Lee & Shin,
2012).

TTI devices are attached directly to a food package surface.
Therefore, the chemical safety of IPP must be addressed. The pos-
sibility of skin irritation caused by a variety of external stimuli has
been raised (Kawahara & Tojo, 2007). IPP, on the other hand, has
been used as an emollient in cosmetics due to adsorption charac-
teristics (Bhatia, Ahmad, Mohamed, & Chin, 2006). Furthermore,
the TTI device used in this study was designed in such a way that
IPP is never in direct contact with the consumer or the package.
Similarly, diffusion-based TTI systems have been developed and
studied previously (Arens et al., 1997; Prusik, Arnold, & Fields,
2000). Different diffusion-based TTI systems have used a visible
dye dissolved in a migrating fluid. However, the TTI system used in
this study was based on a transparent IPP that renders microporous
film transparent after absorption, revealing the underlying color
due to IPP diffusion.
3.2. Kinetic model prediction for the diffusion-based TTI system

TTI diffusion coefficients (D) for IPP at 288, 293, 298, 303, and
308 K (15, 20, 25, 30, and 35 �C, respectively) were calculated using
Eq. (4). Diffusion distances for different temperatures (D values) are
shown in Table 2. Plots of ln D versus 1/T were prepared and a linear
regressionwas performed (data not shown). Table 3 shows analysis



Table 2
Diffusion coefficients for isopropyl palmitate (IPP) injected into a TTI system at
different temperatures.

Temperature Diffusion coefficient (m2/s)

K �C

288 15 3.860 � 10�10

293 20 5.026 � 10�10

298 25 6.346 � 10�10

303 30 7.716 � 10�10

308 35 8.966 � 10�10
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of variance (ANOVA) of the regression. The regression equation
used was y ¼ �3760.3x � 8.5906 with an R2 value of 0.9925.
Moreover, ANOVA results showed F-values of 394.80 and P-values
of 0.0003. Thus, the TTI system was correlated with time and
temperature. As a result of linear regression, Eq. (5) can be re-
written as Eq. (7) (Table 1).

Hence, the equation for prediction of the IPP diffusion distance
in a TTI system can be established by re-arranging Eq. (3) as Eq. (8)
where X represents the diffusion distance (m), t is time (s), and T is
temperature (K) (Table 1). Eq. (8) indicates the relationship be-
tween diffusion distance and time-temperature. This model can be
used for prediction of the diffusion distance in TTI systems based on
adjustment of specific time and temperature values. Mathematical
models involving time and temperature as major predictive vari-
ables in a TTI system have been established in other studies using
enzymes (Wu et al., 2015), polymers (Lee & Shin, 2012), proteins
(Grauwet, Plancken, Vervoort, Hendrickx, & Loey, 2010), and
biological-based TTI systems (Ellouze & Augustin, 2010).

3.3. Validation of the TTI kinetic model

Evaluation and comparison of a mathematical model using
experimental data are essential to obtain an optimal response
(Ghafoor, Park, & Choi, 2010). Evaluation of the predictive model of
IPP diffusion in a TTI system was accomplished based on compar-
ison of the diffusion distance predicted using Eq. (8) with experi-
mentally measured distances at temperatures of 13, 23, and 33 �C.
Predicted curves coincided well with experimental curves, result-
ing in high concordance rates of 95.3, 97.8, and 96.7% at 13, 23, and
33 �C, respectively (Fig. 4). The model established in this study
effectively represented IPP behavior in the diffusion-based TTI
system.

3.4. Microbial growth in NPA juice and the TTI response under
isothermal conditions

The microbial quality of juice was investigated to demonstrate
the effectiveness of diffusion-based TTI for indicating the microbial
quality of juice. The TTI diffusion distance of IPP and growth of
aerobic bacteria in juice under isothermal storage at 5, 15, and 25 �C
for 48 h are shown in Fig. 5. Counts for total aerobes did not in-
crease at 5 �C for 48 h (Fig. 5a), remaining static at the initial level of
Table 3
ANOVA for the linear regression analysis of diffusivity against temperature.

Source Regression coefficients Standard error Sum of

Regression 0.449
Constant �8.591 0.636
(1/T) �3760.3 189.249

Residual 0.003
Total 0.453
3.7 log CFU/mL (Fig. 6). This high initial microbial count occurred
because thermal processing of juice is not used in order to maintain
high nutritional benefits (Song et al., 2007). However, the initial
microbial load of a juice can vary depending on different factors.
The onset of melting of IPP was 13.5 �C (Fig. 2). Therefore, no TTI
response (no IPP diffusion) was observed at 5 �C for 48 h. The total
aerobic count of NPA juice samples also remained sufficiently
below the critical level under this isothermal condition.

A storage temperature of 5 �C that is required for vegetable
juices is lower than the usual cold chain temperature (Song et al.,
2006). NPA juice manufacturers recommend storage of juice
products at 5 �C, but usual cold chain temperatures are generally
higher. Furthermore, minor temperature fluctuations can occur in a
stored product (James, 2006) and normal deviations of ±0.5 �C are
expected from the set point for food distribution (EN12830, 1999).
Angelica juice and other foods requiring a storage temperature of
5 �C can be exposed to higher distribution temperatures and, thus,
IPP is suitable for TTI systems intended for products exposed to
elevated refrigeration temperatures. The handling temperature of a
refrigerated product can reach as high as 13.5 �C in some cases,
indicating non-standard storage or distribution, which may not be
acceptable. Melting and freezing of IPP started at approximately
13.5 �C. Hence, IPP can respond to temperature abuse of refriger-
ated products at temperature above 13.5 �C (Fig. 2).

Total aerobic counts in NPA juice started to increase after 12 h of
storage at 15 �C (Fig. 5b). An aerobic count of 6 log CFU/mL was
regarded as critical, and fresh juices withmicrobial loads less than 6
log CFU/mL can be acceptable for microbiological safety (Feng,
Ghafoor, Seo, Yang, & Park, 2013). Bacterial counts during the log-
arithmic growth phase (12e48 h) were subjected to linear regres-
sion analysis to determine the storage time when juice microbial
levels become critical. The time for angelica juice to attain the
threshold microbial load at 15 �C was 36.6 h when the total aerobic
count became 6 log CFU/mL, or 2.3 log (N/N0) CFU/mL (Fig. 5b). The
TTI diffusion distance covered by IPP was 9.7 mm after 36.6 h.

NPA juice stored at 25 �C showed a rapid increase in total aerobic
counts after 6 h, and bacteria reached the stationary phase after
24 h (Fig. 5c). Based on linear regression developed using data
obtained during the logarithmic growth phase (6e24 h) at 25 �C,
total aerobe counts in juice were predicted to be 6 log CFU/mL at
12.5 h with a predicted diffusion distance of 7.2 mm. These results
indicated an appearance of color and a diffusion distance of 7.2 mm
on the microporous film at 25 �C, signifying spoilage by microor-
ganisms. However, the initial microbial load of juice may vary due
to different factors that include handling, sanitation, and the mi-
crobial load of fruits used in juice preparation. Hence, the initial
microbial load of food packaged in a TTI-system should be estab-
lished for prediction of the time until the critical microbial load is
reached on the basis of microbial growth in response to storage
temperature and an associationwith IPP diffusion in the TTI system.
Hence, results of this study cannot be generalized for different
products and variable handling and storage conditions. However,
results presented herein can serve as a basis for further studies for
individual products and different cases in the food chain.
squares df Mean square F-values P-values

1 0.449 394.801 0.0003
0.0009
0.0003

3 0.001
4



Fig. 5. Comparison of diffusion of isopropyl palmitate in a TTI system with growth of
total aerobic bacteria in non-pasteurized angelica juice during isothermal storage at
5 �C (a), 15 �C (b), and 25 �C (c) for 48 h.

Fig. 4. Comparison between measured diffusion distances (C) and predicted diffusion
distances (�) at different isothermal storage temperatures.
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3.5. Microbial growth in NPA juice and the TTI response under
dynamic conditions

Storage temperature, one of the major factors influencing the
rate of microbial development in foods, often deviates from spec-
ifications. This limitation is generally recognized by industrialists,
retailers, and even food authorities (Ellouze & Augustin, 2010). In
this study, the prototype TTI systemwas evaluated for effectiveness
in identifying the microbial quality of juice not only under
isothermal conditions, but also under dynamic temperature con-
ditions. Dynamic conditions were simulated based on alteration of
the storage temperature between 5 and 25 �C for simulation of
refrigeration and room temperatures, respectively. Four cycles of
6 h storage at 5 �C and 6 h at 25 �C were applied to juice samples for
48 h. The NPA juice microbial growth pattern and IPP diffusion
distance during this dynamic storage period are shown in Fig. 6.
The total aerobe count increased gradually and reached 9.1 log CFU/
mL at the end of the storage period. Microbial growth showed a
noticeable increase when the storage temperature was 25 �C, but
did not show a significant increase at 5 �C as refrigerated storage
can reduce microbial growth rates in foods.

Lu et al. (2013) reported development and application of an
enzyme reaction-diffusion TTI system for prediction of the shelf-life
of perishable foods during cold chain transportation. Chun, Choi,
Lee, and Hong (2013) reported use of an enzymatic TTI system for
evaluation of quality parameters of beef patties subjected to
different storage temperatures (5, 15, and 25 �C) in which an
insufficient correlation with change in TTI color was observed at
storage temperatures of 5 �C and 15 �C. Design of individual TTI
systems based on storage temperature, time, and type of meat was
emphasized.

Due to a high melting point, IPP did not show any diffusion at
5 �C; however, IPP diffused easily at 25 �C. Microbial growth and IPP
diffusion showed similar increases after 12 h, and the diffusion
distance before the critical microbial growth time (27.4 h) was
nearly 7.6 mm, in close agreement with the diffusion distance un-
der isothermal conditions. The total aerobic count at this timewas 6
log CFU/mL. Based upon observed microbial growth in relation to
TTI response under isothermal and dynamic conditions, IPP diffu-
sion of 7.0mm in the TTI system can be used as a threshold point for
microbial spoilage of NPA juice. A diffusion-based TTI system using
IPP can be used for prediction of the microbiological quality of NPA
juice during storage under non-isothermal and isothermal condi-
tions provided that careful monitoring of storage time and
temperature is performed for a precise prediction of the microbial
quality of juice based on the TTI response. Refrigerated storage of
foods prevents exponential growth of microorganisms over a short
period. The probability of microbial hazard increases when refrig-
erated foods are left at higher than recommended refrigeration or
room temperatures and, in such cases, the IPP-based TTI system
responded well. The TTI system characterized herein needs to be
improved with consideration of different aspects of food process-
ing, storage, handling, and transportation.

In recent years, conventional food packaging systems have
become unsuitable for use in the modern food industry. Hence,
active and intelligent food packaging systems are in demand by
modern consumers for high quality and nutritious foods. Active and



Fig. 6. Correlation between diffusion distance in a TTI system and total aerobic growth in non-pasteurized angelica juice under dynamic temperature conditions; 4 cycles of 6 h each
at 5 �C and 25 �C.
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intelligent food packaging systems are more dynamic and func-
tional than conventional counterparts (Lee, Lee, Choi, & Hur, 2015).
Kang et al. (2014) reported the use of TTI systems as cheap and user-
friendly alternatives to existing practices for control of quality
variations in kimchi due to non-uniform temperature distribution
during storage and transportation. TTI systems are efficient and
economical tools for monitoring, recording, and translating the
overall effect of temperature history on food safety and quality at a
product unit level (Chun et al., 2013; Ellouze & Augustin, 2010; Wu
et al., 2015). The TTI system used in this study is cost-effective with
good commercialization potential.

4. Conclusions

A model was established for prediction of the response of a
diffusion-based TTI system, and for evaluation of applicability of
the TTI system as an indicator of threshold microbial growth in NPA
juice due to handling under non-standard temperatures. The ki-
netic model developed in this study showed a high predictive
reliability under isothermal storage conditions. Results predicted
using the model coincided with experimental results. Total aerobic
counts revealed that the time and temperature dependence of
bacterial growth in NPA juice, and the TTI response, were correlated
under both isothermal and dynamic storage conditions. IPP diffu-
sion of more than 7.0 mm in the TTI system presented in this study
can be a threshold point for microbial spoilage of NPA juice.
However, the proposed TTI system was only verified for indication
of temperature abuse above 13.5 �C. Diffusion-based TTI systems
can serve for monitoring microbial quality and temperature abuse
during storage and transport of individual packages of perishable
food products. The diffusion-based TTI system reported herein
showed good reliability for prediction of the microbial quality of
perishable food products during distribution and storage.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

This research was supported by a grant (No. 10162MFDS025)
from the Ministry of Food and Drug Safety, Republic of Korea.
References

Akihisa, T., Tokuda, H., Ukiya, M., Iizuka, M., Schneider, S., Ogasawara, K., et al.
(2003). Chalcones, coumarins, and flavanones from the exudate of Angelica
keiskei and their chemopreventive effects. Cancer Letters, 201, 133e137.

Arens R. P., Birkholz R. D., Johnson D. L., Labuza T. P., Larson C. L., Yarusso D. J.(1997).
Time-temperature integrating indicator device. US Patent, US5667303.

de Beer, D., Stoodley, P., Roe, F., & Lewandowski, Z. (1994). Effects of biofilm
structures on oxygen distribution and mass transport. Biotechnology and
Bioengineering, 43, 1131e1138.

Bhatia, S., Ahmad, A. L., Mohamed, A. R., & Chin, S. Y. (2006). Production of isopropyl
palmitate in a catalytic distillation column: experimental studies. Chemical
Engineering Science, 61, 7436e7447.

Chun, J. Y., Choi, M. J., Lee, S. J., & Hong, G. P. (2013). Applications of time-
temperature integrator (TTI) as a quality indicator of grounded pork patty.
Korean Journal for Food Science of Animal Resources, 33, 439e447.

Ellouze, M., & Augustin, J. C. (2010). Applicability of biological time temperature
integrators as quality and safety indicators for meat products. International
Journal of Food Microbiology, 138, 119e129.

EN12830. (1999). Temperature recorders for the transport, storage and distribution of
chilled, frozen, deep-frozen/quick-frozen food and ice cream e Tests, performance,
suitability. European Committee for Standardization. Brussels, Belgium.

Feng, M., Ghafoor, K., Seo, B., Yang, K., & Park, J. (2013). Effects of ultraviolet-C
treatment in Teflon®-coil on microbial populations and physico-chemical
characteristics of watermelon juice. Innovative Food Science and Emerging
Technologies, 19, 133e139.

Galagan, Y., Hsu, S. H., & Su, W. F. (2010). Monitoring time and temperature by
methylene blue containing polyacrylate film. Sensors and Actuators B: Chemical,
144, 49e55.

Geankoplis, C. J. (1995). Transport processes and unit operations (3rd ed.). Englewood
Cliffs: Prentice Hall.

Ghafoor, K., Park, J., & Choi, Y. H. (2010). Optimization of supercritical fluid
extraction of bioactive compounds from grape (Vitis labrusca B.) peel by using
response surface methodology. Innovative Food Science and Emerging Technol-
ogies, 11, 485e490.

Giannakourou, M. C., Koutsoumanis, K., Nychas, G. J. E., & Taoukis, P. S. (2005). Field
evaluation of the application of time temperature integrators for monitoring
fish quality in the chill chain. International Journal of Food Microbiology, 102,
323e336.

Gill, P., Moghadam, T. T., & Ranjbar, B. (2010). Differential scanning calorimetry
techniques: applications in biology and nanoscience. Journal of Biomolecular
Techniques, 21, 167e193.

Grauwet, T., Plancken, I. V., Vervoort, L., Hendrickx, M. E., & Loey, A. V. (2010).
Protein-based indicator system for detection of temperature differences in high
pressure high temperature processing. Food Research International, 43,
862e871.

Gregorova, A. (2013). Applications of calorimetry in a wide context e differential
scanning calorimetry, isothermal titration calorimetry and microcalorimetry. In
A. A. Elkordy (Ed.), Application of differential scanning calorimetry to the char-
acterization of biopolymers (pp. 1e20). InTech.

James, S. J. (2006). Handbook of food science, technology, and engineering. In
Y. H. Hui (Ed.), Principles of food refrigeration and freezing (Vol. 3, p. 112). Boca
Raton: CRC Press.

Kang, Y. J., Kang, J. W., Choi, J. H., Park, S. Y., Rahman, A. T. M. M., Jung, S. W., et al.
(2014). A feasibility study of application of laccase-based time-temperature

http://refhub.elsevier.com/S0023-6438(15)30326-1/sref1
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref1
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref1
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref1
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref3
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref3
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref3
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref3
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref4
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref4
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref4
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref4
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref5
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref5
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref5
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref5
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref6
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref6
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref6
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref6
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref7
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref7
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref7
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref7
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref8
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref9
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref9
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref9
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref9
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref10
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref10
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref11
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref11
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref11
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref11
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref11
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref12
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref12
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref12
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref12
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref12
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref13
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref13
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref13
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref13
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref14
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref14
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref14
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref14
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref14
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref15
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref16
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref16
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref16
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref17
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref17


J.U. Kim et al. / LWT - Food Science and Technology 67 (2016) 143e150150
indicator to kimchi quality control on fermentation process. Journal of the
Korean Society for Applied Biological Chemistry, 57, 819e825.

Kawahara, K., & Tojo, K. (2007). Skin irritation in transdermal drug delivery sys-
tems: a strategy for its reduction. Pharmaceutical Research, 24, 399e408.

Kerry, J. P., O'Grady, M. N., & Hogan, S. A. (2006). Past, current and potential uti-
lisation of active and intelligent packaging systems for meat and muscle-based
products: a review. Meat Science, 74, 113e130.

Kim, D. W., Curtis-Long, M. J., Yuk, H. J., Wang, Y., Song, Y. H., Jeong, S. H., et al.
(2014). Quantitative analysis of phenolic metabolites from different parts of
Angelica keiskei by HPLCeESI MS/MS and their xanthine oxidase inhibition. Food
Chemistry, 153, 20e27.

Kim, K., Kim, E., & Lee, S. J. (2012). New enzymatic timeetemperature integrator
(TTI) that uses laccase. Journal of Food Engineering, 113, 118e123.

Klar, F., & Urbanetz, N. A. (2009). The role of capillary force promoters in dry coating
procedures e evaluation of acetylated monoglyceride, isopropyl myristate and
palmitate. European Journal of Pharmaceutics and Biopharmaceutics, 71,
124e129.

Lee, S. Y., Lee, S. J., Choi, D. S., & Hur, S. J. (2015). Current topics in active and
intelligent food packaging for preservation of fresh foods. Journal of the Science
of Food and Agriculture. http://dx.doi.org/10.1002/jsfa.7218.

Lee, B. S., & Shin, H. S. (2012). Polymer-based time-temperature indicator for high
temperature processed food products. Food Science and Biotechnology, 21,
1483e1487.

Li, F., Liu, C., Liang, C., Li, X., & Zhang, L. (2008). The oxidative degradation of 2-
mercaptobenzothiazole at the interface of b-MnO2 and water. Journal of Haz-
ardous Materials, 154, 1098e1105.

Lu, B. L., Zheng, W., Lv, Z., & Tang, Y. (2013). Development and application of
timeetemperature indicators used on food during the cold chain logistics.
Packaging Technology and Science, 26, 80e90.

McMeekin, T., Bowman, J., McQuestin, O., Mellefont, L., Ross, T., & Tamplin, M.
(2008). The future of predictive microbiology: strategic research, innovative
applications and great expectations. International Journal of Food Microbiology,
128, 2e9.

Park J. H. (2010). Precise critical temperature indicator and manufacturing method
thereof. International Publication Patent, WO2010/074529 A1.

Pavelkov�a, A. (2013). Time temperature indicators as devices intelligent packaging.
Acta Universitatis Agriculturae et Silviculturae Mendelianae Brunensis, 61,
245e251.

P�erez-Rodríguez, F., & Valero, A. (2013). Predictive microbiology in foods (5th ed.).
Springer.
Prusik T., Arnold R. M. and Fields S. C. (2000). Time-temperature indicator device
and method of manufacture. US Patent, US6042264.

Pulmuone. (2015). Green juice. http://www.greenjuice.co.kr Accessed 05.10.15.
Song, H. P., Byun, M. W., Jo, C., Lee, C. H., Kim, K. S., & Kim, D. H. (2007). Effects of

gamma irradiation on the microbiological, nutritional, and sensory properties
of fresh vegetable juice. Food Control, 18, 5e10.

Song, H. P., Kim, D. H., Jo, C., Lee, C. H., Kim, K. S., & Byun, M. W. (2006). Effect of
gamma irradiation on the microbiological quality and antioxidant activity of
fresh vegetable juice. Food Microbiology, 23, 372e378.

Taoukis, P. S., & Labuza, T. P. (2003). Novel food packaging techniques. In
R. Ahvenainen (Ed.), Timeetemperature indicators (TTIs) (pp. 103e126). Cam-
bridge: Woodhead Publishing Limited and Boca Raton: CRC Press LLC.

Tsironi, T., Stamatiou, A., Giannoglou, M., Velliou, E., & Taoukis, P. S. (2011). Pre-
dictive modelling and selection of time temperature integrators for monitoring
the shelf life of modified atmosphere packed gilthead seabream fillets. LWT e

Food Science and Technology, 44, 1156e1163.
Vaikousi, H., Biliaderis, C. G., & Koutsoumanis, K. P. (2008). Development of a mi-

crobial time/temperature indicator prototype for monitoring the microbiolog-
ical quality of chilled foods. Applied and Environmental Microbiology, 74,
3242e3250.

Vaikousi, H., Biliaderis, C. G., & Koutsoumanis, K. P. (2009). Applicability of a mi-
crobial time temperature indicator (TTI) for monitoring spoilage of modified
atmosphere packed minced meat. International Jounal of Food Microbiology, 133,
272e278.

Wanihsuksombat, C., Hongtrakul, V., & Suppakul, P. (2010). Development and
characterization of a prototype of a lactic acidebased timeetemperature indi-
cator for monitoring food product quality. Journal of Food Engineering, 100,
427e434.

Wu, D., Hou, S., Chen, J., Sun, Y., Ye, X., Liu, D., et al. (2015). Development and
characterization of an enzymatic time-temperature indicator (TTI) based on
Aspergillus niger lipase. LWT e Food Science and Technology, 60, 1100e1104.

Zabala, S., Cast�an, J., & Martínez, C. (2015). Development of a timeetemperature
indicator (TTI) label by rotary printing technologies. Food Control, 50, 57e64.

Zhang, T., Yamashita, Y., Yasuda, M., Yamamoto, N., & Ashida, H. (2015). Ashitaba
(Angelica keiskei) extract prevents adiposity in high-fat diet-fed C57BL/6 mice.
Food & Function, 6, 135e145.

Zhou, L., Wang, Y., Hu, X., Wu, J., & Liao, X. (2009). Effect of high pressure carbon
dioxide on the quality of carrot juice. Innovative Food Science and Emerging
Technologies, 10, 321e327.

http://refhub.elsevier.com/S0023-6438(15)30326-1/sref17
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref17
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref17
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref18
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref18
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref18
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref19
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref19
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref19
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref19
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref20
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref21
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref21
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref21
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref21
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref22
http://dx.doi.org/10.1002/jsfa.7218
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref24
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref24
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref24
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref24
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref25
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref25
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref25
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref25
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref25
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref26
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref26
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref26
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref26
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref26
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref27
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref27
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref27
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref27
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref27
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref29
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref29
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref29
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref29
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref29
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref30
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref30
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref30
http://www.greenjuice.co.kr
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref33
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref33
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref33
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref33
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref34
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref34
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref34
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref34
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref35
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref35
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref35
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref35
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref35
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref36
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref36
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref36
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref36
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref36
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref37
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref37
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref37
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref37
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref37
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref38
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref38
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref38
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref38
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref38
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref39
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref40
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref40
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref40
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref40
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref40
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref41
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref41
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref41
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref41
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref41
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref42
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref42
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref42
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref42
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref42
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref43
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref43
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref43
http://refhub.elsevier.com/S0023-6438(15)30326-1/sref43


lable at ScienceDirect

LWT - Food Science and Technology 67 (2016) 151e158
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Microbiological assessment of tubular cellulose filters used for liquid
foods cold pasteurization

E. Papafotopoulou-Patrinou a, A.-I. Gialleli a, M. Kallis a, S. Plessas b, A. Alexopoulos b,
I. Mantzourani b, E. Bezirtzoglou b, A. Bekatorou a, M. Kanellaki a, A.A. Koutinas a, *

a Food Biotechnology Group, Department of Chemistry, University of Patras, Patras 26500, Greece
b Department of Food Science and Technology, Faculty of Agricultural Development, Democritus University of Thrace, Orestiada 68200, Greece
a r t i c l e i n f o

Article history:
Received 29 June 2015
Received in revised form
28 October 2015
Accepted 8 November 2015
Available online 14 November 2015

Keywords:
Tubular cellulose
Cold pasteurization
Wine
Beer
Brine
* Corresponding author.
E-mail address: a.a.koutinas@upatras.gr (A.A. Kout

http://dx.doi.org/10.1016/j.lwt.2015.11.016
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

One of the major concerns in food industry is food preservation and microbial spoilage. The most
commonly used technique for this purpose is pasteurization, a heat-transferring process. Pasteurization,
however, alters the organoleptic characteristics, specifically in heat-sensitive foods. In this study, a novel
cold pasteurization technique is proposed as an alternative to thermal methods. This technology con-
cerns the removal of microbial cells from liquid foods at ambient and low temperatures through
filtration. The liquid food is continuously pumped through a filter of tubular cellulose (TC), a cellulosic
porous material produced after delignification of wood sawdust. The filter can be easily regenerated by
washing with hot water. The aim of this study was to assess the ability of the TC filters to entrap and
remove microorganisms during cold pasteurization of contaminated wine, beer, olive and pepper brines
in both laboratory (2 L) and pilot plant scale (10 L). The microbiological analysis of filter parts showed
that TC filter is highly effective for both bacterial and yeast removal, with microbial removal yield higher
than 90%. Additionally, the filter presents satisfactory operational stability for long period of time (up to
100 consecutive days), while regenerations of the filter with hot water maintain filter's stability.

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

Research on bioprocess development has been extensive during
the last three decades. However, many of these technologies were
not adopted due to shortcomings regarding productivity, ease of
application, reduction of capacity and production cost. Pasteuriza-
tion, one of the most widely employed processes in food produc-
tion, involves thermal treatment at relatively high temperatures.
Therefore this technique has high cost, causes air pollution and also
degrades the quality of food.

In various food bioprocesses, such as wine making, membranes
(Bartowsky, 2008; Girard and Fukumoto, 2000) are used to remove
bacteria such as Leuconostoc oenos to avoid malolactic fermenta-
tion, but their high cost is a limiting factor to industrial applica-
tions. There are still opportunities, however, to use abundant, low
cost materials with specific chemical or nano-mechanical proper-
ties to createmultiple new, effective bioprocessing systems. Natural
inas).
organic materials such as tubular cellulose (TC), which is an
abundant natural material, could have wide applications in food
industries. TC has been successfully used as a support for cell
immobilization suitable for low temperature alcoholic fermenta-
tions leading to increased productivities and improved quality of
bio-processed products (Koutinas et al., 2012). The promotion of
alcoholic fermentation is due to the catalytic effect achieved by
yeast immobilized on the material, which increases the produc-
tivity of alcohol production and allows extremely low temperature
processing. This last property was found to improve the quality and
nutritional value of alcoholic products.

Additionally, TC can be used to remove microbial cells from
liquid foods through cell entrapment and/or immobilization at
ambient and low temperatures (Gialleli, Kallis, Bekatorou,
Kanellaki, & Koutinas, 2015). Nano/micro-tubular cellulose can be
employed to produce new composites with different materials
having different properties (McClory, Chin,&McNally, 2009; Parker
& Townley, 2007), by introducing inorganic or organic nano-
particles in its nano-tubes, or it can be used to strengthen other
nano-composites (Beecer, 2007). Starch gel/TC composites have
served as rennin enzyme storehouses protecting and maintaining
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the enzymic activity (Barouni, Petsi, Kanellaki, Bekatorou, &
Koutinas, 2015) and as bilayer biocatalyst for simultaneous alco-
holic and malolactic fermentation (Servetas et al., 2013). Further-
more, alginate/polylactic acid/TC composites exhibited
promotional effect to lactic acid fermentation (Kumar et al., 2014).
Finally, industrial ethanol production technologies can be more
cost effective if their by-products are converted to products of
added value e.g. other biofuels.

The main aim of the proposed work is to assess the suitability of
nano/micro-tubular cellulose as filter for cold pasteurization of
various microbially contaminated liquid foods (wine, beer, olive,
pepper brine). Tubular cellulose shows great potential as a model
material for the development of a new series of polymeric mate-
rials, natural or synthetic, suitable for promoting bioprocessing and
contributing to nano-biotechnology development as a scientific
field.

2. Materials and methods

2.1. Support preparation

Delignified pine sawdust (TC) was used as filter for pasteuriza-
tion of liquid foods at low temperatures. The delignification of
sawdust was carried out by treatment of 300 g of sawdust in 3 L of
1% (w/v) NaOH solution for 3 h, while the volume of the mixture
was kept constant by addition of distilled water. The final mixture
was filtered and the residue was washed several times with hot
distilled water (80 �C). Thus, a wet TC material was prepared which
contained 65% water and had a degree of delignification higher
than 95% (Papafotopoulou-Patrinou et al., 2015). Before any use, the
above TC was autoclaved at 120 �C for 15 min.

2.2. Filter preparation

The filter used consisted of tubular cellulose. TC was wrapped in
a thin, perforated nylon fabric andwas placed in either a (i) 2 L glass
packed bioreactor or (ii) a 10 L stainless steel packed bioreactor.

2.3. Raw materials

Commercial white wine and red wine were employed for cold
pasteurization. Wines were supplied by the Greek winery CAVINO
S.A. (Achaia, Greece). Commercial pasteurized, hopped lager beer
(5% v/v) was supplied by the ATHENIAN BREWERY S.A (Achaia,
Greece). Lastly, 10% (w/v) olive brine containing 0.17% (v/v) L-lactic
acid, 15% pepper pickle brine with 4.17% (w/v) citric acid, contam-
inated 7% (w/v) olive brine, “Kalamata” olives and pepperoncini
peppers were kindly offered by OLYMPION OLIVES AND PICKLES
S.A. (Xavari, Ileia, Greece).

2.4. Microbial strains and culture media

The alcohol-resistant and psychrotolerant yeast strain Saccha-
romyces cerevisiae AXAZ-1 (13), the acetic acid bacterium Aceto-
bacter pasteurianus DSM 3509 (DSMZ, Germany), the lactic acid
bacterium Lactobacillus brevis DSM 1268 (DSMZ, Germany), the
lactic acid bacterium Lactobacillus plantarum DSM 10492 (DSMZ,
Germany), a mixed Lactic Acid Bacteria (LAB) culture isolated from
pickled peppers and contaminated brine after olive ripening were
used in this study.

S. cerevisiae was grown in a synthetic medium containing (% w/
v) 0.1 NH4SO4, 0.1 KH2PO4, 0.5 MgSO4, 4 Glucose and 0.4 yeast
extract with aeration (500 cm3/min, 0.007 bar) at 30 �C.
A. pasteurianus was cultivated at 30 �C under aerobic conditions
(500 cm3/min, 0.007 bar) in an YPM medium consisting (% w/v) of
0.5 yeast extract, 0.3 peptone and 2.5 mannitol. L. brevis and
L. plantarum were grown in MRS broth (LabM, United Kingdom)
without aeriation at 30 �C and 37 �C respectively. The mixed LAB
culture was isolated from the 15th day of fermentation
(pH ¼ 4.3 ± 0.14) of uninoculated peppers in 15% (w/v) brine
containing 4.17% (w/v) citric acid. Brine samples (1 mL) were
aseptically transferred to 9mL sterile 1/4 Ringer's solution. Decimal
dilutions in the same Ringer's solutionwere prepared and duplicate
1 or 0.1 mL samples of the appropriate dilutions were mixed on
MRS agar medium and incubated at 37 �C for 48 h. Morphologically
distinct colonies were picked from the petri plates respectively of
the highest dilution and isolates were transferred to liquid cultures
of the above medium. All media were autoclaved at 120 �C for
15 min prior to use without pH adjustment (Di Gagno et al., 2009).

Lastly, contaminated olive brine after one-month olive ripening
was obtained by the “Olympion Olives and Peppers S.A.” and used
as inlet during the cold pasteurization process of olives and olive
brine.
2.5. Cold pasteurization of liquid foods

2.5.1. Laboratory cold pasteurization
A cylindrical glass bioreactor of 2 L (60 cm � 7 cm i.d.) packed

with the TC filter (1733 cm3) was used in the laboratory scale
experiment. White or red wine was contaminated with S. cerevisiae
AXAZ-1 (70 � 103 CFU/mL) or A. pasteurianus (70 � 103 CFU/mL)
respectively. Commercial beer was contaminated with a mixture of
L. brevis/S. cerevisiae AXAZ-1 (total microbial load 70� 103 cfu/mL).
The contaminated liquids were continuously pumped into the
system (2 L/day for 100 days for wine and 34 days for beer) using a
high accuracy peristaltic pump (Masterflex L/S 7016, ColeeParmer,
USA) at 4 �C. Additionally, olive or pepper brine was contaminated
with L. plantarum (70 � 103 CFU/mL) or mixed LAB cells isolated
from pepper pickles (70 � 103 CFU/mL) respectively. The contam-
inated liquids were continuously pumped into the system (1.5 L/
day for 30 days) using a high accuracy peristaltic pump (Masterflex
L/S 7016, ColeeParmer, USA) at room temperature (17e20 �C).

The effectiveness of the pasteurization technique was evaluated
by standard plate counting and/or optical density (A. pasteurianus-
600 nm, S. cerevisiae and contaminated olive brine-700 nm, mixed
LAB culture isolated from peppers and L. plantarum-625 nm) using
a Jenway 6300 UV/VIS spectrophotometer (Staffordshire, UK) of the
inlet and outlet liquid stream. When the microbial load removal
was reduced below 90%, regeneration of the filter with hot water
(70e80 �C) was performed.
2.5.2. Scale up of cold pasteurization
Cold pasteurization of contaminated white wine with

S. cerevisiae AXAZ-1 was studied on a 10 L (50 � 17 cm i.d) packed
with tubular cellulose bioreactor with flow rate of 4 L/day for 100
days. Furthermore, cold pasteurization of contaminated olive and
pickle brines was conducted on a 10 L packed bioreactor with flow
rate of 2.5 L/day for 30 days at room temperature (17e20 �C). For
the evaluation of operational stability and filter regeneration the
same procedure as the laboratory scale experiments was followed.
2.6. Samples

TC filter samples were obtained before each filter's regeneration
and at the end of the pasteurization for each liquid food. TC samples
were obtained in each case from (a) the upper part of the filter, (b)
the central part of the filter and (c) the lower part of the filter so as
to determine the removal pattern at each part of the TC filter.
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2.7. Microbiological analysis

Microbiological analysis was performed in order to examine
filters’ ability to retain the spoilage microorganisms. The filters
were analyzed by plate counting for Lactobacilli sp., yeasts, total
mesophilic microflora, acetic acid bacteria, Pseudomonas sp.,
Staphylococci sp., Escherichia coli, Streptococci sp., Enter-
obacteriaceae and coliforms.10 g of each TC samplewere aseptically
transferred in 90 mL Peptone buffer water and homogenized for
60 s in stomacher apparatus. Decimal dilutions were prepared and
duplicate 1 or 0.1 mL samples of the appropriate dilutions were
mixed or spread on the following agar media: Lactobacilli were
enumerated on de Man-Rogosa-Sharp medium (MRS) and incu-
bated at 37 �C for 72 h. Yeasts were counted on Potato Dextrose
Agar and incubated at 30 �C for 48 h. Plate Count agar was used for
the growth of total mesophilic flora (TMF) at 22 �C and 37 �C for
24 h. Pseudomonas sp. were enumerated on Pseudomonas agar (PS)
and incubated at 35 �C for 48 h. Enterobacteriaceae were enumer-
ated on Violet Red Bile Glucose agar (VRBGA), incubated at 37 �C for
24 h. Mannitol Salt Agar (МАN) was used for the isolation of
Staphylococci and incubated at 37 �C for 36 h. E-coli was counted on
Hicrome E. coli Agar (ΤВХ) at 37 �C for 24 h. Streptococci and
enterococci were counted on Slanetz Bartley Agar (Slanetz &
Bantley) at 37 �C for 48 h. Acetic acid bacteria were counted on YPM
medium consisting (% w/v) of 0.5 yeast extract, 0.3 peptone and 2.5
mannitol. Finally, M-Endo Less (M-Endo) was used for the
enumeration of coliforms at 35 �C for 24 h (Fotou et al., 2011;
Sengun and Karabiyikli, 2011; Voidarou et al., 2011; Vavias et al.,
2011).

3. Results

The aim of this study was to develop a cost-effective, simple and
amenable to scale-up cold pasteurization technique for liquid
foods. The novel technique is based on the use of a porous cellulosic
material as filter for microbial load removal, thus avoiding the
undesirable quality effects of conventional thermal techniques and
the high cost of membrane technologies. The system employed for
cold pasteurization of liquid foods both for laboratory and scale-up
use is presented in Fig. 1.

The liquid foods that were tested in laboratory scale cold
pasteurization (2 L) included white and red wine, beer, olive brine
as well as pepper brine. However, pilot scale of 10 L cold pasteur-
ization was conducted for white wine, olive and pepper brine.
Fig. 1. Cold pasteurization of contaminated wine in (a) laboratory scale bioreactor (2L) pa
tubular Cellulose in Scale-up: 10L Cold pasteurization of wine.
Tubes of TC have awide range of dimensions, including the nano
and micro area (Fig. 2). This versatility enables the removal of
various microorganisms having different cell sizes. The immobili-
zation of cells in the TC is considered to take place due to natural
entrapment and through hydrogen bonding or other weak forces
between hydroxyl groups of the cell wall and the surface of TC
(Kourkoutas, Bekatorou, Marchant, Banat, & Koutinas, 2004;
Koutinas et al., 2012). In general, the vertical tubes and the
encapsulation of cells accommodate cell removal from the liquid
food.When themicrobial load removal was reduced below 90%, the
filter was regenerated with hot water for the removal of cells that
were entrapped in the TC tubes.

3.1. Microbiological assessment of TC filter used for wine cold
pasteurization

The population dynamics of the different microbial groups
enumerated at the end of the cold pasteurization of red wine (100
days) are presented in Table 1. No Pseudomonas, E-coli and Strep-
tococci were detected in any of the wine outlets, whereas Enter-
obacteria, coliforms and Staphylococci appeared in low
concentrations (<1.30 log cfu g�1). Taking into account that the
wine inlet was contaminated with 70 � 103 cfu mL�1

(4.85 log cfu mL�1) wet biomass of A. pasteurianus, the microbial
count of acetic acid bacteria reached the highest values at the lower
part (R3) of the filter (5.51 log cfu mL�1), whereas the middle and
upper filter sample exhibited similar values. It can be assumed that
due to the small size of A. pasteurianus cells, the biomass is
distributed throughout the whole filter length. Fig. 3 presents the
acetic acid bacteria population before each filter regeneration
(12th, 50th, 100th day) with hot water. The results indicate that the
TC filter retains its operational stability for 100 days and effectively
removes the acetic acid bacteria from the contaminated red wine.

Microbiological assessment of 10 L pilot plant white wine's cold
pasteurization is shown in Table 2. Pseudomonas, E-coli and Strep-
tococci were not detected in any of the wine outlets, whereas
Enterobacteria, coliforms and Staphylococci appeared in low con-
centrations (<1.30 log cfu g�1). In cold pasteurization of whitewine,
S. cerevisiae AXAZ-1 was used as contaminant. Taking into account
that thewine inlet was contaminatedwith 4.85 log cfumL�1 cells of
S. cerevisiae AXAZ-1 and that the yeast concentration on the lower
part of the filter is 6.23 log cfu mL�1, we can conclude that 100% of
microbial load is removed from the wine by the lower part of TC
filter even after 100 consecutive days of operation. Also, as these
cked with tubular cellulose filter. (b) Entrapped microbial cells in TC tubes. (c) Nano-



Fig. 2. Scanning electron microscopy micrographs of tubular cellulose (a) prior to cold pasteurization, (b) after cold pasteurization.

Table 1
Microbial analysis of filter samples at the end of cold pasteurization (100 days) of contaminated red wine with A. pasteurianus.

Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Acetic acid bacteria
(logCFU/g)

Lactic acid bacteria
(logCFU/g)

Enterobacteria
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

R1 3.86 <1.30 2.93 <1.30 <1.30 <1.30 <1.30
R2 4.90 <1.30 3.46 <1.30 <1.30 <1.30 <1.30
R3 6.14 1.28 5.51 <1.30 <1.30 <1.30 <1.30

R1: Tubular cellulose sample from the upper part of the filter.
R2: Tubular cellulose sample from the central part of the filter.
R3: Tubular cellulose sample from the lower part of the filter.
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results represent the 10 L pilot plant process of cold pasteurization
filter for white wine, it can concluded that TC filter shows great
potential for further use at industrial scale. Sampling was done
before filter regeneration, when cell removal rate was lower than
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Fig. 3. Acetic acid bacteria concentration of the three tested parts of TC filter kinetics
before each regeneration (t1 ¼ 12 days, t2 ¼ 50 days, t3 ¼ 100 days) during cold
pasteurization of red wine.
90%. In this case of white wine, regeneration of the filter took place
at 26, 79 and 100 days. As it can be assumed by Fig. 4, the TC filter
has the ability to retain its operational stability for up to 100 days.
3.2. Microbiological assessment of TC filter used for beer cold
pasteurization

The population dynamics of the different microbial groups
enumerated at the end of the cold pasteurization of beer are pre-
sented in Table 3. In the case of beer, a mixture of L. brevis/
S. cerevisiae AXAZ-1 in concentration 4.85 log cfu g�1

(70 � 103 cfu mL�1) was used as contaminant. S. cerevisiae is the
predominant species in the fermentation of beer and L. brevis is also
one of the most common causes of beer spoilage (Dittmer and
Desmond, 2005).

Microbial analysis of the TC filter used for cold pasteurization of
beer revealed the absence of acetic acid bacteria, Pseudomonas, E-
coli and Streptococci in the filter samples, whereas Enterobacteria,
coliforms and Staphylococci appeared in low concentrations
(<1.30 log cfu g�1). On the other hand, total mesophilic flora, yeasts
and lactic acid bacteria appeared in large populations. Considering
that S. cerevisiae is the predominant species in beer and in com-
parison to the yeast concentration on the lower part of the filter
(3.94 log cfu mL�1) as well as the initial L. brevis/S. cerevisiae AXAZ-
1 concentration, it can be concluded that more than 95% of
contamination is removed from the beer by the TC filter in its lower
part after 34 days of use.



Table 2
Microbial analysis of filter samples at the end of cold pasteurization (100 days) of contaminated white wine with S. cerevisiae AXAZ-1 in a pilot plant system of 10 L.

Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Acetic acid bacteria
(logCFU/g)

Lactic acid bacteria
(logCFU/g)

Enterobacteria
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

PL1 2.03 2.23 <1.30 <1.30 <1.30 <1.30 <1.30
PL2 2.54 4.14 1.16 <1.30 <1.3 <1.30 <1.30
PL3 3.91 5.26 1.57 <1.30 <1.3 <1.30 <1.30

PL1: Tubular cellulose sample from the upper part of the filter.
PL2: Tubular cellulose sample from the central part of the filter.
PL3: Tubular cellulose sample from the lower part of the filter.
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Fig. 4. Yeasts concentration kinetics before regenerations (t1 ¼ 26 days, t2 ¼ 79 days,
t3 ¼ 100 days) of the TC filter used for the cold pasteurization of white wine.
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3.3. Microbiological assessment of TC filter used for pepper brine
cold pasteurization

Contaminated pepper brine was also used for assessing the ef-
ficiency of the cold pasteurization technique. In this case, a mixed
lactic acid bacteria culture was isolated from ripened peppers and
Table 3
Microbial analysis of filter samples at the end of cold pasteurization (34 days) of contam

Sample TMF (logCFU/g) Yeast
(logCFU/g)

Lactic acid bac
(logCFU/g)

B1 4.82 3.21 1.05
B2 5.45 3.52 1.33
B3 7.31 4.06 2.73

B1: Tubular cellulose sample from the upper part of the filter.
B2: Tubular cellulose sample from the central part of the filter.
B3: Tubular cellulose sample from the lower part of the filter.

Table 4
Microbial analysis of filter samples at the end of cold pasteurization (30 days) of contam

Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Lactobacilli
(logCFU/g)

PB1 2.00 <6.00 <1.60
PB2 5.48 1.30 3.48
PB3 7.48 1.60 5.34

PB1: Tubular cellulose sample from the upper part of the filter.
PB2: Tubular cellulose sample from the central part of the filter.
PB3: Tubular cellulose sample from the lower part of the filter.
used as contaminant. Table 4 shows the results of the microbio-
logical analysis that was conducted after 30 days of laboratory cold
pasteurization using a TC filter, while Table 5 gives the results of the
10L pilot plant system of pepper brine cold pasteurization.

As presented in Tables 4 and 5, no Enterobacteria, acetic acid
bacteria, Pseudomonas and E. coliwere present in the filter samples,
while Streptococci, coliforms and Staphylococci appeared in low
concentrations (<1.3 log cfu g�1). Even though Lactobacilliwere the
contaminant and the predominant species, they are found to be
totally retained by the TC filter in both laboratory and pilot systems.
In addition, regeneration was done in the 25th day of the total 30
days of the cold pasteurization process.

In both laboratory and pilot scale, TC filter retains its operational
stability as well in the case of the pepper brine (Fig. 5 and 6). The
system efficiently pasteurized pepper brine for a period of 30 days,
which is the period of time needed for the commercial pepper
ripening (Di Cagno et al., 2009).
3.4. Microbiological assessment of TC filter used for olive brine cold
pasteurization

Last but not least, contaminated olive brine was also used for
assessing the efficiency of the cold pasteurization technique. L.
plantarumwas the contaminant in the 2 L system, while in the pilot
system, contaminated olive brine obtained after ripening of “Ka-
lamata” olives was used as inlet. Table 6 shows the results of the
microbiological analysis that was conducted after 30 days of labo-
ratory cold pasteurization using a TC filter, while Table 7 gives the
results of the 10L pilot plant system of olive brine cold
pasteurization.
inated beer with mixture L. brevis/S. cerevisiae AXAZ-1.

teria Enterobacteria
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

<1.30 <1.30 <1.30
<1.30 <1.30 <1.3
<1.30 <1.30 <1.30

inated pepper brine with mixed LAB culture isolated from pickled peppers.

Enterobacteria
(logCFU/g)

Streptococci
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

0 <1.30 0 <1.30
0 <1.30 0 <1.30
0 <1.30 <1.30 <1.30



Table 5
Microbial analysis of filter samples at the end of cold pasteurization (30 days) of contaminated pepper brine with mixed LAB culture isolated from pickled peppers in a pilot
plant system of 10 L.

>Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Lactobacilli
(logCFU/g)

Enterobacteria
(logCFU/g)

Streptococci
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

PPB1 1.30 <1.30 <2.30 0 <1.30 0 <1.30
PPB2 5.53 <2.30 3.30 0 <1.30 0 <1.30
PPB3 7.78 1.20 5.72 0 <1.30 <1.30 <1.30

PPB1: Tubular cellulose sample from the upper part of the filter.
PPB2: Tubular cellulose sample from the central part of the filter.
PPB3: Tubular cellulose sample from the lower part of the filter.
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Fig. 5. Lactic acid bacteria concentration kinetics before regeneration (t1 ¼ 25 days,
t2 ¼ 30 days) of the TC filter used for the cold pasteurization of pepper brine.
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Comparing Tables 6 and 7, many differences can be found.
Laboratory cold pasteurization of olive brine follows the pattern of
the previous cold pasteurizations of other liquid foods, where no
Acetic Acid bacteria, Pseudomonas and E-coli were present in the
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Fig. 6. Lactic acid bacteria concentration kinetics before regeneration (t1 ¼ 23 days,
t2 ¼ 30 days) of the TC filter used for the cold pasteurization of pepper brine in 10 L
pilot plant.
filter samples, while Enterobacteria, Streptococci, coliforms and
Staphylococci appeared in low concentrations (<1.79 log cfu g�1).
Even though Lactobacilli were the contaminant and the predomi-
nant species, they are found to be totally retained by the TC filter in
the laboratory system. No regeneration was conducted in the filter,
as the cell removal rate remained over 92% for 30 days.

On the other hand,10 L cold pasteurizationwas ended with high
LAB and yeast population of about 7.04 log cfu g�1 and
5.30 log cfu g�1 respectively, in the lower part of the filter. This can
be attributed to the contamination itself. Brine that was used for
ripening of olives was the contaminant in the case of the 10 L
bioreactor. Garrido Fernandez et al., 2008 claim that black olive
fermentation depends exclusively on the indigenous microflora of
the drups, while many studies indicate that in black olives yeast
growth occurs together with LAB throughout fermentation
(Panagou, Schillinger, Franz, & Nychas, 2008). That is the reason
why yeasts appear to be the predominant species in the pilot
system.

Yeast counts come in agreement with yeast growth profiles re-
ported previously for both black and green olive fermentations at
levels ranging from 3 to 5 log cfu mL1 (Castro, Montano, Casado, &
S�anchez, Rejano, 2002; Panagou, Tassou, & Katsaboxakis, 2003;
Sanchez, Rejano, Monta~no, & de Castro, 2001; Tassou, Panagou, &
Katsaboxakis, 2002).

As Fig. 7 shows, the TC filter keeps its operational stability as
well in the case of the olive brine in pilot scale. The system was
pasteurizing olive brine for a period of 30 days, which is the amount
of time that is needed for the olives to ripen (Papafotopoulou-
Patrinou et al., 2015).
4. Conclusions

The high cell removal rates (fairly 97%) the TC filter appears,
suggest that the technique of Cold Pasteurization can be further
applied for industrial use, not only for wine, beer and brines, but
also for other liquid foods, such as milk and juices, and for pickled
products prior to packaging. In fact, the TC filter appears to have
more advantages than the traditional heat-pasteurization, such as
low cost -since the sawdust is a by-product of the timber industry-,
no damaging of heat-sensitive components of foods, such as vita-
mins and thus improvement of nutritional value and lastly the
systemhas the ability of regenerationwith hotwater and be reused.
Additionally, the TC filter presented satisfactory operational sta-
bility for long periods at low temperatures alongside with effec-
tively removal of undesirable microorganisms (over 90%).
Pathogens were not detected in liquid foods and the predominant
species in each case of liquid food were entrapped and removed
with rates over 90%. In addition, parameters like the length of the
filter, the flow rate, the temperature and anaerobic conditions,
could be altered to increase the microbial cell removal. More spe-
cifically, increase in the filter length, decrease in the flow rate, lower
temperature and anaerobic conditions can promote microbial



Table 6
Microbial analysis of filter samples at the end of cold pasteurization (30 days) of contaminated olive brine with L. plantarum.

Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Lactobacilli
(logCFU/g)

Enterobacteria
(logCFU/g)

Streptococci
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

OB1 1.51 <2.30 <2.30 <1.30 <1.79 <1.30 <1.30
OB2 4.00 <2.30 <2.30 <1.30 <1.82 <1.30 <1.30
OB3 7.20 2.60 3.72 4.53 <1.83 <1.30 <1.30

OB1: Tubular cellulose sample from the upper part of the filter.
OB2: Tubular cellulose sample from the central part of the filter.
OB3: Tubular cellulose sample from the lower part of the filter.

Table 7
Microbial analysis of filter samples at the end of cold pasteurization (30 days) of contaminated olive brine with in a pilot plant system of 10 L.

Sample TMF (logCFU/g) Yeasts
(logCFU/g)

Lactobacilli
(logCFU/g)

Enterobacteria
(logCFU/g)

Streptococci
(logCFU/g)

Coliforms
(logCFU/g)

Staphylococci
(logCFU/g)

POB1 4.11 3.71 1.90 <1.,30 <1.30 <1.30 <1.30
POB2 5.18 4.00 5.57 <1.30 <1.30 <1.30 <1.30
POB3 6.04 5.30 7.04 2,30 <1.30 1.30 <1.30

POB1: Tubular cellulose sample from the upper part of the filter.
POB2: Tubular cellulose sample from the central part of the filter.
POB3: Tubular cellulose sample from the lower part of the filter.
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Fig. 7. Yeast concentration kinetics before regeneration (t1 ¼ 22 days, t2 ¼ 30 days) of
the TC filter used for the cold pasteurization of olive brine in 10 L pilot plant.
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removal. For these reasons, this proposed technology can be
applied in industrial scale for many other liquid foods like water,
milk and juices.
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a b s t r a c t

The incessant search by the consumer for products that are ready for consumption and for new tech-
nologies aimed at ensuring the safety and quality of food has intensified with the adoption of measures
that can reduce these risks. This work shows that an absorbent food pad used in chilled meat trays,
containing a mix of six bacteriophages, BFSE16, BFSE18, PaDTA1, PaDTA9, PaDTA10 and PaDTA11 isolated
and characterized by the work group, used as biocontrol, has application in the food preservation area. It
is an excellent method of extending the shelf life of refrigerated processed foods ready for consumption.
The system was evaluated for the ability, in vitro, to reduce the initial count of Salmonella Typhimurium
present in the environment. Three different phage concentrations were incorporated in pads that have
the ability to reduce 4.36, 3.66 and 0.87 log cycles at 15 �C, respectively, and an average 0.55 log cycles at
10 �C at the concentrations used. The higher the concentration of this bacteriophage, the better its effect
on the host, having a greater capacity for infection. The viable phage remained on the pad during the
treatment time of 48 h.

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

There is growing concern in the food industry in the production
and distribution of food both to comply the need of reduction risks
to consumer health as to comply to the stringent sanitary barriers
to international trade. Thus, the search for new technologies that
guarantee safety and quality foods has been the subject of much
research. (Appendini & Hotchkiss, 2002; Hauser & Wunderlich,
2011; Soares, Silva, Pires, Camilloto, & Silva, 2009).

Traditionally perishable food products such as meat, poultry,
fish and vegetables were displayed and sold in bulk form, thereby
allowing the purchaser to select the item or items to be purchased.
This practice was particularly true for meat and poultry products,
commonly sold by a butcher from a display case. More recently,
such food products are prepackaged for display and sale. Such
packaging, especially with respect tomeat and poultry, involves the
use of a semi-rigid tray, usually plastic, to contain the food product,
t of Food Technology, Federal
Viçosa, Minas Gerais, Brazil.
Gouvêa), rcmendoc@ufv.br
.E.S. Lopez), lais.sbatalha@
and a plastic overwrap to seal the product within the tray, to
maintain the freshness of the contents for a finite period (Hansen,
Rippl, Midkiff, & Neuwirth, 1989).

Meat and poultry, as well as other perishable food products,
naturally contain liquids and juices. Occasionally these liquids, with
time, will drain from the product. When such food products are
packaged within a plastic wrapped tray, these liquids may collect
within the tray and may subsequently leak during transportation
and handling. Market analysis has also revealed that the consumer
considers unappealing find free liquid in such packages. Conse-
quently, many such packages today employ an absorbent material
in the bottom of the tray to absorb the liquids as they are released
from the food. However, whether the liquids from the food prod-
ucts remain free or are absorbed in a pad, such liquids provide a
medium for bacterial propagation and transmitting food-borne
pathogens which cause disease in humans (Hansen et al., 1989).

Foods of animal origin present the most types of microorgan-
isms, which are part of their normal microbiota. For multiplying,
these microorganisms need favorable conditions, represented by
multiple factors, including temperature, which during the process
of conservation is crucial to inhibit microbial growth and minimize
the chemical reactions that cause the spoilage of food (Mürmann,
Mallmann, & Dilkin, 2005).
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For example, mesophilic bacteria producing food poisoning or
infections can be isolated from chilled meat, including Salmonella
sp., Clostridium botulinum, C. perfringens, Campylobacter sp.,
Escherichia coli and even Listeria monocytogenes (Hoffmann,
Mansor, Coelho, & Vinturim, 2002; Soares & Hotchkiss, 1997).
Spector and Kenyon (2012) report that the major sources of Sal-
monella for humans are contaminated or infected beef, pork, eggs,
poultry, fruit, vegetables or derivatives and by-products of these
foods, such as peanut butter, mayonnaise, etc. Salmonella sp. are
able to adapt, grow and/or survive in a wide range of stressful en-
vironments, such as extracellular pH between 3.99 and 9.5, media
concentrations up to 4% NaCl and temperatures as high as 54 �C or
as low as 2 �C.

In recent years, researchers have dedicated themselves to
studies of packaging that not only acts passively, but also interacts
with food. These studies have named the subject ‘active packaging’
(Kerry, O'Grady, & Hogan, 2006). Active packaging with antimi-
crobial agents have been developed in order to increase the shelf
life of food and reduce microbial risk potential (Hauser &
Wunderlich, 2011). The antimicrobial agents can be added to the
food surface and thus reduce the microbial counts. The antimi-
crobial serves a current consumer demand, which is the search for
food free of preservatives, and is added onlywhere their presence is
required, ie where most of deterioration occur (Han, 2005; Soares
et al., 2009). There are several antimicrobial agents that can be
added and/or incorporated into packaging. But among the main
advantages of incorporating antimicrobial on the package is that
the antimicrobial be released into the food slowly and steadily
extending the antimicrobial activity taking place more intensively
and where it is necessary (Melo et al., 2012).

The use of bacteriophages to control pathogens is promising and
is becoming a reality. Although the practice of primary bacterio-
phage therapy has been performed with a view to the treatment of
bacterial infections in humans, the concept of removing undesir-
able bacterial populations using bacteriophages can be extended to
animals, plants, foodstuffs and other domains (Gill & Young, 2011).
Many authors report an absorbent pad containing antimicrobial
agents such as bacteriocins, antibiotics, or a virucidal composition,
which includes citric acid, malic acid and others (Hansen et al.,
1989; Laiewski, Hessen, Hardy & Gilvin, 1986; Rothe, Creagan, &
Spiegelberg, 1988). However, its incorporation in packaging is still
unknown, and it is necessary to better understand and evaluate its
limitations. Thus, the aim of this study was to evaluate the effi-
ciency of absorbent food pads, used in meat trays, incorporated
with bacteriophages for potential antimicrobial use in refrigerated
foods.

2. Material and methods

2.1. Microorganisms used

The bacteriophages used were BFSE16, BFSE18, PaDTA1, PaDTA9,
PaDTA10, and PaDTA11. Bacteriophages were isolated from chicken
feces, poultry exudates and swine feces and characterized in the
laboratory. The bacterial strain used as the host target was Salmo-
nella enterica subsp. enterica serovar Typhimurium ATCC 14028.

2.2. Qualitative in vitro simulation of absorbent food pads in
contact with a surface containing the bacteria

The phage mix was added to the absorbent food pad (Techno-
paper, Brazil) by being dripped onto their surface. The amount used
was 20%, 50%, and 80% (volume used in each pad) solution in
bacteriophage of 109 PFU mL�1 concentration, in accordance with
the weight of the pads mass. The pads were fixed on the inside of
the lid of the Petri dishes, and the base plates contained an agar
base (Tryptic Soy Brothþ 1.2% agar - Himedia, India) containing the
bacteria previously activated (incubated at 35 �C ± 2 �C for 18 h)
and inoculated using smear swab. The plates were kept in an
incubator (Greenhouse Incubator for B.O.D - biochemical oxygen
demand - Biosystems, Brazil) using two different temperatures
(15 �C and 10 �C) for seven days. The antimicrobial activity of the
absorbent food pad was determined qualitatively, by identifying
the area with an absence of bacteria and checking the spread of
bacteriophage to a solid medium, simulating the contact of the pad
with food. The experiment was conducted in three experimental
repetitions for each temperature.

2.3. In vitro activity of absorbent food pads using different phage
concentrations

The absorbent food pad with their added concentrations of the
mix of bacteriophages (106, 108, and 109 PFU mL�1) were fixed to
the base within the plates. It was added to the pad 12 ml of TSB
broth (Tryptic Soy BrotheHimedia, India) containing pre-activated
bacteria at a concentration of 106 CFU mL�1, showing a bacterio-
phage infection capacity of 1, 2, and 3 MOI (multiplicity of infec-
tion). Control plates were added with only 12 mL of broth
containing the bacteria at a concentration of 106 CFU mL�1 under
the same conditions, and for the control zero time was considered.
The experiment was conducted in three experimental repetitions
for each temperature.

At times of 6, 12, 24, 36, and 48 h the bacterial growth counts
were performed. For that, 10 mL of SM buffer solution (50 mmol l�1

TriseHCl (Vetec, Brazil) [pH 7.5], 0.1 mol l�1 NaCl (Vetec, Brazil),
8 mmol l�1 MgSO4$7H2O (Vetec, Brasil), 0.01% gelatin (Himedia,
India)) was added to the plates (treatment and control) to rinse the
pads. The solutionwas collected in centrifuge tubes and centrifuged
at 13.000 g for 5 min at 15 �C; the supernatant was used to assess
the presence of bacteriophages in the same period. The pellet was
resuspended in saline solution (NaCl 0.85% w/v sterile) and serial
dilutions were made and plated on specific medium SS (Salmo-
nellaeShigella AgareHimedia, India). The plates were incubated at
35 �C ± 2 �C for 18e24 h. After the incubation time the colonies
were counted, and the efficacy of treatment was analyzed.

2.4. Evaluation of the presence of the phage

The supernatant collected above containing the bacteriophage
was diluted in SM buffer and plated according to the methodology
described by Sambrook and Russell (2001). On an agar overlay
(TSB þ 0.6% agareagar e Himedia, India) were placed 100 mL of the
dilution of phage and 100 mL of pre-activated bacteria, and poured
on plates containing agar base (TSB þ 1.2% agareagar e Himedia,
India). The plates were incubated at 35 �C ± 2 �C for 6e18 h; after
the incubation period, were observed the formation of lysis plaques
(PFU - Plaque Forming Units).

2.5. Statistical analysis

To evaluate the spread of bacteriophage of pad to the mix the
solid medium containing the bacteria was used DIC (completely
randomized design) in factorial scheme (3 � 2) three concentra-
tions (20%, 50%, and 80%) and two temperatures (15 �C and 10 �C).
The result was analyzed qualitatively.

From the experiment arranged in a randomized design, a block
diagram for evaluating the in vitro activity of pads containing the
bacteriophage was arranged in a factorial arrangement (3� 5) with
three concentrations of bacteriophages (106, 108, and 109 PFUml�1)
and five incubation times (6; 12; 24; 36, and 48 h). Two
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temperatures (15 �C and 10 �C) were tested at different times.
Concentrations of bacteriophages were characterized by treat-
ments T6, T8 and T9, respectively.

The data were analyzed at 5% probability by analysis of variance
(ANOVA). Differences between means were analyzed by Tukey's
HDS test using “MINITAB” 16 (Minitab Inc., USA) as a statistical
resource.

3. Results and discussion

3.1. Qualitative simulation of absorbent food pads

Figs. 1 and 2 show the spread of bacteriophage in the medium
containing the Salmonella Typhimurium culture at 15 �C and 10 �C,
respectively. The plates containing absorbent food pads with the
mix of bacteriophages were analyzed after seven days of incuba-
tion. In both temperatures, the bacteriophage could diffuse into the
solid medium containing the bacterium (Figs. 1 and 2). It was
observed that in place around the pad touches the medium there is
no growth of the cells, indicating lysis caused by the phage. In the
control pad, in contrast, there was no cell lysis around the pad.
When bacteriophage is in contact with the bacteria, the bacterio-
phage adsorbs in the cell wall of bacteria and infects the host
causing cell lysis and death. This can be observed around the
Fig. 1. Bacteriophage quantity in the solid medium containing the Salmonella Typhimurium
respectively.
control pad in contact with the medium containing the bacteria
where there was no cell death.

In the plates incubated at 10 �C bacterial growth was less sig-
nificant because the bacterial metabolism is slower at lower tem-
peratures (Forsythe, 2002; Malheiros, Paula, & Tondo, 2007;
Spector & Kenyon, 2012). One can also notice that there was no
difference in relation to inhibition of the pathogen between the
quantities of bacteriophage added to the pad. All quantities added
to themix of bacteriophages in pad 20%, 50% and 80% have the same
effect when visually observed.

3.2. In vitro activity of absorbent food pads in liquid medium

In Figs. 3 and 4 the antimicrobial effect of bacteriophage on the
Salmonella cell count can be seen. We observe that the treatment
with the concentration of 109 PFU mL�1 of bacteriophage on the
pad (T9) and the concentration of 108 PFU mL�1 of bacteriophage
(T8) were more efficient. The results were more significant at the
temperature of 15 �C than at 10 �C for the first 12 h of treatment,
and the log cycle reductionwas more significant at 15 �C. It reached
4.36 log cycle reductions for treatment T9, 3.66 log cycles for
treatment T8 and 0.24 log cycles for treatment T6 (bacteriophage
concentration in pad of 106 PFU mL�1). After 24 h the bacteria
began to grow both in the control and in the treatment, but kept the
at a temperature of 15 �C, (a) control; (b) 20% (v/w); (c) 50% (v/w); and (d) 80% (v/w),



Fig. 2. Bacteriophage quantity in the solid medium containing the Salmonella Typhimurium at a temperature of 10 �C, (a) control; (b) 20% (v/w); (c) 50% (v/w); and (d) 80% (v/w),
respectively.
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reductions compared to the control after 48 h of contact.
Bacteriophages depend on host metabolic function for their

morphogenesis and replication process. Because the phage de-
pends on the metabolic function of the host, at a temperature of
10 �C to cell lysis was less efficient. Under optimal growth condi-
tions, the host has a higher metabolic rate, favoring the replication
process of bacteriophage and cell lysis. Physiological changes in the
microorganism due to the variation in temperature and nutritional
conditions can affect the infection of the bacteriophage by the host
(Hungaro, Mendonça, Gouvêa, Vanetti,& Pinto, 2013; Kim, Klumpp,
& Loessner, 2007).

Studies with Pseudomonas fluorescens showed a greater con-
centration of proteins and RNA in the bacteria's optimum growth
temperature when this temperature was changed. Furthermore,
there was also a change in the behavior of bacteriophage (Guillou&
Guespin-Michel, 1996; Sillankorva, Neubauer, & Azeredo, 2008a).
These authors report that optimal temperatures for growth of the
bacterial cells are higher, which probably explains a higher
adsorption of phage on the surface and consequently a greater ef-
fect of lysis. One of the important factors in phage infection is the
presence of receptors on the cell wall that allow its adsorption.
When the temperature is not the optimum temperature for growth
of the microorganism, it may influence the presence of such re-
ceptors in the cell wall of bacteria (Sillankorva, Neubauer, &
Azeredo, 2008b).

The release rate of the bacteriophage is higher with cells in
exponential phase than in stationary phase cells (Sillankorva,
Oliveira, Vieira, Sutherland, & Azeredo, 2004a) and this is seen in
the charts during the first 12 h of infection, when the bacterial cell
is in exponential phase. When the cells become older (stationary
phase), the infection efficiency decreases. There is a long latency
period when the cells are in the decline phase. In this aspect in-
hibition of cellular protein synthesis can occur, which may increase
the latency period of the bacteriophage. The release rate of the
bacteriophage may occur with an increase in the growth rate of the
microorganism (Abedon, 2014; Miller & Day, 2008). The transition
from exponential phase to stationary, results in a dramatic change
in cell morphology, in rates of macromolecular synthesis and
degradation, and in the formation and surface characteristics of the
cell wall (Abedon, 2014; Rossi & Aragno, 1999).

Therefore, the physiology of the cell influences the adsorption
rate of the bacteriophage, and may cause a longer latency period
when the cells are in the decline phase. Host cells only release new
viral particles when they grow back after cell division. This de-
creases the rate of cell lysis and release of the bacteriophage.

Bacteriophages have an important part as regulators of micro-
bial growth, provided that they are present in high-density envi-
ronments (Miller & Day, 2008), under favorable conditions
(Moisture, Water Activity, Nutrients, etc.) that allow them to meet
the bacteria and infect them, because bacteriophages are non-
motile. The efficiency of the bacteriophages can be affected by
the nutritional and physiological state of the host bacterium, and
this infection may determine the parameters and their efficiency.
TSB medium favors the growth of bacteria, affecting the latency



Fig. 3. Phage viability compared in the reduction of Salmonella Typhimurium at 15 �C. (a) CFU log Control ( ) and log CFU of Salmonella Typhimurium in the presence of a
bacteriophage mix at the concentrations of 109 (T9 ), 108 (T8 fx3) and 106 PFUmL�1 (T6 fx4); (b) CFU log Control ( ), PFU log T9 ( ), and log CFU Salmonella Typhimurium in
the presence of T9 (at bacteriophage concentration 109) ( ); (c) CFU log Control ( ), PFU log T8 ( ), and log CFU Salmonella Typhimurium in the presence of T8 (at
bacteriophage concentration 108) (fx3); and (d) Control of CFU log ( ), PFU log T6 ( ), and log CFU Salmonella Typhimurium in the presence of T6 (at bacteriophage con-
centration 106) ( ).
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period and the cell lysis time, since the medium is rich in nutrients
that can directly affect the phage receptor, the ATP levels and cyclic
AMP, or even enhanced expression of genes characteristic of lyso-
genic replication (Miller& Day, 2008). This may explain the growth
of bacteria after 12 h of incubation, as shown in Figs. 3 and 4.

According to Hungaro, Lopez, Albino, and Mendonça (2014),
inactivation of microorganisms in food is only achieved by using a
high bacteriophage-host relationship (multiplicity of infection or
MOI). When this inactivation occurs at temperatures below the
minimum, lysis of host growth can occur from the outside through
a large number of phages bound to the cell wall of the cell. This was
reported in the inactivation of Salmonella in melons stored at 5 �C
and at a MOI of 200 (Leverentz et al., 2001). However, some evi-
dence suggests that lysis from the outside and infection can occur
simultaneously, and contribute to cell death (Kim et al., 2007;
Kutter & Sulakvelidze, 2005).

3.3. Presence of phage on the pad

One of the main challenges in the development of phage-based
antimicrobial packaging materials is the stability of the phage
materials. Most of the current understanding of phage stability is
based on the analysis of phage in an aqueous medium, while there
is limited knowledge of phage stability in material formulations
(Jepson & March, 2004; Schaper, Dur�an, & Jofre, 2002).

The viability of the bacteriophage on the pad during the
exposure time at temperatures of 15 �C and 10 �C is shown in a
simple linear regression graph (Figs. 5 and 6). Each time of analysis,
the bacteriophage remained constant relative to its initial concen-
tration for T9 and T8 treatments. For the T6 treatment we observe
an increase in bacteriophage titer, reaching levels of 107 PFU mL�1

at 15 �C after 48 h incubation. This occurs due to the increase in
bacterial cells and, consequently, a greater phage infection
demonstrated by the increase of viral cells. At 10 �C the concen-
tration remained practically constant for all three treatments. Most
of the current understanding of factors that contribute to the sta-
bility of viral particles is largely based on empirical observations.
Based on these observations, the main factors that can increase the
stability of viral particles include preventing and/or limiting
oxidative damage to DNA/RNA and viral capsid components and
stabilization of the structure of the viral capsid proteins
(Wigginton, Pecson, Sigstam, Bosshard, & Kohn, 2012).

Vonasek, Le, and Nitin (2014) evaluated the release of encap-
sulated bacteriophages in edible films of whey protein (WPI) in an
aqueous medium and on the surface of foods. It was observed that
the release in aqueous medium phage was greater than on the food
surface. It can be noted that in an aqueous medium there was an
increase in the concentration of phage after 6 h.

According to Sillankorva, Oliveira, Vieira, Sutherland, and
Azeredo (2004b) the effect of temperature has no effect on phage
growth. The bacteriophage remains viable during the treatment
time, which can be seen in the graph. However, the temperature



Fig. 4. Phage viability compared in the reduction of Salmonella Typhimurium at 10 �C. (a) CFU log Control ( ) and log CFU of Salmonella Typhimurium in the presence of a
bacteriophage mix at the concentrations of 109 (T9 ), 108 (T8 ) and 106 PFU mL�1 (T6 ); (b) CFU log Control ( ), PFU log T9 ( ), and log CFU Salmonella Typhimurium
in the presence of T9 (at bacteriophage concentration 109) (fx3); (c) CFU log Control ( ), PFU log T8 ( ), and log CFU Salmonella Typhimurium in the presence of T8 (at
bacteriophage concentration 108) ( ); and (d) CFU log Control ( ), PFU log T6 ( ), and log CFU Salmonella Typhimurium in the presence of T6 (at bacteriophage concentration
106) ( ).

Fig. 5. Phage viability evaluation in absorbent food pad over time at 15 �C. (T9 e bacteriophage treatment at the initial concentration 109 PFU mL�1 ( ); T8 e bacteriophage
treatment at the initial concentration 108 PFU mL�1 ( ); and T6 e bacteriophage treatment at the initial concentration 106 PFU mL�1 ( )).
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Fig. 6. Phage viability evaluation in absorbent food pad over time at 10 �C. (T9 e bacteriophage treatment at the initial concentration 109 PFU mL�1 ( ); T8 e bacteriophage
treatment at the initial concentration 108 PFU mL�1 ( ); and T6 e bacteriophage treatment at the initial concentration 106 PFU mL�1 ( )).
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affects the microbial growth and may interfere with the adsorption
of the bacteriophage on the bacterial cell wall, because the bacteria
are subjected to temperatures which are not optimal for their
growth and consequently influences the adsorption of the phage.
At different temperatures, the bacteria may show different
behavior in terms of protein production (Hungaro et al., 2014;
Abedon, 2014; Sillankorva et al., 2008b; Sulakvelidze, Morris,
Alavidze, Pasternack, & Brown, 2004).

4. Conclusions

The antimicrobial action of the mix of bacteriophages BFSE16,
BFSE18, PaDTA1, PaDTA9, PaDTA10, and PaDTA11 in the absorbent
food pads can be observed both in spreading of the bacteriophage
to the solid medium and also to a liquid medium, as represented by
the in vitro method used. The mix of bacteriophages added to the
absorbent food pad remained viable during the 48 h treatment time
and may be a biocontrol alternative packaging for food products.
However, incorporation technique of bacteriophage into absorbent
food pad should be improved in order to keep it viable in the
package for further commercialization. The packages are proposed
to complement the existing preservation methods. It is important
to report that this will not dispense with the use of good
manufacturing practices and hygiene for the food industry.
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Hungaro, H. M., Mendonça, R. C. S., Gouvêa, D. M., Vanetti, M. C. D., & Pinto, C. L. d. O.
(2013). Use of bacteriophages to reduce Salmonella in chicken skin in compar-
ison with chemical agents. Food Research International, 52(1), 75e81. http://
dx.doi.org/10.1016/j.foodres.2013.02.032.

Jepson, C. D., & March, J. B. (2004). Bacteriophage lambda is a highly stable DNA
vaccine delivery vehicle. Vaccine, 22(19), 2413e2419. http://dx.doi.org/10.1016/
j.vaccine.2003.11.065.

Kerry, J. P., O'Grady, M. N., & Hogan, S. A. (2006). Past, current and potential uti-
lisation of active and intelligent packaging systems for meat and muscle-based
products: a review. Meat Science, 74(1), 113e130. http://dx.doi.org/10.1016/
j.meatsci.2006.04.024.

Kim, K.-P., Klumpp, J., & Loessner, M. J. (2007). Enterobacter sakazakii bacteriophages
can prevent bacterial growth in reconstituted infant formula. International
Journal of Food Microbiology, 115(2), 195e203. http://dx.doi.org/10.1016/
j.ijfoodmicro.2006.10.029.

*Kutter, E., & Sulakvelidze, A. (2005). Bacteriophages: Biology and applications. CRC
Press, 510 pp.

Laiewski, S., Hessen, T. A., Hardy, T. R. & Gilvin, A. F. (1986). Purge Trap Tray. United
States Patent No. 4,576,278.

Leverentz, B., Conway, W. S., Alavidze, Z., Janisiewicz, W. J., Fuchs, Y., Camp, M. J.,
et al. (2001). Examination of bacteriophage as a biocontrol method for Salmo-
nella on fresh-cut fruit: a model study. Journal of Food Protection, 64(8),
1116e1121.

Malheiros, P. d. S., Paula, C. M. D. d., & Tondo, E. C. (2007). Cin�etica de crescimento
de Salmonella Enteritidis envolvida em surtos alimentares no RS: uma com-
paraç~ao com linhagens de outros sorovares. Food Science and Technology
(Campinas), 27, 751e755.

Melo, A. A. M. d., Geraldine, R. M., Silveira, M. F. A., Torres, M. C. L.,
Rezende, C. S. M. E., Fernandes, T. H., et al. (2012). Microbiological quality and
other characteristics of refrigerated chicken meat in contact with cellulose

http://dx.doi.org/10.1155/2014/581639
http://dx.doi.org/10.1016/S1466-8564(02)00012-7
http://dx.doi.org/10.1016/S1466-8564(02)00012-7
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref3
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref4
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref5
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref6
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref6
http://dx.doi.org/10.1016/j.profoo.2011.09.031
http://dx.doi.org/10.1016/j.profoo.2011.09.031
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref9
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref10
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref10
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref10
http://dx.doi.org/10.1016/j.foodres.2013.02.032
http://dx.doi.org/10.1016/j.foodres.2013.02.032
http://dx.doi.org/10.1016/j.vaccine.2003.11.065
http://dx.doi.org/10.1016/j.vaccine.2003.11.065
http://dx.doi.org/10.1016/j.meatsci.2006.04.024
http://dx.doi.org/10.1016/j.meatsci.2006.04.024
http://dx.doi.org/10.1016/j.ijfoodmicro.2006.10.029
http://dx.doi.org/10.1016/j.ijfoodmicro.2006.10.029
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref15
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref15
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref17
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref18
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19


D.M. Gouvêa et al. / LWT - Food Science and Technology 67 (2016) 159e166166
acetate-based film incorporated with rosemary essential oil. Brazilian Journal of
Microbiology, 43, 1419e1427.

*Miller, R. V., & Day, M. J. (2008). Contribution of lysogeny, pseudolysogeny, and
starvation to phage ecology. In S. T. Abedon (Ed.), Bacteriophage ecology: Pop-
ulation growth, evolution, and impact of bacterial viruses, advances in molecular
and celular microbiology AMCM. Cambrigde: University Press.

Mürmann, L., Mallmann, C. A., & Dilkin, P. (2005). Temperaturas de armazenamento
de alimentos em estabelecimentos comerciais na cidade de Santa Maria, RS.
Acta Scientiae Veterinariae, 33, 5.

Rossi, P., & Aragno, M. (1999). Analysis of bacteriophage inactivation and its
attenuation by adsorption onto colloidal particles by batch agitation techniques.
Canadian Journal of Microbiology, 45(1), 9e17. http://dx.doi.org/10.1139/w98-
117.

Rothe, R. A., Creagan, C., & Spiegelberg, H. L. (1988). Three ply facial tissue; middle
ply contains viricide, citric and/or malic acid: Google Patents.

Sambrook, J., & Russell, D. (2001). New York: Cold Spring Harbor Laboratory Press,
Cold Spring Harbor.

Schaper, M., Dur�an, A. E., & Jofre, J. (2002). Comparative resistance of phage isolates
of four genotypes of F-specific RNA bacteriophages to various inactivation
processes. Applied and Environmental Microbiology, 68(8), 3702e3707. http://
dx.doi.org/10.1128/aem.68.8.3702-3707.2002.

Sillankorva, S., Neubauer, P., & Azeredo, J. (2008a). Isolation and characterization of
a T7-like lytic phage for Pseudomonas fluorescens. Bmc Biotechnology, 8, 80.

Sillankorva, S., Neubauer, P., & Azeredo, J. (2008b). Pseudomonas fluorescens biofilms
subjected to phage phiIBB-PF7A. BMC Biotechnology, 8(1), 79.
Sillankorva, S., Oliveira, R., Vieira, M., Sutherland, I., & Azeredo, J. (2004a). Bacte-

riophage phiS1 infection of Pseudomonas fluorescens planktonic cells versus
biofilms. Biofouling, 20, 133e138.

Sillankorva, S., Oliveira, R., Vieira, M., Sutherland, I., & Azeredo, J. (2004b). Pseu-
domonas fluorescens infection by bacteriophage phiS1: the influence of tem-
perature, host growth phase and media. Fems Microbiology Letters, 241, 13e20.

Soares, N. F. F., & Hotchkiss, J. H. (1997). Bitterness reduction in grapefruit juice
through active packaging. Packaging Technology & Science, 11, 9e18.

Soares, N. F. F., Silva, W. A., Pires, A. C. S., Camilloto, G. P., & Silva, P. S. (2009). Novos
desenvolvimentos e aplicaç~oes em embalagens de alimentos. Revista Ceres, 56,
9.

Spector, M. P., & Kenyon, W. J. (2012). Resistance and survival strategies of Salmo-
nella enterica to environmental stresses. Food Research International, 45(2),
455e481. http://dx.doi.org/10.1016/j.foodres.2011.06.056.

Sulakvelidze, A., Morris, J., Alavidze, Z., Pasternack, G., & Brown, T. (2004). Method
and device for sanitation using bacteriophages [US 2004/0029250 A1].

*Vonasek, E., Le, P., & Nitin, N. (2014). Encapsulation of bacteriophages in whey
protein films for extended storage and release. Food Hydrocolloids, 37(0), 7e13.
http://dx.doi.org/10.1016/j.foodhyd.2013.09.017.

Wigginton, K. R., Pecson, B. M., Sigstam, T., Bosshard, F., & Kohn, T. (2012). Virus
inactivation mechanisms: impact of disinfectants on virus function and struc-
tural integrity. Environmental Science & Technology, 46(21), 12069e12078.
http://dx.doi.org/10.1021/es3029473.

http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref19
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref20
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref21
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref21
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref21
http://dx.doi.org/10.1139/w98-117
http://dx.doi.org/10.1139/w98-117
http://dx.doi.org/10.1128/aem.68.8.3702-3707.2002
http://dx.doi.org/10.1128/aem.68.8.3702-3707.2002
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref26
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref26
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref27
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref28
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref29
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref30
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref31
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref31
http://dx.doi.org/10.1016/j.foodres.2011.06.056
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref33
http://refhub.elsevier.com/S0023-6438(15)30334-0/sref33
http://dx.doi.org/10.1016/j.foodhyd.2013.09.017
http://dx.doi.org/10.1021/es3029473


lable at ScienceDirect

LWT - Food Science and Technology 67 (2016) 167e173
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Influence of dual-stage sugar substitution pretreatment on drying
kinetics and quality parameters of mango

Rafael Augusto Batista de Medeiros a, Zilmar Meireles Pimenta Barros b,
Carlos Brian Oliveira de Carvalho b, Eunice Gomes Fraga Neta b,
Maria Inês Sucupira Maciel c, Patrícia Moreira Azoubel b, *

a Universidade Federal de Pernambuco, Departamento de Nutriç~ao, Av. Moraes Rego, s/n, Cidade Universit�aria, Recife, PE, 50670-901, Brazil
b Universidade Federal de Pernambuco, Departamento de Engenharia Química, Av. Prof. Arthur de S�a, s/n, Cidade Universit�aria, Recife, PE, 50740-521, Brazil
c Universidade de Federal Rural de Pernambuco, Rua Dom Manoel de Medeiros s/n, Dois Irm~aos, Recife, PE, 58050-900, Brazil
a r t i c l e i n f o

Article history:
Received 31 July 2015
Received in revised form
24 November 2015
Accepted 25 November 2015
Available online 30 November 2015

Keywords:
Bioactive compounds
Mangifera indica L.
Mathematical modeling
Stevia rebaudiana
Ultrasound
* Corresponding author.
E-mail address: pazoubel@gmail.com (P.M. Azoub

http://dx.doi.org/10.1016/j.lwt.2015.11.049
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The aim of this work was to evaluate the use of the dual-stage (D3S) technique as a pretreatment on
mango drying kinetics and on product quality. This pretreatment consisted in two stages, in which high-
calorie sugars are partially removed from fruit samples in the first stage and, in the second stage, low-
calorie sugar (Stevia-derived) is incorporated to the fruit to maintain its sweetness. The drying process
was conducted in a fixed bed dryer at 60 �C and air velocity of 2 m/s. Experimental data were fitted
successfully using the two-term exponential model. The dried pretreated samples presented faster
drying rates. Evaluation of the final product was performed by means of total phenolic content, total
carotenoid content, water activity, texture, color and sensorial test. Samples subjected D3S process had
lower phenolic and carotenoid contents, reduced water activity, their texture was softer, and color dif-
ference was smaller compared to untreated samples. Sensory evaluation showed pretreated sample with
good acceptance.

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

Fresh fruits are highly perishable, and processing is an alterna-
tive to extend their shelf-life. Among the available processes,
dehydration, mainly convective drying, is a common procedure to
obtain products with reduced moisture content which are easy to
store and transport. Other advantages are linked to the diversifi-
cation of dried products than can be offered to consumers, since
they can be eaten directly or used as food ingredients, such as in
breakfast cereals, bakery, desserts and confectionary products
(Gamboa-Santos et al., 2014). However, the quality of dried prod-
ucts decreases due to the heat sensitivity of the nutrients and
adverse changes in physicochemical properties of most fruits and
vegetables (Abonyi et al., 2002).

During recent years, emergent technologies have been proposed
to reduce the limitations related to conventional drying techniques.
As a non-thermal strategy in drying of fruits and vegetables, the
el).
application of high power ultrasound (US) represents a promising
alternative (C�arcel, García-P�erez, Benedito, & Mulet, 2012). Ultra-
sound has been used to enhance mass transfer in solid/liquid food
systems (Azoubel, Baima, Amorim, & Oliveira, 2010). Ultrasonic
waves can cause rapid series of alternative compressions and ex-
pansions, in a similar way to a sponge when it is squeezed and
released repeatedly (sponge effect). In addition, ultrasound pro-
duces cavitation, whichmay be helpful to remove strongly attached
moisture. The sponge effect caused by ultrasound application may
be responsible for the creation of microscopic channels in porous
materials, such as fruits, that reduce the diffusion boundary layer,
thus increasing the convective mass transfer in the fruit (Fuente-
Blanco, Sarabia, Acosta-Aparicio, Blanco-Blanco, & Gallego-Ju�arez,
2006).

As consumers have become more aware of different diets and
their impact on health, food companies and marketers have begun
to dedicate more time and effort to develop healthier and more
nutritive products. A new pretreatment technique using ultrasound
called dual-stage sugar substitution (D3S) has been proposed prior
to drying to produce low calorie dried fruits. The process removes
high-calorie sugars from the fruit and replaces it with a natural
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Table 1
Thin layer models used for mathematical of drying of mango.

Model Equation

Single exponential MR ¼ exp(�kt)
Page MR ¼ exp(�ktv)
Henderson and Pabis MR ¼ a exp(�kt)
Logarithmic MR ¼ a exp(�kt) þ c
Two-term exponential MR ¼ a exp(�kot) þ b exp(�k1t)
Wang and Singh MR ¼ 1 þ at þ bt2

k, v, a, b, c, ko, k1: parameters in thin layer models; MR: moisture content ratio.
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low-calorie sugar restoring the sweetness of the fruit (Garcia-
Noguera, Weller, Oliveira, Rodrigues, & Fernandes, 2010).

The drying kinetics of food is a complex phenomenon and re-
quires simple representations to predict the drying behavior, and
for optimizing the drying parameters. Thin layer drying equations
describe the drying phenomena in a unified way, regardless of the
controlling mechanism. They have been used to estimate drying
times of several products and to generalize drying curves. In the
development of thin layer drying models for agricultural products,
generally the moisture content of the material at any time after it
has been subjected to a constant relative humidity and temperature
condition is measured and correlated to the drying parameters
(Midilli, Kucuk, & Yapar, 2002).

The objective of this work was to evaluate the use of the D3S
technique as a pretreatment on the convective drying of mango.
Thin-layer drying characteristics of mango and the quality of the
dried fruit in terms of total phenolic and total carotenoids contents,
water activity, color, texture and sensorial analysis were evaluated.

2. Material and methods

2.1. Raw material

Market-ripe ‘Tommy Atkins’ mangoes with greenepurple peel,
firm texture and yellow flesh (Sogi, Siddiq, & Dolan, 2015) were
obtained from a local market (Recife, PE, Brazil). The average initial
moisture content was 0.864 ± 0.002 kg water/kg fresh fruit. The
fruits were hand peeled and cut into slices (3.0 � 5.0 � 0.5 cm)
using cutters designed for this purpose.

2.2. D3S process

The D3S process was based on Garcia-Nogueira et al. (2010) and
on a previous work with mango (unpublished).

Two mangoes slices were placed in 250 mL Erlenmeyer flasks
containing distilled water. The weight ratio between the liquid
medium and the fruit ratio was 4:1 (Azoubel et al., 2010). The ex-
periments were carried out with the use of ultrasound for 30min at
30 �C and were performed at an ultrasonic bath with a thermostat
(Unique, model USC-2850A, Brazil), without mechanical agitation.
The ultrasound frequency was 25 kHz and the intensity was
4870W/m2. The temperature increase during the experiments was
lower than 2 �C after 30 min of ultrasound treatment.

After removal from the solution, samples from each group were
drained, blotted with absorbent paper to remove excess solution,
weighted and then submitted to the second stage.

The second D3S stage, which consisted in the incorporation of
Stevia-based natural sweetener, was performed for 30min, solution
concentration of 500 g/kg solution and two frequency levels (0 kHz
or D3S 1 and 25 kHz or D3S 2). The same weight ratio between the
fruit and the liquid medium used in the first stage was applied in
this stage.

Stevia powder (Steviafarma, Brazil) was used as the natural
sweetener and it consisted of 20 g/kg steviol glycosides and 980 g/
kg maltodextrin. The osmotic solution was prepared by dissolving
the required quantity of the powder in distilled water.

Experiments were carried out in the same ultrasonic bath and
frequency used in the first stage. Erlenmeyers flasks (250 mL)
containing samples and osmotic solution were submitted to ul-
trasonic waves and, after reaching the required process time
(30min), samples were taken out from the osmotic medium, lightly
rinsed to remove any excess of solution, drained, weighted and
then placed on a pre-weighed drying tray in order to proceed to the
drying process. After pretreatment, it was obtained a water loss
around 10% (D3S 1) and 12% (D3S 2), and solid gain around 4% (D3S
1) and 3% (D3S 2), resulting in a sample with a moisture content of
861 g water/kg pretreated fruit (D3S 1) and 863 g water/kg pre-
treated fruit (D3S 2).
2.3. Drying

Drying experiments of untreated and pretreated mangoes were
carried out in a continuous flow fixed bed dryer (Sulab, Brazil) at
constant air velocity of 2.0 m/s and at air temperature of 60 �C. The
dryer system consisted of vertical air flow through trays and was
arranged as a closed circuit. To maintain constant air condition only
one tray was used with a single layer of sample on it. For the air
heating, three electric resistances were used (two of 1600 W and
one of 800 W), which could work independently, controlled by a
digital thermostat. A thermal-hygrometer (Testo, model 635, Ger-
many) was used to measure the dry bulb temperature and the
drying air humidity. The air velocity was monitored using an
anemometer (Airflow, model LCS 6000, UK).

For each experiment, nine mangoes slices were placed in the
drying tray (for sensorial analysis, twelve slices were dried in each
batch). Sample moisture content during the air-drying process was
gravimetrically determined from the sample initial moisture con-
tent (before air-drying process). Sample weight was measured us-
ing a semi-analytical balance. Weighting intervals of 15 min were
used until the dynamic equilibrium between the sample moisture
content and drying air humidity was reached, when the sample
weight became constant. The drying kinetics was studied by
observing the drying curves for the considered air temperature.

To select a suitable model for describing the drying process of
mango, six different thin-layer drying models were selected to fit
the experimental data. The selected thin-layer drying models are
presented in Table 1. The models are expressed in the form of
moisture content ratio (MR) of samples during drying, and it is
expressed as Eq. (1):

MR ¼ X � Xe

Xo � Xe
(1)

where X, Xo and Xe are the moisture content at any given time, the
initial moisture content and the equilibrium moisture content,
respectively.

The modeling was characterized by the average relative error E
(Eq. (2)) calculation and the determination coefficient R2.

Eð%Þ ¼ 1
N

XN
i¼1

����Ve � Vp

Ve

����$100 (2)

where N is the number of experimental data, Ve is the experimental
value and Vp is the calculated value. Values of E less than or equal to
10% are considered to fit the experimental data satisfactorily.

Five drying batches for each sample were necessary for the
physicoechemical analysis and for sensorial analysis, six batches
were needed.
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2.4. Determination of total phenolic compounds

Total phenolic content was determined using the
FolineCiocalteau reagent according to the method of Singleton,
Orthofer, and Lamuela (1999). The reaction mixture contained:
0.5 mL of phenolic extract, 2.5 mL FolineCiocalteu (SigmaeAldrich,
Germany) reagent and 2 mL of sodium carbonate 4 g/100 g. The
mixture was then left in the dark for 2 h at room temperature. The
absorbance of the sample was read at 760 nm using aqueous Gallic
acid (5e100 mg/mL) as a standard. Results were expressed as mg of
Gallic acid equivalent per g of dry matter (DM) of sample. DM of
sample was obtained after determining the amount of moisture
gravimetrically following the official AOAC method 920.151 (AOAC,
1998). All measurements were carried in triplicate.
2.5. Determination of total carotenoids content

The total carotenoid content was quantified based in the
methodology of Rodriguez-Amaya (1999) for processed and fresh
fruit. In brief, there was an acetone extraction, followed by a sep-
aration and a dilution in petroleum ether, finally measuring
absorbance at 470 nm. Some precautions against pigment degra-
dation or alteration were taken, such as protection from light and
high temperatures, and the use of a short analysis time. Total ca-
rotenoids were expressed as mg per g of DM. All analysis was carried
out in triplicate.
2.6. Color

The color of mango was determined using a Minolta CR400
colorimeter (Japan). The colorimeter (65�/0� geometry, D25 optical
sensor,10� observer) was calibrated prior to taking any reading. The
reflectance instruments determined three color parameters: L*
(whiteness or brightness), a* (redness/greenness), and b* (yellow-
ness/blueness). Numerical values of L*, a* and b* were converted
into TCD (total color difference), which indicates the magnitude of
color change after treatment, using Eq. (3). The reference value for
TCD was the fresh fruit. Color measurements were taken in
quintuplicate.

TCD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*o

�2 þ �
a* � a*o

�2 þ �
b* � b*o

�2r
(3)

The sub-indice o in Eq. (3) mean the control sample (non-
treated).
2.7. Water activity

The water activity (aw) of fresh and dried mango was evaluated
at 25 �C using a water activity meter (Decagon, pawKit, USA). De-
terminations weremade on triplicate and the results were reported
as an average.
Fig. 1. Experimental (points) and predicted moisture content ratio (MR) for mango
drying curves using two-term exponential model (lines) for: (-) untreated, (C) D3S 1
(0 kHz ultrasound frequency level at the second pretreatment stage) and (:) D3S 2
(25 kHz ultrasound frequency level at the second pretreatment stage) samples.
2.8. Texture

Texture property of the fresh and dried samples was measured
as puncture force, which was a measure of the hardness (N) of the
product surface, using a Brookfield CT3 Texture Analyzer (USA) at
room temperature. Penetration tests were conducted with a
12.7 mm flat cylinder probe (TA10). The operational parameters
were as follows: trigger forcewas 5 g, constant speed of 1mm/s and
deformation ratio of 90%. All tests were carried out in triplicate and
in each sample, penetration tests were made at four points.
2.9. Sensorial analysis

Mango with and without pretreatments, dried at 60 �C up to a
moisture content of 250 g/kg (wet basis), was evaluated by 64 non-
trained panelists for appearance, color, taste and aroma on a 9-
point hedonic scale (1 ¼ “disliked extremely”; 9 ¼ “liked
extremely”). Samples were randomly coded with three-digit
numbers and their order of presentation was completely random-
ized for each panelist. Partitioned booths with fluorescent lighting
were used for evaluation and these were located in Sensory Eval-
uation Laboratory of the Domestic Sciences Department, Federal
Rural University of Pernambuco (Recife, Brazil).
2.10. Statistical analysis

For the physicochemical characteristics evaluated, an analysis of
variance (ANOVA) was applied to analyze the results in order to
determine if there were significant differences among samples.
Means were compared by Tukey's test at p < 0.05. Data were
averaged from three treatment replicates and reported as
mean ± standard deviation.

For sensorial analysis, a two-way analysis of variance (ANOVA)
was used to test the effects of processing pretreatments on the
sensory attributes of driedmango. Tukey's test was used to separate
the means of the quality attributes by treatments at p � 0.05.
3. Results and discussion

3.1. Drying kinetics

For comparison reasons, the dimensionless moisture content
was calculated (up to the dynamic equilibrium point) and its
change during drying is presented in Fig. 1. The statistical analysis
values of the models are summarized in Table 2. The two-term
exponential gave good R2 values and calculated mean relative de-
viation lower than 2%. This shows the suitability of this model.
Similar result was obtained by Azoubel et al. (2009) for cashew
apple. Plots of the experimental and predicted moisture ratios with
drying time have been represented in Fig. 1.

The physical and chemical changes in the fruit slices during the
pretreatment caused some differences in drying rates. In a



Table 2
Thin layermodels parameters, average relative error (E) and determination coefficient (R2) results for fresh, D3S 1 (0 kHz ultrasound frequency level at the second pretreatment
stage) and D3S 2 (25 kHz ultrasound frequency level at the second pretreatment stage) mango dried samples.

Model Fresh D3S 1 D3S 2

Model parameters E (%) R2 Model parameters E (%) R2 Model parameters E (%) R2

Two-term exponential a ¼ 0.32
ko ¼ 0.03
b ¼ 0.68
k1 ¼ 0.16

0.95 0.99 a ¼ 0.30
ko ¼ 0.03
b ¼ 0.70
k1 ¼ 0.17

1.03 0.99 a ¼ 0.31
ko ¼ 0.03
b ¼ 0.69
k1 ¼ 0.19

1.57 0.99

Page k ¼ 0.29
v ¼ 0.55

5.22 0.99 k ¼ 0.31
v ¼ 0.56

4.66 0.99 k ¼ 0.33
v ¼ 0.55

6.51 0.99

Logarithmic a ¼ 0.95
k ¼ 0.09
c ¼ 0.05

4.78 0.99 a ¼ 0.96
k ¼ 0.09
c ¼ 0.04

46.62 0.99 a ¼ 0.96
k ¼ 0.10
c ¼ 0.04

40.84 0.99

Single exponential k ¼ 0.07 59.58 0.98 k ¼ 0.08 12.32 0.99 k ¼ 0.08 58.13 0.99
Henderson and Pabis a ¼ 0.99

k ¼ 0.07
59.31 0.98 a ¼ 0.99

k ¼ 0.08
70.17 0.99 a ¼ 0.99

k ¼ 0.09
58.03 0.99

Wang and Singh a ¼ �0.03
b ¼ 0.00

189.50 0.78 a ¼ �0.03
b ¼ 0.00

253.18 0.76 a ¼ �0.04
b ¼ 0.00

223.11 0.78
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quantitative context, the changes in the diffusivity have great sig-
nificance during the air drying stage. For example, if mangoes are
dried to a final moisture of 0.3 kg water/kg DM, which is the
maximum moisture value allowed to dried fruits, according to the
Brazilian Legislation, it will take around 100 min to dry the un-
treated (fresh) mangoes, while by subjecting the fruit to the D3S
pretreatment, the drying time will be reduced to 84 min (D3S 1) or
to 77 min (D3S 2), because the increase in water diffusivity. The
ultrasound treatment reduced the drying time up to 23%. Similarly,
Nowacka, Wiktor, Sledz, Jurek, and Witrowa-Rajchert (2012), who
dried ultrasound treated apple reported the reduction of the drying
time over 30% in comparison with the reference sample. This
confirms the observations of Fuente-Blanco et al. (2006) that the
ultrasonic step affects the fruit tissue, making it easier for the water
to diffuse during air drying. This phenomenon happen due to the
process of formation of micro-channels during application of ul-
trasound andwater could use themicroscopic channels as an easier
pathway to diffuse towards the surface of the fruit, contributing to
the higher water diffusivity, as observed by Fernandes, Gall~ao, and
Rodrigues (2008). These authors verified in microscopic images
that the micro-channels were formed by the elongation and flat-
tering of cell in some regions of the melons submitted to ultra-
sound, and that no cell breakdown was observed in the samples.

Other authors have also found that different fruits subjected to
ultrasound pretreatment dried faster during air-drying stage
compared to fresh fruit with no pretreatment. Thus, processing
time can be optimized to reduce air drying time to a minimum,
reducing costs and increasing overall productivity. However, there
was not a significant calorie reduction for the processed samples.
Tommy Atkins mangoes have 212 kJ per 100 g of fresh fruit (TACO,
2011). For the D3S 2 samples, at the first stage of the D3S process
(sugar removal stage) the fruit losses around 4% of its solids con-
tent, which accounts for 8.6 kJ per 100 g of fresh fruit and, as
observed by Oliveira, Rodrigues, and Fernandes (2012), it is mainly
due to the removal of glucose and fructose from the fruit. After the
sweetener incorporation stage, the fruit gain 0.5 kJ, resulting in a
fruit with 204 kJ per 100 g of fresh fruit, which is mainly caused by
the incorporation of maltodextrin that is present in the Stevia-
based solution. Overall, a 4% calorie reduction was obtained. For
the D3S 1 samples, the calorie reduction was in the same range.
3.2. Total phenolic content

Table 3 shows the result of total phenolic content (TPC) of
dehydrated mango for different treatments. The convective drying
originated in all cases a reduction in the total phenolic compounds
present, relatively to the fresh sample. The untreated samples
showed a better preservation of the phenolic compounds.

As observed by Guin�e et al. (2015), many authors have previ-
ously reported that polyphenolics are heat sensitive and that pro-
longed heat treatment causes irreversible chemical changes to
phenol contents (Lin, Durance, & Scaman, 1998; Mejia-Meza et al.,
2008), this being attributed to different phenomena occurring
during heat treatment. According to Martín-Cabrejas et al. (2009)
and Qu, Pan, and Ma (2010), this may be attributed to the binding
of polyphenols with other compounds or to alterations in the
chemical structure of polyphenols. Julkunen-Tiitto and Sorsa (2001)
observed a destruction of flavonoids and tannins during drying.
Other authors suggested that another factor contributing to the
degradation of polyphenols may be the activity of polyphenol ox-
idase, organic acid content, sugar concentration, and pH (De Ancos,
Iba~nez, Reglero, & Cano, 2000; Nicolas, Richard-Forget, Goupy,
Amiot, & Aubert, 1994; Yousif, Durance, Scaman, & Girard, 2000).

Both D3S technique treated samples had a decrease in TPC.
However, there is no significant difference (p < 0.05) among sam-
ples submitted to ultrasound in one (D3S 1) or both stages (D3S 2).
The decrease in TPC for pretreated samples could be due to the fact
that ultrasound treatment can give rise to plant cell disruption,
leading to a higher loss of these compounds when samples were
further dried. Similar results were obtained by Opalic et al. (2009)
when ultrasound pre-treatment was combined with air drying,
resulting with in a decrease in polyphenolic content and antioxi-
dant capacity of dried apples. Gamboa-Santos, Soria, Villamiel, and
Montilla (2013) also observed a significant decrease (p < 0.05) in
TPC of dried carrots previously blanched by ultrasound at 60 �C as
compared to the control sample.
3.3. Total carotenoids content

Carotenoids content can be reduced by drying because of the
instability of these pigments due highly unsaturated molecules.
Thus, they are more susceptible to degradation or isomerization, as
observed by Nora, Müller, Bona, Rios, Hertz, and Jablonski et al.
(2014).

The kinetic of degradation is favored by high oxygen presence
and high temperature. Thus, all dried mango samples had a
decrease in the total carotenoids content (TCC) (Table 3). Sogi,
Siddiq, Greiby, and Dolan (2013) also showed carotenoids content
values declining trends in ‘Tommy Atkins’ mango drying. However,
in our study, the pretreated samples presented a higher significant



Table 3
Physicochemical characterization of untreated, D3S 1 (0 kHz ultrasound frequency level at the second pretreatment stage) and D3S 2 (25 kHz ultrasound frequency level at the
second pretreatment stage) mango dried samples.

Sample Total phenolics
(mg AGE/g DM)

Total carotenoids
(mg/g DM)

Hardness (N) Water
activity

Color

L* a* b* Total color
difference

Fresh 2.95 ± 0.15ª 41.04 ± 0.00a 4.15 ± 0.08a 0.98 ± 0.01a 58.20 ± 0.54a 4.21 ± 0.19a 54.36 ± 0.39a e

Untreated 2.03 ± 0.20b 10.35 ± 0.07b 23.23 ± 0.64b 0.48 ± 0.03b 60.91 ± 0.73b 11.64 ± 0.94b 54.04 ± 0.77a 9.53 ± 0.23a

D3S 1 0.86 ± 0.05c 1.29 ± 0.13c 14.96 ± 0.48c 0.47 ± 0.03b 62.38 ± 0.60b 6.25 ± 0.67c 56.80 ± 0.84b 5.24 ± 0.38b

D3S 2 0.77 ± 0.07c 7.75 ± 0.20d 11.01 ± 0.79d 0.43 ± 0.02b 64.49 ± 0.80c 8.32 ± 0.75d 57.07 ± 0.33b 7.43 ± 0.48c

All measurements were performed in triplicate, except for color measurements that were taken in quintuplicate.
Samples with the same letter within the same column showed no statistically significant difference for their mean values at 95% confidence level.
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decrease in TCC (p < 0.05). That pronounced carotenoid degrada-
tion was probably due to cellular tissue damage in the ultrasound
pretreatment, followed by dehydration. As observed by Frias,
Pe~nas, Ullate, and Vidal-Valverde (2010) for carrots, this increases
the vegetable surface area and leads to susceptibility of b-carotene
to oxidationwhen exposed to light and oxygen. Rawson et al. (2011)
also reported that the combination of ultrasound and thermal
processing (thermosonication) demonstrated that higher temper-
ature and processing timewas shown to have a significant effect on
lycopene content of watermelon juice. For instance, as temperature
and processing time was increased, the level of lycopene decreased
significantly (p < 0.05).

Comparing both pretreated samples, although the D3S 2 sam-
ples were submitted to ultrasound at both stages, the time required
to obtain the desired final moisture of 250 g/kg (wet basis), ac-
cording to Brazilian Legislation for dried fruits, decreased for those
samples, causing the reduction of the product exposure to the air
and heat, thus, the lowest carotenoid losses of those samples.
Similar result was reported by Pan, Zhao, Dong, Mujumdar, and
Kudra (1999), where it was observed that the concentration of b-
carotene in carrots undergoing continuous drying decreased with
drying time due to thermal degradation.

3.4. Color

The color is one of the main attributes that is strongly associated
with the concept of quality of a food product (S~ao Jos�e et al., 2014).
In this study, the color of dried mango was significantly affected by
processing (Table 3). The D3S pretreated dried samples showed a
significant increase (p < 0.05) in L* value compared to the fresh
fruit, which represents an increase in the lightness of fruit. How-
ever, there was no significant difference between D3S 1 pretreated
and untreated dried samples. Abano, Sam-Amoah, and Bart-Plange
(2012) observed that when the color values of dried carrots were
compared with the fresh material, there was enhancement in
brightness. Wu et al. (2014) reported for carrot drying that when
heating proceeded, the reduced moisture content on the surface of
carrot slices induced enhanced reflectivity of the samples and
accordingly the L* values increased.

According to Ahmed, Shivhare, and Kaur (2002) changes in a*
and b* parameter values and in the value of luminosity (L*) are
associated. The dried mango samples were significantly higher
(p < 0.05) in a* and b* values than those of the fresh fruit (except in
the case of b* value of the untreated dried sample, where there was
a decrease in this color parameter. However, it was not statistically
significant when compared to fresh mango). The untreated dried
samples showed that they were more red (indicated by higher a*
value), while the D3S 2 samples were more yellow (indicated by
higher b* value). Pott, Neidhart, Mühlbauer, and Carle (2005) re-
ported that undesired intensive browning in Kent mango drying
was associated with increased redness of the products (a* � 1).
Thus, the untreated dried mango had the greater browning. Wu
et al. (2014) observed for carrots drying that when surface mois-
ture was further removed from the slices, the b* value began to
increase significantly, indicating yellowing.

The total color difference (TCD) is commonly used as a color
quality indicator and it was used for the overall color difference
evaluation between dried samples and the fresh mango. There was
difference in the color of the untreated and ultrasound pretreated
samples. Similar behavior was observed by Abano et al. (2012) for
carrots and Kek, Chin, and Yusof (2013) obtained significant
reduction on TCD of dried guava with the ultrasound pretreatment.
Untreated dried samples had the highest TCD, while the pretreated
samples had the lower TCD. The pretreated samples had a reduced
drying time or exposure to hot air and this might have contributed
to the lower TCD.

Koca, Burdurlu, and Karadeniz (2007) reported that the change
of a* and b* values in dehydrated carrot slices were correlated with
the loss of b-carotene. All dried mangoes had loss of carotenoids
and thus presented color difference from fresh fruit. However,
Nahimana and Zhang (2011) also reported that color change during
carrot drying was due to various factors including thermal and/or
oxidative destruction of carotenoids and enzymatic or non-
enzymatic browning.

3.5. Water activity

Concerning to water activity (aw), all processing conditions
significantly reduced this parameter. However, after drying with
and without pretreatment, there were no statistically significant
differences (p > 0.05) for this analysis (Table 3).

The reduction of aw to about 0.93 would be enough to suppress
growth of most pathogenic bacteria with the exception of Staphy-
lococcus aureus, which may grow aerobically at aw values down to
0.86. Most mold and yeast strains are inhibited between 0.88 and
0.80, although some osmophilic yeast strains can still grow down to
0.6. Thus, the dried mangoes with and without pretreatment were
effective in reducing aw to a safe value.

3.6. Texture

The hardness of fresh and dried samples was evaluated by
computing the maximum penetration force (Table 3). The param-
eter hardness can be related to the force performed by mastication
that takes part during eating (Guin�e & Barroca, 2012).

Hardness of fresh mango is closer to the one reported by Jha
et al. (2010). The Tukey test results showed significant difference
(p < 0.05) between hardness values of fresh mango and dried
samples. Hardness of the samples increased with processing.
Similar result was obtained by Russo, Adiletta, and Di Matteo
(2013), which observed for eggplant that the variation of physical
properties is strictly connected with porosity change. High porosity
and higher average pore diameter were correlated to less shrinkage
and less firmness of the structure. According to Ozuna, C�arcel,
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Walde, and Garcia-Perez (2014), samples submitted to ultrasound
prior to drying were softer and presented more collapsed and
porous than untreated ones.

Among the dehydrated pretreated samples, the D3S 1 had a
much higher firmness. The use of ultrasound in both D3S stages in
dried mangoes (D3S 2) showed lower hardness maybe as a result of
physical structure changes due to the increase in free volume for
the movement of molecules, as observed by Islam, Zhang, Liu, and
Xinfeng (2015) for dried pear.

As described above, ultrasound in one or both D3S stages
contributed to faster drying rates. Thus, a reduction on processing
time decreased some damage in texture and, consequently, led to
lower hardness values, as reported by Sabarez, Gallego-Juarez, and
Riera (2012) for dried apple.
3.7. Sensorial analysis

Sensorial attributes reflect quality of product and influence its
success in the market. However, as reported by S~ao Jos�e et al.
(2014), data on ultrasound use that can be found in the literature
explore the inactivation/removal of microorganisms and do not
discuss their effects on nutritional and sensory characteristics.
Much of the data showed that ultrasound and related effects on
nutritional and sensory characteristics are the result of studied in
liquid foods, such as juice and milk.

The scores attributes of dried mangoes are shown in Table 4. The
D3S 2 pretreated samples had the highest test-scores, except for
aroma, in which the untreated sample presented the higher score.
However, there was no significant difference (p < 0.05) among D3S
2 and control treatments. This is probably due a minimal aroma
compounds loss induced by sonication, as observed by Chemat,
Huma, and Khan (2011).

Concerning appearance, samples subjected to D3S process pre-
sented the highest scores, whichmay be related to lower changes in
sample color or TCD.

Regarding taste there was no significant difference (p < 0.05)
among D3S and untreated dried samples. Thus, the use of D3S
technique was able to maintain the sweetness of dried mango due
soluble solids incorporation from the Stevia based osmotic solution.
In the mango chips production, Zou, Teng, Huang, Dai, and Wei
(2013) reported that pretreatment (osmotic dehydration)
improved the sensory quality chips by the effect of sugar uptake.

Although texture was softer applying the technique D3S
mentioned before, there was no significant difference (p < 0.05)
among dried samples. Islam and Flink (1982) reported that differ-
ences in texture may arise from differences in rate and extent of
drying, together with the effect of infused solute.
4. Conclusion

Application of the D3S process as a pretreatment led to higher
drying rates, but it was not efficient to protect samples from
Table 4
Sensory scores for quality attributes of untreated, D3S 1 (0 kHz ultrasound frequency
level at the second pretreatment stage) and D3S 2 (25 kHz ultrasound frequency
level at the second pretreatment stage) mango dried samples.

Sample Appearance Aroma Taste Texture

Untreated 6.05 ± 1.60a 6.72 ± 1.41a 6.08 ± 1.96a 5.91 ± 2.03a

D3S 1 6.58 ± 1.79ab 6.14 ± 1.75b 6.31 ± 2.03a 5.73 ± 1.90a

D3S 2 6.78 ± 1.69b 6.58 ± 1.56ab 6.73 ± 1.68a 6.16 ± 1.99a

Sensory attributes were evaluated by 64 non-trained panelists.
Any means in the same columns with the same letters are not significantly different
(p > 0.05).
phenolic and carotenoid losses and to reduce the processed sam-
ples energy content. However, the pretreated dried samples had
better color preservation and good sensorial acceptance.
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a b s t r a c t

Soybean peptides are believed to have calcium binding sites as Asp and Glu on side chains. However, the
effects of peptide aggregation on calcium binding capacity remain unknown. Peptides with different
calcium binding capacities (F1 and F2) were separated in this study by calcium immobilized metal af-
finity chromatography. The calcium binding capacities and apparent molecular weight distributions of F1
and F2 were analyzed before and after the denaturation agents removal. Results showed that F2 with
higher calcium binding capacity was more prone to aggregate than F1. The calcium binding capacity of
both F1 and F2 decreased after urea or urea and 0.5% SDS treatments. The removal of denaturation agents
resulted in peptide reaggregation and recovery of the calcium binding capacity of F2; no significant
changes were found for F1. All the findings implied that aggregation of soybean peptides played an
important role in calcium binding.

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

Calcium is the most abundant divalent cation in the human
body. Insufficient calcium uptake results in certain diseases, such as
rickets in children and osteoporosis in the elderly (Daengprok &
Garnjanagoonchorn & Mine, 2003; Kennefik & Cashman, 2000).
Preventing the precipitation of calcium through the use of certain
substances can be effective to increase calcium adsorption in the
body (Sato, Shindo, Gunshin, & Noguchi, 1991). Many protein hy-
drolysates, such as casein phosphopeptides (CPPs) and hen egg yolk
phosvitin phosphopeptides, could form soluble complexes with
calcium, which enhance its bioavailability (Jiang & Mine, 2000;
Heaney, Weaver, & Fitzsimmons, 1991). Meanwhile, in soybean
protein, deamidated soybean globulin with phytate removal and its
hydrolysates could enhance calcium absorption in the small in-
testine of rats (Heaney et al., 1991). In the same manner, soybean
protein hydrolysates (SPHs) were reported to promote calcium
uptake by Caco-2 cells (Lv, Bao, Yang, Ren, & Guo, 2008). A recent
study suggested that the SPHsecalcium complexes might have
positive effects on bone accretion of fast growing animals (Lv, Liu,
Ren, Li, & Guo, 2013).
utritional Engineering, China
g, 100083, China.
To investigate the role of SPHs in calcium absorption and to
commercialize the production of SPHs, previous works in our lab-
oratory established that peptides could bind with calcium to form
soluble SPH-calcium complexes (Bao, Lv, & Yang, 2008). The
amount of bound calciumwas correlatedwith the carboxyl group of
Glu and Asp in SPHs. Moreover, primary structure results showed
that peptides with high calcium binding capacity possessed Glu
cluster structures (Lv, Bao, Liu, Ren, & Guo, 2013). These results
indicated that the calcium binding sites of soybean peptide were
carboxyl groups from side chains as in Concanavalin A and Pro-
thrombin, instead of phosphoseryl groups that were easily found in
CPPs (Hardman, Agarwal, & Freiser, 1982; Nelsestuen, 1976;
Ferraretto, Signorile, & Gravaghi, 2003). In addition, these calcium
binding sites usually existed in “loop” structures, such as E-F hand
motif (helix-loop-helix structure) and C2 domains (Moncrief,
Kretsinger, & Goodman, 1990; Zhou, Yang, & Kirberger, 2006;
Sutton, Davletov, & Berghuis, 1995; Grobler, Essen, & Williams,
1996). However, the need for space structures during calcium
binding remains unclear.

Peptides are hydrolysates of protein with molecular weights
much smaller than those of proteins. However, peptide aggrega-
tions with high molecular weight would occur when preparing
peptides with casein, lactoalbumin, or soybean protein (Creusot &
Gruppen, 2007; Kuipers, Alting, & Gruppen, 2007; Nagai &
Inouye, 2004; Otte, Lomholt, & Halkier, 2002). Some studies re-
ported that calciumepeptide complexes possessed a high apparent
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molecular weight (Kretsinger, 1976). In this study, peptides with
different calcium binding capacities were prepared, and the effects
of their aggregation states on calcium binding were analyzed. This
study aimed to understand the formation mechanism of a steady-
state structure for the calcium binding of soybean peptides.

2. Material and methods

2.1. Materials

Defatted soybeanmeal provided by Harbin high tech (group) Co.
Ltd (Harbin, China) was utilized. Protease M and Deamidase (Daiwa
SD-C100S) were purchased from Amano Enzyme Co. Ltd (Nagoya,
Japan). The Sepharose 6B was purchased from Pharmacia (Uppsala,
Sweden). Iminodiacetic acid (IDA) was purchased from Sigma (St.
Louis, MO, USA). The IDA-Sepharose 6B was prepared according to
the method of Porath and Olin (Porath & Olin, 1983). All other
chemicals were of analytical reagent grade.

2.2. Preparation of soybean protein hydrolysates (SPHs)

Soybean protein isolates (SPIs) were extracted as described by
Lv (2009) without modificationwhile soybean protein hydrolysates
(SPHs) were further prepared according to procedure described by
Bao (2008) with protease M and deamidase. The SPH solution was
ultrafiltrated with membranes of molecular weight cut offs
(MWCO) of 10 and 30 kDa at 4 �C. The fraction of SPH (10e30 kDa)
was lyophilized.

2.3. SPH (10 kDae30 kDa) separation by immobilized metal affinity
chromatography (IMAC)

The column was packed with IDA-Sepharose 6B (50 mL) and
then incubated with 0.2 mol/L CaCl2 (80 mL) for calcium chelating.
After washing the column with distilled water for 8 to 9 bed vol-
umes to remove the unbound calcium, the nonspecific bound cal-
ciumwas eluted by 0.05 mol/L acetic acid (HAc) buffer of pH 4.0 for
6 to 7 bed volumes. The column was then equilibrated with
0.05 mol/L NaAc-HAc buffer of pH 5.5 containing 0.1 mol/L NaCl.
Then 1 mL SPH (10 kDae30 kDa) solution (25 mg/mL) was loaded
into the column, followed by elution procedure to acquire peptide
fractions F1 and F2 (Lv et al., 2013b; Liu, Bao, Lv, Xu, & Guo, 2012).

2.4. Preparation of samples treated by denaturation agents

Peptides were dissolved in pH 7.4 TriseHCl at a concentration of
10 mg/mL, and then they were treated by 6 M urea or 6 M urea and
0.5% SDS. After which the treated solution was transferred to a
dialysis bag (MWCO: 500 Da, 12.5 cm � 1 cm) and dialyzed at 4 �C
in denaturation agents with concentrations identical to those
above. The solution outside the dialysis bag was changed every 4 h
for 48 h when the dialysis was completed. The samples were
reserved for the determination of calcium binding capacity and
apparent molecular weight distribution.

2.5. Preparation of samples with denaturation agents removed

The peptide solution treated by 6 M urea or 6 M urea and 0.5%
SDS as described in section 2.4 was transferred to a dialysis bag
(MWCO: 500 Da, 12.5 cm � 1 cm) and dialyzed at 4 �C in pH 7.4
TriseHCl to remove the denaturation agents. The solution outside
the dialysis bag was changed every 4 h for 48 h when the dialysis
was completed. The samples were reserved for the determination
of calcium binding capacity and apparent molecular weight
distribution.
2.6. Air-acetylene flame atomic absorption spectrometry to
determine calcium binding capacity

Air-acetylene flame atomic absorption spectrometry (TAS-986,
PuXiTongYong Co.) was used to determine the calcium contents of
all the samples. The operating parameters were as follows: Current,
9.0 mA; Wavelength, 422.7 nm; Slit, 2.4 nm; Air flow, 15 min/L;
Acetylene gas flow, 2.4 min/L (Liu et al., 2012).

2.7. Size exclusion (SE)-HPLC to determine apparent molecular
weight distribution

The peptide samples were applied to SE-HPLC with a Waters
Protein Pak-60 column (7.8 mm � 300 mm, bead size 10 mm,
fractionation range 1e20 kDa). The column was equilibrated, and
eluted with 30 mmol/L TriseHCl, pH 7.4, at a 0.5 mL/min flow rate,
and monitored at 214 nm. Trypsin inhibitor (20.1 kDa), lysozyme
(14.4 kDa), ABI-80 (7.823 kDa), ABI-81 (5.856 kDa), and ABI-95
(3.313 kDa) (Institute of Biochemistry and Cell Biology, Shanghai
Institutes for Biological Sciences, the Chinese Academy of Sciences,
Shanghai, China) were used as standard. A linear dependency of log
molecular weight versus retention time (RT) was obtained.

2.8. MALDI-TOF MS/MS profile of the peptide separated by
reversed-phase (RP)-HPLC

The peptide fraction collected from the IMAC-Ca2þ column was
applied to RP-HPLC on a protein and peptide Zorbax SB-C18 column
(9.4 mm � 150 mm, 5 mm) from Agilent Technologies. The column
was equilibrated by 0.1% trifluoroacetic acid (TFA) solution at a flow
rate of 1 mL/min. The linear gradient of 80% acetonitrile solution
prepared by 0.1% TFA was applied from 0% to 55%. Elution was
monitored at 214 nm. The collected fractions of peptide (F2) were
lyophilized and then analyzed with a matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer/mass
spectrometer (MALDI-TOF MS/MS; Traflex III TOF/TOF, Bruker,
Germany). which is operated in reflectron mode with 20 kV
accelerating voltage and 23 kV reflecting voltage. A saturated so-
lution of a-cyano-4-hydroxycinnamic acid in 50% acetonitrile and
0.1% TFA was used as the matrix.

2.9. Amino acid composition analysis

The complete amino acid composition of peptide was deter-
mined as follows: a 1 mg portion of each sample was hydrolyzed
with 6 mol/L hydrochloric acid at 110 �C for 20 h under vacuum.
After that, the hydrolysates were evaporated to dryness under
vacuum. The dried sample was dissolved in 200 mL of borax buffer
and then was centrifuged. The resultant supernatant (100 mL) was
loaded on an Agilent 1100 high performance liquid chromatograph
with Zorbax Eclipse AAA column (4.6 � 150 mm, 3.5 lm) (Agilent
Technologies, Palo Alto, CA, USA) at 40 �Cwith o-phthalaldehyde/3-
mercaptopropionate/9-fluorenylmethylchloroformate pre-column
derivatization and diode array detector (Evans et al., 2007).

2.10. Molecular modeling

Molecular modeling was completed on pep-fold server and the
peptide sequence used was obtained from F2 (http://bioserv.rpbs.
univ-paris-diderot.fr/PEP-FOLD/). The peptide sequence was
DEGEQPRPFPFP and the figure was exported by Pymol.

2.11. Statistical analysis

The means and standard deviations for each treatment group

http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD/
http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD/
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were calculated in all experiments. The significance of differences
between the means was evaluated by ANOVA using the OriginPro
8.0 software package (OriginLab Corp., Northampton, MA, USA).
Values of P < 0.05 were considered statistically significant.
3. Results and discussion

3.1. Calcium binding ability of soybean peptides prepared by IMAC

Soluble soybean peptide prepared by soybean protein hydrolysis
using Protease M was separated by IMAC, and the profile is pre-
sented in Fig. 1. The fractions not adsorbed by the column were F1,
and the rest, assigned as F2, were gradient eluted by 0 mol/L to
0.02 mol/L Na2HPO4. The same figure shows that the content of F2
was less than F1. The calcium binding capacity of F1 was
155.6 ± 7.82 mg/g, whereas that of F2 was 397.7 ± 1.94 mg/g, which
was much higher than that of F1. Therefore, there was peptide
fraction with higher affinity for calcium in soluble soybean hydro-
lyzates and its content was about 24%.

Generally, peptides with physiological activities are low in
molecular weight (<5 kDa) (Kuba, Tana, & Tawata, 2005;
Yoshikawa, Kishi, & Chiba, 1993; Stanley, Souza, & Mark, 1991). In
this study, F2 with high calcium binding capacity was further
separated to 16 fractions by semi-prepared RP-HPLC. The results
showed that each fractionwas composed of multiple peptides with
a molecular weight below 3000 Da (Data not shown). For example,
in cut fraction 11, which was the cut fraction of F2 with a long
retention time (about 35 min), the molecular weights of all pep-
tides were under 2250 Da (Fig. 2). It could be inferred from the
results that although peptides could be separated into several cut
fractions by RP-HPLC on the basis of hydrophobicity, each cut
fraction was composed of peptides with low molecular weights.

However, apparent molecular weight distributions determined
by size exclusion chromatography indicated that almost no peptide
component with a molecular weight below 1 kDa was found in F1,
whereas the same molecular weight range accounted for 30.1% of
F2 (Fig. 3). The 10 kDae20 kDa peptide content in F1 was 40.5%,
which was much higher than the 15.7% content in F2. The
1 kDae10 kDa peptide content in F1was slightly higher than that in
F2, whereas no significant difference was found for the >20 kDa
peptide contents in F1 and F2 at 30.2% and 29.2%, respectively. This
result proved that majority of the peptides of F1 or F2 formed
macromolecular aggregates. When calcium was added to the pep-
tides to obtain a soluble calciumepeptide complex, the content of
Fig. 1. Soybean peptide (10e30 kDa) separated by IMAC-Ca2þ. Elution profile, and the
blue line represents the concentration of Na2HPO4.
the peptides with low molecular weight decreased sharply as ag-
gregates of 10 kDa were formed. The aggregation ability of F2 was
stronger than that of F1 as the content of peptides with a molecular
weight higher than 20 kDa reached 59.5% after the addition of
calcium, a value nearly twice that of F2 without calcium. These
results indicated that peptides with low molecular weight tended
to aggregate in the solution and the formation of aggregates is
further promoted by binding with calcium.

3.2. Calcium binding ability of peptides treated by urea or urea and
0.5% SDS as denaturation agents

The calcium binding capacity of peptides was found to be
positively correlated with Glu content. The primary structure of
peptides with strong calcium binding ability possessed “Glu clus-
ters”. The carboxyl of Glu was therefore assumed to be the binding
site of calcium (Lv et al., 2013b). However, whether peptide ag-
gregation in the solution is involved in calcium binding remains
unknown. Fig. 4 shows apparent molecular weight distributions of
calciumepeptide complexes treated with urea, the results indi-
cated that the peptide content with a molecular weight higher than
20 kDa drastically decreased at 7.8% and 41.7%, respectively, in F1
and F2, while the 10 kDae20 kDa peptide content significantly
increased both in F1 and F2. After further treatment with SDS, the
content of peptide with molecular weight above 20 kDa decreased
by 22.2% in F1 and 100% in F2. The 10 kDae20 kDa peptide content
dropped also, whereas the 1 kDae10 kDa peptide contentmarkedly
increased both in F1 and F2, especially in F2 in which the low
molecular weight (1 kDae10 kDa) peptide content was over 80%.
Therefore, the aggregates in F1 and F2 could be clearly destroyed by
urea or SDS, and peptides with small molecular weights are
generated or even liberated. These results further indicated that
peptides prepared by protein hydrolysis could form aggregates via
hydrogen bonds and intermolecular hydrophobic interactions, a
finding similar to that by Zhou, Zhu, and Sykes (1992).

Furthermore, the calcium binding capacities after urea treat-
ment were analyzed and shown in Table 1. The decline rates of the
calcium binding capacity of F1 and F2 were 49.3% and 76.6%,
respectively. After the SDS treatment, the calcium binding capacity
of F1 and F2 further decreased by the rates of 63.9% and 88.4%. Bao
et al. (2008) reported that the possible calcium binding sites of
soybean peptides were the carboxylic group on amino acid side
chains. Meanwhile, Lv et al. (2013b) found that soybean peptides
with strong calcium binding abilities were rich in clusters of Glu
and Asp structures, these structures were speculated to be involved
in the formation of calciumepeptide complexes. In present result,
shown the regardless of the strong calcium binding ability, cal-
ciumepeptide complexes could be disaggregated by urea and SDS,
as a result, the calcium binding capacity of peptides is severely
decreased. Therefore the calcium binding capacity of peptides is
considered that aside from the presence of binding groups as Glu,
the existence state of peptides, that is, aggregation or segregation
was also critical factors that affect greatly calcium binding.

3.3. Calcium binding capacity changes in peptides after removal of
denaturation agents

Urea and SDS are protein denaturation agents that could destroy
hydrogen bond and hydrophobic interactions between peptide
chains, resulting in disaggregation of protein construct or protein
aggregates (Watlaufer, Malik, & Stoller, 1964; Mo & Sun, 2000;
Schmidt, Giacomelli, & Soldi, 2005). In this study, the apparent
molecular weight distribution changes and the calcium binding
capacity of the peptide were investigated after denaturation agents
removal. The result shows that after urea removal, the >20 kDa



Fig. 2. MALDI-MS profile of peak 11 separated from F2 by RP-HPLC. Molecular weights of peptides in peak 11, F2. They were all below 3000Da.

Fig. 3. Apparent molecular weight distribution of F1 and F2 before or after calcium
addition. Apparent molecular weight was divided into four regions: >20 kDa,
10e20 kDa, 1e10 kDa and <1 kDa.

Fig. 4. Apparent molecular weight distribution changes in the peptides after dialysis
with degeneration agents. Apparent molecular weight was divided into four regions:
>20 kDa, 10e20 kDa, 1e10 kDa and <1 kDa..
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peptide content in F2 recovered to 1.74 times of the untreated
samples (samples without any treatments) (Fig. 5). Yet, no differ-
ence was found in the 10 kDae20 kDa content between the urea
removal samples and untreated ones. Peptides with urea and 0.5%
SDS removal had a recovery rate of 1.68 times of the untreated ones,
lower than those with urea removal. The results showed that ag-
gregates that had a molecular weight larger than 20 kDa and were
destroyed by the denaturation agents in F2 could gradually recover
with the removal of the agents. However, the disaggregated pep-
tides that had a molecular weight below 10 kDa and could not
reaggregate still accounted for 15%e20% of the total peptides after
denaturation agents removal. Contrarily, the peptide aggregate
changes in F1 with low calcium binding capacity were different
from those in F2, there are no significant changes in peptide
contents were observed with a molecular weight higher than
10 kDa between peptides treated with various denaturation agents
(Fig. 4) and peptides with the agents removed (Fig. 5). Moreover, a
large number of peptides (14.6%e36.9%) with a molecular weight
below 10 kDa still existed even after the removal of the agents.

Table 1 also shows the results of the analysis on calcium binding
capacity after denaturation agents removal. The calcium binding
capacity of the peptides with urea removal was much higher than
that of the peptides in which urea was not removed. The calcium
binding capacity in F2 was 259.8 mg/g, which was highly recovered
with a ratio of 65.3% to untreated ones. In addition, the calcium
binding capacity of peptides was also remarkably recovered after
SDS and urea removal with a ratio of 52.1% to untreated ones, but
this rate is slightly lower than that for peptides in which urea was



Table 1
Calcium binding capacity (mg/g) of peptides after treated by degeneration agents and with the agents removed.

Samples Untreated Urea treated Urea and SDS treated

F1 treated by degeneration agents 155.62 ± 7.82 78.97 ± 0.80 56.11 ± 1.03
F2 treated by degeneration agents 397.72 ± 1.94 93.23 ± 8.13 46.01 ± 4.71
F1 with the agents removed 155.62 ± 7.82 93.89 ± 2.30 70.36 ± 2.14
F2 with the agents removed 397.72 ± 1.94 259.81 ± 13.36 207.26 ± 27.79

Fig. 5. Apparent molecular weight distribution changes in peptides after degeneration
agents removal. Apparent molecular weight was divided into four regions: >20 kDa,
10e20 kDa, 1e10 kDa and <1 kDa..
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removed. The calcium binding capacities of F1 were slightly
recovered after denaturation agents removal but the recovery was
not significant as F2. These results were in accordance with the
pattern of peptide re-aggregation phenomena of F1 and F2, which
further proved that peptide aggregates contributed to massive
calcium binding.
3.4. The relationship between calcium binding abilities and amino
acid composition of F1 and F2

As can be seen from Table 2, the acidic amino acids (Asp, Glu)
contents of F1 and F2 were 21.95% and 35.09%, respectively. In our
previous study, the carboxyl groups of Glu and Asp were reported
as the binding site of soybean protein hydrolysates with calcium
(Bao et al., 2008). Moreover, a high affinity calcium-binding protein
(calreticulin) was reported having 109 acidic amino acids out of 418
amino acids (Fliegel, Burns, MacLennan, Reithmier, & Michalak,
Table 2
Amino acid composition (g/100 g) of F1 and F2 separated from IMAC-Ca2þ. (ND¼ not
detected).

Amino acid F1 F2

Asp þ Asn/D þ N 6.3 8.69
Thr/T 2.85 2.15
Ser/S 3.1 3.51
Glu þ Gln/E þ Q 15.65 26.4
Gly/G 3.0 3.38
Ala/A 2.95 1.31
Phe/F 0.31 1.25
Lys/K 4.05 5.39
His/H 1.15 2.7
Arg/R 3.45 6.26
Pro/P 2.65 6.01
Cys/C ND ND
Val/V 3.8 1.49
Met/M 0.085 0.21
Ile/I 0.75 1.29
Leu/L 2.05 1.48
Tyr/Y 0.16 0.5
1989). Thus, it is considered that the difference in acidic amino
acid contents could be the main reason that the calcium binding
ability of F2 was much higher than that of F1.

Besides, amino acids (Lys, Arg, His) contents of F1 and F2 were
8.65% and 14.35%, respectively. There were many reports on the
existence of Lys in calcium binding peptides or proteins. Tuan,
Scott, and Cohn (1978) has reported that the acidic amino acids
(Asp and Glu), basic amino acids (Lys and Arg) were the most
abundant in calcium-binding proteins of chick chorioallantoic
membrane. Kim and Lim (2004) also found that Lys (7.12%) also
took up a high percentage in calcium binding peptides from cheese
whey protein. Bovine a-LA is known to have strong calcium-
binding sites with Asp and Lys as binding residues (Anderson,
Brooks, & Berliner, 1997; Veprintsev et al., 1999; Noyelle & van
Dael, 2002). The results of this experiment are similar to those in
the report of Tamura, Oku, and Hosoya (1982) who stated that Asp,
Glu, Leu and Lys were abundant in the two materials, which
showed calcium-binding ability in milk protein. In general, proteins
having the ability to interact with calcium ion have side chains
composed of carbonyl, carboxyl groups (e.g., Asp, Asn, Glu)
(Nemirovskiy & Gross, 2000), yet the actual function of Lys was not
fully addressed.

It was reported that the positively charged residues, such as Lys
and Arg, play an indirect importance for Ca binding to Calcium-
Binding Protein (CaBP); thirty-two of the 242 residues (13.2%) of
the CaBP are capable of being positively charged. Furthermore, the
content of positive amino acid is 13.8% for carp myogen and 12.4%
for troponin A (Bredderman & Wasserman, 1974). In the calcium
binding sites of thermolysin, two of calcium ions are surrounded by
a backbone including Asp 138, Glu 177, Asp 185, Glu 190 and Asp
191; Lys 182 is presented to make an additional salt link to Asp 191
so that the overall network includes five positive and five negative
charges (Mathews et al., 1972). Moreover, a lysine residue was also
reported to interact with Glu forming a salt bridge (GlueLys) to
neutralize the excess charge, which is well-known to stabilize
protein structure and contribute to calcium ligation (Gagn�e et al.,
1997). Thus, amino acids like Lys might be needed for calcium
binding peptides in stabilizing the structure.

3.5. The effect of hydrophobicity in calcium binding of F1 and F2

Peptides are prone to aggregate or even coacervate, in which
hydrophobic interaction is the major driving force (Lv, Yang,& Guo,
2009; Michael, Leanne, & Anthony, 1999). In this study, ANS fluo-
rescence probe method was utilized to analyze the hydrophobic
differences between F1 and F2, and the results are illustrated in
Fig. 6.

The initial slope (S0) of fluorescence intensity versus the protein
concentration in plot F2 was 46.25, which was much higher than
26.57 for plot F1. Under conditions with excess probe, the initial
slope (S0) of fluorescence intensity versus the protein concentration
plot has been shown to be correlated with the effective hydro-
phobicity as determined by a hydrophobic partition method (Kato
& Nakai, 1980). The S0 value has been proposed as an index of
protein surface hydrophobicity, that is, peptides with higher S0
values possess stronger surface hydrophobicity. Thus, the



Fig. 6. Hydrophobicity index plots of peptides and calciumepeptide complexes. Hydrophibicity indexes of F1 were measured in the absence (B) or presence (C) of calcium while
those of F2 were measured in the absence (,) or presence (-) of calcium.
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hydrophobicity of F2 was stronger than F1. This finding means that
F2wasmore likely to form aggregates than F1 through hydrophobic
interactions. The aggregation could bring all the calcium binding
groups as Glu and Asp together to form a “calcium binding region,”
which is more favorable for calcium binding than non-aggregated
peptides. The analysis of Glu contents in F1 and F2 showed that
the content in F2 was 26.4%, which was much higher than the 15.7%
content in F1. In this experiment, F1 showed a weaker calcium
binding ability than F2 because of F1's poor aggregation ability and
inferior calcium binding region with low Glu group content.

In addition, the hydrophobicity indexes of F1 and F2 dropped
from 26.57 to 17.19 and 46.25 to 36.25, after binding with calcium,
respectively (Fig. 6), which suggested that binding with calcium
decreased the hydrophobicity of the original peptides. Lv et al.
(2008) reported that soluble peptides prepared from soybean
protein hydrolysates would be inclined to aggregate to macro-
molecules even when they are stored under low temperatures,
whereas molecular changes weaken after binding with calcium.
The complexes of peptide aggregates and calcium can be inferred to
be responsible for the movement of the hydrophobic region and its
embedding in the interior of aggregates. Therefore, surface hydro-
phobicity decreased, and the stability of the complexes increased
accordingly.
Fig. 7. The molecular model of calcium binding peptide. Yellow arrow pointed the
region where hydrophobic aggregation happened while the region pointed by orange
arrow was calcium binding region. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
4. Conclusion

Peptides from soybean protein hydrolysis are endowed with
calcium binding ability. Understanding the mechanisms of cal-
ciumepeptide interactions is important to shed light on how soy-
bean protein hydrolysates promote calcium absorption. In this
study, the relationship between peptide aggregation effect and
calcium binding ability was analyzed. It is the inherent character-
istic for proteins or peptides to aggregate (Chiti, Taddei, & Capanni,
2002), and hydrophobic interaction is the major driving force. Thus,
the effect of hydrophobicity in calcium binding was mainly
discussed.

Two peptide fractions (F1 and F2) with different calcium binding
capacity were analyzed. The results showed that in spite of the
differences in amino acid compositions, the hydrophobicity dif-
ference was also distinct. The carboxyl groups of Glu and Asp were
reported as the binding site of soybean protein hydrolysates with
calcium (Lv et al., 2013b). It could be seen from Table 2 that F2
possessedmore acidic amino acids (35.09%) than F1 (21.95%) which
might be the inherent reason for F2 binding more calcium. Besides,
F1 and F2 could both form aggregates through hydrophobic in-
teractions and the more hydrophobic fraction (F2) could bind more
calcium than the less hydrophobic fraction (F1), which indicated
that there were strong correlations between hydrophobic aggre-
gation and calcium binding ability. From the results of molecular
weights and calcium binding capacity analysis after urea and SDS
treatments, the indirect effect of hydrophobicity in calcium binding
could be confirmed.

Peptide sequence DEGEQPRPFPFP from F2 possessed high cal-
cium binding capacity and the molecular modeling of the peptide
was shown in Fig. 7. It could be seen from the figure that hydro-
phobic amino acids like Pro and Phewere on one side of the peptide
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chain and calcium-binding amino acids like Glu and Asp were on
the other side. When two molecular of the peptides encountered,
the hydrophobic amino acids tended to aggregated and buried in-
side of the molecular, then the calcium-binding amino acids were
brought together andmainly on the surface of the molecular, which
formed a “calcium binding region” favorable for calcium binding
than non-aggregated peptides and thus improved calcium binding
capacity.

On the basis of a previous study in which calcium was found to
interact with groups such as Glu on peptides, the current research
determined the interaction mechanism between aggregated pep-
tides and calcium, and it enhanced understanding of cal-
ciumepeptide binding mechanisms. However, nutrition and
physiology issues, such as which types of aggregates are formed
and how the aggregates facilitate cellular uptake of calcium, need to
be examined further in future research.
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a b s t r a c t

Although a number of Fourier-transform infrared (FTIR) spectroscopy-based analytical methods for
determination of control wine parameters have been reported over the past years, the potential of FTIR
spectroscopy has not been fully explored in what concerns wine quality. In this work, FTIR spectroscopy
and Partial Least Squares (PLS) regression, were combined for the development of a novel analytical
method for chloride and sulfate determination in wines.

A careful selection and utilisation of different types of wine (to produce different matrices) was per-
formed to ensure method's robustness. The developed FTIR spectroscopy-based method produced results
with a very high accuracy especially for the determination of sulfate in wines (R2

P,sulfate ¼ 0.98,
RMSEPsulfate ¼ 0.11 g/L and RPDsulfate ¼ 6.3). The developed method for the determination of chlorides in
wine yielded enough accuracy and precision to allow semi-quantitative determinations
(R2

P,chloride ¼ 0.83, RMSEPchloride ¼ 0.18 g/L and RPDchloride ¼ 2.4).
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The quality of a wine can be achieved by a perfect balance of its
analytical properties and consequent organoleptic characteristics.
Therefore, the grape constitution and the vinification process result
in a particular combination of components that will determine the
wine character (Pizarro, Gonzalez-Saiz, Esteban-Diez,&Orio, 2011).
Wine is mainly composed of water, ethanol and sugars, but also
presents several other chemical elements (Cozzolino, Dambergs,
Janik, Cynkar, & Gishen, 2006). Among them are chloride and sul-
fate anions, which are as well, important indicators in the quality
assessment of wine. Like other parameters, their concentration
must obey legal requirements. Chloride anion is naturally present
in wines, and its concentration is related to wine's geographical
origin and corresponding geological and climatic conditions. The
nto de Farm�acia Gal�enica e
versidade de Lisboa, Av. Prof.
frequently low chloride concentration in wines increases when
they come from vineyards located near the coast. Moreover, high
levels of chloride may also point out some fraudulent practices of
filtration, stabilization (Lima & Rangel, 1989), clarification and
organoleptic correction (Leske, Sas, Coulter, Stockley, & Lee, 1997)
of wines.

The sulfate anion (SO4
2�) is also part of the natural composition

of wine, but several factors influence its concentration, like the soil
composition were vines grow, the phytochemical treatments to
which they were exposed and enological treatments. High levels of
sulfate may increase wine astringency and protein haze formation,
but it may also be an indicator of the addition of certain compounds
like copper sulfate, ammonium sulfate and sulfuric acid. This
addition aims to the improvement of wine quality, but in some
cases is considered as fraudulent practices (Dugo, La Pera, Pellican�o,
Di Bella, & D'Imperio, 2005; Tamasi, Pagni, Carapelli, Justice, & Cini,
2010).

Aiming to guarantee consumers' satisfaction as well as their
health protection, several analytical procedures were developed for
the assessment of wine safety and quality, in all stages of its
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production, (covering also the determination of chloride and sul-
fate anions in wine samples) (Dugo et al., 2005; Jun, Lima, &
Montenegro, 1996; Mongay, Pastor, & Olmos, 1996). However,
over the time has emerged the need to develop faster, automated
and cost effective procedures, keeping at the same time a high level
of reproducibility, precision and accuracy. Fourier-transform
infrared (FTIR) spectroscopy appears as a possible solution
complying with these requirements (Patz, Blieke, Ristow, &
Dietrich, 2004). Apart from the benefits described above, this is a
non-destructive technique, requiring very little sample preparation
and avoiding the formation of toxic waste (de Villiers, Alberts,
Tredoux, & Nieuwoudt, 2012).

Common drawbacks associated with infrared spectroscopy are
particularly enhanced when applied towine. The presence of water
and ethanol, which dominate the absorption spectrum in the mid-
infrared region, interferes with the determination of other impor-
tant compounds. The chemical similarity of the major compounds
present in wine, results in similar infrared absorption features
(Bauer et al., 2008; Patz et al., 2004). Intensive calibration pro-
cedures combined with chemometric tools, such as Partial Least
Squares (PLS) regression, provide the answers to overcome some of
these problems.

Despite the large number of studies already performed, and
even their implementation for routine analysis, the potential of
FTIR spectroscopy has not been fully exhausted. Therefore the aim
of this work was to evaluate FTIR suitability in the determination of
chloride and sulfate concentrations in wine.

2. Materials and methods

2.1. Data set

A total of 45 different wine matrices were provided by the
“Vinhos Verdes” Wine Commission in Portugal, to be the basis of
the produced samples and experimental design (“Comiss~ao de
Viticultura da Regi~ao dos Vinhos Verdes (CVRVV, 2015). Available
online at: http://www.vinhoverde.pt/en/default.asp (accessed 14
January 2015)”). In order to represent a wide diversity of wines and
to increase the method's robustness, samples were selected to
include several types (white, red, ros�e, sparkling), and varieties of
young wines (2012 and 2013 harvest) from different wineries,
located in different Portuguese wine regions (Douro, D~ao, Vinhos
Verdes).

The low concentration and variability of the parameters, in-
creases the difficulty of calibrations' development. Consequently,
for chloride and sulfate determination, it was necessary to expand
the original concentration ranges. For this purpose, the 45 repre-
sentative wine matrices were divided in two sets of 20 and 25
samples and submitted to controlled fortifications of chloride and
sulfate respectively. For each wine matrix, five concentration levels
were selected and tested in order to respect the detection limits of
the reference methodology and the maximum values allowed by
law. From the experimental plan design, sets of 100 and 125 sam-
ples for chloride and sulfate parameters respectively, were pro-
duced. These sets encompass enough variability for the proper
construction of predictive models and were simultaneously wide
enough to include the limits established by legal regulations (1 g/L
and 2 g/L for chloride and sulfate respectively) (“Di�ario da
República - I S�erie-B. 2015. Available online at: http://www.ivv.
min-agricultura.pt/np4/233?newsId¼662&fileName¼Portaria_
334_94.pdf (accessed 14 January 2015)”).

The preparation of highly concentrated standard solutions of
sodium chloride (SigmaeAldrich, St. Louis MO, USA) and sulfuric
acid (SigmaeAldrich, St. Louis MO, USA), ensured a minimal addi-
tion of these solutions to the original samples, thus keeping the
original matrix effects unchanged.
Although commercial wines were used and sample pre-

treatments were considered unnecessary, to avoid the possible
presence of particles and to remove CO2, all samples were filtered
and degassed prior to measurements.

2.2. Reference analyses

The analytical reference results, used for sulfate and chloride
calibrations, were obtained according to internal methodologies,
based on continuous flow analyses and spectrophotometric
detection with uncertainties of 17% and 15% respectively. The
determination of sulfate is based in a colorimetric reaction, in
which the colour intensity is directly proportional to the increase in
the analyte. After dilution in a solution of barium chloride, the
sulfate ions present in the sample, react with the barium leading to
the formation of barium sulfate precipitate. The excess of barium
resulting from the reaction is dialysed together with the colouring
reagent. The colour decrease is measured on a UV/Vis spectro-
photometer at 630 nm. Chloride determination is also based on a
colorimetric reaction. However, in this case, the sample is diluted in
a solution of mercury thiocyanate, which leads to the formation of
mercury chloride and to the release of the thiocyanate ion. In the
presence of the ferric ion, the thiocyanate forms a red complex,
whose colour intensity is measured on a UV/Vis spectrophotometer
at 490 nm. The number of samples and measurements, as well as
some details are summarised in Table 1.

2.3. FTIR analyses

FTIR spectral acquisition was performed on previously filtered
and degassed samples, using a Multispec IRTF UV/Visible (CETIM,
France) spectrometer and an Avatar 370 (Thermo Nicolet Corpo-
ration, Madison,Wisconsin, USA) detector equippedwith a Bacchus
Acquisition/Quantification (CETIM, France) software.

Measurements were carried out in absorbance mode from 3050
to 1000 cm�1, with a spectral resolution of 16 cm�1, each spectrum
being the average result of 22 scans.

Spectrawere collected through the use of a CaF2 cuvette, with an
optical pathlength of 0.1 mm. Sampling was conducted with an
auto-sampler, using about 10 ml of sample for a double measure-
ment, including preflushing of the system, at 25 �C (adjusted by a
Peltier system). Background measurements were taken against
distilled water before every session of measurements. In order to
avoid errors, due to chemical modifications, minimal periods of
time elapsed between reference analyses and FTIR spectra
acquisition.

2.4. Data processing

Spectra were collected between 3050 and 1000 cm�1 (Fig. 1).
Their visual analysis prompted the exclusion of the region between
1700 and 1570 cm�1 due to signal saturation. In fact, other authors
reported similar spectral behaviours near the above referred re-
gions, due to strong water and ethanol absorptions (Fragoso, Acena,
Guasch, Busto, & Mestres, 2011; Ozturk, Yucesoy, & Ozen, 2012;
Pizarro et al., 2011; Regmi, Palma, & Barroso, 2012).

The resulting spectra (comprised between 1570e1000 and
3050�1700 cm�1), were therefore subdivided into four spectral
regions in agreement with the peaks and/or weak bands according
to their disposition along the spectral wavelength. The four regions,
as well as all their possible combinations, were evaluated for the
construction of multivariate regression models. Several spectral
pre-processing methods (such as standard normal variate (SNV)
normalization, Savitzky-Golay first and second order derivatives,
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Table 1
Summary of the samples produced in this work for developing the FTIR spectroscopy methodology for quantification of sulfate and chloride in wines.

Parameter Reference method Number of samples Range Mean Standard deviation

Sulfate (g L�1) Continuous flow analyses and spectrophotometric detection 125a 0.34e2.91 1.49 0.69
Chloride (g L�1) Continuous flow analyses and spectrophotometric detection 100a 0.194e1.779 0.86 0.43

a These samples resulted from the fortification of 25 and 20 original wine matrices, for sulfate and chloride respectively.

Fig. 1. Wine samples raw FTIR spectra.
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(extended) multiplicative scatter correction (EMSC/MSC) and
orthogonal scatter correction (OSC) (Laghi, Versari, Parpinello,
Nakaji, & Boulton, 2011; Naes, Isaksson, Fearn, & Davies, 2002),
whether individually or combined), were tested to process raw
spectra aiming at removing unwanted spectral variations caused by
baseline drifts, light scattering effects and temperature variations.
However, models seemed to work better without any spectral pre-
processing.

Principal Component Analysis (PCA) was applied to the entire
FTIR spectral set in order to detect eventual anomalous spectral
behaviour. The absence of samples grouping indicated lack of
visible wine matrix effect, consequently ensuring the diversity of
the selected samples. Identification of outliers was attempted with
the Q residuals and Hotelling's T2 statistics, but no sample was
found to be atypical (Naes et al., 2002).

2.5. Multivariate data analysis

Calibration models were developed for each of the proposed
parameters, aiming at their quantitative determination inwine. The
calibration equations were based on the application of Partial Least
Squares (PLS) regression, whose foundation is based on the corre-
lation of spectral data with the corresponding concentration values
obtained by reference methods. The PLS-1 algorithm was used
(Geladi & Kowalski, 1986).

Models' predictive ability was tested with independent sample
sets. Each set of samples was randomly divided in two subsets: a
calibration set (composed by 70% of the original sample set) and an
independent test set (composed by the remaining 30%). This
division was made randomly but ensuring that all types of wine
matrices were included in both calibration and test sets, conse-
quently avoiding unbalanced wine matrices in both sets. The cali-
bration set was composed by 70 and 87 samples while the test set
included 30 and 38 samples for chloride and sulfate models,
respectively. For eachmodel, the optimal number of latent variables
(LV) was selected, using the leave-one-out cross-validation method
(based only on the calibration set) (Esbensen, Guyot, Westad, &
Houmoller, 2002). The independent set was projected onto the
developed models yielding the prediction set results.

The calibration models' accuracy was evaluated using the root
mean square error of cross validation (RMSECV). After models'
optimisation the test sets were projected and the root mean square
error of prediction (RMSEP) and the coefficient of determination of
prediction (R2

P) were obtained (Ozturk et al., 2012). The figures-of-
merit such as limit of detection (LOD), sensitivity (SEN) and selec-
tivity (SEL) were calculated for modeled parameters according to
the net analyte signal (NAS) theory (Olivieri et al., 2006; Sarraguça
& Lopes, 2009). The dimensionless parameter range error ratio
(RER) (P�ascoa, Magalh~aes, & Lopes, 2013) and the Residual Pre-
dictive Deviation (RPD) (Esbensen et al., 2002), were applied as a
tool for evaluating the predictive ability of the PLS models.

All calculations were carried out using Matlab version 8.3
(MathWorks, Natick, MA, USA).
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3. Results and discussion

3.1. Calibration procedures and statistics

As previously referred, spectra were divided in four spectral
regions: region 1 (1120�1000 cm�1), region 2 (1570�1120 cm�1),
region 3 (2800�1700 cm�1) and region 4 (3050�2800 cm�1)
(Fig. 1).

The PLS models optimisation (spectral regions and number of
LVs) was performed considering exclusively the calibration dataset
and the root mean square error of cross-validation (leave-one-out)
(RMSECV) as a measure of model performance. This procedure
enabled the identification of the best regions and pre-processing
techniques and the consequent selection of the best models' per-
formances for each parameter. Great part of the spectral regionwas
considered for the calibration of both chloride and sulfate param-
eters. Best performances were achieved when no pre-processing
technique was applied, after mean-centering the spectral data.

Models accuracy were then tested in terms of coefficient of
determination (R2

P) and prediction errors (RMSEP) using the in-
dependent test sets. The accuracy of the predicting models was
classified according to the criteria proposed by Tamaki and Maza
(Tamaki & Mazza, 2011), who consider as excellent predictions
those with R2 higher than 0.90 and RPD values higher than 3.0.
According to these criteria, the model developed for the sulfate
parameter, combining the regions 1, 2 and 3, (R2

P ¼ 0.98,
RMSEP ¼ 0.11 g/L, RER ¼ 22.3 and RPD ¼ 6.3), may be considered
excellent in what concerns its predictive ability, making it
remarkably capable of quantitative determinations of sulfate in
wines. For the chloride parameter, the model developed consid-
ering regions 2, 3 and 4, presented the best performance
(R2

P ¼ 0.83, RMSEP¼ 0.18 g/L, RER¼ 7.9 and RPD¼ 2.4). The model
had the good predictive ability and was suitable for semi-
quantitative determinations of chloride in wines. This may pro-
vide a valuable solution when the goal is to determine if the
parameter is under the limits established by law. The PLS regression
models correlation with reference data for both parameters are
represented in Fig. 2.

The performance of the propose technique may be accessed
through the estimation of the figures-of-merit: selectivity, sensi-
tivity and limit of detection (Table 2). Selectivity describes the part
of the measured signal unique to the analyte of interest for each
sample. The average over all samples was determined to enable a
Fig. 2. Comparison of experimentally determined sulfate and chloride in wines with FTIR s
sets.
global interpretation of its meaning (Sarraguça & Lopes, 2009). For
the sulfate parameter, 13.5% of the original spectral signal was
captured by NAS vector and used in its model development, while
for chloride only 1.9% of the signal was used. It is important to note
that both sulfate and chloride models include large parts of the
spectral region as well as a high number of latent variables (6 and 9
respectively), which may explain the low selectivity of the tech-
nique for these parameters. Sensitivity defines the extent of signal
variation as a function of a compound's concentration. Estimations
of the sensitivity can be compared when the same analyte or
property is being estimated by different models. In this case, two
different properties are being estimated and therefore the com-
parison between sensitivities does not provide a useful interpre-
tation. The limit of detection values obtained for both models,
enhance the suitability of the proposed method. Either for chloride
(LOD ¼ 0.53 g/L) and sulfate (LOD ¼ 0.33 g/L) models those values
are lower than the correspondent legal limits established for these
compounds in wines (1 g/L and 2 g/L respectively).

3.2. Spectral interpretation

The presence of chloride ion in wines is usually determined as
the concentration of sodium chloride. However, in aqueous solu-
tions, this salt is completely ionized in its original monoatomic
species that do not absorb in the infrared region. Consequently,
spectroscopic measurements of chloride in wines can only be
achieved indirectly, by measuring the influence it may cause in the
absorptions of other compounds in the wine matrix. The regression
coefficients were plotted (Fig. 3) in an attempt to understand which
functional groups were affected by the presence of chloride,
allowing its indirect determination through FTIR spectroscopy.
There were high contributions in the regions near 1130 cm�1,
1280 cm�1, 1570 cm�1, 1700 cm�1, 2340 cm�1 and around
3000 cm�1. This observation seemed to indicate an influence of the
chloride anion on the hydrogen bonds, consequently affecting the
CeO stretching modes of alcohols, amines and carboxylic acids
observed between 1570 and 1000 cm�1 (Moreira & Santos, 2004).
The vibrational behaviour of the C]O group from the carboxylic
acids, also seemed to be affected by the presence of chloride,
explaining the high contribution observed around the 1700 cm�1.
The OeH stretching (from water and ethanol) and the CeH
stretching modes were also apparently disturbed by the chloride
anion as well, in the region around 3000 cm�1.
pectroscopy-based PLS-regression models for cross-validation (C) and prediction (-)



Table 2
Summary of the properties of the FTIR spectroscopy-based PLS-regression models for the quantification of sulfate and chloride in wines.

Model Calibration set Prediction set Figures-of-merit

Parameter LVs Spectral region (cm�1) RMSEC RMSECV RMSEP R2
P RPD RER Selectivity (%) Sensitivitya LOD

Sulfate (g L�1) 6 1000e1570, 1700e2800 0.34 0.38 0.11 0.98 6.3 22.3 13.5% 0.035 0.33
Chloride (g L�1) 9 1120e1570, 1700e3050 0.18 0.26 0.18 0.83 2.4 7.9 1.9% 0.0065 0.53

LV: latent variables. RMSEC: root mean square error of calibration. RMSECV: root mean square error of cross validation. RMSEP: root mean square error of prediction. R2
P:

coefficient of determination of prediction. RPD: residual predictive deviation. RER: range error ratio. LOD: limit of detection.
a Sensitivity values are expressed as spectral units/concentration units.

Fig. 3. Regression coefficients for the developed FTIR spectroscopy-based PLS-regressions models for quantification of chloride and sulfate in wines.
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The sulfate ions exist in wine as a resonance hybrid, responding
to infrared radiation at 1150�1060 cm�1, due to the SeO and S]O
absorption bands (Moreira & Santos, 2004; Silverstein & Bassler,
1962). Therefore, unlike chloride, the sulfate ion can be measured
directly. By plotting the regression coefficients it was possible to
confirm the high contribution of the regions containing the SeO
and S]O absorption bands in the construction of themodel (Fig. 3).
4. Conclusion

PLS-based calibration models were proposed for determination
of chloride and sulfate in wines. The FTIR spectroscopy-based
method for sulfate determination yielded a R2

P ¼ 0.98 and LOD of
0.33 g/L (testing set), pointing out the suitability of this technique
for the quantitativemeasurement of sulfate concentration inwines.
The statistical results obtained for FTIR spectroscopy-basedmethod
for chloride determination, proved the ability of the model
(R2

P ¼ 0.83) to ensure semi-quantitative determinations in wine.
Therefore, these calibrations emerge as a rapid, easy and low-cost
solutions to support or even replace the commonly employed
reference analysis.

The power of combining FTIR spectroscopy with chemometric
techniques for determination of control wine parameters was once
again demonstrated in this work. Besides the ability to provide
quantitative chemical information, the FTIR spectroscopy tech-
nique is also multi-parametric meaning that multiple compounds
can be estimated from a single measurement.
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a b s t r a c t

An HPLC-DAD method for the analysis of 10 nucleotides and related compounds (NRCs) in Litopenaeus
vannamei was established. Hyperchloric acid was used to precipitate proteins. Samples were separated
on an ODS-3 C18 (4.6 mm � 250 mm, 5 mm) column with 0.02 M phosphate buffer (pH ¼ 5.8) as mobile
phase A. All 10 NRCs were completely separated within 25 min. Good linearity was seen in the con-
centration range from 0 to 500 mmol/L with correlation coefficients between 0.9996 and 0.9999. Limit of
detection was between 0.02 and 0.10 mg/mL and spike recoveries were between 72.5% and 110%. This
method is facile, reliable, and accurate for the analysis of 10 NRCs in shrimp muscle samples. Using this
method, the changes of NRCs in L. vannamei were studied during chilled storage at 4 �C. Important
correlations between the changes of NRCs and the flavor/freshness of L. vannamei were proposed.

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

The Pacific white shrimp, Litopenaeus vannamei, is native to the
Eastern Pacific coast through central Gulf of Mexico. It is one of the
most commercially farmed species worldwide, accounting for over
70% of all farmed shrimp. Due to its high protein content, low fat
content and delicate texture, L. vannamei is gaining popularity
among consumers (Qian, Xie, Yang, & Wu, 2013; Xie et al., 2012).

Nucleotides and related compounds (NRCs) are a group of
compounds composed of a nitrogen-containing unit (purine, py-
rimidine, nicotinamide or others) linked to a sugar and a phosphate
group. Examples include adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosine monophosphate (AMP), inosinic
acid (IMP), inosine (HxR), hypoxanthine (Hx), guanosine mono-
phosphate (GMP), adenosine (Ado), adenine (Ad), xanthine (Xt),
etc. NRCs are important substances in the muscles of aquatic ani-
mals such as shrimp. Close relationship has been found between
the flavor and freshness of aquatic foods and NRCs. In terms of
flavor, AMP can suppress bitterness and produce pleasant sweet-
ness and saltiness, acting as a good flavor enhancer in aquatic foods.
Hx can interact with certain amino acids and peptides resulting in
.

bitterness (Tikk et al., 2006). IMP and GMP, the major flavor
enhancer nucleotides in aquatic foodstuff, can be used with mon-
osodium glutamate (MSG), producing stronger flavor enhancing
effect than MSG alone. They have been widely used as new flavor
enhancers in all types of food (Aristoy & Toldra, 2009; Matoba,
Kuchiba, Kimura, & Hasegawa, 1988). As for freshness, it is
commonly accepted that the ATP in fish muscle sequentially de-
grades after death to ADP, AMP, IMP, HxR, and Hx. Hx is subse-
quently oxidized to Xt (Venugopal, 2002). K value, a freshness
indicator, is defined as the ratio of the sum of HxR and Hx to that of
ATP, ADP, AMP, IMP, HxR, and Hx. K value has proven to be an
important chemical indicator for fish freshness according to
freshness studies of horse mackerel, turbot, and yellowfin tuna
during chilled storage (Nejib et al., 2005; Santiago, Carmen, Jose, &
Jorge, 2005; Vanesa, Carmen, Jorge, & Santiago, 2005). K value has
been widely used for the evaluation of fish quality (Kuda, Fujita,
Gotoa, & Yano, 2007; Mendes, Quinta, & Nunes, 2001). Recent
studies showed that the degradation pathway of ATP in certain
ocean invertebrates was different from that in fish. The ATP
degradation pathway in the muscle tissues of clams and scallops
was found to follow ATP/ADP/AMP/Ado/HxR/Hx (Arai &
Saito, 1961; Hiltz & Dyer, 2011). There was no IMP intermediate
in between AMP and HxR. In the muscle tissues of ark clam, mogai,
and abalone, this process followed ATP/ADP/AMP/Ado/Ad
(Arai & Saito, 1961; Iwamoto, Yamanaka, Watabe, & Hashimoto,
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1991; Saito, Arai, & Tanaka, 1958; Yoneda, Kasamatsu, Hatae, &
Watabe, 2002). On the other hand, two ATP degradation path-
ways were proposed in the muscle tissues of Dungeness crab and
kuruma prawn, i.e. ATP/ADP/AMP/IMP/HxR/Hx and
ATP/ADP/AMP/Ado/HxR/Hx (Groniger & Brandt, 1969;
Shirai & Kikuchi, 2002). Therefore, it remains inconclusive
whether K value can be used as a freshness indicator in in-
vertebrates. Regardless, fast and accurate determination of NRCs in
L. vannamei can provide preliminary identification of the ATP
degradation pathway in postmortem muscles, which is of great
significance for the flavor and freshness of aquatic foodstuff.

Current methods for the analysis of NRCs include enzymatic
method (Angel & Fermin, 1981), ion exchange chromatography
(Gao et al., 2006; Iwamoto, Yamanaka, Watabe, & Hashimoto,
1987), capillary electrophoresis (Kaname et al., 2005; Tsoda,
1983), reverse phase liquid chromatography (Bhatt, Chen, Geiger,
& Rosenberger, 2012; Graven, Tambalo, Scapozza, & Perozzo,
2014; Isabel, Eula, Ana, Miguel, & Margarida, 2001; €Ozogul,
Anthony Taylor, Quantick, & €Ozogul, 2000; Wang, Xue, & Li,
2007; ), sensor method (Devi, Batra, Lata, & Yadav, 2013; Devi,
Yadav, & Pundir, 2011), etc. Reverse phase HPLC has the advan-
tages of high speed and simplicity, which render it the principal
method currently used in biological and food sciences (Jose, Barat,
Eduardo, et al., 2008). However, for the analysis of ionic species, ion
pairing is usually required. Ion pair reagents are pricy and may
contaminate the column, shortening the lifetime of the column.
Moreover, many methods have limitations on the type of analytes
and some require long analysis time. Particularly, no fast and facile
HPLC method is available for the analysis of 10 NRCs in L. vannamei.
In this study, a high performance liquid chromatography coupled
with diode array detection (HPLC-DAD) method for the analysis of
10 NRCs in L. vannamei was established. Validation of the method
was performed and good results were obtained. The concentration
change of the 10 target NRCs during chilled storage (4 �C) was
analyzed.
2. Materials and methods

2.1. Instruments and materials

Live shrimp (L. vannamei) with a body weight of 10e15 g were
purchased from Luchaogang Market of Shanghai and put in an
oxygenated sampling vessel, which was quickly taken back to the
lab. Upon arrival, the shrimp were washed with ice water and
blotted dry. They were stored at 4 ± 1 �C before further processing.

HPLC analysis was performed on a Waters Alliance 2695 HPLC
system equipped with a Waters 2996 photodiode array (PDA) de-
tector and Empower 2 software package. A Shimadzu Kubota 520
centrifuge, a Shimadzu SK8200 HP sonicator, and a Yamato ho-
mogenizer were used for sample preparation. A Mettler Toledo
AB104-N balance and a Mettler Toledo pH meter were used for
measuring sample weight and pH, respectively. Water used in the
experiment was generated from a Milli-Q deionizer purification
system (Millipore).
2.2. Reagents

Standards of ATP, ADP, GMP, AMP, IMP, HxR, Hx, Ado, Ad, and Xt
were purchased from Sigma. Methanol was HPLC grade and water
was ultrapure water. Potassium phosphate dibasic, potassium
phosphate monobasic, perchloric acid, potassium hydroxide, and
phosphoric acid were all of guaranteed reagent grade.
2.3. Chromatographic conditions

The chromatographic conditions are as follows.
Column: Shimadzu ODS-3 C18 (4.6 mm � 250 mm, 5 mm)
Mobile phase: A- 20 mmol/L KH2PO4:20 mmol/L K2HPO4 (v/v

1:1), adjusted to pH 5.8 with phosphoric acid; B- Methanol
Column temperature: 30 �C
Injection volume: 10 mL
Detection wavelength: 254 nm
Flow rate: 1.0 mL/min
Gradient: 0e6 min 100%A, 6e15 min B increases linearly to 8%,

15e20 min B increases linearly to 35%, 20e22 min 35%B,
22e24 min B decreases linearly to 0%, 24e30 min 100%A

2.4. Preparation of standard stock solution

A standard stock solution of 2000 mg/mL was prepared by
accurately weighing appropriate amounts of the 10 NRCs into a
volumetric flask and filling to the mark with ultra-pure water. This
stock solution was stored at 4 �C and set to expire after 7 days.

2.5. Sample preparation

Extraction of NRCs was performed according to (Yokoyama,
Sakaguchi, Kawai, & Kanamori, 1992) with minor modifications.
Shrimp muscle sample (5.0 g) was pulverized and homogenized in
10 mL of chilled 10% perchloric acid. After being stirred with a glass
rod, the suspension was centrifuged in a refrigerated centrifuge at
5000 r/min for 10 min. The supernatant was collected. The pellet
was re-suspended in chilled 5% perchloric acid and the resulting
suspension was centrifuged. The supernatants from the two ex-
tractions were pooled and neutralized with KOH to pH 5.8.
Neutralization was performed stepwise with the addition of
10 mol/L KOH initially, followed by addition of 1 mol/L KOH close to
pH 5.8. The neutralized supernatant was transferred to a 50 mL
volumetric flask and filled to the mark with neutralized 1%
perchloric acid (pH 5.8). The resulting solution was filtered to
remove potassium perchlorate crystals and then filtered through a
membrane of 0.22 mm pore size. The filtered sample was injected
into HPLC-DAD for analysis. The remaining sample was stored at
�20 �C and unfrozen when ready for next injection.

2.6. Spiking experiments

Fresh shrimp muscle samples were added into mixed standard
solutions of low, mid, and high concentrations. Samples were
processed as detailed in Section 2.5 in triplicates. The spiked re-
covery can be calculated as follows:

Spike recovery ð%Þ ¼ ðdetected amount� original amountÞ
� =spiked amount*100%

As a control, 5 mL of purified water was subjected to the sample
preparation process detailed in Section 2.5. The resulting control
sample was analyzed.

2.7. Calculation of NRC concentrations

Concentrations of the 10 NRCs can be calculated by the
following equation:

X ¼ C*V
m*M

where X is the contents of the 10 NRCs in the shrimp muscle
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samples, mmol/g; C is concentration of the NRCs in the samples as
obtained from the calibration curve, mg/mL; V is the volume of the
sample extract, mL; m is the weight of the sample, g; M is the
molecular weight of each of the NRCs.

Analysis of variance (ANOVA) and mean comparison were car-
ried out using the SPSS software Version 15.0 (SPSS Inc.). Signifi-
cance of differences was defined at P � 0.05. The figures were
generated using Origin 8.5 (OriginLab).

3. Results and discussion

3.1. Optimization of chromatographic conditions

Separation of the 10 NRCs was optimized in terms of peak shape,
degree of separation, and analysis efficiency. Optimal, column, pH
and composition of the mobile phase were selected.

3.1.1. Selection of column
Three C18 columns (4.6 � 250 mm, 5 mm) were tested for the

separation of the 10 NRCs, including Agilent, Thermo, and Shi-
madzu. The performance of the Shimadzu-GL ODS-3 C18 column
was found to be the best. This may be due to its matrix of C18
derivatized ultrapure porous silica microspheres. The porous silica
matrix has relatively high surface area among all tested columns,
which may have resulted in stronger retention of the target NRCs.

3.1.2. Selection of mobile phase conditions
The 10 target NRCs have very similar structures, which made it

difficult to separate them. ATP, GMP, IMP, and ADP, in particular,
eluted very close to each other. For optimal separation, the pH of
mobile phase A was gradually increased from 3.5 to 6.8. As shown
in Fig. 1, the 10 target compounds were baseline separated at pH
5.8.

The percentage of mobile phase B (methanol) was optimized as
well. When the percentage of mobile phase B increased, the target
10 compounds eluted earlier, leading to higher analysis efficiency.
However, overly high percentage of methanol in the mobile phase
leads to co-elution of certain compounds, affecting the degree of
separation. Through optimization, the gradient in Section 2.3 was
established. All target compounds eluted within 25 min. In com-
parison, it took at least 45 min for all compounds to elute when
only phosphate buffer was used as the mobile phase. With the
presence of organic phase, the separation efficiency was signifi-
cantly improved in our experiment. Moreover, the presence of
Fig. 1. LC Chromatogram of 10 NRC standards each at 100 mg/mL.
certain percentage of methanol in the mobile phase can protect the
stationary phase, improving the column lifetime. Wang et al. and
Graven et al. used reversed-phase liquid chromatography with ul-
traviolet detection to determine NRCs, but the analysis time were
more than 35 min, and it needed ion-pair reagents (Graven et al.,
2014; Wang et al., 2007).

Finally, the concentration of the phosphate buffer in mobile
phase A was optimized. Phosphate buffers (KH2PO4eK2HPO4) of
various concentrations (0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 mol/L)
were compared. At 0.01 mol/L, there was fluctuation in the baseline
and the peak shape was not Gaussian. Some peak tailing was also
observed. As the concentration increased to 0.02e0.06 mol/L,
satisfactory separation of the 10 target compounds was achieved. It
can be seen in Fig. 1 that the peak shape is ideal and the retention
time is stable and shortened. This may be due to the masking effect
of the phosphate buffer on the secondary interaction of the siloxane
groups, thusminimized tailing. However, overly high concentration
of phosphate buffer may contaminate the column and affect its
efficacy (Qiu, Chen, Chen, & Xie, 2011). Therefore, a 0.02 mol/L
phosphate buffer was selected as the mobile phase A.

3.2. Method performance parameters

3.2.1. Linearity and detection limit
Working standards of 0, 5, 10, 20, 50, 100 and 500, prepared

from the stock solution of the 10 NRCs, were analyzed per chro-
matographic conditions in Section 2.3. Each working standard was
analyzed three times. Peak identification was based on retention
time, while peak area or peak height was used to prepare aworking
curve. The correlation coefficient R2 was used to evaluate linearity.
Limit of detection (LOD) was defined as the signal at which the
signal to noise ratio (S/N) was 3, while the limit of quantification
(LOQ) was defined as the signal at which the (S/N) was 10.

As shown in Table 1, good linear relationship in the range of
0e500 mmol/L was observed in all 10 NRCs. The correlation co-
efficients were all over 0.9996. The sensitivity, as determined by the
LOQ, lies in the range of previously published UV-based HPLC
methods (Graven et al., 2014; Kochanowski et al., 2006). The LOD
values were between 0.02 and 0.10 mmol/L, while the LOQ values
were between 0.08 and 0.32 mmol/L. It can be concluded that this
method has good linearity and sensitivity.

3.2.2. Precision
Precision of analysis was estimated by intraday and interday

variations. A solution with known concentrations of the 10 NRCs
standards were added to shrimp muscle samples, which were
processed as detailed in Section 2.5. For each sample, intraday
precision was evaluated by results obtained from 5 repeated
measurements within a day and interday precision by 5 measure-
ments, each on a consecutive day. The relative standard deviation
(RSD) was calculated by multiplying the ratio of the standard de-
viation and measured amount by 100.

As shown in Table 1, RSD values of intraday measurements were
between 1.2% and 3.4%, while those of interday measurements
between 1.5% and 5.4%. RSD values of intraday and interday
correlate well with the findings of others (Bhatt et al., 2012; Qiu
et al., 2011). It can be concluded that good instrumental precision
and repeatability of method have been achieved.

3.2.3. Recovery
Perchloric acid is often used to precipitate proteins in biological

samples and extract acid soluble compounds in tissue samples
(Yokoyama et al., 1992). Therefore, it was used in this study to
extract the 10 NRCs.

The mean spike recoveries, as shown in Table 2, were between



Table 1
Correlation coefficient, LOD, LOQ, intra- and inter-day precision.

NRC Regression
equations

R2 LOD
(mmol/L)

LOQ
(mmol/L)

Original content Intraday Interday

Concentration (mmol/L) Concentration (mmol/L) RSD (%) Concentration (mmol/L) RSD (%)

ATP y ¼ 13874x þ 6456.2 0.9996 0.10 0.32 155.9 ± 0.3 155.7 ± 1.5 2.1 153.4 ± 2.5 2.5
GMP y ¼ 13230x þ 6321.3 0.9998 0.06 0.20 135.2 ± 0.1 136.9 ± 0.9 1.6 132.6 ± 3.2 3.4
IMP y ¼ 11282x þ 6537.2 0.9996 0.06 0.20 452.3 ± 0.1 452.7 ± 2.4 2.3 448.3 ± 5.3 1.5
ADP y ¼ 15048x þ 6988.6 0.9999 0.08 0.28 200.2 ± 0.2 201.7 ± 3.1 1.8 199.5 ± 4.2 3.1
Hx y ¼ 28607x þ 5421.4 0.9999 0.03 0.10 199.8 ± 0.2 198.1 ± 3.6 1.2 196.3 ± 6.1 5.4
Xt y ¼ 19425x þ 6523.3 0.9998 0.05 0.15 100.2 ± 0.1 99.2 ± 1.8 3.4 98.7 ± 5.8 5.6
AMP y ¼ 18206x þ 4108.5 0.9999 0.05 0.15 223.8 ± 0.2 223.9 ± 4.7 2.8 224.4 ± 4.8 4.5
Ad y ¼ 53203x þ 10369.2 0.9998 0.04 0.12 100.2 ± 0.1 100.3 ± 3.3 2.5 102.5 ± 2.0 5.4
HxR y ¼ 15623x þ 4682.4 0.9999 0.06 0.20 279.3 ± 0.2 278.2 ± 2.8 1.3 276.6 ± 4.9 3.6
Ado y ¼ 31028x þ 8754.3 0.9997 0.02 0.08 139.7 ± 0.1 139.2 ± 2.4 1.6 137.8 ± 5.4 4.3

Table 2
Spike recovery (x ± SE, n ¼ 6).

NRC Original amount (mmol/g) Spiked amount (mmol/g) Observed amount (mmol/g) Mean recovery (%) RSD (%)

ATP 10.21 ± 0.12 0.04 10.24 ± 0.004 85.2 5.7
0.18 10.38 ± 0.002 93.4 8.6
0.71 10.85 ± 0.005 89.9 5.4

GMP 0.63 ± 0.06 0.07 0.70 ± 0.003 96.5 8.5
0.25 0.86 ± 0.003 92.1 6.3
1.03 1.59 ± 0.001 93.5 5.9

IMP 0.32 ± 0.02 0.08 0.41 ± 0.001 110.0 8.5
0.27 0.58 ± 0.007 94.9 6.3
1.2 1.57 ± 0.004 104.1 5.9

ADP 1.72 ± 0.03 0.06 1.78 ± 0.004 102.0 5.3
0.20 1.89 ± 0.005 86.2 7.5
0.80 2.40 ± 0.004 85.2 8.0

Hx 0 0.20 0.17 ± 0.013 83.0 7.2
0.65 0.54 ± 0.021 82.6 6.4
2.77 2.19 ± 0.010 79.2 5.4

Xt 0 0.15 0.12 ± 0.005 78.6 6.5
0.60 0.44 ± 0.014 72.5 4.2
2.54 1.95 ± 0.021 76.7 7.3

AMP 0.67 ± 0.05 0.07 0.74 ± 0.003 98.8 5.3
0.25 0.88 ± 0.005 85.1 7.5
1.03 1.59 ± 0.002 89.2 8.0

Ad 0 0.17 0.14 ± 0.005 81.5 6.0
0.66 0.52 ± 0.009 79.2 7.2
2.68 2.16 ± 0.019 80.6 6.4

HxR 0 0.09 0.09 ± 0.003 98.0 5.4
0.31 0.25 ± 0.002 82.2 5.7
1.42 1.35 ± 0.003 95.1 8.7

Ado 0 0.09 0.07 ± 0.006 82.7 5.4
0.35 0.33 ± 0.005 94.6 8.0
1.35 1.22 ± 0.006 90.1 7.1
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72.5% and 110% for all 10 target compounds with RSD values be-
tween 4.2% and 8.7%. These values suggest good stability and reli-
ability of the method. The spike recoveries of Ad, Hx, and Xt
Table 3
A list of up to 10 names of chemical compounds.

No. Chemical compounds

1 Adenosine triphosphate (PubChem CID: 5957)
2 Adenosine diphosphate (PubChem CID: 6022)
3 Adenosine monophosphate (PubChem CID: 6083)
4 Inosinic acid (PubChem CID: 8582)
5 Inosine (PubChem CID: 6021)
6 Hypoxanthine (PubChem CID: 790)
7 Guanosine monophosphate (PubChem CID: 6804)
8 Adenosine (PubChem CID: 60961)
9 Adenine (PubChem CID: 190)
10 Xanthine (PubChem CID: 1188)
(<83.0%) were found to be lower than those of ATP, ADP, AMP, IMP,
HxP, GMP, and Ado (between 82.7 and 110%). The lower recoveries
of the three compounds may be due to their affinity to proteins,
which resulted in their loss in the centrifugation process together
with the proteins. It may also be due to precipitation reaction with
potassium perchlorate generated with the addition of KOH in the
neutralization step (Huertas-Perez et al., 2007). These results were
similar to those previous studies (Wu, Chen, Nimal Selvaraj, Wei, &
Wang, 2015; Zhou et al., 2012) (see Table 3).
3.3. Analysis of NRCs in L. vannamei during chilled storage at 4 �C

A total of 8 time points under chilled storage conditions (4 �C)
were selected, including 0, 1, 2, 3, 4, 5, 6, and 7 days. Approximately
35.0 g of shrimp muscle sample was collected at each time point.
Triplicate samples were prepared and extracted according to Sec-
tion 2.5. The extracts were filtered through membranes of pore size



Fig. 2. Chromatograms of the NRCs. AeH are chromatograms at Day 0, Day 1, Day 2,
Day 3, Day 4, Day 5, Day 6, and Day 7, respectively. Peak assignment: 1. ATP; 2. IMP; 3.
GMP; 4. ADP; 5. Hx; 6. Xt; 7. AMP; 8. HxR; 9. Ado.

Fig. 3. Changes in NRC levels and Ks values during chilled storage at 4 �C.
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0.45 mm and a 10 mL aliquot was injected. The chromatograms are
shown in Fig. 2. The concentrations of the NRCs were calculated by
the external standard method.

Fig. 3A shows the changes in NRC levels during chilled storage at
4 �C. ATP content decreased dramatically from 10.34 mmol/g
immediately after death to 0.20 mmol/g on the second day of stor-
age. ADP content was 1.93 mmol/g immediately after death and
trailed off to 0.21 mmol/g after 7 days. The significant decrease of
ATP can be attributed to highly active ATPases. The findings here are
similar to those for kuruma prawn (Matsumoto& Yamanaka, 1990).
AMP in shrimp muscle samples increased from 0.59 mmol/g
immediately after death to 9.04 mmol/g on Day 2, whichmay be due
to the rapid degradation of ATP to AMP via ADP. Then its level
rapidly decreased day by day to 1.24 mmol/g on Day 7, a decrease of
86.3%. As AMP deaminase converted AMP to IMP, IMP started to
accumulate in the beginning stage of the conversion, increasing
from 0.25 mmol/g after death to a maximum of 5.12 mmol/g on Day
3. IMP level started to decrease gradually on Day 4 due to enzymatic
reaction. On Day 7, the level was 3.52 mmol/g, still higher than the
level right after death. The observed degradation behavior in this
study is similar to those observed in kuruma prawn and macro-
brachium nipponense (Matsumoto& Yamanaka,1990; Qi, Li,& Zhou,
2001). As can be seen in Fig. 3B, GMP remained at relatively low
levels during chilled storage. It showed a slow decreasing trend
with time, dropping from 0.50 mmol/g after death to 0.36 mmol/g on
Day 7. Despite its low content, GMP is an important flavor related
substance in aquatic foods and plays an important role in deter-
mining the flavor of shrimp (Aristoy & Toldra, 2009). It can be
inferred from the results that high levels of AMP and IMP plus small
amounts of GMP may contribute to the excellent flavor of L.
vannamei.

As shown in Fig. 3A, the HxR level increased almost linearly
from 0.10 to 1.78 mmol/g with storage time, which was equivalent of
a 0.24 mmol/g daily increase. The Hx level showed a similar trend
but maintained relatively low. It increased at a daily rate of
0.19 mmol/g from 0 mmol/g after death to 1.36 mmol/g on Day 7
(Fig. 3B). Hx is considered to be the substance that causes unde-
sirable smell. As time increases, the Hx level increases and even-
tually causes a rotten smell from fish. The increase of Hx was
thought to be the results of increasing microbes in fish body. The
level of Hx was used as a chemical indicator for evaluating the
spoiling of macrobrachium nipponense (Qi et al., 2001).

The chromatograms (Fig. 2) show no Ad peal in muscle tissue
samples of L. vannamei during chilled storage, while the Ado peak
was detected at 0.04 mmol/g on Day 3. The Ado level increased with
storage time but remained relatively low in general. On Day 7, the
Ado level increased to 0.39 mmol/g. For Xt, it was detected at
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0.03 mmol/g after death and increased with storage time to
1.56 mmol/g on Day 7 (Fig. 3B). This ascending trend of Xt may be
attributed to it being a product of Hx degradation.

ATP degradation pathway in fish was considered to follow
ATP/ADP/AMP/IMP/HxR/Hx (Saito, Arai, & Matsugoshi,
1959). Two pathways were proposed for shellfish (Arai & Saito,
1961; Iwamoto et al., 1991; Saito et al., 1958; Yoneda et al., 2002).
In our study, accumulation of relatively high levels of IMP was
observed. Ado did not appear in the chromatogram until Day 3 and
remained at relatively low levels. No Ad was observed in
any sample. Based on the above evidence, the degradation
pathway of L. vannamei during chilled storage is proposed as
ATP/ADP/AMP/IMP/HxR/Hx (major) and
ATP/ADP/AMP/Ado/HxR/Hx (minor). The pathway of
ATP/ADP/AMP/Ado/Ad does not apply. This pathway is the
same as the ATP degradation pathway proposed for Dungeness crab
and kuruma prawn (Groniger & Brandt, 1969; Shirai & Kikuchi,
2002). It can be seen in Fig. 3A, levels of ATP and ADP remained
relatively low, while AMP and IMP accumulated to high levels
throughout the storage period. This observation is similar to that
observed in macrobrachium nipponense (Qi et al., 2001).

In the case of fish degradation, K value, as a freshness decreasing
indicator, can be expressed at follows.

K ¼ HxRþ Hx
ATP þ ADP þ AMP þ IMP þ HxRþ Hx

� 100%

It was found in this study the ATP degradation pathway was
different in L. vannamei. As discussed above, ATP degradation can
follow either one or both of the two possible pathways. Therefore,
the K value for L. vannamei is more appropriately expressed by the
following equation.

Ks ¼ HxRþ Hx
ATP þ ADP þ AMP þ IMP þ Adoþ HxRþ Hx

� 100%

Fig. 3C shows changes in Ks values of L. vannameimuscle during
chilled storage at 4 �C. Linear regression indicates a significant and
linear relationship [y ¼ 5.3666x�1.6444, R2 ¼ 0.9847, P < 0.05]
between Ks values and storage time. Ks increased from 1.8% on Day
0e38.4% on Day 7. Ks value appears to be a useful indicator for
freshness of L. vannamei during chilled storage at 4 �C. Total volatile
basic nitrogen (TVB-N) is widely used as a quality indicator for
shrimp corruption, it is a mixture of ammonia and low amines
broken down by protein due to the metabolism of spoilage bacteria
and endogenous enzymes (Qian et al., 2015). Ks value could reflect
the progress of ATP degradation after L. vannamei died and it is
more suitable than TVB-N for L. vannamei freshness evaluation
during the early storage.

4. Conclusion

In this study, an HPLC-DADmethod for the analysis of 10 NRCs in
L. vannameiwas developed and evaluated. The target 10 NRCs were
ATP, ADP, AMP, IMP, HxR, Hx, GMP, Ado, Ad, and Xt. This new
method is faster, more efficient, more sensitive, and has better
separation power than current methods. It meets the requirements
for precision, repeatability, linearity, limit of detection and spike
recovery. This method is effective in determining NRCs and deci-
phering the ATP degradation pathway in L. vannamei. It is of great
merit to the analysis of flavor related nucleotides and establishing a
good freshness indicator in shrimp.
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a b s t r a c t

This study investigated the effect of various pressure-shift freezing (PSF) conditions (0.1e200 MPa) on
the quality characteristics of pork. Pork was pressurized and cooled down to corresponding freezing
temperature at given pressure level, and thereafter, the pork was finally frozen in a �50 �C freezer for
24 h. The frozen pork was thawed in a 4 �C refrigerator for 24 h, and quality parameters were analyzed.
As quality parameters, pH, water-binding properties, shear force, histological change and color were
evaluated. The PSF operating at higher pressure than 150 MPa manifested high moisture loss and
discoloration, while the PSF at 50 MPa had no advantageous effect on the quality of pork compared to
atmospheric freezing (0.1 MPa). The best PSF condition was observed at 100 MPa, where the pork quality
did not differ from an unfrozen control after thawing. Consequently, the results reflected that PSF at
100 MPa had a potential application in providing rapid freezing without quality deterioration in the
frozen meat industry.

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

Freezing has been recognized as the most effective preservative
method for meat. Meat quality is closely related to freezing con-
ditions, particularly the freezing rate (Gruji�c, Petrovi�c, Pikula, &
Amid�zi�c, 1993). Ice crystals that form during the ice-water phase
transition disintegrate tissue membranes, thereby manifesting
moisture exudation (namely, drip loss) during thawing. Therefore,
rapid freezing has been recommended. To accelerate the freezing
rate, various novel technologies have been introduced, including
cryogenic freezing, individual quick freezing, and deep freezing
(Boonsumrej, Chaiwanichsiri, Tantratian, Suzuki, & Takai, 2007;
Szymo�nska, Krok, & Tomasik, 2000). In these technologies, the
cooling temperature plays a key role in meat freezing. Based on the
nature of heat transfer, the heat involved in the meat body is
transferred from the inside to the outside of the meat. This phe-
nomenon reflects different freezing rates at the surface, interme-
diate areas and center of the meat, even if rapid freezing is applied
(Sanz et al., 1999).

High-pressure processing has potential applications in the fields
.

of preservation, texturization and freezing (Cheftel & Culioli, 1997).
Currently, it has been commercialized as a non-thermal pasteuri-
zation or a textural modification technique of meat. From the
freezing point of view, high pressure provides three different
freezing methods depending on the applied pressure and temper-
ature conditions. According to the definition of Urrutia Benet,
Schlüter, and Knorr (2004), high-pressure freezing is classified as
pressure-induced freezing, pressure-shift freezing (PSF) or
pressure-assisted freezing. Among these methods, PSF has been
evaluated as an effective rapid freezing technique (Fern�andez,
Otero, Guignon, & Sanz, 2006). It was reported that the freezing
point of water depressed to �20 �C with increasing pressure up to
210 MPa. Upon depression, water undergoes a drastic phase tran-
sition that results in instantaneous freezing. Actually, this phe-
nomenon is divided into two processes, i.e., an increase in
temperature from a super-cooled state (�20 �C) to the freezing
point (~0 �C) due to release of latent heat (primary freezing), fol-
lowed by an ice-water phase transition and the end of freezing
(secondary freezing) (Fern�andez et al., 2006). Foods subjected to
PSF showed less tissue damage compared to commercially frozen
food (Chevalier, Sequeira-Munoz, Le Bail, Simpson, & Ghoul, 2000).
It was found that the amount and size of ice crystals were closely
related to the extent of supercooling and the duration of the phase
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Fig. 1. Experimental design and pressure-shift freezing conditions. The dashed line
indicates freezing point of pork meat.
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transition, respectively (Fern�andez et al., 2006). To obtain the
greatest supercooling extent, PSF of foods has generally been con-
ducted at 200MPa as reported in most of the literature (Fern�andez-
Martín, Otero, Solas, & Sanz, 2000; Otero, Martino, Zaritzky, Solas,
& Sanz, 2008; Tironi, LeBail, & de Lamballerie, 2007), while little
information regarding the effect of the extent of supercooling on
meat quality is available.

In the case of meat, high pressure is known to promote discol-
oration mainly due to denaturation of globin and/or oxidation of
meat pigment proteins (Carlez, Veciana-Nogues,& Cheftel, 1995). It
was likely that the discoloration was more intensely observed in
PSF than in over-zero temperature high-pressure processing
because PSF required more holding time to chill the meat body.
Alternately, it was identified that moderate pressurization
(80e100 MPa) improved meat color and color stability during
storage (Cheah& Ledward,1997; Chun, Min,&Hong, 2014). In over-
zero temperature processing, moderate pressurization did not
attract any attention because this processing had no effect on tex-
turization and/or preservation of the meat. Conversely, relatively
low pressure levels in PSF would have a potential advantage in
commercial applications as the primary freezing technique. In
particular, the PSF under moderate pressure levels would enable
minimization of the quality deterioration, such as meat discolor-
ation. Consequently, this study investigated the effects of PSF at
various pressure levels (0.1e200MPa) on the quality characteristics
and histological changes of pork.

2. Materials and methods

2.1. Materials

Pork loins (M. longissimus thoracis et lumborum) from six do-
mestic half-carcasses (crossbreed of Landrace � Yorkshire � Duroc,
6-month-old hogs) with pH 5.6e5.8 were selected at 24 h post-
mortem from a local meat market. All visible fat and connective
tissues were trimmed off, and six strips (6 � 6 � 15 cm) with fiber
parallel to the muscle were taken from each loin and weighed. The
meat strips were separately vacuum-packaged with poly nylon
pouches (Nylon/Poly ethylene coextrusion, thickness of
30e300 mm) and stored in a 4 �C refrigerator prior to treatment for
less than 2 h. The whole sampling procedure was repeated on three
different days (n ¼ 3). All chemicals used for analyses were of
analytical grade.

2.2. Treatment

One sample strip from each loin was allocated to each treat-
ment. Total 6 strips were used for each treatment, and one group
was kept in a 4 �C refrigerator for 48 h (untreated fresh control). The
other five groups were frozen under PSF conditions of 0.1 (atmo-
spheric freezing), 50, 100, 150 and 200 MPa (Fig. 1). The PSF was
applied using a lab-assembled high-pressure system as described
in our previous study (Hong, Ko, Choi,&Min, 2008), with ethanol as
a pressure-transmitting medium. The compression and depression
rates were 2.7 and 20MPa/s, respectively. Each groupwas placed in
a pressure vessel (working volume of 1 L), and the vessel was
cooled down to the corresponding freezing point of pork using
circulating �50 �C ethanol. Based on our previous study (Hong, Ko,
Choi, & Min, 2006), the freezing point of pork was estimated to
be �1.4 �C (0.1 MPa),�4.2 �C (50 MPa),�8.9 �C (100 MPa),�14.1 �C
(150 MPa), and �21.2 �C (200 MPa). When the inner vessel tem-
perature reached the corresponding freezing point of meat, the
pressure was removed (primary freezing). The total pressure
holding timewas expressed as the duration prior to depression and
was estimated to be 17.3 min (0.1 MPa, cooling time only) 39.9 min
(50 MPa), 48.2 min (100 MPa), 72.4 min (150 MPa), and 114.4 min
(200 MPa). Immediately after depression, the samples were trans-
ferred to a �50 �C deep freezer (secondary freezing) and stored for
24 h. For analysis, all frozen samples were thawed in a 4 �C
refrigerator for 24 h.
2.3. Sampling

From the six strips of each treatment, three strips were
randomly selected, and a 1-g portion of each strip was aseptically
sampled to determine the total plate count (TPC). A small piece of
meat was also taken from each strip and immersed into 2 g/100 mL
formalin prior to histological observation (~12 h). After measuring
the color, the remaining portion of meat was used for pH and
water-holding capacity (WHC) measurements. The other three
strips were used to determine drip loss, cooking loss and shear
force.
2.4. pH

Five-gram samples from three sample strips were added to
20 mL of distilled water and homogenized for 3 min. The pH of the
samples was determined using a pH meter (Model S220, Mettler
Toledo GmbH, Greifensee, Switzerland) calibrated with pH 4 and
pH 7 buffer solutions (Daejung Chemicals & Metals Co., Ltd., Shi-
heung, Korea).
2.5. Thawing loss and cooking loss

Prior to freezing, fresh meat strips were weighed. After thawing
(after 48 h for control), the surface exudate was gently wiped out
using a tissue, and the meat sample was weighed again. Thawing
loss was expressed as a percentage ratio of the thawed weight to
the initial weight of the sample. Drip loss of control stored at 4 �C
for 48 h was compared with thawing loss of treatments. The meat
strips were separately packaged again using a plastic bag and
cooked in a 75 �C water bath for 30 min. The cooked meat was
cooled at ambient temperature (~18 �C) for 30 min, and the surface
exudate was also wiped out. The cooking loss was determined from
the percentage weight ratio of before versus after cooking.



Fig. 2. Effect of pressure-shift freezing on the pH of pork meat. Vertical bars indicate
standard errors (n ¼ 3 of each triplicate determination). Means with different letters
are significantly different (P < 0.05).
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2.6. WHC

One-gram samples from three strips were placed on gauze in a
tube and centrifuged at 1500 � g for 15 min at 4 �C. The meat
pellets were carefully removed, and the tubes were weighed. Each
tube was dried at 102 �C for 24 h and weighed again. TheWHC was
calculated based on the method of Hong et al. (2008).

2.7. Shear force

Shear force was measured using the three cooked sample strips.
Three cylindrical samples from each of three cooked strips were
taken using a borer (1 cm in diameter). The samples were sheared
using a texture analyzer (CT3, Brookfield Engineering Labs,
Stoughton, MA, USA) equipped with a knife under the conditions of
a head speed of 1.5 mm/s and a trigger load of 1 g.

2.8. Histological observation

Histological observation of each sample was conducted on a 4-
mm-thick section of formalin-fixed and paraffin-embedded sample
pieces that had been stained with Harris hematoxylin and eosin Y
alcoholic (BBC Biochemical, Mount Vernon, WA, USA) using an
autostainer (XL ST5010, Leica Biosystems, Nussloch, Germany). The
histology of each sample was observed using a light microscope
(Nikon Microscope Eclipse E400, Nikon Corp., Tokyo, Japan) con-
nected to a CCD camera (CCD-300 T-RC, DAGE-MTI, Michigan City,
IN, USA).

2.9. Instrumental color

The surface color of each sample from three strips was
measured using a color reader (CR-10, Konica Minolta Sensing Inc.,
Tokyo, Japan) with 8 mm measuring diameter and 8� illumination
angle (CIE standard illuminant D65). CIE L*, a* and b* were deter-
mined as indicators of lightness, redness and yellowness, respec-
tively. Calibrationwas carried out prior to each color determination
using a white standard plate.

2.10. TPC determination

A 1-g meat sample obtained from each strip was combined with
9 mL of sterilized water in a bag-filter (Interscience, Saint Nom,
France) and blended using a stomacher (WS400, Shanghai Zhisun
Equipment Co. Ltd., Shanghai, China) for 2 min. The filtrate was
diluted to 105 using sterilized water and plated on a plate count
agar (Difco™, Becton, Dickinson and Company, Sparks, MD, USA).
After incubation at 37 �C for 48 h, plates with 30e300 colonies were
selected and counted. The TPC was expressed by the logarithm of
the number of colony-forming units (log CFU/g).

2.11. Statistical analysis

A completely randomized block design was adopted to evaluate
the effect of PSF conditions. One experiment was tested by tripli-
cated determination (9 times in the case of shear force) using pork
loins from six carcasses. Averages from three entirely repeated
experiments (n ¼ 3) were analyzed by one-way ANOVA using SAS
software (ver. 9.2, SAS Institute, Cary, NC, USA). To identify the fixed
effect (PSF conditions), other factors including carcass and sam-
pling position (strips) were applied as a random effect. When the
main effect was significant (P < 0.05), post hoc analysis was con-
ducted to compare among the means using Duncan's multiple
range test.
3. Results and discussion

3.1. pH

The pH of PSF-treated pork tended to increase with increasing
pressure (Fig. 2). Compared to the pH of the control (5.76), the pH of
PSF-treated pork was not affected by pressure levels in the range of
0.1e100 MPa. Meanwhile, a significantly high pH was observed in
the sample treated at 150 MPa, and the pH was further increased to
5.91 at 200 MPa (P < 0.05). The increase in pH of pressurized meat
was also observed in other literature (Hong et al., 2006, 2008; Ma&
Ledward, 2004). It was concluded that structural changes in meat
proteins under high pressure caused the increase in pH of the meat
(Cheftel & Culioli, 1997; Hong, Chun, Lee, & Choi, 2012; Ma &
Ledward, 2004). Although it was believed that the impact of high
pressure on the structure of meat proteins was induced prior to
freezing (Luscher, Balasa, Fr€ohling, Ananta, & Knorr, 2004), meat
proteins were subjected to lower temperatures for a longer time
with increasing pressure. Fern�andez-Martín et al. (2000) also
observed great denaturation of meat proteins in PSF treatment
compared to the high-pressure over-zero temperature counterpart.
Because the pH of pressurized muscle is an indicator of quality
characteristics of meat (Hong et al., 2012), the PSF conducted at
pressures lower than 150 MPa was appropriate to prevent quality
deterioration of frozen meat.
3.2. Water-binding properties

The fresh meat (control) exhibited 0.6% drip loss during chilled
storage for 48 h (Fig. 3a). Upon freezing and thawing, the porkmeat
showed greater drip loss than the control (P < 0.05), in particular,
frozen treatment at atmospheric pressure (0.1 MPa) resulted in the
highest drip loss among frozen treatments, with a value of 2.9%. The
drip loss of pork tended to decrease with increasing pressure,
showing a minimum at 100 MPa (P < 0.05) and thereafter
increasing again with pressure. The former change would be
attributed to rapid freezing, while the latter change was possibly
due to protein denaturation. Due to a drastic release of latent heat,
the higher the pressure level is, the more rapid might be the
freezing rate of pork. From the muscle protein point of view, Hong
et al. (2012) did not find any evidence of myosin and actin dena-
turation in pressurized muscle at 200 MPa (for 25 min at 26 �C),
whereas the myosin and actin were completely denatured at
300 MPa for 2 min at 14 �C. Conversely, Fern�andez-Martín et al.
(2000) reported that complete or considerable denaturation of
actin and myosin was manifested by PSF (200 MPa, �20 �C), indi-
cating that pressure-induced denaturation was noticeably caused



Fig. 3. Effect of pressure-shift freezing on the thawing loss, cooking loss and water-
holding capacity (WHC) of pork meat. Vertical bars indicate standard errors (n ¼ 3
of each triplicate determination). Means with different letters are significantly
different (P < 0.05).

Fig. 4. Effect of pressure-shift freezing on the shear force of pork meat. Vertical bars
indicate standard errors (n ¼ 3 of each repeated nine times). Means with different
letters are significantly different (P < 0.05).
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under sub-zero temperature conditions (cold denaturation).
Cooking loss of pork exhibited similar results to thawing loss

(Fig. 3b). The cooking loss of the control was 13.6%, which was
significantly lower than that of all freezing treatments (P < 0.05).
Although there was no significance in cooking loss among treat-
ments, cooking losses for PSF treatment at 50e150 MPa were
slightly lower than those at 0.1 and 200 MPa.

The WHC of pork tended to decrease with increasing pressure
levels (Fig. 3c). The WHC of PSF-treated pork at < 100 MPa did not
differ from that of the control and ranged from 86 to 91%. However,
a significant decrease in WHC was observed when the pork was
treated by PSF at > 150MPa (P < 0.05). The result was in accordance
with pH, and the decrease in WHC of the treatment resulted from
the pressure-induced denaturation of meat proteins. Based on the
above results, the impact of PSF on meat quality varied by applied
pressure level. By considering the initial freezing point of pork
(�1.5 �C), the advantage of PSF was diminished when the PSF was
conducted at 50 MPa due to low supercooling extent (2.7 �C).
Therefore, PSF at 50 MPa resulted in similar water-binding prop-
erties of pork with those observed upon atmospheric freezing
(0.1 MPa). However, PSF at > 150 MPa involved protein denatur-
ation, which also resulted in poor water-binding properties of pork.
Consequently, PSF at 100 MPa was recommended to minimize the
loss of the water-binding properties of pork.

3.3. Shear force and histology

Excluding the PSF-treated pork at 200 MPa, the shear force of all
treatments was not different from that of the control and ranged
from 27 to 34 N (Fig. 4). Among treatments, the lowest shear force
(27 N) was obtained from the PSF treatment at 100 MPa, with the
highest (43 N) at 200 MPa (P < 0.05). It was identified that the
tenderness of meat was closely related to the amount of moisture
loss during processing (Barbanti & Pasquini, 2005). As shown
previously, lowamounts of drip loss and cooking loss were assessed
in the PSF-treated pork at 100 MPa, which possibly compensated
for the lowest shear force in this study. Alternately, the highest
shear force of the treatment at 200 MPa would be explained not
only by the high amount of moisture loss but also by changes in
interactions stabilizing the muscle structure (Angsupanich, Edde, &
Ledward, 1999).

The ultrastructure of the transverse and longitudinal sections of
pork is given in Fig. 5. The control exhibited a relatively homoge-
neous fiber structure, while definite distortion and tissue damages
were observed in the longitudinal section of samples treated by PSF
at 0.1e50 MPa. The ultrastructure of pork treated at 100e200 MPa
showed gas bubbles and vacuolizationwithin the muscle fiber. This
phenomenon is likely due to a change in gas solubility under high
pressure and low temperature conditions. In general, the integrity
of cross-striation began to diminish in the sample treated at
100 MPa, and the integrity was lost at pressures higher than
150 MPa. Additionally, endomysial aggregation and sponge-like
structure were also observed in the sample treated at > 150 MPa.
Consequently, muscle fiber underwent loss of fiber integrity and
damages by PSF treatment at > 100 MPa. The structural changes in
pressurized muscle were in accordance with the findings of Souza
et al. (2011). The authors also postulated that the cross section of
pressurized muscle was not conclusive, and the loss of structural
integrity and tissue damage was shown in a longitudinal section,
being in good agreement with this study.

3.4. Color

The lightness (L*) of pork frozen under atmospheric condition
(0.1 MPa) did not differ from that of the control (Fig. 6a). A signif-
icantly low L* was observed for the pork treated at 50 MPa
(p < 0.05), while the L* of PSF-treated pork increased with
increasing pressure levels up to 150MPa (P < 0.05). Meanwhile, PSF
did not affect the redness (a*) of pork and resulted in similar a*
among all samples (Fig. 6b). Drastic changes in the yellowness (b*)
of PSF-treated pork were observed (Fig. 6c). Compared to the
control, a significantly low b* was observed upon PSF treatment at
50 MPa (P < 0.05). The b* of pork treated at 100e150 MPa did not
significantly differ from that of the control; however, increasing
pressure tended to increase the b* of the sample. Finally, pork



Fig. 5. Histological observation of transverse and longitudinal sections of pressure-
shift frozen pork meat. Scale bar indicates 10 mm.

Fig. 6. Effect of pressure-shift freezing on the CIE color parameters (aec) and visual
appearance (d) of pork meat. Vertical bars indicate standard errors (n ¼ 3 of each
triplicate determinations). Means with different letters are significantly different
(P < 0.05).
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treated at 200 MPa showed significantly higher b* than the control
(P < 0.05).

The visual appearance of the pork indicated that the color of
PSF-treatedmeat was changed differently compared to that of meat
following the 100 MPa treatment (Fig. 6d). In the case of <50 MPa,
pork had a dark red color similar to the bright red of the control.
The dark appearance would be due to metmyoglobin reduction
(Chun et al., 2014). Although it was not clearly understood why the
metmyoglobin reduction is caused in pressurized muscle, inacti-
vation of oxidative enzymatic systems were thought to contribute
to the dark appearance (Cheah & Ledward, 1997; Chun et al., 2014).
In contrast, the pink appearance of pork treated at 150 MPa would
result from globin denaturation (Carlez et al., 1995). Moreover, PSF
at 200 MPa probably caused the oxidation of myoglobin in pork, as
indicated by the great increase in b* upon treatment at 200 MPa.
Based on the results, it was still unclear whether the color of PSF-
treated pork was stable during chilled storage; however this
study demonstrated that PSF at 100 MPa had a potential advantage
in minimizing color defects caused by high-pressure processing.

3.5. TPC

Because PSF treatment is a type of freezing technique, the mi-
crobial inactivation of pork was not necessary in this study. How-
ever, PSF-treated pork was subjected to sub-zero temperatures for
an elongated holding time under pressure, and it was believed that
PSF had an additional influence on the bactericidal effect. As shown
in Fig. 7, the TCP of the control was 2.96 log CFU/g of TPC, whichwas
significantly higher than those of frozen treatments (P < 0.05).



Fig. 7. Effect of pressure-shift freezing on the total plate count (TPC) of pork meat.
Vertical bars indicate standard errors (n ¼ 3 of each triplicate determinations). Means
with different letters are significantly different (P < 0.05).
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Among frozen treatments, PSF treatments exhibited significantly
lower TPC than did atmospheric (0.1 MPa) treatment (P < 0.05). In
general, the TPC of PSF treatments tended to decrease with
increasing pressure levels up to 100 MPa (P < 0.05), thereafter, no
significant difference was observed. Based on the study of Jo et al.
(2014), a significant decrease in the TPC of abalone was shown
at > 300 MPa of high-pressure treatment (at ambient temperature
for 3min), and complete inactivationwas obtained at > 400MPa. In
this study, however, PSF treatment at 200 MPa reduced 1.4 log
cycles, which was not enough to suggest PSF as a pasteurization
technique. Moussa, Perrier-Cornet, and Gervais (2006) stated that
the pressure-induced inactivation of Escherichia coli K-12TG1 was
greater at �20 �C than with the same processing at 25 �C, never-
theless, the loss of E. coli at 200 MPa and �20 �C was 3.6 log cycles
when the medium was distilled water. Ritz, Jugaiau, Federighi,
Chapleau, and de Lamballerie (2008) suggested that the inactiva-
tion of Listeria monocytogenes was effective at 200 MPa at �18 �C
when the pH was adjusted to 4.5 compared to the neutral condi-
tion. According to Shen, Urrutia Benet, Brul, and Knorr (2005), an
effective bactericidal effect was observed in the narrow range of
high-pressure freezing treatment (250e350 MPa at �25 �C). The
authors also suggested that the bactericidal effect was diminished
even at higher pressure and lower temperature conditions.
Consequently, the results indicated that PSF had the ability to
reduce microbial survival; however, the effect was insufficient to
utilize PSF as a pasteurization technique.

4. Conclusion

Despite the fact that PSF has been recognized as an effective
rapid freezing technique, optimum conditions had yet to be re-
ported for application in meat freezing. PSF at relatively low pres-
sure conditions (<50 MPa) had no advantageous effect on the
quality characteristics of frozen pork compared to atmospheric
freezing, while excessively high pressure conditions (>150 MPa)
resulted in quality deterioration of pork. The best condition for PSF
was 100 MPa (shifting at �9 �C), where the pork showed fresh
meat-like qualities after thawing. Still it is unclear whether the
quality of PSF-treated pork was stable during frozen storage, which
warrants further exploration.
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a b s t r a c t

To investigate the kinetics of furan formation during pasteurization in soy sauce, the furan concentration
in five samples was determined with Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS) after hot
water bath heating at 30, 50, 70, or 80 �C for 10 min to 7.25 h, respectively. The furan concentrations in
soy sauce were 12e215 ng/mL. Furan formation in soy sauce is a zero-order reaction and the reaction rate
constants were 3.71 � 10�9 mol/L.h for Pearl River Bridge brand (PRBB) soy sauce and 6.99 � 10�9 mol/Lh
for Koon Chun brand (KCSB) at 80 �C respectively. In addition, by the Arrhenius equation and active
complex theory, the apparent activation energy (Ea), enthalpy (DHq

s) and entropy (DSqs) were sum-
marized as the equations, lnk ¼ �77237/RT þ 6.61 and lnk/T ¼ �74522/RT � 0.18 for PRBB, and
lnk ¼ �72018/RTþ5.35 and lnk/T ¼ �63301/RT þ 0.08 for KCSB, where k is the rate constant, T is the
absolute temperature and R is the universal gas constant. Ea, DHq

s and DSqs for PRBB are 77.237 kJ/mol,
74.522 kJ/mol, and �199.01 J/K$mol. Ea, DHq

s and DSqs for KCSB are 72.018 kJ/mol, 63.301 kJ/mol,
and �209.72 J/K$mol. These results can be used to calculate or predict furan formation in soy sauce
during pasteurization.

Published by Elsevier Ltd.
1. Introduction

Furan (PubChem CID:8029), a colorless and highly volatile aro-
matic compound with a boiling point of 31 �C, is a possible human
carcinogen (Group 2B) confirmed in animal tests (Lyon, 1995;
Merten, Roldan,& Cappe, 2011; NTP, 2004). It is found in a variety
of thermally processed foods, such as coffee, soy sauce, baby foods,
canned vegetables, fruits, meat and fish at levels of about100 ng/mL
(Crews, Roberts, Lauryssen, & Kramer, 2009; Guenther, 2012).
Therefore, a great amount of effort has been given to the analysis of
this possibly carcinogenic substance occurring in food (Bakhiya &
Appel, 2010).

Literature data have shown multiple sources of furan formation
originating from (i) thermal degradation/Maillard reaction of
reducing sugars, with or without amino acids, (ii) thermal degra-
dation of serine and cysteine, and thermal oxidation of (iii) ascorbic
acid, (iv) poly-unsaturated fatty acids and (v) carotenoids (Go,
2013). For every source, furan may be produced by different path-
ways or routes just as glucose may form furan by three kinds of
chemical reactions and ascorbic acid by two kinds of reactions,
er).
including 7 different steps (Nie et al., 2013). The variety of pre-
cursors and processing for furan formation is not surprising
because furan can be seen as a rather stable reaction product that
may be generated from different chemical classes by the degrada-
tion and/or recombination of small fragments.

In addition to those formation pathways, the furan content in
food is affected by environmental conditions such as pH value,
temperature, shelf life, pressure, food processing and so on (Huang,
Duan, & Barringer, 2011; Palmers, Grauwet, Celus, Kebede, et al.,
2015).

Because of the complex and multiple furan formation routes,
most of the proposed pathways of furan formationwere performed
inmodel systems. There is very little data on furan formation under
different food processing conditions. The kinetics of furan forma-
tion in different sources, especially, are very seldom reported as
models (J.-S. Kim, Her, & Lee, 2014). This information is important
for industrial production. Only recently, Palmers, Grauwet, Celus,
Wibowo, et al. (2015) reported that the rates of furan formation
in orange and mango juices were clearly matrix-dependent, which
could be attributed to the differences in juice composition such as
sugars and ascorbic acid content. It has been further confirmed that
the increase in furan during storage was best described by an
empirical, logistic model and that the maximum reaction rate
constant followed the Arrhenius law, while the rate constant during
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the lag phase decreased as a linear function of the storage tem-
perature. It seems that for furan formation pasteurization is not
important because the furan concentrations originated from the
storage phase for the two juices, not from the thermal preservation
step. On the other hand, Kim, Her, Kim, and Lee (2015) found that
the pasteurization step was more important because the furan
concentration in soy sauce after pasteurization increased by 211%,
compared to without pasteurization (M. Y. Kim et al., 2015). How-
ever, it is unfortunate that Kim did not present the kinetic data of
furan formation during soy sauce pasteurization.

Due to its high volatility, furan is mainly determined by head-
space gas chromatography-mass spectrometry (HS/GC/MS). A
simple HS/GC/MS method for furan detection in food was devel-
oped by US FDA (2004) and is still frequently used. A 5 g sample
diluted with water, fortified with internal standard (d4-furan),
sealed in headspace vials, equilibrated at 80 �C for a minimum of
30 minwith automated headspace sampling is used to detect furan
and d4-furan in selected-ion monitoring mode (SIM) by GC/MS. In
2007, the 5 g of sample was changed to 10 g by the FDA and the
headspace oven temperature was reduced from 80 to 60 �C to
prevent low levels of furan formation that can occur during the
analysis of a few relatively high fat foods. All of the furan data re-
ported in food were determined by this method or modifications of
this method, such as solid-phase micro-extraction (SPME) in
combination with GC/MS (Hu, Zhu, Hernandez, Koutchma, & Shao,
2016; Kim, Kim, & Lee, 2010), proton transfer reaction mass spec-
trometry and gas chromatography-mass spectrometry (PTR-MS/
GC/MS) (M€ark, Pollien, Lindinger, Blank, & M€ark, 2006). The
disadvantage of the FDA method is still that furan might be formed
during analysis when foodstuff is heated at 80 �C for a minimum of
30min (FDA, 2004), in spite of reducing the temperature from 80 �C
to 60 �C (FDA, 2007), just as in the studies mentioned above where
furan increased when pasteurized at 80 �C. M€ark et al. (2006) and
Senyuva & G€okmen, 2005 also described the formation of furan in
unprocessed foods including green coffee, tomato juice, and orange
juice during analysis even under mild (40 �C) thermal conditions.
Therefore, it is important to develop an analysis method for sam-
ples without heat, pre-concentration and so on.

Selected ion flow tube-mass spectrometry (SIFT-MS) allows
highly sensitive, real-time analysis of complex mixtures of volatile
compounds without trapping, pre-concentration or pre-heating
(Span�el & Smith, 1999). Thus, artifacts or changes in relative pro-
portions are not introduced by pre-heating and other steps. SIFT-
MS has been used in the analysis of volatiles in coffee, onion,
garlic, banana, tomatoes and oxidation of olive oil and so on
(Sumonsiri & Barringer, 2013).

The purpose of this research is to investigate the kinetics of
furan formation during pasteurization of soy sauce using the
advantage of SIFT-MS. This provides a reference for understanding
the production of furan during pasteurization of soy sauce pro-
duction and during its shelf life.

2. Materials and methods

2.1. Materials

D-glucose, sodium chloride, citric acid, furan, and sodium
glutamate were purchased from Sigma (St. Louis, MO, USA). Furan
was 99% purity and purchased from Acros Organics (Geel Belgium,
NJ, USA).

Five soy sauces brewed naturally were purchased from the
CrestviewMarket in Columbus, Ohio. They are①Superior Dark Soy
sauce (Pearl River Bridge brand, abbreviated PRBB) produced by
Guangdong PRB Bio-tech Co., LTD (Guangdong, China), ② Thin Soy
sauce (Koon Chun brand, abbreviated KCSB) produced by Koon
Chun Soy sauce Factory (Hong Kong), ③Soy sauce (Kikkoman
brand) produced by Kikkoman Foods, Inc. (Walworth, WI USA), ④
Premium Dark Soy sauce and⑤Shenchou Soy sauce brewed by Lee
Kun Kee Food Co. LTD. (Xinhui, Guangdong, China).

One milliliter of each soy sauce sample was diluted with 24 mL
of simulated soy sauce solution to determine the furan content, in
order to fall within the linear range of the furan standard curve.

2.2. Soy sauce degasification

The 500 mL glass bottles were filled with 80 mL of soy sauce,
and connected to a Pierce Reactive-Vap TM III to degas from 15 to
40 min. The residual furan was determined by SIFT-MS after
degasification so as to make sure there was no furan remaining in
the soy sauce. The soy sauce only, without the volatile furan, was
used as the sample for the kinetics determination.

2.3. Preparation of the simulated soy sauce solution

Simulated soy sauce solution was prepared with glucose (15 g),
sodium chloride (15 g), glutamate acid (1 g) and distilled water
(70 g) referring to the Chinese National Standard of fermented soy
sauce (GB 18186-2000).

2.4. Furan standard solution prepared for standard curve

Furan (500 mg) was weighed and dissolved in 200 mL 70 mL/
100 mL ethanol solution to obtain a 2.5 g/L stock furan solution.
Four grams of 2.5 g/L solution was diluted into 1 L of distilled water
and 10 mg/L furan solution. Ten grams of 10 mg/L furan solution
was diluted into 1 L distilled water and 100 ng/mL furan solution
was obtained.

The standard solution, 4, 12, 20, 28, 36 and 44 ng/mL furan, were
prepared with 100 ng/mL of the simulated solution as shown with
two burettes (25.00 mL), and were used immediately after they
were prepared. The simulated solution was used so that the stan-
dard furan solution will vaporize under the same conditions as the
natural soy sauce.

2.5. Temperature treatments

The samples of 25.00 mL degassed soy sauces in 500 mL bottles
(Pyrex 1395, Corning, NY) were heated at 80 �C from 10 to 60 min,
70 �C from 10 to 60 min, 50�C from 30e150 min and 30 �C from
1.5 h to 7.25 h in a hot water bath (Precision Inc., Winchester, VA
USA), equipped with a temperature sensor (±0.1 �C) to ensure a
homogeneous temperature distribution in the hot water bath. One
batch of samples consisted of 20 bottles. After the heated time
finished, the samples were removed from the bath for determina-
tion with SIFT-MS. In order to avoid the equilibration variation
produced at the different temperatures, the determined furan value
was subtracted from the value produced by the simulated solution
at the same temperature.

2.6. Selected ion flow mass spectrometry

The furan released from the samples was measured by SIFT-MS.
The SIFT-MS instrument has been described elsewhere (Smith &
�Span�el, 2005). Analysis was performed using a SIM model, and
the concentration of furan was calculated using known kinetic
parameters with Syft VOICE-200 software (v.1.4.9.17754, Syft
Technologies Ltd., Christchurch, New Zealand). Using the pre-
determined reaction rate constant for the volatile with that pre-
cursor ion, and accounting for dilution of the sample gas into the
carrier gas, the furan concentration was calculated. In SIFT-MS,



Table 1
Validation specifications for the analysis of furan.

Validation type Validation results

Linearity Y ¼ 0.3701X � 3.001
Correlation coefficient (r2) 0.9867
Repeatability (RSD, %) 15.24 ng/mL, 1.18%

40.10 ng/mL, 1.01%
67.00 ng/mL, 0.84%

Limit of detection (LOD) 0.52 ng/mL
Limit of quantification (LOQ) 1.03 ng/mL
Recovery (%)a 335 ± 38.5

P < 0.05.
a Recovery (%) ¼ [(furan in spiked standard solution � furan in simulated solu-

tion)]/spiking furan � 100.

Fig. 1. Furan standard curve (regression line Y ¼ 0.3701X � 3.001; regression
coefficient ¼ 0.9867; n ¼ 5).
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analytes are identified from their reactions with the reagent ions
specified. These reactions are instrument independent and have
been studied in a number of laboratories; the data have been
published for each analyte with the appropriate reagent ion.
Numerous publications have studied the quantification of SIFT-MS
results. In this study, the amount of furan in the soy sauces deter-
mined with SIFT-MS were compared with the absolute furan value
in the standard solution so as to calibrate the measured results with
the standard furan solutions.

The parameters of the SIFT-MS were set as follows: scan time,
60 s; calculation delay time, 5 s; product sample period, 100 ms;
precursor sample period, 25 ms; heated inlet temperature, 120 �C;
carrier gas argon pressure, 200 kPa; helium pressure, 207 kPa. The
flow tube vacuum pressure was 5.07 ± 0.40 Pa.

2.7. Furan analysis

After the sample bottle was removed from the hot water bath
where it equilibrated at 50 �C for 1 h (Huang et al., 2011), the
headspace volatile compounds were sampled directly by piercing
the septa on the bottle with a 2 mm passivated needle connected to
the SIFT-MS. The needle point was 16 cm above the bottom of the
bottle.

2.8. Data analysis

2.8.1. Kinetic parameter analysis
The kinetic parameters of the soy sauces was illuminated by the

Arrhenius law and obtained by Eq. (1).

lnðkÞ ¼ �Ea=ðRTÞ þ ln A (1)

Where k is the reaction rate constant (mol/L.h),Ea is apparent
activation energy (J/mol), R is the universal gas constant (8.314 J/
mol), T is absolute temperature (�K), andA is the frequency factor.
The apparent reaction activation energy of furan formation in soy
sauce was calculated on the straight regression line for ln(k) against
1/T, which was obtained by the least squares method.

Some other thermodynamic parameters of furan formation in
the soy sauce, according to the transition state theory of reaction
rate constant expressions, were calculated on the straight regres-
sion line betweenln(k/T) and 1/RT in Eq. (2).

lnðk=TÞ ¼ lnf½kB=ðhcq�g þ ðDSqs
.
RÞ �

�
DHq

s

.
R
�
� 1=T (2)

Where kB is Boltzmann constant (1.3806 � 10�23 J. K�1), h is
Planck's constant (6.626 � 10�34 J s), cq is the amount of activated
complex standard material concentration (1 mol/L), DHq

s (J/mol)
and DSqs(J/K$mol) are the apparent activation enthalpy and
entropy.

2.8.2. Statistical analysis
Data were analyzed by two-way analysis of variance (ANOVA)

using the least significant differences for means (LSD) technique
with Microsoft Office 2010 Significance was defined as p & 0.05.
The limit of detection and quantitation are the Gregory James
Francis method (Francis, 2007.).

3. Results and analysis

3.1. Validation of furan analysis

The method of furan analysis was validated in accordance with
linearity, LOD, LOQ, and recovery (Table 1). A calibration curve was
produced by the prepared standard furan content and the furan
contents determined by SIFT-MS (Fig. 1). To prepare the calibration
curve, five concentration levels were analyzed in triplicate. A
standard curve for furan analysis was acquired as follows:
(Y ¼ 0.3701X � 3.001, R2 ¼ 0.9867, Fig. 1). Repeatability was
determined at three concentrations (4, 12 and 20 ng/mL) by
calculating the relative standard deviation (RSD, %), which yielded
values of 1.18, 1.01 and 0.84% (n ¼ 5), respectively. The recovery
efficiency was 335 ± 38.5% (n ¼ 5) from furan standards in the
simulated soy sauce solution (Table 1), which was caused by an
unknown molecule of m/s 68 which increased the recovery effi-
ciency. The LOD and LOQ are 0.52 and 1.03 ng/mL, respectively. The
standard cure is not linear at 44 ng/mL, so that concentration was
omitted, i.e. this point was not included in the final standard curve
(Fig. 1). Therefore, furan concentrations of 1e36 ng/mL were
selected for all samples to be tested.
3.2. Analysis of furan concentration in soy sauces

The furan contents (minus the fraction produced during heating
in the water bath at 50 �C) of soy sauce were analyzed and sum-
marized in Table 2. There were very different furan concentrations
in different samples. PRBB soy sauce contained the highest furan
(215.33 ± 53.14 ng/mL) and Shenchou the lowest furan
(12.17 ± 2.82 ng/mL) among the samples. The furan concentration
in Kikkoman brand soy sauces is 2.5 fold higher than the concen-
trations reported by the FDA (only about 80 ng/mL) (FDA, 2004).

The difference in furan contents in different brands of soy sauces
may result from their chemical components such as saccharides,
amino acids, peptides, soy oils, sodium chloride and other



Table 2
Furan content in different soy sauces and simulated solutions.

Samples Premium dark Pearl River Bridge (PRBB) Kikkoman Shenchou Koon Chun (KCSB) Simulated solution

Average (ng/mL) 31.60 219.40 189.48 14.45 26.97 0
SDEV 3.89 53.14 32.20 2.82 3.25 0
Revisedc 30.22a 215.33b 170.31b 12.17a 25.0a 0

a Average e predicted value by the equation at 50 �C in Fig. 3A.
b Average e predicted value by the equation at 50 �C in Fig. 3B.
c Average minus heat-produced furan.

A

B
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compounds. The content could also be affected by pasteurization
and brewing technology, additives, the time of the production cy-
cle, shelf life and so on. It is difficult to analyze why the difference
are produced without a detailed understanding of the production
process. However, it is worthwhile to draw attention to the high
furan values in soy sauce because the higher furan concentrations
in soy sauces have not been previously reported.

Furan was not detected in the simulated solution (Table 2). This
shows that furan is not produced by glutamine acid at 50 �C for 1 h
so the simulated solution was used to prepare the standard furan
solution, to determine the standard curve and the controls for
different temperatures.

3.3. Effect of degasification of furan

There is no furan in the bottle, either the liquid phase or head-
space, after degassing for 20 min (Fig. 2). Thus the degasification of
the furan under the “soy sauce degasification” method is complete
and effective.

The degasified samples have similar compounds as the original
soy sauce except for the volatile compounds. In fact, it is still the
same soy sauce as the original since there is no solid compound loss
and there is very little weight loss for water. Therefore, degasified
samples are valuable for kinetic research because of reduced
interference from the original furan in the soy sauce. So the
degasified soy sauce samples were used for the kinetic testing.

3.4. Rate constant of zero-order reaction of furan formation in soy
sauce

Based on the results in Table 2, KCSB and PRBB were selected as
representative samples to determine their reaction rate constant
because the former is low in furan concentration and produced by a
typical traditional fermentation in China, and the latter is the
highest furan concentration and is produced by a more modern
Fig. 2. Time required to degas furan from soybean sauce with nitrogen.
technology. As shown in Fig. 3, the furan concentration for both
kinds of soy sauce increased linearly as the heating time increased
(their linear correlation coefficients were 0.97e1.00, Fig. 3). The
rate constant was positively proportional to time, thus the reaction
rates were not related to the substrates producing furan in the soy
sauce. Furan formation in the soy sauce followed a zero-order re-
action (Hinshelwood, 2005).

The reaction rate of furan formation in the KCSB soy sauce
(Fig. 3A) is faster than PRBB's (Fig. 3B). For example, at 80 �C, the
reaction rate of KCSB was about 6.99 � 10�9 mol/L.h, while PRBB
was about 3.71� 10�9 mol/L.h. However, the furan concentration in
the KCSB soy sauce (25.00 ± 3.25 ng/mL) is lower than PRBB's
Fig. 3. Furan changes in soybean sauce with heating time and temperature. A: Koon
Chun brand (KCSB): X: 80 �C, regression line Y ¼ 6.99X � 34.9, regression
coefficient ¼ 0.99; triangle: 70 �C, regression line Y ¼ 1.51X þ 8.46, regression
coefficient ¼ 0.99; rhombus: 50 �C, regression line Y ¼ 0.71X�26.2, regression
coefficient ¼ 0.99; square: 30 �C, regression line Y ¼ 0.084X þ 15.0, regression
coefficient ¼ 0.98. B: Pearl River Bridge brand (PRBB): X: 80 �C, regression line
Y ¼ 3.71X � 5.21, regression coefficient ¼ 0.99; triangle: 70 �C, regression line
Y ¼ 1.30X � 6.92, regression coefficient ¼ 0.99; rhombus: 50 �C, regression line
Y ¼ 0.24X � 9.72, regression coefficient ¼ 0.99; square: 30 �C, regression line
Y ¼ 0.045X � 0.97,6.92, regression coefficient ¼ 0.98.
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C

D
Fig. 4. Arrhenius equation and thermodynamic model of active complex theory of
furan formation for soy sauce. Pearl River Bridge (PRBB): A (regression line
lnk ¼ �77237x þ 6.61; regression coefficient ¼ 0.9942) and C (regression line lnk/
T ¼ �74522/RT�0.18, regression coefficient ¼ 0.9939); Koon Chun (KCSB): B (regres-
sion line lnk ¼ �72018/RT þ 5.35, regression coefficient ¼ 0.9957) and D (regression
line lnk ¼ �63301/RT þ 0.08, regression coefficient ¼ 0.9915).
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(215.33 ± 53.14 ng/mL, Table 3). The furan difference between the
two kinds of soy sauce may be associated with different production
dates, technological steps, substrate consumption and the like,
however, it will need further verification.

3.5. Apparent Ea, DHq
s and DSqs for furan formation in soy sauce

According to the data from Fig. 3, the apparent activation en-
ergy, Ea, of furan formation in the soy sauces was calculated by the
linear fit ofln(k) against1/RT(Fig. 4A and B). The Arrhenius equation
for PRBB is Eq. (3) (Fig. 4A) and the one for KCSB is Eq. (4) (Fig. 4B).
The calculated Ea of KCSB and PRBB were 72.018 kJ/mol and
77.237 kJ/mol, respectively, which are consistent with the general
chemical reaction at 60e250 kJ/mol (Table 3). KCSB's Ea is lower
than PRBB's, which means that KCSB soy sauce more easily forms
furan than PRBB soy sauce based on the activation energy theory.

PRBB : ln k ¼ �77237=RT þ 6:61 (3)

KCSB : ln k ¼ �72018=RT þ 5:35 (4)

The apparent activation enthalpy, DHq
s, and activation entropy,

DSqs, of furan formation in the soy sauces were calculated based on
the active complex theory, by the linear fit of ln(k/T) against1/RT by
the least square method (Fig. 4C and D). They are expressed as Eqs.
(5) and (6). DHq

s and DSqs of KCSB and PRBB respectively are also
summarized in Table 3. PRBB's apparent activation enthalpy
(74.522 kJ/mol) is greater than for KCSB (63.31 kJ/mol). This trend is
consistent with their apparent activation energy and means that
PRBB soy sauce has more difficulty in forming furan than KCSB.

However, PRBB's DSqs (�199.01 J/mol.K) is higher than KCSB's
(�209.72 J/mol.K). Here, for two kinds of soy sauce, their DSqs <0.
The activation energy allows for formation of the intermediates
leading to furan formation in soy sauce (Hinshelwood, 2005),
which means the reaction system has decreased randomness.
Therefore, PRBB's DSqs is higher than KCSB's, which means the
active complex compounds in the PRBB soy sauce causing furan
formation has higher randomness and are more unstable so that it
is apt to form less furan (Hinshelwood, 2005). Thus the PRBB's re-
action rate constant of furan formation was smaller than KCSB's.

PRBB : ln k=T ¼ �74522=RT � 0:18 (5)

KCSB : ln k=T ¼ �63301=RT þ 0:08 (6)

4. Discussion

4.1. The determination of furan by SIFT-MS method is reliable

Because the furan in soy sauce is at trace levels, additional furan
produced by heating to promote its volatilization equilibration
during the analysis, make it very difficult to determine furan con-
tent accurately by most conventional methods such as GC/MS in
spite of elimination of error. However, the SIFT-MS method is a
simple, fast, accurate method for the analysis of furan in soy sauce.
This has been confirmed by experiments including degasification
Table 3
Apparent kinetic parameters of furan formation for soy sauces.

Soy sauces Ea(kJ/mol) DHq
s(kJ/mol) DSqs (J/K$mol)

PRBB 77.237 74.522 �199.01
KCSB 72.018 63.301 �209.72
treatment and a standard curve with high repeatability, low LOD,
LOQ and high linearity (Table 1).

It is notable that the furan concentration in the naturally brewed
soy sauce of Kikkoman brand determined by FDA is 75.6 ng/mL at
80 �C for 30 min (FDA, 2004). However, at the same temperature
and time, 61.6 ng/mL of furanmay be produced by only this analysis
step, according to the equation at 80 �C in Fig. 3A. Therefore, the
furan produced during the determination is unavoidable and
cannot be neglected. Much of the furan data reported in the liter-
ature needs revising if the sample creates the furan during the
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analysis.

4.2. Kinetic parameters help illustrate the mechanism for furan
formation in soy sauces

Due to the multiple routes for furan formation in food, the
furan-forming substrates in soy sauces may include amino acids
and saccharides because there is very little ascorbic acid, poly-
unsaturated fatty acids and carotenoids in soy sauce. However,
even if the furan-forming substrates in soy sauces are assumed to
be only the amino acids and saccharides, the correct reaction steps
are still difficult to determine. Therefore, the reaction rate constant
obtained is an integration of Eqs. (3) and (4). The activation energy
also can only be expressed as “apparent”. It is unknown which
kinds of amino acid or saccharide play the largest role in furan
formation, although it is known that six amino acids (serine,
cysteine, alanine, threonine, glycine and aspartic acid) take part in
furan formation (Nie et al., 2013).

The zero-order reaction of furan formation in soy sauce has been
confirmed (Fig. 3). According to the activation energy theory
(Hinshelwood, 2005), the substrate concentration does not relate to
the reaction rate. That means the furan substrate concentration
should be irrelevant to its reaction rate constant. The substrate
concentration in soy sauce is too high to affect the rate constant,
and is irrelevant because there is sufficient amino acid substrate
produced by protein hydrolysis during brewing. On the other hand,
during a longer storage time, there would be higher furan con-
centration. As for the furan reaction rate constant during long
storage times for soy sauces, other kinds of physicochemical models
of kinetic parameters are needed, as shown by Stijn Palmers
(Palmers, Grauwet, Celus, Wibowo, et al., 2015). However, this
needs further research.

4.3. Kinetic parameters help to predict the furan concentration in
soy sauce at different temperatures and shelf life

Although Eqs. (3) and (4) were obtained at 30, 50, 70 and 80 �C,
the reaction rate of furan formation at other temperatures can be
calculated from the two equations, which is very convenient for
industrial soy sauce pasteurization. It is also very useful to calculate
furan in other kinds of soy sauces by the selection of samples with
high and low furan concentration. It can also be used to predict the
shelf life of soy sauce for a specific furan concentration.
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A new and convenient synthesis route using high-power ultrasonication combined with water-in-oil
miniemulsion cross-linking technique was used to prepare cross-linked nanoscale retrograded starch
(RS3). A four-factor BoxeBehnken design and optimization was used to minimize particle size through
the developed nanoscale RS3 based on 29 different experimental data obtained in a batch study. Four
independent variables, namely, ultrasonic power (100e500 W), sonication time (40e200 min), starch
content (0.5 g/100ge2.5 g/100 g), and oil/water ratio (4:1e12:1), were transformed to coded values, and
a quadratic model was established to predict the responses. Variable optimization for minimizing par-
ticle size by high-power ultrasonication was performed using the quadratic model. The predicted
minimized Z-Ave (611.7 nm) under the optimum conditions of the process variables (ultrasonic power,
231.52 W; sonication time, 85.19 min; starch content, 1.1 g/100 g; and oil/water ratio, 9:1) was very close
to the experimental value (606.2 nm) determined in the batch experiment. SEM observation revealed
that the surface of the nanoscale RS3 appeared to be progressively broken down and eroded. XRD
analysis indicated that ultrasonication destroyed the crystalline structure of the clustered amylopectin
and apparently led to amorphous or low-crystallinity RS3 nanoparticles.

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

Increasing interest in the nanomaterials of natural compounds
and their distinct properties have led to the intensive research on
nanosized particles from natural polysaccharide polymers, such as
starch (Le Corre, Bras, & Dufresne, 2010). Starch nanoparticles are
nanosized (1e1000 nm in the pharmaceutical field) particulates of
starch prepared by chemically cross-linking starch molecules with
appropriate cross-linkers (Shi, Li, Wang, Li, & Adhikari, 2011). The
potential use of starch nanoparticles as a carrier in drug delivery
systems, reinforcing phase in a polymeric matrix, and barrier agent
in packaging materials has attracted considerable attention (Kristo
& Biliaderis, 2007; Le Corre et al., 2010; Lin, Huang, Chang, Feng, &
Yu, 2011). Retrograded starch (RS3) is of particular interest because
of its polymorphic crystallinity, resistance to most food-processing
conditions, and preserved nutritional characteristics. The RS3
fraction is formed by the recrystallization of amylose polymers,
thwest University, Tiansheng
subsequent to gelatinization, into enzyme-resistant double heli-
ces stabilized by hydrogen bonds and is characterized by a high
thermal stability. RS3 escapes digestion in the gastrointestinal
tract of a healthy man and serves a health-promoting function.
The resistance to enzymolysis of RS3 is very significant. (Englyst,
Kingman, & Cummings, 1992; Haralampu, 2000; Kapelko,
Zi˛eba, Golachowski, & Gryszkin et al., 2012; Sievert,
Czuchajowska, & Pomeranz, 1991).

Starch nanoparticles can be readily obtained through mechan-
ical treatment, such as ultrasonication (Bel Haaj, Magnin, P�etrier, &
Boufi, 2013; Kim, Han, Kweon, Park, & Lim, 2013), high-pressure
homogenization (Shi et al., 2011), extrusion (Giezen, Jongboom,
Gotlieb, & Boersma, 2000), acid hydrolysis (Angellier, Choisnard,
Molina-Boisseau, Ozil, & Dufresne, 2004; Kim, Lee, Kim, Lim, &
Lim, 2012), and enzymatic treatment (Kim, Park, & Lim, 2008). Kim
et al. (2012) found that obtaining individual nanoparticles from
starch is almost impossible regardless of the starch origin because
of the strong tendency to produce microparticle aggregates. Sun,
Fan, and Xiong (2014) reported on waxy corn starch nanoparticles
synthesized by ultrasonic-assisted oxidation to obtain particles
with size around 60 nm.
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Table 1
Experimental design levels of selected variables.

Variable, unit Factors Level

x Low (�1) Middle (0) High (þ1)

Ultrasonic power, W X1 100 200 300
Sonication time, min X2 40 80 120
Starch content, g/100 g X3 0.5 1.0 1.5
Oil/water X4 7:1 8:1 9:1
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BoxeBehnken design is a spherical, revolving response surface
methodology (RSM) design that consists of a central and middle
points on the edges of the cube circumscribed on the sphere (Evans,
2003). RSM is a useful method for studying the effect of several
variables influencing the responses; this method varies the vari-
ables simultaneously and carries out a limited number of experi-
ments (Adinarayana & Ellaiah, 2002). Guo et al. (2009) have
reported that statistical methods are effective and powerful ap-
proaches for screening key factors rapidly from a multivariable
system for the optimization of a particular process. Although the
BoxeBehnken design technique has been widely studied by many
researchers as an established and promising method for the opti-
mization and formulation of various types of processes, no sys-
tematic papers in the literature have devoted to study the response
surface modeling of nanoscale RS3 formation by high-power
ultrasonication specifically. Therefore, clarifying the role of nano-
scale RS3 formation by high-power ultrasonication in the scheme
of experimental designmethodology can be considered a particular
field of investigation to develop a continuous control strategy and
achieve an optimum nanoscale RS3 formation.

Based on the above-mentioned facts, the specific objectives of
this study are as follows: (1) to investigate a new synthesis route of
producing RS3 nanoparticles using ultrasonication applied to
water-in-oil (w/o) miniemulsion cross-linking; (2) to apply a four-
factor, three-level BoxeBehnken experimental design combining
RSM and quadratic programming for nanoscale RS3 formation; and
(3) to examine the effects of four independent variables (ultrasonic
power, sonication time, starch content, and oil/water ratio) and
their interactions on RS3 formation.

2. Materials and methods

2.1. Materials

RS3 was purchased from high-amylose corn starch (National
Starch, USA). Potassium hydroxide, potassium persulfate, sodium
bisulfite, N,N-methylene diacrylamid, ecyclohexane, acetic acid,
Tween-80, and Span-80 were provided by Chongqing Chemical
Company (Chongqing, China). All of these reagents were of
analytical grade and used without further purification. Deionized
water was used throughout the work.

2.2. Preparation of starch nanoparticles

Nanoscale RS3 was prepared by high-intensity ultrasonication
combined with w/o miniemulsion cross-linking technique (Shi, Li,
Wang, Zhou, & Adhikari, 2012). The process involved four main
steps as follows: (1) The water phase was formed by dissolving RS3
in 10.0 mL of 2 mol/L potassium hydroxide solution and stirring it
for 2 h until the starch was fully dissolved. Subsequently, 0.05,
0.027, and 0.104 g of methylene-bis-acrylamide (MBAA), K2S2O8,
and NaHSO3 were added into the solution, respectively. (2) The oil
phase was prepared by dissolving the mixture of Span-80 and
Tween-80 (0.32 and 1.68 g of Tween-80 and Span-80, respectively)
in cyclohexane and stirring the resultant mixture. The temperature
of the oil phase was maintained at 45 �C by a thermostat. (3) The
water phase was poured into the cyclohexane containing emulsi-
fiers to produce a w/o emulsion. The coarse emulsion was subse-
quently treated by ultrasonication (VS-65UE, Wuxi fertile
Instrument Co., Ltd., China) ranging from 100 W to 500 W for
40e200 min. The ultrasonic bath with power ultrasound of 500 W
with 100% amplitude at a frequency of 40 kHz. The actual power
delivered to the starch suspension was calculated from the
following equation: specific energy (J/cm3) ¼ energy output (J)/
liquid volume (cm3) (Rouxel, Hadji, Vincent, & Fort, 2011). (4) RS3
submicron particles were obtained after 12 h of cross-linking and
solidification process.

2.3. Particle size and distribution analysis

The particle diameters were measured using the Malvern Nano-
Zetasizer ZS Instrument (Malvern, England) at 25 �C. The disper-
sions were diluted with water to 0.1% and subsequently transferred
into a plastic disposable cuvette for measurement. Dynamic light
scattering measurements provided the Z-average size. The poly-
dispersity index (PdI) which reflects the range of nanoparticle size
can be measured by this instrument, from values lower than 0.7 for
suitable measurements and good-quality of the colloidal suspen-
sions to values close to 1 for poor-quality samples which has a very
broad size distribution and may contain large particles or aggre-
gates (Malvern Instruments, 2007).

2.4. BoxeBehnken design

According to the particle size and distribution analysis, four
process variables, namely, ultrasonic power (100e500 W), soni-
cation time (40e200 min), starch content (5 g/100ge25 g/100 g),
and oil/water (4:1e12:1), were selected to investigate their influ-
ence on the Z-average size of nanoscale RS3. In the present study,
the four-factor, three-level BoxeBehnken experimental design was
applied. The factor levels were coded as �1 (low), 0 (central point
or middle), and 1 (high) (Evans, 2003). Table 1 provides the vari-
ables and levels of the BoxeBehnken design model, and the actual
experimental design matrix is given in Table 2. Twenty-nine runs of
experiment were formed by Design Expert® 7.0.0 (Liu, Lan, &
Cheng, 2004). In a system involving four significant independent
variables (X1, X2, X3, and X4), the mathematical relationship of the
responses on these variables can be approximated by the quadratic
(second degree) polynomial equation:

Y ¼ b0 þ
X

bixi þ
X

biix
2
ii þ

X
bijxixj þ ε (1)

where b0 is the offset term, bi is the slope or linear effect of the
input factor xi, bii is the quadratic effect of input factor xi, and bij is
the linear-by-linear interaction effect between the input factor xi
and xj (Benyounis, Olabi, & Hashmi, 2005).

2.5. Scanning electron microscopy (SEM)

The morphological characteristics of the samples were evalu-
ated using SEM (ESEM, Japan). Dried and finely ground samples
were sprinkled on a double-sided sticky tape placed on aluminum
stubs and covered with thin gold film.

2.6. X-ray diffraction (XRD)

The X-ray patterns of the samples were studied using an X-ray
diffractometer (PERSEE, Beijing) according to the procedure
described by Zobel (1964). The crystallinity of the starches was



Table 2
BoxeBehnken design matrix with four independent variables expressed in coded and natural units with experimental and predicted responses.

Std Ultrasonic power (W) Sonication time (min) Starch content (g/
100 g)

Oil/water Z-Ave d.nm

Coded Uncoded Coded Uncoded Coded Uncoded Coded Uncoded Experiment Predicted

1 �1 100 �1 40 0 1.0 0 8:1 826.5 825.8
2 1 300 �1 40 0 1.0 0 8:1 717.0 715.3
3 �1 100 1 120 0 1.0 0 8:1 807.6 806.0
4 1 300 1 120 0 1.0 0 8:1 705.5 702.9
5 0 200 0 80 �1 0.5 �1 7:1 673.0 670.3
6 0 200 0 80 1 1.5 �1 7:1 644.3 641.5
7 0 200 0 80 0 0.5 �1 9:1 663.7 663.9
8 0 200 0 80 0 1.5 1 9:1 642.0 641.4
9 �1 100 0 80 0 1.0 �1 7:1 762.5 763.7
10 1 300 0 80 0 1.0 �1 7:1 658.3 659.3
11 �1 100 0 80 0 1.0 1 9:1 764.1 762.5
12 1 300 0 80 0 1.0 1 9:1 655.1 653.3
13 0 200 �1 40 �1 0.5 0 8:1 726.3 724.6
14 0 200 1 120 �1 0.5 0 8:1 713.7 714.5
15 0 200 �1 40 1 1.5 0 8:1 706.7 705.3
16 0 200 1 120 1 1.5 0 8:1 682.0 683.1
17 �1 100 0 80 �1 0.5 0 8:1 806.9 808.4
18 1 300 0 80 �1 0.5 0 8:1 695.9 698.6
19 �1 100 0 80 1 1.5 0 8:1 778.8 780.1
20 1 300 0 80 1 1.5 0 8:1 673.8 676.3
21 0 200 �1 40 0 1.0 �1 7:1 677.8 680.2
22 0 200 1 120 0 1.0 �1 7:1 674.1 675.0
23 0 200 �1 40 0 1.0 1 9:1 684.5 687.5
24 0 200 1 120 0 1.0 1 9:1 658.9 660.4
25 0 200 0 80 0 1.0 0 8:1 627.1 625.0
26 0 200 0 80 0 1.0 0 8:1 627.5 625.0
27 0 200 0 80 0 1.0 0 8:1 624.0 625.0
28 0 200 0 80 0 1.0 0 8:1 625.0 625.0
29 0 200 0 80 0 1.0 0 8:1 621.5 625.0

Fig. 1. Particle-size distribution of nanoscale RS3.
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quantitatively estimated, following the method of Nara and Komiya
(1983) using Origin version 8 (Microcal Inc., Northampton, MA,
USA). The graphs were plotted at 2 theta within 4�e30�.

2.7. Statistical analysis

Experiments on the particle size and distribution analysis were
carried out in triplicates, and the size data are expressed as
mean ± standard deviations. Statistical analysis system (SAS v.9.0,
Cary, NC, USA) was used for the analysis of variance, and significant
differences were analyzed by Duncan's multiple range tests at 0.95
confidence level.

The significance of the independent variables and their in-
teractions were tested using ANOVA. Results were assessed with
various descriptive statistics, such as t-value, p-value, F-value, de-
grees of freedom, correlation coefficient (R2), and adjusted corre-
lation coefficient R2

adj, to reflect the statistical significance of the
quadratic model.

3. Result and discussion

3.1. Preparation of nanoscale RS3

We prepared nanoscale RS3 using starch content of 1.5 g/100 g,
oil/water ratio of 10:1, ultrasonic power at 200 W and 40 min. The
average size (Z-Ave) was 606.2 nm. The size distribution of these
particles is presented in Fig. 1.

The particle sizes of the nanoscale RS3 became smaller after
ultrasonication, transforming from several micrometers for the
original sample toward approximately 600e700 nm (Fig. 1).
Apparently, the peak size distribution became more homogeneous
with the ultrasonic treatment. The results clearly proved that this
treatment is effective in producing starch nanoparticles.
Ultrasonication produced bubbles, which degraded the starch to
smaller fragments and prevented the aggregate formation of
nanoscale RS3.

3.1.1. Effect of ultrasonic power
The effect of ultrasonic power on particle size was investigated

by varying the ultrasonic power from 100W to 500Wat a constant
sonication time (40 min), starch content (1.5 g/100 g) and oil/water
ratio (10:l). The results are presented in Fig. 2(A). The particle size
decreased when the power was increased from 100 W to 200 W.
Similar results have been reported for waxy maize starch by Kim
et al. (2011), who found that the size of nanoscale waxy maize



Fig. 2. Particle stability analysis of starch nanoparticles. (A) Effect of the ultrasonic power (W) on the particle size and PdI in cyclohexane; (B) effect of the sonication time (Min) on
the particle size and PdI in cyclohexane; (C) effect of the starch content (g/100 g) on the particle size and PdI in cyclohexane; (D) effect of the oil/water ratio on the particle size and
PdI in cyclohexane. Values of the Z-Ave and PdI represent the mean ± SD (n ¼ 3). Values in Fig. 2 followed by different lowercase letters in superscripts were significantly different
from each other according to Duncan's multiple range tests (p < 0.05).
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starch depends on the output power of ultrasonic treatment. They
found that ultrasound treatment can facilitate the disintegration of
starch granules and formation of a homogeneous starch solution,
which may prevent the aggregate formation of nanoscale starch
and/or dissociation of nanoparticles from the aggregates. However,
excessive ultrasonication resulted in an opposite effect on size
distribution, thus resulting in increased nanoparticle size. The
particle size increases when ultrasonication varies from 200 W to
500 W. The trend of reaggregation was also observed in starch
nanoparticles by Sauter, Emin, Schuchmann, and Tavman (2008).
They suggested that an increase in vibration amplitude induces the
bubbles to grow large that the time available in the adjacent rare-
faction cycle becomes insufficient for them to collapse; conse-
quently, the tendency of cluster breakage is reduced. similar effects
were obtained by increasing the ultrasonic time.

3.1.2. Effect of sonication time
The size of the nanoscale RS3 is affected by the sonication time

(Fig. 2(B)) at a constant ultrasonic power (200 W), starch content
(1.5 g/100 g) and oil/water ratio (10:l). The particle size decreased
sharply from 40 min to 80 min, reaching about 558.8 nm. Subse-
quently, the particle size increased when the sonication time was
increased from 80 min to 120 min. The particle size was the lowest
(a minimumvalue) at 80 min of sonication time. Ultrasound energy
can be transferred to starch by generating ultrasonic cavitation in
the solution and causing microbubbles. When microbubbles
collapse, high energy is released and converted to high pressure
and temperature (Kawasaki, Takeda, & Arakawa, 2007). Tempera-
ture increase might cause the aggregate formation of nanoscale
RS3, which causes size increase (Suslick, 1988).

3.1.3. Effect of RS3 concentration
We varied the RS3 content within 0.5 g/100ge2.5 g/100 g at a

constant ultrasonic power (200 W), sonication time (40 min) and
oil/water ratio (10:l). Fig. 2(C) presents the Z-average sizes of
nanoscale RS3 obtained. When the RS3 content was increased in
water phase, a remarkable increase in particle size was observed.
Shi et al. (2011) believed that the increase in particle size to this
extent could be explained by the increase in the cross-linking re-
action intensity.

3.1.4. Effect of oil/water ratio
Fig. 2(D) shows the effect of oil/water ratio (in miniemulsion) on

the particle size of nanoscale RS3 in cyclohexane at a constant ul-
trasonic power (200 W), sonication time (40 min) and starch con-
tent (1.5 g/100 g). This figure reveals that the increase in the oil/
water ratio decreases the particle size. The particle size decreased
from 1178 nm to 614.3 nm when the oil/water ratio was increased
from 4:1 to 12:1. Shi et al. (2011) found that the decrease may be
due to the fact that when the water phase volume is decreased,



Table 3
ANOVA results for the response surface quadratic model for the particle size of nanoscale RS3.

Source Sum of
squares

Degree of
freedom

Mean
square

F-value p-Value Remarks

Block Model 97828.75 14 6987.77 956.16 <0.0001 Significant
X1 34218.72 1 34218.72 4682.28 <0.0001 Significant
X2 784.08 1 784.08 107.29 <0.0001 Significant
X3 1922.80 1 1922.80 263.10 <0.0001 Significant
X4 39.24 1 39.24 5.37 0.0361 Significant
X1X2 13.69 1 13.69 1.87 0.1927
X1X3 9.00 1 9.00 1.23 0.2858
X1X4 5.76 1 5.76 0.79 0.3897
X2X3 36.60 1 36.60 5.01 0.0420 Significant
X2X4 119.90 1 119.90 16.41 0.0012 Significant
X3X4 12.25 1 12.25 1.68 0.2164

X2
1

47638.08 1 47638.08 6518.50 <0.0001 Significant

X2
2

17386.88 1 17386.88 2379.12 <0.0001 Significant

X2
3

5871.29 1 5871.29 803.39 <0.0001 Significant

X2
4

6.67 1 6.67 0.91 0.3556

Residual 102.31 14 7.31
Lack of fit 78.41 10 7.84 1.31 0.4269
Pure error 23.91 4 5.98
Total 97931.07 28

R2 0.9990
R2

Adj 0.9979
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higher power input during the emulsification process is needed to
reduce the droplet size.
Fig. 3. Plot of the actual and predicted particle size of nanoscale RS3 for the model
development set.
3.2. BoxeBehnken analysis

3.2.1. Experimental design and quadratic model
The response of RS3 formation, as a function of ultrasonic po-

wer, sonication time, starch content, and oil/water ratio, was
evaluated in a central composite design (CCD). BoxeBehnken
design matrix with four independent variables expressed in coded
and natural units with experimental and predicted responses are
shown in Table 2, in which the model predicted and experimental
results are presented.

ANOVA was performed to evaluate the effects of the variables
and their possible interactions. Coefficients of a full model were
evaluated by regression analysis and tested for their significance.
The insignificant coefficients were excluded from the model via
backward elimination. Table 3 presents the ANOVA results for the
adjusted model. The p-value of the adjusted model was lower than
0.0001, but the lack of fit was insignificant, thus indicating that the
model was well adapted to the response. The R2-value was 0.9990,
which was in good agreement with the adjusted R2-value of 0.9979.
The vicinity of adjusted R2 to R2 means a good adjustment of the
theoretical values to the experimental data by the model. There-
fore, the adjustedmodel is suitable to predict the experimental data
from the particle size of nanoscale RS3.

The p-values of X1, X2, X3, X2
2, X

2
3, X

2
4, and X2X4 were all lower

than 0.0001, hence demonstrating that they were the most signif-
icant factors among the factors influencing the response. X4 and
X2X3 were also significant factors with a p-value of 0.0005. X2X4
and X2X3 were significant, which indicated the interaction existing
between sonication time and oil/water, and sonication time and
starch content, respectively. Ultrasonic power was the most sig-
nificant component of the regression model for the present appli-
cation, whereas oil/water showed the lowest effect on the particle
size of nanoscale RS3 (Table 3).

The second-order polynomial equation (Eq.) describing the
relationship between the significant variables and particle size of
nanoscale RS3 was derived by the adjusted model. The equation is
shown as follows:
Y ¼ 624:36� 53:40X1 � 8:08X2 � 12:66X3 � 1:81X4

þ 1:85X1X2 þ 1:50X1X3 � 1:20X1X4 � 3:03X2X3

� 5:48X2X4 þ 1:75X3X4 þ 85:70X2
1 þ 51:77X2

2 þ 30:09X2
3

� 1:01X2
4

(2)

where Y is the average size; and X1, X2, X3, and X4 are the coded
terms for ultrasonic power, sonication time, starch content, and oil/
water ratio, respectively.

The goodness of fit of the model was checked by the correlation
coefficient (R2) between the experimental and model predicted
values of the response variable (Fig. 3a). A fairly high value of R2

(0.99) indicated that most of the data variation was explained by
the regression model because the deviation between the



Fig. 4. The 2D contours and 3D plots showing effect of (a) ultrasonic power and sonication time, (b) ultrasonic power and starch content, (c) ultrasonic power and oil/water, (d)
sonication time and starch content, (e) sonication time and oil/water, and (f) starch content and oil/water on the particle size of nanoscale RS3.
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experimental and predicted values was less, which was similarly
reported by Imandi, Bandaru, Somalanka, and Garapati (2007).

3.2.2. 2D contours and 3D response surface plots
Liu and Chiou (2005) have reported that the 2D contours and 3D

response surface plots as a function of two factors (maintaining all
other factors at fixed levels) aremore helpful in understanding both
the main and interaction effects of these two factors. The influence
of the different process variables on the response factor (average
size) is visualized in the 2D contours and 3D response surface plots
(Fig. 4aef); six 2D contours and 3D plots were formed for the
responses.

Fig. 4a shows the combined effect of ultrasonic power and
sonication time on the particle size of nanoscale RS3 at a constant
starch content (1.5 g/100 g) and oil/water ratio (10:l). The particle
size decreased with the increase in ultrasonic power and sonication
time as earlier. However, a declining trend was noted with the
increased ultrasonic power and sonication time in the experi-
mental range.

Fig. 4b shows the interactive effect of ultrasonic power and
starch content on particle size at constant sonication time (40 min)
and oil/water ratio (10:1). Evidently, the particle size in the
experimental range was mainly affected by ultrasonic power. The
particle size first decreased with the increasing ultrasonic power
and then slightly increased.

Fig. 4c shows the combined effect of ultrasonic power and oil/
water ratio on particle size at constant sonication time (40min) and
starch content (1.5 g/100 g). Notably, the particle size in the
experimental range was mainly affected by ultrasonic power. The
particle size first decreased with the increasing ultrasonic power
and then slightly increased. A similar trend was observed with
ultrasonic power and starch content.

Fig. 4d shows the interactive influence of sonication time and
starch content on the particle size at constant ultrasonic power
(300W) and oil/water ratio (10:1). Evidently, the particle size in the
experimental range at lower starch content decreased with the
increasing sonication time, whereas the trend reversed at higher
starch content.

The plot for the combined effect of sonication time and oil/water
ratio (Fig. 4e) suggests that at lower oil/water ratio, the particle size
decreases with the increasing sonication time, whereas the trend
reverses at higher oil/water ratio in the experimental range. Such
behavior was similarly observed with sonication time and starch
content.

The combined effect of starch content and oil/water ratio on the
particle size is visible in Fig. 4f. The particle size in the experimental
range was mainly affected by the starch content. The particle size
slightly decreased at first with the increasing starch content and
then slightly increased.

Several studies have evaluated the influence of ultrasonic
treatment on nanoparticle preparation. Zhu, Li, Chen, and Li (2012)
investigated that ultrasonic treatment treated potato starch gran-
ules with different power values (60,105, and 155W) at a frequency
of 20 kHz for 30 min. Bel Haaj et al. (2013) revealed that the ul-
trasound treatment of the starch suspension in water and at low
temperature for 75 min results in the formation of starch nano-
particles with sizes within the range of 30e100 nm. These studies
show that different biomasses and conditions of ultrasonic treat-
ment may lead to very different results.

3.2.3. Optimization of the particle size of nanoscale RS3
Optimization of the process variables to minimize the particle

size of nanoscale RS3 by high-power ultrasonication was per-
formed using the quadratic model within the studied experimental
range of various process variables. The process optimization
modeling suggested the optimum values of different process



Fig. 5. Scanning electron micrographs of RS3 (A and B) and nanoscale RS3 (C and D).

Fig. 6. X-ray diffraction patterns: (a) RS3, (b) nanoscale RS3.
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variables (ultrasonic power, 231.52 W; sonication time, 85.19 min;
starch content, 1.1 g/100 g; and oil/water ratio, 9:1) to achieve the
minimized Z-Ave (611.7 nm) of the nanoscale RS3. The corre-
sponding experimental value of the Z-Ave was determined as
606.2 nm, considering a range of 91% confidence. This behavior
shows the adaptation of themodel to the experimental results, thus
confirming the validity and adequacy of the models.

3.3. Morphological characteristics

The scanning electron micrographs of the nanoscale RS3
showed remarkably different morphology compared with that of
the native RS3 (Fig. 5). The latter had smooth surfaces and no
obvious effects or signs of damage on the surface with similar
sponge structure. However, the granular structure of nanoscale RS3
was destroyed after ultrasonication such that the surface of the
granules appeared to be progressively broken down and eroded.
The nanoscale RS3 showed a rough, irregular, and non-uniform
shape as well as a cohesive porous network structure. Higher
magnification of a rising fragment of the eroded surface showed a
lamellar structure with varying thickness. The scanning electron
micrograph of dried nanoscale RS3 showed agglomerated particles.
This phenomenon is attributed to the higher surface energy by the
ultrasonic energy.

3.4. XRD analysis

X-ray diffraction (XRD) was used to determine the change in RS3
crystallinity caused by ultrasonic treatment of the granular RS3.
The XRD patterns of the samples are shown in Fig. 6. The RS3
exhibited a strong peak at 16.881� and weak peaks at 20.719�,
21.958�, 22.239�, and 23.722�, which demonstrate a B-type inter-
mediate diffraction pattern. The diffraction patterns of the amor-
phous phase nanoscale RS3 samples differed from that of the RS3,
as the peaks at 2q¼ 16.881� notably decreased in intensity with the
increase in full width at half maximum. Additionally, the peaks at
2q ¼ 20.260� and 22.977� completely disappeared in the standard
RS3, which suggest a decline in the B-type crystalline packing. High
ultrasonication of the RS3 granules resulted in the serious disrup-
tion of the crystalline structure of the clustered amylopectin, which
apparently led to low-crystallinity or amorphous nanoparticles. In a
previous study, waxy maize starch exhibited a substantial disrup-
tion in the crystalline structure by a subsequent ultrasonic treat-
ment (Kim, Park, Kim, & Lim, 2013). In the current study, similar
results with decreased crystallinity by ultrasonication were
observed. The crystallinities of RS3 and nanoscale RS3 samples
were 43% and 5.86%, respectively. Furthermore, the ultrasonic
treatment of the granule fragmented and broke down the
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crystalline nature of starch, providing amorphous nanoparticles. A
similar tendency in the crystalline pattern was observed in ultra-
sonicated raw starch, which lost its inherent crystallinity (Bel Haaj
et al., 2013).

4. Conclusions

Nanoscale RS3 was successfully produced using high-power
ultrasonication technique combined with miniemulsion cross-
linking. The application of a four-factor, three-level BoxeBehnken
experimental design combining RSM and quadratic programming
helped in reaching the global optimal solution for minimizing the
particle size of nanoscale RS3 by high-power ultrasonication. The
proposed mathematical methodology also provided a critical
analysis of the simultaneous interactive effects of independent
variables, such as ultrasonic power, sonication time, starch content,
and oil/water ratio, for a better understanding of the nanoscale RS3
formation process. The optimum variables were 231.52 W,
85.19min,1.1 g/100 g, and 9:1 for ultrasonic power, sonication time,
starch content, and oil/water ratio, respectively; the predicted Z-
Ave was about 611.7 nm, which was very close to the experimen-
tally determined Z-Ave of 606.2 nm. The experimental design and
RSM approach determined the particle size of nanoscale RS3 and
optimization of process variables for minimizing particle size suc-
cessfully. Scanning electron microscopy and X-ray diffraction
revealed that ultrasonication have changed on the morphology and
crystal structure.

References

Adinarayana, K., & Ellaiah, P. (2002). Response surface optimization of the critical
medium components for the production of alkaline protease by a newly iso-
lated Bacillus sp. Journal of Pharmacy & Pharmaceutical Sciences, 5(3), 272e278.

Angellier, H., Choisnard, L., Molina-Boisseau, S., Ozil, P., & Dufresne, A. (2004).
Optimization of the preparation of aqueous suspensions of waxy maize starch
nanocrystals using a response surface methodology. Biomacromolecules, 5,
1545e1551.

Bel Haaj, S., Magnin, A., P�etrier, C., & Boufi, S. (2013). Starch nanoparticles formation
via high power ultrasonication. Carbohydrate Polymers, 92, 1625e1632.

Benyounis, K. Y., Olabi, A. G., & Hashmi, M. S. J. (2005). Effect of laser welding pa-
rameters on the heat input and weld-bead profile. Journal of Materials Pro-
cessing Technology, 164, 978e985.

Englyst, H. N., Kingman, S. M., & Cummings, J. H. (1992). Classification and mea-
surement of nutritionally important starch fractions. European Journal of Clinical
Nutrition, 46(2), 33e50.

Evans, M. (2003). Optimisation of manufacturing processes: A response surface
approach (Vol. 791). Maney Pub.

Giezen F., Jongboom R., Gotlieb K., Boersma, A. (2000) Wo 00/69916.
Guo, W. Q., Ren, N. Q., Wang, X. J., Xiang, W. S., Ding, J., You, Y., et al. (2009).

Optimization of culture conditions for hydrogen production by Ethanoligenens
harbinense B49 using response surface methodology. Bioresource Technology,
100(3), 1192e1196.

Haralampu, S. G. (2000). Resistant starch-A review of the physical properties and
biological impact of RS3. Carbohydrate Polymers, 41, 285e292.

Imandi, S. B., Bandaru, V. R., Somalanka, S. R., & Garapati, H. R. (2007). Optimization
of medium constituents for the production of citric acid from byproduct glyc-
erol using doehlert experimental design. Enzyme and Microbial Technology,
40(5), 1367e1372.
Kapelko, M., Zi˛eba, T., Golachowski, A., & Gryszkin, A. (2012). Effect of production

method on the properties of RS3/RS4 type resistant starch. Part 1. Properties of
retrograded starch (RS3) produced under various conditions and its suscepti-
bility to acetylation. Food Chemistry, 135, 1494e1504.

Kawasaki, H., Takeda, Y., & Arakawa, R. (2007). Mass spectrometric analysis for high
molecular weight synthetic polymers using ultrasonic degradation and the
mechanism of degradation. Analytical Chemistry, 11, 4182e4187.

Kim, H. Y., Han, J. A., Kweon, D. K., Park, J. D., & Lim, S. T. (2013). Effect of ultrasonic
treatments on nanoparticle preparation of acid-hydrolyzed waxy maize starch.
Carbohydrate Polymers, 93(2), 582e588.

Kim, H. Y., Park, D. J., Kim, J. Y., & Lim, S. T. (2013). Preparation of crystalline starch
nanoparticles using cold acid hydrolysis and ultrasonication. Carbohydrate
Polymers, 98(1), 295e301.

Kim, H. Y., Lee, J. H., Kim, J. Y., Lim, W. J., & Lim, S. T. (2012). Characterization of
nanoparticles prepared by acid hydrolysis of various starches. Starch-St€arke,
64(5), 367e373.

Kim, H., Lee, I., Kwon, Y., Kim, B. C., Ha, S., Lee, J. H., et al. (2011). Immobilization of
glucose oxidase into polyaniline nanofiber matrix for biofuel cell applications.
Biosensors and Bioelectronics, 26(9), 3908e3913.

Kim, J. Y., Park, D. J., & Lim, S. T. (2008). Fragmentation of waxy rice starch granules
by enzymatic hydrolysis. Cereal Chemistry, 85(2), 182e187.

Kristo, E., & Biliaderis, C. G. (2007). Physical properties of starch nanocrystalrein
forced pullulan films. Carbohydrate Polymers, 68, 146e158.

Le Corre, D., Bras, J., & Dufresne, A. (2010). Starch nanoparticles: a review. Bio-
macromolecules, 11(5), 1139e1153.

Lin, N., Huang, J., Chang, P. R., Feng, L., & Yu, J. (2011). Effect of polysaccharide
nanocrystals on structure, properties, and drug release kinetics of alginate-
based microspheres. Colloids and Surfaces B: Biointerfaces, 85, 270e279.

Liu, H. L., & Chiou, Y. R. (2005). Optimal decolorization efficiency of reactive Red 239
by UV/TiO 2 photocatalytic process coupled with response surface methodol-
ogy. Chemical Engineering Journal, 112(1), 173e179.

Liu, H. L., Lan, Y. W., & Cheng, Y. C. (2004). Optimal production of sulphuric acid by
Thiobacillus thiooxidans using response surface methodology. Process Biochem-
istry, 39(12), 1953e1961.

Malvern Instruments. (2007). Zetasizer nano user manual. Worcestershire WR14
1XZ, UK: Malvern Instruments Ltd.

Nara, S., & Komiya, T. (1983). Studies on the relationship between water-saturated
state and crystallinity by the diffraction method for moistened potato starch.
Starch-St€arke, 35(12), 407e410.

Rouxel, D., Hadji, R., Vincent, B., & Fort, Y. (2011). Effect of ultrasonication and
dispersion stability on the cluster size of alumina nanoscale particles in
aqueous solutions. Ultrasonics Sonochemistry, 18(1), 382e388.

Sauter, C., Emin, M. A., Schuchmann, H. P., & Tavman, S. (2008). Influence of hy-
drostatic pressure and sound amplitude on the ultrasound induced dispersion
and deagglomeration of nanoparticles. Ultrasonics Sonochemistry, 15, 517e523.

Shi, A. M., Li, D., Wang, L. J., Li, B. Z., & Adhikari, B. (2011). Preparation of starch-
based nanoparticles through high-pressure homogenization and mini-
emulsion cross-linking: Influence of various process parameters on particle size
and stability. Carbohydrate Polymers, 83(4), 1604e1610.

Shi, A. M., Li, D., Wang, L. J., Zhou, Y. G., & Adhikari, B. (2012). Spray drying of starch
submicron particles prepared by high pressure homogenization and mini-
emulsion cross-linking. Journal of Food Engineering, 113(3), 399e407.

Sievert, D., Czuchajowska, Z., & Pomeranz, Y. (1991). Enzyme-resistant starch. III. X-
ray diffraction of autoclaved amylomaize VII starch and enzyme-resistant starch
residues. Cereal Chemistry, 68(1), 86e91.

Sun, Q., Fan, H., & Xiong, L. (2014). Preparation and characterization of starch
nanoparticles through ultrasonic-assisted oxidation methods. Carbohydrate
Polymers, 106, 359e364.

Suslick, K. S. (1988). In K. S Suslick (Ed.), Ultrasound: Its chemical, physical, and
biological effects. New York: VCH Press.

Zhu, J., Li, L., Chen, L., & Li, X. (2012). Study on supramolecular structural changes of
ultrasonic treated potato starch granules. Food Hydrocolloids, 29(1), 116e122.

Zobel, B. J. (1964). Breeding for wood properties in forest trees. Unasylva, 18(2e3),
73e74.

http://refhub.elsevier.com/S0023-6438(15)30313-3/sref1
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref1
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref1
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref1
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref1
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref2
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref2
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref2
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref2
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref2
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref3
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref3
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref3
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref3
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref4
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref4
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref4
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref4
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref5
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref5
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref5
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref5
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref6
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref6
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref8
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref8
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref8
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref8
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref8
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref10
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref10
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref10
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref11
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref11
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref11
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref11
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref11
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref12
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref13
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref13
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref13
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref13
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref14
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref14
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref14
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref14
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref15
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref15
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref15
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref15
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref16
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref16
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref16
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref16
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref16
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref17
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref17
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref17
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref17
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref18
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref18
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref18
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref19
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref19
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref19
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref20
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref20
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref20
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref21
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref21
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref21
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref21
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref22
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref22
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref22
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref22
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref23
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref23
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref23
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref23
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref24
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref24
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref25
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref25
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref25
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref25
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref25
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref26
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref26
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref26
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref26
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref27
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref27
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref27
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref27
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref28
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref28
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref28
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref28
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref28
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref29
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref29
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref29
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref29
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref30
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref30
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref30
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref30
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref31
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref31
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref31
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref31
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref32
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref32
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref33
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref33
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref33
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref34
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref34
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref34
http://refhub.elsevier.com/S0023-6438(15)30313-3/sref34


lable at ScienceDirect

LWT - Food Science and Technology 67 (2016) 214e222
Contents lists avai
LWT - Food Science and Technology

journal homepage: www.elsevier .com/locate/ lwt
Effect of dried powder preparation process on polyphenolic content
and antioxidant activity of blue honeysuckle berries (Lonicera caerulea
L. var. kamtschatica)

Jan Oszmia�nski, Aneta Wojdyło*, Sabina Lachowicz
Department of Fruit and Vegetable Processing, Wroclaw University of Environmental and Life Sciences, Chelmonskiego 37 Street, 51-630, Wroclaw, Poland
a r t i c l e i n f o

Article history:
Received 6 October 2015
Received in revised form
21 November 2015
Accepted 27 November 2015
Available online 2 December 2015

Keywords:
Blue honeysuckles
Pomace
Phenolic compounds
LC-MS
Antioxidant
* Corresponding author.
E-mail address: aneta.wojdylo@up.wroc.pl (A. Wo

http://dx.doi.org/10.1016/j.lwt.2015.11.051
0023-6438/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The aim of the study was to evaluate different methods used for the preparation of powders from blue
honeysuckle (Lonicera caerulea L. var. kamtschatica) cv. ‘Wojtek’, and the effects of these methods on
chemical composition and antioxidant activity of lyophilized powders and pomace. The analyzed sam-
ples were evaluated for their basic chemical composition dry weight, pH, total acidity, sugars (glucose,
fructose and sucrose), and antioxidant capacity (FRAP, ABTS). Polyphenolic compounds were identified
and quantified by UPLC-PDA-MS/MS. Thirty eight polyphenolic compounds, including eight phenolic
acids, eight anthocyanins, five flavan-3-ols, twelve flavonols and five flavones were identified in blue
honeysuckle products. The highest content of bioactive compounds was detected in juice pressed from
peels, as compared with fresh berries and other products. The study showed that peel-based pomace of
blue honeysuckle is a better material for the production of dried product rich in bioactive compounds
than the pomace obtained from whole berries.

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

Blue honeysuckle is a variety of honeyberry (Lonicera caerulea), a
shrub belonging to Caprifoliaceae family (Juss.). It is native to
northeastern Russia, China, Japan and Canada. In Russia, the only
cultivated varieties are hybrids of L. caerulea var. kamtschatica
Sevast. and other varieties of honeyberry, particularly
L. kamtschatica var. edulis. In Japan (Hokkaido), this variety was
crossbred with L. kamtschatica var. emphyllocalyx, and in Canada
with native L. kamtschatica var. villosa. In the wild, blue honey-
suckle is found in wetlands along rivers, marshes or on forest
clearings (Miyashita, Ohashi, Shibata, Araki, & Hoshino, 2009;
Plekhanova, 2000; Szot & Lipa, 2012).

The fruit is a fleshy, elongated, purple-black, wax-coated berry,
2e3 cm long and about 1 cm in diameter. A single berry may weigh
up to 3 g. As stone fruit, they contain up to 20 soft seeds imper-
ceptible during consumption. The berries have a characteristic
pleasant taste with a hint of bitterness. Contrary to bilberry, a ripe
berry is dark in entire cross-section (Plekhanova, 2000). Currently,
blue honeysuckle (L. caerulea L.) is becoming increasingly popular
jdyło).
mainly due to its health promoting properties. Its fruit, similarly to
elderberry and bilberry, may be a valuable component of medicinal
products or food supplements as they contain many beneficial in-
gredients (Thompson & Chaovanalikit, 2003). Dark colored berries
contain more polyphenols than strawberries or raspberries. They
produce considerable amounts of vitamins, minerals and poly-
phenols that positively affect human health and make blue hon-
eysuckle an attractive plant in terms of disease prevention and
nutritional value (Skupie�n, Oszmia�nski, Ochmian, & Grajkowski,
2007; Wojdyło, J�auregui, Carbonell-Barrachina, Oszmia�nski, &
Golis, 2013).

Polyphenols present in blue honeysuckle berries have anti-
inflammatory properties, and they mitigate the risk of metabolic
diseases such as obesity or diabetes (Jin et al., 2005; Palikova,
Valentova, Oborna, & Ulrichova, 2009). They reduce oxidation of
LDL cholesterol responsible for increased risk of cardiovascular
diseases, and positively affect hypertension by lowering blood
pressure. Thanks to their detoxifying properties, the berries are
often used to alleviate drug or heavy metal poisoning or to treat
cardiovascular diseases. Blue honeysuckle berries exhibit strong
antibacterial and antiviral activity (Celli, Ghanem, & Brooks, 2014).
Therefore, fruit-derived compounds may be used in the prevention
of oral cavity diseases. They also prevent urinary tract infections by
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limiting bacteria penetration into the urinary tract. They protect
tissues against detrimental UV radiation that accelerates aging
processes and induces skin and DNA damage (Jin et al., 2005;
Skupie�n et al., 2007). Blue honeysuckle is recommended for alle-
viating food allergies. Its juice may be used for treating lichens and
ulcers, and a decoction is recommended for rinsing the throat and
oral cavity in gum diseases, tonsilitis and inflammation of the
mucous membranes (Li & Li, 2005).

Blue honeysuckle berries are currently used for making jams,
jellies, wine, candies, gelatin, puffed snacks (Liu, Zheng, Jia, Ding, &
Gao, 2009; Liu et al., 2010), juice, juice-concentrate, tea, canned and
frozen fruit, medicinal products as an antioxidant and healthy food
(Skupie�n et al., 2007). Dried berries are a durable and convenient
blue honeysuckle product that can be easily crushed and used as a
raw material for the production of dietary supplements in the form
of capsules and tablets. Drying procedure should not induce
degradation of thermolabile substances, which is why lyophiliza-
tion is one of the best ways of obtaining this type of product
(Kozłowska, & Troszy�nska, 1999).

It is difficult to lyophilize small berries by prolonging the freeze-
drying time due to their thick peel that impedes water removal.
Wax covering the peel protects the berries from water, insects and
fungi. This way, the peel limits water transport from the interior of a
food product to its surface, slowing the drying process. Since the
berry peel is thick and has low porosity, a pre-treatment stage was
considered before drying in order to facilitate water diffusion.
There are mechanical pre-treatment methods that reduce the peel
resistance and promote water transport. The berries are often
processed to make fruit juice and various fruit drinks (Vattem,
Ghaedian, & Shetty,2005). About 80e85% of the berry mass is
transferred to the juice, while 15e20% remains in a pomace that is a
waste material. Berry pomace is a by-product of the fruit juice
processing industry. It is composed of pulp, peel and seeds of the
fruit left after the juice and water are pressed from the fruit.
Traditionally, the pomace has been used in animal feeding, how-
ever, due to its poor nutritional value it is disposed of into landfills
causing considerable economic loss and environmental problems.
Food technologists have recently developed a technology for pre-
paring a powder from berry pomace that contains all the essential
bioactive compounds (White, Howard, & Prior, 2010).

The aim of the study was to investigate the possibility of pre-
paring a dry powder with high content of bioactive compounds
from the pomace instead of whole berries. The berries contain
considerable amounts of acids and sugars, are hygroscopic and
difficult to dry. Juice pressing removes about 80% of water andmost
of sugars and acids and some polyphenolic compounds. The study
compared the chemical composition (dry weight, pH, total acidity,
sugars (glucose, fructose and sucrose), polyphenolic composition
and antioxidant activity (FRAP, ABTS)) pomace obtained in a stan-
dard way from crushed fruit with the pomace resulting from
pressing the whole berries, and peels and flesh separately.

2. Materials and methods

2.1. Reagents and standards

Acetonitrile, formic acid, methanol, ABTS (2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulphonic acid), Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), TPTZ (2,4,6-Tri(2-
pyridyl)-s-triazine), acetic acid and phloroglucinol were pur-
chased from SigmaeAldrich (Steinheim, Germany). (�)-Epi-
catechin, (þ)-catechin, chlorogenic acid, neochlorogenic acid, 3,5-
dicaffeoylquinic acid and procyanidins B, p-coumaric acid, iso-
quercetin, caffeic acid, luteolin-3-O-glucoside, pelargonidin-3-O-
glucoside, peonidin-3-O-glucoside, cyanidin-3-O-glucoside, and
isorhamnetin-3-O-rutinoside were purchased from Extrasynthese
(Lyon, France).

2.2. Plant materials

Fruits of ‘Wojtek’ blue honeysuckles (~15 kg) were obtained
from horticultural farm in Piotrowice, near Wrocław. The raw ma-
terial was collected at optimum ripening stage recommended for
consumption. The juice was pressed from crashed, whole fruits,
hand speared skins and flesh on a laboratory press Zodiak. The
pomaces and fruits were dried with the use of freeze dryer Alpha
1e4 LSC (Christ, Osterode, Germany). The homogeneous powders
were obtained by crushing the dried tissues using a closed labo-
ratory mill (IKA A.11, Germany) to avoid hydration, and the powder
was passed through a strainer (1 mm). The powders were kept in a
refrigerator (�80 �C) until extract preparation. The basic parame-
ters of the chemical composition: dry matter, and acidity were
determined in fruit, pomaces and blue honeysuckle dry powders
according byWojdyło, J�auregui, et al. (2013). Results are reported as
the arithmetic mean of three independent repetitions, taking into
account the standard deviation (SD).

2.3. Extraction procedure

The fresh and dried samples of fruits and pomace were extrac-
ted with methanol acidified with 2.0% formic acid. The extraction
was performed twice by incubation for 20 min under sonication
(Sonic 6D, Polsonic, Warsaw, Poland) and with occasional shaking.
Next, the slurry was centrifuged at 19,000 � g for 10 min, and the
supernatant was filtered through a Hydrophilic PTFE 0.20 mm
membrane (Millex Samplicity Filter, Merck) and used for analysis.
The content of polyphenols in individual extracts was determined
by means of the ultra-performance liquid chromatography-
photodiode array detector-mass spectrometry (LC�PDA�MS)
method. All extractions were carried out in triplicate.

2.4. Identification and quantification of polyphenols by the
LC�PDA�MS method

Identification and quantification of polyphenol of blue honey-
suckle extracts was carried out with the use of an ACQUITY Ultra
Performance LC system equipped with a photodiode array detector
with a binary solvent manager (Waters Corporation, Milford, MA)
series with a mass detector G2 Q/Tof Micro mass spectrometer
(Waters, Manchester, U.K.) equipped with an electrospray ioniza-
tion (ESI) source operating in negative and positive modes. The
content of polyphenols (anthocyanin, flavanolos, flavonol and
phenolic acid) was measured by protocol described previously by
Wojdyło, J�auregui, et al. (2013).

2.5. Analysis of proanthocyanidins by phloroglucinolysis

Direct phloroglucinolysis of freeze-dried samples was per-
formed as described by Kennedy and Jones (2001) on reverse-phase
HPLC (RP-HPLC) analysis and phloroglucinol products were sepa-
rated on a Cadenza CD C18 (75e4.6 mm, 3 mm) column (Imtakt,
Japan) (Wojdyło, Oszmia�nski, Milczarek, & Wietrzyk, 2013).

2.6. Antioxidant activity

The extracts for analysis of antioxidant activity was prepared as
described previously by Wojdyło, J�auregui, et al. (2013). The free
radical scavenging activities were determined using two methods,
ABTS and FRAP (ferric reducing antioxidant power). The ABTS and
FRAP assays were conducted as previously described by Re,
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Pellegrini, Proteggente, Pannala, and Yang (1999) and Benzie and
Strain (1996), respectively. Determinations by ABTS and FRAP
methods were performed using a UV-2401 PC spectrophotometer
(Shimadzu, Kyoto, Japan). The antioxidant activity was evaluated by
measuring the variation in absorbance at 734 nm after 6 min for
ABTS, and at 593 nm after 10 min for FRAP. All antioxidant activity
analyses were done in triplicate, and results were expressed as
mmol of Trolox per 1 g of sample.
2.7. Analysis of sugar by the HPLC-ELSD method

Analysis of sugars by the HPLC-ELSD method was performed as
described by Valliyodan, Shi, and Nguyen (2015) with modification.
The samples of blue honeysuckle fruits (1e2 g) were diluted with
redistilled water (50 ml). The extraction was performed by incu-
bation for 15 min under sonication (Sonic 6D, Polsonic, Warsaw,
Poland) and with occasional shaking, and then incubation in 90 �C
for 30 min. Next, the slurry was centrifuged at 19000g for 10 min,
and the supernatant was filtered through a Sep-Pak C-18 Cartridges
(Waters Milipore), and through a Hydrophilic PTFE 0.20 mm
membrane (Millex Samplicity Filter, Merck) and used for analysis.
All extractions were carried out in triplicate.

Chromatographic analysis was carried out with a Merck-Hitachi
L-7455 liquid chromatograph with an evaporative light scattering
detector (ELSD; Polymer Laboratories PL-ELS 1000) and quaternary
pump L-7100 equipped with D-7000 HSM Multisolvent Delivery
System (Merck-Hitachi, Tokyo, Japan) and L-7200 autosampler. The
separation was performed on a Prevail™ Carbohydrate ES HPLC
Column-W 250 � 4.6 mm, 5 mm (Alltech, US) column. Oven tem-
perature was set to 30 �C. The mobile phase was used with an
acetonitrileewater (75:25) for isocratic elution, the flow rate was
1 ml/min and injection volume: 10 ml. The ELS detector was opti-
mized for the analyses and following parameters were used: 80 �C
for an evaporative temperature, 80 �C for a nebulizer and 1.2 ml/
min for a nitrogen gas flow.

The calibration curves (R2 ¼ 0.9998) were created for glucose,
fructose and saccharine. Sample concentrations were 1, 2, 3 and
5 mg/ml and each concentration level was injected (10 ml) in trip-
licate. All sugars analyses were done in triplicate, and results were
expressed as g per 100 g of sample.
2.8. Statistical analysis

Results were presented as mean ± standard deviation of three
independent determinations. All statistical analyses were per-
formed with Statistica version 10.0 (StatSoft, Tulsa, OK, USA). One-
way analysis of variance (ANOVA) by Duncan's test at p < 0.05 was
used to compare the mean values.
Table 1
Chemical composition of samples prepared from honeysuckle berries.

Type of products Samples Dry matter [g/100 g] Total acidity [g/

Fresh Berries 16.02 ± 0.32 3.60 ± 0.07
Pomace from whole berries 19.72 ± 0.39 2.94 ± 0.06
Pomace from crashed berries 23.94 ± 0.49 3.27 ± 0.07
Pomace from skin 28.60 ± 0.57 3.02 ± 0.06
Pomace from flesh 32.11 ± 0.64 3.54 ± 0.07

Dried Berries 91.27 ± 1.83 23.93 ± 0.48
pomace from whole berries 93.83 ± 1.88 12.51 ± 0.25
Pomace from crashed berries 94.74 ± 1.90 11.69 ± 0.23
Pomace from skin 95.96 ± 1.92 11.00 ± 0.22
Pomace from flesh 95.41 ± 1.91 8.07 ± 0.16

Means ± SD followed by different letters within the same line represent significant diffe
3. Results and discussion

3.1. Quality parameters of berries and their products

Dry matter accounted for 16.02 g/100 g of fresh blue honey-
suckle berry mass (Table 1), which was slightly more than in other
studies on this species (Szot & Lipa, 2012; Thompson &
Chaovanalikit, 2003).

pH of fresh blue honeysuckle berries was 2.65, and total acidity
was 3.60 g citric acid/100 g (Table 1). Ochmian, Skupie�n,
Grajkowski, Smolik, and Ostrowska (2012) reported titratable
acidity in ‘Wojtek’ cv. from 3.4 to 4.4 g citric acid/100 g, depending
on fruit maturity In general, honeysuckle berries are rich in organic
acids. High amounts of acids impart a specific taste resembling
bilberries with a distinct hint of acidity.

Sugar content of the berries was 6.48 g/100 g, with glucose as a
dominant sugar (3.64 g/100 g) and fructose (2.80 g/100 g) and
sucrose (0.04 g/100 g) as less abundant ones. Palikova et al. (2009)
showed that honeysuckle fruit contained 7.20 g/100 g of saccha-
rides and that free saccharides included 3.2 g/100 g glucose and
2.9 g/100 g fructose. Szot and Lipa (2012) estimated total sugar
content to be 5.50 g/100 g in fresh honeysuckle berries.

Fresh pomacemade of whole or crushed berries or from peels or
flesh had pH ranging from 2.60 to 2.78, and total acidity
(2.94e3.54 g citric acid/100 g) was almost stable except for the
products obtained from whole berry pomace (2.94 g citric acid/
100 g). The content of sugars in these products was significantly
(p < 0.05) higher compared to fresh berries, except for the fresh
product prepared from flesh-based pomace (5.44 g/100 g). The
lowest content of dry mass was determined for the fruit (16.02 g/
100 g). The pomace left after juice pressing included more dry
matter, from 19.72 g/100 g after pressing the whole berries to
32.11 g/100 g after pressing the flesh. Therefore, obtaining dry
berries from pomace is not only easier but it also requires less effort
to remove water than from fruit. The final content of dry matter in
dried berries after 24 h of lyophilization was 91.27 g/100 g, and in
the dry product obtained from pomace it was up to 93.83 g/100 g
for whole berries and 95.96 g/100 g for peels.

3.2. Identification of phenolic compounds in blue honeysuckle
berries and their products

Identification of 38 compounds belonging to anthocyanins,
hydroxycinnamic acids, flavonols, flavons and flavan-3-ols was
based on a comparison of their retention times, MS andMS/MS data
with available standards and published data. The identification
results are presented in Table 2. Structures of all these compounds
were identified by comparison of their spectral and MS and/or MS/
MS data to those reported in previous studies (Chaovanalikit,
100 g] pH Sugars [g/100 g]

Fructose Glucose Saccharose Total sugars [g/100 g]

2.65 ± 0.05 2.80 ± 0.06 3.64 ± 0.07 0.04 ± 0.00 6.48
2.60 ± 0.07 5.16 ± 0.10 6.80 ± 0.14 0.00 ± 0.00 11.96
2.62 ± 0.05 3.72 ± 0.07 5.00 ± 0.10 0.04 ± 0.01 8.76
2.78 ± 0.06 3.96 ± 0.08 5.60 ± 0.11 0.04 ± 0.02 9.60
2.75 ± 0.06 2.20 ± 0.04 3.24 ± 0.06 0.00 ± 0.00 5.44
2.70 ± 0.08 19.56 ± 0.39 24.04 ± 0.48 0.20 ± 0.03 43.80
2.77 ± 0.05 23.28 ± 0.47 26.36 ± 0.52 0.20 ± 0.05 49.84
2.76 ± 0.06 12.56 ± 0.25 15.56 ± 0.31 0.12 ± 0.00 28.24
2.82 ± 0.09 14.96 ± 0.30 17.72 ± 0.35 0.16 ± 0.03 32.84
2.82 ± 0.06 5.68 ± 0.11 7.88 ± 0.16 0.12 ± 0.01 13.68

rences (P < 0.05). Data are the averages of triplicates.



Table 2
LC-QTOF/MS analysis of phenolic compounds in blue honeysuckle berries.

Compound TR (min) lmax (nm) MS[M�H]- (m/z) MS/MS[M�H]- (m/z)

Neochlorogenic acid 2.80 325 353 191
Procyanidin dimer 3.16 278 577 289
Cyanidin-3,5- diglucoside 3.49 525 611þ 449/287þ

(þ)-Catechin 3.57 278 289 245
Chlorogenic acid 3.74 325 353 191
Cryptochlorogenic acid 3.80 325 353 191
Caffeic-quinic acid 3.86 325 353 191
Procyanidin dimer 3.96 279 577 289
Peonidin-3,5-dihexoside 4.08 523 625þ 301þ

Luteolin-3-dihexoside-7-hexoside 4.10 346 771 609/447/285
Cyanidin-3-O-glucoside 4.29 525 449þ 287þ

Cyanidin-3-O-rutinoside 4.51 525 595þ 449/287þ

(�)-Epicatechin 4.60 278 289 245
Caffeic-quinic acid 4.65 325 353 191
Procyanidin trimer 4.70 279 865 557/289
Pelargonidin-3-O-glucoside 4.82 515 433þ 271þ

Peonidin-3-O-glucoside 5.13 525 463þ 301þ

Peonidin-3-O-rutinoside 5.21 525 609þ 449/301þ

Quercetin-dihexoside 5.54 353 625 301
Quercetin-vicianoside 5.81 353 595 433/301
Quercetin-3-hexoside-pentoside 5.94 353 595 449/301
Cyanidin-3-hexoside-ethyl-catechin 6.06 525 765þ 603/475/313/287þ

Quercetin-3-O-rutinoside 6.10 352 609 301
Quercetin-3-O-rhamnosiy-hexoside 6.24 352 609 301
Quercetin-3-O-rhamnoside-hexoside 6.32 352 609 301
Luteolin-O-hexose-O-deoxyhexoside 6.40 347 593 285
Quercetin-3-O-glucoside 6.44 352 463 301
Luteolin-3-O-glucoside 6.56 347 447 285
Quercetin-pentoside 6.69 352 433 301
Isorhamnetin -hexosylpentoside 6.77 350 609 315
Luteolin-3-O-rutinoside 6.99 347 593 285
3,5-dicaffeoylquinic acid 7.14 326 515 353/191
Isorhamnetin-3-O-rutinoside 7.18 350 623 315
Quercetin- acetyl -hexoside 7.44 352 505 301
Diosmetin-rhamnosylglucoside 7.66 340 607 299
Dicaffeoylquinic acid 7.74 326 515 353/191
Dicaffeoylquinic acid 7.99 326 515 353/191
Quercetin-pentoside 8.43 352 433 301
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Thompson, & Wrolstad, 2004; Ochmian et al., 2012; Skupie�n et al.,
2007; Wojdyło, J�auregui, et al. 2013; and Kusznierewicz et al.,
2012).

3.3. Quantification of phenolic compounds in blue honeysuckle
fresh berries and pomace

The content of phenolics is one of the most important param-
eters for appraising blue honeysuckle berries with respect to their
nutraceutical value and potential use for different technological
purposes. The content of polyphenolic compounds in fresh berries
and pomace that were the raw material for the production of dry
powders is presented in Table 3 and Fig. 2.

Major polyphenolic groups in the berries were mono, di, tri-,
and polymers of flavan-3-ols (61% of total phenolic compounds,
TPC), and the next group were anthocyanins (29% of TPC). The third
group were phenolic acids (7%), and the last were
flavonols þ flavons that constituted only 3% of TPC. The type and
content of polyphenolic compounds detected in blue honeysuckle
berries were similar to those previously reported by Wojdyło,
J�auregui, et al. (2013) for different cultivars of blue honeysuckle
berries. Other researchers (Chaovanalikit et al., 2004; Ochmian
et al., 2012) reported lower content of total phenolic groups but
they investigated only catechin monomer as a representative of
flavan-3-ols without any quantification of polymeric procyanidins.

Flavan-3-ols were the major group of blue honeysuckle poly-
phenols amounting to 690.77 mg/100 g fw with polymeric pro-
cyanidins as dominant compounds (87% of total flavan-3-ols).
(þ)-Catechin concentration was 80.42 mg/100 g fw, while
(�)-epicatechin concentrationwas 3.19mg/100 g fw. The content of
flavan-3-ols was similar to that of black currant but higher than that
of red currant (Wojdyło, Oszmia�nski, et al., 2013).

Anthocyanins belong to phenolic compounds that contribute to
red, blue, and/or purple color of many fruit, including blue hon-
eysuckle berries. These compounds are also well known for their
antioxidant activity and health-promoting properties (Palikova
et al., 2009). The content of total anthocyanins in blue honey-
suckle was 335.24 mg/100 g fw with cyanidin-3-O-glucoside
(295.3 mg/100 g fw) as a major anthocyanin, and much lower
content of the other seven anthocyanins (below 30 mg/100 g fw).
The presence of this type of anthocyanins and (þ)-catechin
confirmed earlier findings (Chaovanalikit et al., 2004; Ochmian
et al., 2012; Wojdyło, J�auregui, et al., 2013).

Phenolic acid level was 79.73 mg/100 g fw, and predominating
phenolic acids in blue honeysuckle berries were chlorogenic acid
(66.44 mg/100 g fw) and neochlorogenic acid (9.65 mg/100 g fw).
The content of other phenolic acids was lower than 2 mg/100 g fw
(Table 5). Concentration of phenolic acids is very important, espe-
cially of chlorogenic acid, because they are precursors of flavor
(Guyot, Marnet, Laraba, Sanoner, & Drilleau, 1998) not only in fruit
but also in fruit-based products (see Table 3).

Total concentration of flavonol þ flavon derivatives was
31.15 mg/100 g fw, and flavonols accounted for 95% of total
flavonols þ flavons. The amount of these compounds in blue hon-
eysuckle berries was similar to blue honeysuckle berries grown in
Oregon (Thompson & Chaovanalikit, 2003). Quercetin derivatives



Table 3
Polyphenol content in the blue honeysuckle fruits and fresh pomaces [mg/100 g fw].

Compound Fruits Pomace from

Whole fruits Crashed fruits Skins Flesh

Neochlorogenic acid 9.65 ± 0.19d 30.08 ± 0.60b 32.74 ± 0.65b 45.84 ± 0.91a 19.85 ± 0.40c
Procyanidin dimer 7.05 ± 0.14d 20.13 ± 0.40c 23.81 ± 0.48c 32.41 ± 0.65a 28.89 ± 0.58 ab
Cyanidin-3,5- diglucoside 7.39 ± 0.15d 28.46 ± 0.57c 32.59 ± 0.65b 49.15 ± 0.98a 7.59 ± 0.15d
(þ)-Catechin 80.42 ± 1.61d 336.90 ± 6.74c 385.01 ± 7.70b 512.96 ± 10.26a 366.33 ± 7.33c
Chlorogenic acid 66.44 ± 1.33d 190.95 ± 3.18b 198.56 ± 3.97b 277.26 ± 5.55a 155.07 ± 3.10bc
Cryptochlorogenic acid 0.87 ± 0.02e 3.11 ± 0.06b 2.79 ± 0.06c 4.65 ± 0.09a 1.92 ± 0.04d
Caffeic-quinic acid 0.44 ± 0.01c 1.45 ± 0.03b 1.33 ± 0.03b 1.99 ± 0.04a 0.58 ± 0.01c
Procyanidin dimer 0.17 ± 0.00c 0.34 ± 0.01b 0.40 ± 0.01b 0.44 ± 0.01b 0.74 ± 0.01a
Peonidin-3,5-dihexoside 0.44 ± 0.01c 1.84 ± 0.04b 1.63 ± 0.03b 2.36 ± 0.05a 0.45 ± 0.01c
Luteolin-3-dihexoside-7-hexoside 0.57 ± 0.01c 1.73 ± 0.03b 1.76 ± 0.04b 2.72 ± 0.05a 0.54 ± 0.01c
Cyanidin-3-O-glucoside 295.30 ± 5.91d 1010.15 ± 20.20b 1401.98 ± 28.04b 2171.96 ± 43.44a 557.17 ± 11.14c
Cyanidin-3-O-rutinoside 27.02 ± 0.54d 82.35 ± 1.65c 120.54 ± 2.41b 183.73 ± 3.68a 35.42 ± 0.71d
(�)-Epicatechin 3.19 ± 0.06d 12.56 ± 0.25a 8.29 ± 0.17c 14.80 ± 0.30a 11.20 ± 0.22 ab
Caffeic-quinic acid 1.14 ± 0.02d 3.16 ± 0.06b 2.86 ± 0.06c 4.95 ± 0.10a 2.18 ± 0.04c
Procyanidin trimer 0.68 ± 0.01d 3.82 ± 0.08bc 4.33 ± 0.09b 6.52 ± 0.13a 4.00 ± 0.08b
Pelargonidin-3-O-glucoside 0.76 ± 0.02e 2.75 ± 0.06c 3.35 ± 0.07b 5.42 ± 0.11a 1.42 ± 0.03d
Peonidin-3-O-glucoside 3.55 ± 0.07d 17.98 ± 0.36b 19.28 ± 0.39b 30.19 ± 0.60a 6.19 ± 0.12c
Peonidin-3-O-rutinoside 0.61 ± 0.01d 2.10 ± 0.04b 2.84 ± 0.06b 4.80 ± 0.10a 1.24 ± 0.03c
Quercetin-dihexoside 0.78 ± 0.02d 2.41 ± 0.05c 3.79 ± 0.08b 5.02 ± 0.10a 0.72 ± 0.01c
Quercetin-vicianoside 2.95 ± 0.06e 12.13 ± 0.24c 17.52 ± 0.35b 22.33 ± 0.45a 3.20 ± 0.06d
Quercetin-3-hexoside-pentoside 0.24 ± 0.00d 1.14 ± 0.02c 1.58 ± 0.03b 2.02 ± 0.04a 0.20 ± 0.00d
Cyanidin-3-hexoside-ethyl-catechin 0.17 ± 0.00c 0.24 ± 0.00c 0.34 ± 0.01b 0.67 ± 0.01a 0.30 ± 0.01b
Quercetin-3-O-rutinoside 0.21 ± 0.00d 0.71 ± 0.01c 1.11 ± 0.02b 1.40 ± 0.03a 0.36 ± 0.01d
Quercetin-3-O-rhamnosyl-hexoside 23.74 ± 0.47d 83.90 ± 1.68c 129.63 ± 2.59b 162.29 ± 3.25a 21.73 ± 0.43d
Quercetin-3-O-rhamnoside-hexoside 0.19 ± 0.00d 0.87 ± 0.02c 1.19 ± 0.02b 1.64 ± 0.03a 0.56 ± 0.01c
Luteolin-O-hexose-O-deoxyhexoside 0.20 ± 0.00d 1.57 ± 0.03b 1.39 ± 0.03b 3.38 ± 0.07a 0.69 ± 0.01c
Quercetin-3-O-glucoside 1.84 ± 0.03e 9.00 ± 0.18c 12.57 ± 0.25b 16.97 ± 0.34a 3.54 ± 0.07d
Luteolin-3-O-glucoside 0.13 ± 0.00d 2.98 ± 0.06a 0.86 ± 0.02c 1.39 ± 0.03b 0.31 ± 0.01d
Quercetin-pentoside 0.29 ± 0.01d 1.37 ± 0.03c 2.05 ± 0.04b 3.09 ± 0.06a 0.53 ± 0.01d
Isorhamnetin -hexosylpentoside 0.16 ± 0.00d 0.53 ± 0.01c 0.74 ± 0.01b 0.97 ± 0.02a 0.18 ± 0.00d
Luteolin-3-O-rutinoside 0.30 ± 0.01d 0.93 ± 0.02c 1.49 ± 0.03b 2.06 ± 0.04a 0.34 ± 0.01d
3,5-dicaffeoylquinic acid 1.09 ± 0.02d 14.14 ± 0.28c 20.63 ± 0.41b 20.65 ± 0.41b 45.22 ± 0.90a
Isorhamnetin-3-O-rutinoside 1.15 ± 0.02e 4.08 ± 0.08c 5.99 ± 0.12b 9.13 ± 0.18a 1.87 ± 0.04d
Quercetin- acetyl -hexoside 1.00 ± 0.02e 5.46 ± 0.011c 7.40 ± 0.15b 10.33 ± 0.21a 2.08 ± 0.04d
Diosmetin-rhamnosylglucoside 0.33 ± 0.01d 1.31 ± 0.03c 2.26 ± 0.05b 7.04 ± 0.14a 1.61 ± 0.03c
Dicaffeoylquinic acid 0.15 ± 0.00d 0.47 ± 0.01c 0.93 ± 0.02b 1.94 ± 0.04a 1.06 ± 0.02b
Dicaffeoylquinic acid 0.15 ± 0.00d 0.82 ± 0.02b 0.83 ± 0.02b 1.15 ± 0.02a 0.59 ± 0.01c
Quercetin-pentoside 0.07 ± 0.00d 0.58 ± 0.01c 0.76 ± 0.02b 1.13 ± 0.02a 0.38 ± 0.01c
Procyanidin polymers 599.26 ± 11.99d 542.59 ± 10.85d 654.53 ± 13.09c 1244.77 ± 24.90a 720.58 ± 14.41b
Total 1140.06e 2437.12c 3111.71b 4871.57a 2006.82d

Means ± SD followed by different letters within the same line represent significant differences (p < 0.05). Data are the averages of triplicates.
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Fig. 1. Polyphenol group content in the blue honeysuckle fresh fruits and pomaces
[mg/100 g fw]. Abbreviations: A-pomace after pressing of uncrushed fruits; B- pomace
after pressing of crushed fruits; C- pomace after skin pressing; D-pomace after flesh
pressing; E-fresh fruits.
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Fig. 2. Polyphenol group content in the blue honeysuckle powder from dried fruits
and pomaces [g/100 g dm]. Abbreviations: A-pomace after pressing of uncrushed
fruits; B- pomace after pressing of crushed fruits; C- pomace after skin pressing; D-
pomace after flesh pressing; E-dried fruits.
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Table 4
Polyphenol content in the dried blue honeysuckle powders from fruits and pomaces [mg/100 g dw].

Compound Fruits Pomace from

Whole fruits Crashed fruits Skin Flesh

Neochlorogenic acid 169.26 ± 3.39b 211.11 ± 4.22a 172.25 ± 3.45b 224.91 ± 4.50a 83.25 ± 1.67c
Procyanidin dimer 113.54 ± 2.27b 119.65 ± 2.39a 121.26 ± 2.43a 121.26 ± 2.43a 115.28 ± 2.31b
Cyanidin-3,5-diglucoside 101.27 ± 2.03d 186.69 ± 3.73b 155.44 ± 3.11c 240.24 ± 4.80a 36.34 ± 0.73e
(þ)-Catechin 1804.71 ± 36.09b 2013.13 ± 40.26a 1696.98 ± 33.94d 1733.85 ± 34.68c 1368.21 ± 27.36e
Chlorogenic acid 1286.78 ± 25.74c 1303.52 ± 26.07b 1109.80 ± 22.20d 1377.14 ± 27.54a 647.72 ± 12.95e
Cryptochlorogenic acid 13.47 ± 0.27c 19.82 ± 0.40b 15.58 ± 0.31c 24.09 ± 0.48a 8.10 ± 0.16d
Caffeic-quinic acid 5.98 ± 0.12b 9.42 ± 0.19a 5.78 ± 0.12b 9.85 ± 0.20a 2.01 ± 0.04c
Procyanidin dimer 5.01 ± 0.10c 7.52 ± 0.15b 5.31 ± 0.11c 8.18 ± 0.16a 1.11 ± 0.02d
Peonidin-3,5-dihexoside 7.79 ± 0.16d 11.00 ± 0.22c 14.56 ± 0.29b 18.61 ± 0.37a 3.36 ± 0.07e
Luteolin-3-dihexoside-7-hexoside 8.23 ± 0.16b 12.33 ± 0.25a 8.49 ± 0.17b 12.59 ± 0.25a 2.08 ± 0.04c
Cyanidin-3-O-glucoside 5011.56 ± 100.23c 8499.57 ± 169.99b 8107.39 ± 162.15b 11,610.45 ± 232.21a 2574.95 ± 51.50d
Cyanidin-3-O-rutinoside 415.71 ± 8.31d 708.47 ± 14.17b 603.78 ± 12.08c 897.85 ± 17.96a 151.90 ± 3.04e
(�)-Epicatechin 58.57 ± 1.17b 80.55 ± 1.61a 52.22 ± 1.04b 59.00 ± 1.18b 35.17 ± 0.70c
Caffeic-quinic acid 22.89 ± 0.46a 5.55 ± 0.11d 18.88 ± 0.38b 13.20 ± 0.26c 14.52 ± 0.29c
Procyanidin trimer 39.33 ± 0.79a 11.13 ± 0.22cd 16.53 ± 0.33b 12.22 ± 0.24c 17.21 ± 0.34b
Pelargonidin-3-O-glucoside 12.28 ± 0.25d 18.89 ± 0.38b 15.74 ± 0.31c 22.36 ± 0.45a 5.21 ± 0.10e
Peonidin-3-O-glucoside 45.68 ± 0.91d 95.28 ± 1.91c 112.57 ± 2.25b 134.98 ± 2.70a 30.77 ± 0.62e
Peonidin-3-O-rutinoside 1.14 ± 0.02c 4.50 ± 0.09b 3.77 ± 0.08b 17.97 ± 0.36a 0.56 ± 0.01d
Quercetin-dihexoside 14.07 ± 0.28c 19.07 ± 0.38b 16.77 ± 0.34bc 23.02 ± 0.46a 2.96 ± 0.06d
Quercetin-vicianoside 66.96 ± 1.34cd 86.06 ± 1.71b 77.03 ± 1.54c 104.37 ± 2.09a 13.43 ± 0.27e
Quercetin-3-hexoside-pentoside 6.12 ± 0.12b 6.93 ± 0.14b 6.38 ± 0.13b 8.03 ± 0.16a 0.82 ± 0.02c
Cyanidin-3-hexoside-ethyl-catechin 1.90 ± 0.04b 0.83 ± 0.02e 1.57 ± 0.03c 1.23 ± 0.02d 2.15 ± 0.04a
Quercetin-3-O-rutinoside 3.44 ± 0.07c 6.02 ± 0.12a 3.69 ± 0.07c 4.13 ± 0.08b 1.13 ± 0.02d
Quercetin-3-O-rhamnosyl-hexoside 513.08 ± 10.26bc 577.21 ± 11.54b 575.78 ± 11.52b 764.72 ± 15.29a 92.50 ± 1.85d
Quercetin-3-O-rhamnoside-hexoside 4.80 ± 0.10b 6.23 ± 0.12a 4.12 ± 0.08b 3.92 ± 0.08b 2.41 ± 0.05c
Luteolin-O-hexose-O-deoxyhexoside 6.15 ± 0.12b 7.13 ± 0.14b 5.85 ± 0.12c 16.72 ± 0.33a 4.49 ± 0.09c
Quercetin-3-O-glucoside 49.40 ± 0.99b 61.86 ± 1.24a 53.21 ± 1.60b 66.75 ± 1.34a 15.11 ± 0.30c
Luteolin-3-O-glucoside 1.92 ± 0.04d 6.13 ± 0.12a 3.08 ± 0.06c 5.20 ± 0.10 ab 1.59 ± 0.03d
Quercetin-pentoside 7.74 ± 0.15b 8.61 ± 0.17b 7.69 ± 0.15b 11.14 ± 0.22a 1.84 ± 0.04c
Isorhamnetin -hexosylpentoside 2.70 ± 0.05b 3.28 ± 0.07a 1.76 ± 0.004c 3.03 ± 0.06a 0.75 ± 0.02d
Luteolin-3-O-rutinoside 5.83 ± 0.12bc 6.26 ± 0.13b 6.50 ± 0.13b 9.43 ± 0.19a 1.70 ± 0.03d
3,5-dicaffeoylquinic acid 101.91 ± 2.04c 152.98 ± 3.06b 142.99 ± 2.86b 83.01 ± 1.66d 281.39 ± 5.63a
Isorhamnetin-3-O-rutinoside 23.02 ± 0.46b 26.54 ± 0.53b 26.07 ± 0.52b 42.63 ± 0.85a 5.38 ± 0.11c
Quercetin-acetyl-hexoside 28.33 ± 0.57bc 32.04 ± 0.64b 30.92 ± 0.62b 41.65 ± 0.83a 8.95 ± 0.18d
Diosmetin-rhamnosylglucoside 7.83 ± 0.16bc 8.70 ± 0.17b 8.33 ± 0.17b 33.38 ± 0.67a 9.66 ± 0.19b
Dicaffeoylquinic acid 4.19 ± 0.08a 4.82 ± 0.70a 3.98 ± 0.08 ab 3.74 ± 0.07b 2.96 ± 0.06c
Dicaffeoylquinic acid 0.47 ± 0.01b 0.40 ± 0.01b 0.34 ± 0.01b 0.60 ± 0.01a 0.38 ± 0.01b
Quercetin-pentoside 2.90 ± 0.06b 3.53 ± 0.07a 2.71 ± 0.05b 3.44 ± 0.07a 1.43 ± 0.03c
Procyanidin polymers 3740.71 ± 74.81b 2751.45 ± 55.03c 2734.06 ± 54.68c 4352.33 ± 87.05a 2244.09 ± 44.88d
Total 13716.65d 17094.20b 15949.15c 22120.24a 7792.86e

Means ± SD followed by different letters within the same line represent significant differences (p < 0.05). Data are the averages of triplicates.

Table 5
Effect of pre-treatment of blue honeysuckle berries and they products on antioxi-
dant activity (mmol/1 g).

Type of products Samples ABTS FRAP

Fresh Berries 0.30 ± 0.01ef 0.23 ± 0.01f
Pomace from whole berries 0.48 ± 0.01e 0.66 ± 0.02e
Pomace from crashed berries 0.71 ± 0.02e 0.84 ± 0.03e
Pomace from skin 1.31 ± 0.04d 1.54 ± 0.05d
Pomace from flesh 0.52 ± 0.02e 0.37 ± 0.01f

Dried Berries 4.45 ± 0.13c 4.01 ± 0.12b
Pomace from whole berries 5.47 ± 0.16b 5.78 ± 0.17b
Pomace from crashed berries 5.37 ± 0.16b 5.09 ± 0.15b
Pomace from skin 6.46 ± 0.19a 8.30 ± 0.25a
Pomace from flesh 4.03 ± 0.12c 3.21 ± 0.10c

ABTS, 2,20-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid); FRAP, ferric
reducing antioxidant power; a-dMeans ± SD followed by different letters within the
same column represent significant differences (p < 0.05). Data are the averages of
triplicates.

J. Oszmia�nski et al. / LWT - Food Science and Technology 67 (2016) 214e222 219
are not only the major polyphenolic components in this berry, but
they are also very important for human health (Knekt et al., 2000).
Furthermore, flavonols are effective antioxidants that due to their
30,40-dihydroxy substitution in B-ring and conjugation between the
A- and B-rings have a high antioxidant potential. Flavones, in
general, have higher antioxidant activity than anthocyanins with
the same hydroxylation pattern measured with the ORAC assay
(Wang, Chen, Sciarappa, Wang, & Camp, 2008).

Considerable qualitative and quantitative differences were
found in the content of these compounds in fruit and pomace
depending on their type (Table 3, Fig. 1).

Total polyphenol content in all types of pomace was higher than
in fruit. The greatest difference of over 4.2 timeswas detected in the
peel-based pomace, and the smallest of over 1.7 times in the flesh-
based pomace. The content of individual groups of compounds
varied in different samples. Anthocyanins dominated in peel con-
taining pomace obtained either fromwhole and crushed berries or
from peels, while flavan-3-ols prevailed in the pomace obtained
from fruit and flesh. Similarly to anthocyanins, flavonol contentwas
significantly higher in pomace-based dry products, and the peel-
based pomace contained over 7 times more of these compounds
than the fruit. These results confirm that fruit anthocyanins and
flavonols are located mainly in the peel. Peel-derived pomace is a
good source of these biologically active compounds and a useful
material for obtaining dry powders rich in anthocyanin derivatives
such as cyanidine-3-O-glucoside and flavonols such as quercetine-
3-O-rhamnoside-hexoside. The content of phenolic acids was less
variable in the investigated samples. The lowest concentration of
phenolic acids was detected in fresh fruit and it was 2.8 times lower
than in flesh-based pomace and up to 4.4 times lower than in peel-



Table 6
Correlation matrix between antioxidant activity method and the key bioactive compounds of blue honeysuckle berries and they products.

Type of products Anthocyanins Flavan-3-ols Flavonols þ flavons Phenolic acid TP

fresh ABTS 0.822 0.851 0.722 0.665 0.840
FRAP 0.932 0.851 0.782 0.905 0.895

dried ABTS 0.990 0.581 0.882 0.681 0.952
FRAP 0.990 0.645 0.851 0.668 0.937

TP- total polyphenolic compounds.
Bold values are significant at p.
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based pomace. Pomace, especially the peel-derived one, was much
more abundant in polyphenolic compounds than fruit and might
serve as a natural concentrated source of these compounds for dry
powder production.
3.4. Effects of technological pre-treatment of berries on the content
of phenolic compounds in final products

Fig. 2 and Table 4 show the differences among total phenolics
determined by UPLC-PDA and HPLC-FL in the final products pre-
pared from blue honeysuckle berries.

Total phenolic content in fruit was 12.29 g/100 g dm. In different
blue honeysuckle products TPC ranged from 7.27 g/100 g dm for
products prepared from flesh-based pomace to 21.03 g/100 g dm
for products prepared from peel-based pomace. TPC was signifi-
cantly (p < 0.05) affected by technological aspects of berry pre-
treatment. The greatest effects on polyphenol content were
observed the berries pre-treated prior to powder production.

The powder prepared from peel-based pomace contained about
2.9 times more TPC than that prepared from only flesh-based
pomace. Additionally, the products made from peel-based
pomace comprised significantly (p < 0.05) more phenolic com-
pounds, especially of anthocyanins and flavonols þ flavons, than
the products prepared from flesh-based pomace and products
made of berries pre-treated in other ways. The content of antho-
cyanins in the peel-based and flesh-based powder was 12.42 g/
100 g and 2.67 g/100 g dm, respectively, and of flavonols þ flavons
it was 1.11 g/100 g and 0.16 g/100 g dm, respectively.

It is not surprising to conclude that the powder prepared from
peel-based pomace contained the highest concentrations of major
anthocyanins and flavonolsþ flavons, such as quercetin derivatives.
These results clearly indicate significantly higher (p < 0.05) content
of these compounds in the peel than in the flesh of the investigated
berries. However, an extraction of anthocyanins from peel into juice
or other products depends not only on anthocyanin concentration
in berries but also on a tendency of the berry peel to release an-
thocyanins as a consequence of cellular wall degradation by pec-
tolytic enzymes that make the cell wall pectins permeable during
maceration (Ortega-Regules, Romero-Cascales, Ros-Garcia, Lopez-
Roca, & Gomez-Plaza, 2006) or pre-treatment. Therefore, a con-
centration of anthocyanins in the berries and feasibility of their
extraction are the main factors affecting their concentration in final
products (Romero-Cascales, Ortega-Regules, Lopez-Roca, Fernan-
dezeFernandez, & Gomez-Plaza, 2005). Anthocyanin pigments are
one of the main compounds of the peel, and they are very impor-
tant due to their dual role. First, they constitute an integral part of
sensory attributes because their levels, various forms and de-
rivatives directly affect the coloration of the final product. Second,
they possess diverse biological properties, modulate antioxidant
power and are considered secondary metabolites with potential
nutritional value. This is a very important information, as pro-
cessing may result in a significant loss of water-soluble phenolics,
especially anthocyanins (Lee, Durst, & Wrolstad, 2002; Skrede,
Wrolstad, & Durst, 2000).
Another pattern was observed for phenolic acids and flavan-3-
ols. The content of phenolic acids, and especially of chlorogenic
acid, increased only after processing the peel-based and whole
fruit-derived pomace as compared to dried fruit. The content of
phenolic acids in these products ranged from 13% for the powder
prepared from peel-based pomace to 10% for the powder from
whole fruit pomace. It was reported that an increase in phenolic
acids, including chlorogenic acid, in the final products correlated
with pre-treatment of the berries or green vegetables before pro-
cessing. Turkmen, Sari, and Velioglu (2005) showed that pre-
treatment of green vegetables increased the content of chloro-
genic acid. Other powders obtained from flesh-based pomace and
crushed berries contained less phenolic acids than dried berries. In
the case of flavan-3-ols, only dried peel-based pomace contained
about 14% more of these compounds than fried berries.

The pre-treatment step significantly (p < 0.05) affected the
content of polyphenolic compounds in the final product obtained
from pomace increased the content of TPC in the products from
whole fruit-derived pomace as compared with crushed fruit-
derived pomace. A similar effect was observed in blueberry prod-
ucts (Brownmiller, Howard, & Prior, 2009), and in dried strawberry
(Wojdyło, Figiel, & Oszmia�nski, 2009).
3.5. Effects of technological pre-treatment on antioxidant activity in
final products

Considering diverse availability of polyphenolic compounds and
phytochemical changes occurring during food product processing
and storage, a thorough evaluation of changes in phenolics level
and antioxidant activity is important for a consumer, particularly
with regard to recommended daily consumption of fruit. This in-
formation is also of interest to the manufacturers who wish to
retain or possibly boost the concentration of bioactive compounds
in their products. A comprehensive evaluation of antioxidant ac-
tivity of a specific product requires two or more analytical methods.
Therefore, two in vitro assays ABTS�þ and FRAP were used to
properly evaluate the antioxidant activity of blue honeysuckle
products (Table 6). ABTS�þ method seems less sensitive than FRAP
assay to the changes observed in the antioxidant activity of berry-
based products. For example, ABTS�þ and FRAP values were 0.30
and 0.23 mmol Trolox/100 g dm, respectively. Positive correlations
were found for total polyphenol content and antioxidant activity
measured by ABTS�þ and FRAP assays and total phenolics, antho-
cyanins, flavan-3-ols, flavanols þ flavons, and phenolic acids
(Table 4). These correlations showed that the antioxidant activity of
blue honeysuckle berries depends mainly on the content of poly-
phenolic compounds.

In general, pre-treatment of the berries significantly (p < 0.05)
affected final antioxidant activity. The products obtained from
peel >whole berries � crushed berries showed significantly higher
antioxidant activity than those obtained from flesh (Table 5). As
expected, antioxidant activity was higher in the products prepared
from peel as the content of phenolic compounds was higher there
than in the rest of the analyzed products. Besides, the use of berries
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with intact peel significantly improved the antioxidant activity of
the final products.

Additionally, significant differences were found among the final
products. Reduced antioxidant activity in these products was
probably due to the formation of antioxidant polymers, such as
high molecular weight procyanidins, or product degradation and
formation of phenolic acid derivatives that also affected antioxidant
activity (Brownmiller et al., 2009). This effect on antioxidant ac-
tivity could be attributable to a matrix effect and/or differences in
pH that determined anthocyanin stability. These data are in
accordance with those reported by Fracassetti et al. (2013).

The effects of product type, berry pre-treatment and fruit
cultivar on antioxidant activity were previously described by other
authors and attributed to the product composition (Mena, Giron�es-
Vilaplana, Martí, & García-Viguera, 2012; V�azquez-Araújo,
Rodríguez-Solana, Cort�es-Di�eguez, & Domínguez, 2013).

4. Conclusions

Bioactive compounds are located mainly in the peel, which is
why the pomace obtained this way showed so big differences in
their content prior to drying, as compared to fresh berries. The best
results were achieved for peel-based pomace that contained 4.3
times more polyphenolic compounds than fresh berries. After juice
pressing, the peels contained more dry matter and slightly more
sugars and less organic acids than fresh berries. Due to lower water
content, lyophilization and crushing of pomace was easier than of
fruit. Dried berries contained unfavorably less dry matter and more
organic acids and sugars than dried pomace, and favorably more
polyphenolic compounds and showed higher antioxidant activity,
except for flesh-based pomace. The most valuable product was
peel-based dried pomace that contained over 21% of polyphenolic
compounds, while in dried berries their share was 12.3% and in
flesh-based pomace only about 7.3%. Similar relationships were
observed for antioxidant activity that was the highest in dried peel-
based pomace and the lowest in dried flesh-based pomace. The
study showed that peel-based pomace of blue honeysuckle is a
better material for the production of dried product rich in bioactive
compounds than the pomace obtained from whole berries.
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