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Abstract !
The surimi-like material made from duck (DSLM) was investigated on the
freeze-thaw stability during 4 months of frozen storage using different
low-sweetness cryoprotectants such as palatinose (PAL), trehalose
(TRE), polydextrose (PLD), maltodextrin (MAL), sucrose and sorbitol (SS),
and lactitol (LAC) at a 6% concentration. As compared to the CON, the
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inclusion of cryoprotectants significantly improved the water-holding capacity 2023

of all treated samples. Particularly, as compared to all of the cryoprotectants

evaluated, the PLD and PAL samples displayed greater stability concerning ;}\(Tz;ﬁ;w;
Ca*-ATPase activity, sulfhydryl concentration, and protein solubility. All Cryoprotectants;
samples' endothermic peaks declined over time, showing changes in thermal Duck; Polydextrose;
characteristics during storage. A scanning electron microscope (SEM) Sulfhydryl;

observation of the CON and LAC-treated samples after 4 months of frozen Surimi-ike material.

storage revealed an increase in the number of pores. These findings imply
that low-sweetness PLD and PAL outperformed the usual cryoprotectant
combination of sucrose and sorbitol (SS) and that they could be used in
frozen DSLM. They provide greater water-holding capacity, anti-freezing
characteristics, lowered sulfhydryl oxidation, increased protein solubility, and
structural integrity, which renders them useful components for innovation
in the frozen surimi-like material industry.

Introduction

Duck meat, which is commonly viewed as lower-
value poultry meat, presents an exciting option as
a potential source for surimi-like components. While
most previous research on poultry-based surimi-like
materials has focused on chicken, data are scarce
on other fowl varieties such as duck, turkey, and

quail. Non-chicken poultry meat has a high-fat level,
heme pigment concentration, and collagen content,
limiting its use as a surimi-like material source.
Surimi technology, on the other hand, has gained
popularity among non-fish animal species,
particularly poultry.’

CONTACT Nurul Huda B4 drnurulhuda@ums.edu.my 9 Faculty of Sustainable Agriculture, Universiti Malaysia Sabah, Sandakan,

Sabah, Malaysia.

© 2023 The Author(s). Published by Enviro Research Publishers.
This is an
Doi: http://dx.doi.org/10.12944/CRNFSJ.11.2.15

Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).



ISHAMRI & HUDA, Curr. Res. Nutr Food Sci Jour., Vol. 11(2) 641-654 (2023)

Duck flesh is high in polyunsaturated fatty acids, just
like chicken meat.? Duck flesh, on the other hand,
is red, unlike chicken meat, due to the prevalence
of red muscular fibers, particularly in the breast.®
Overfeeding considerably raises lipid levels in duck
flesh, resulting in increased fat and moisture content
in the breast muscle. In overfed ducks, this results
in paler color, more yellowness, higher cooking
loss values, less juiciness, and more pronounced
flavor.* Duck breast meat sensory quality is regulated
by genotype and lipid levels, with increased lipid
levels affecting tenderness, cooking loss, lightness,
yellowness, and flavor.*

Duck flesh has the potential to be employed as
a new form of surimi-like substance to boost its
value. Underutilized duck meat can be rescued and
turned into new products since it is richer in fat and
darker in color.® Surimi manufacturing is one method
of reusing underutilized meat by washing the meat
in various washing solutions.

Cryoprotectants are essential for maintaining
the structural integrity of surimi proteins during
freezing. Sucrose, sorbitol, and polyphosphates are
popular cryoprotectants used in the manufacturing
of fish surimi.® However, the excessive sweetness
of sucrose and sorbitol in the final product is
a concern for consumers.” Alternative cryoprotectants
that have lower or absent sweetness for application
in surimi manufacturing have been investigated by
researchers. Palatinose, lactitol, and polydextrose
tend to be less sweet than sucrose and sorbitol and
have all been shown to stabilize fish surimi proteins
during freezing.®

The objective of the current investigation was to
assess the impact of low-sweetness cryoprotectants
(PAL-Palatinose, TRE-Trehalose, PLD-Polydextrose,
MAL-Maltodextrin, and LAC-Lactose) on the surimi-
like material made from duck (DSLM) during frozen
storage. Sucrose-sorbitol (SS) was also used for
comparison with the low-sweetness cryoprotectants.
The study aimed to identify the most effective
cryoprotectants at preventing or slowing down
freeze-induced alterations in duck muscle's natural
actomyosin (NAM) systems.
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Materials and Methods

Raw Materials

Twenty-month-old native spent ducks (Khaki
Campbell) with an average weighing 2 kg were
purchased from a local farm. The slaughtering was
conducted at the commercial slaughterhouse and
the carcasses were deboned and frozen at -40°C
overnight before being transported to the laboratory
for further use.

Cryoprotectants

The cryoprotectants used in the manufacture
of surimi-like material made from duck (DSLM)
were obtained from both domestic and international
suppliers. Crystalline LAC-lactitol monohydrate and
powdered food-grade PLD-polydextrose (Danisco
Sweeteners, Thomson, lllinois, USA), food-grade
PAL-palatinose (Mannheim, Germany), MAL-
maltodextrin (San Soon Seng Food Industries,
Selangor, Malaysia), TRE-trehalose (treha,
Hayashibara, Japan), crystalline food-grade sorbitol
(Sorbogem™ 1162, crystalline, Euro Chemo-
Pharma, Penang, Malaysia), and food-grade sodium
tripolyphosphate (STPP, Euro Chemo-Pharma,
Penang, Malaysia) were employed in this study.

Preparation of Surimi-like material made from
Duck (DSLM)

The DSLM preparation was generated using the
method outlined by Ismail et al.® The frozen deboned
meat was diced into small cubes using the chain saw
(Hobart 6614, Troy, Ohio, USA) and ground into a
meat mincer equipped with a standard hole diameter
of 4.5 mm (Eve/All-12, Torino, Italy). Subsequently,
the mince was weighed and subjected to two rounds
of cold-water washing (4°C), at a ratio of 1:3 of meat
to water (w/v). A universal mixer (B10-3, Selangor,
Malaysia) was used to stir constantly for 4 min
and was allowed to settle for 10 min. The settled
residue was decanted after removing the topmost
layer at 4000 rpm and 4°C for 15 min (Union 5 KR,
Incheon, Korea). The liquid fraction was discarded,
and the decanted meat was mixed with the following
cryoprotectants:
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The DSLM was divided into seven treatments by

incorporating specific cryoprotectants:

(i) LAC treatment: 6% lactitol and 0.3% sodium
tripolyphosphate;

(i) PLD treatment: 6% polydextrose and 0.3%
sodium tripolyphosphate;

(i)  PAL treatment: 6% palatinose and 0.3%
sodium tripolyphosphate;

(iv)  MAL treatment: 6% maltodextrin and 0.3%
sodium tripolyphosphate;

(v)  TRE treatment: 6% trehalose and 0.3%
sodium tripolyphosphate;

(vi)  SS treatment: 3% sorbitol, 3% sucrose, and
0.3% sodium tripolyphosphate; and

(vii)  Control (CON): DSLM with no cryoprotectant
added.

The cryoprotectants were thoroughly mixed for 1
min using a high-speed mixer (Silent Cutter Hobart
84/45, Ohio, USA) at a chilled temperature. The
DSLM was then frozen for 4 months at -18°C in
sealed polyethylene packaging. Samples were
collected for analysis at months 0, 1, 2, 3, and 4.
Each experiment was conducted in triplicate.

Water Holding Capacity

The water retention ability was measured using
a slightly modified method reported by Ramadhan
et al." with a maodification. To determine the water
retention, a 20 g sample was blended using a waring
blender with distilled water for 30 s to establish
homogeneity before measuring the water retention.
Next, 20 g of homogenate was carefully placed
into a centrifuge tube and decanted at a low speed
of 1000 g for 15 min while keeping the temperature
at 5 °C. The water retention (WHC) was determined
as liquid loss using the following formula:

WHC (%)= (Weight before centrifugation-Weight
after ccentrifugation)/(Weight before centrifugation)
x100%

Extraction of Actomyosin

Actomyosin was extracted according to Nopianti
et al® A5 g sample was mixed for 4 min in 50 ml
of cold 0.6 M potassium chloride at neutral pH
with a homogenizer (Model IKA® T25, Germany).
The sample was homogenized for 20 s and then
given a 20 s resting period to prevent overheating
during the extraction process. After that, the

homogenate was subjected to centrifugation for 25
min at 4000 rpm at 0°C, followed by the addition
of cold water (3 volumes) to precipitate the
actomyosin. Centrifugation (4000 rpm) was
performed under cold conditions (0°C) for 25 min.
Next, the resulting pellet was dissolved by gentle
stirring at a temperature <1°C for 25 min to the 1:1
ratio of pH 7.0 cold 1.2 M KCI. Any undissolved
material was removed from the preparation
by subjecting it to the same centrifugation conditions
as mentioned above.

Myosin Ca%*-ATPase Activity

To analyze the oxidative deterioration of surimi
protein after frozen storage, myosin Ca?-ATPase
activity was measured using the protocol outlined by
Nurkhoeriyati et al.’® At pH 7.4, actomyosin (0.2 ml)
was mixed with reaction solution of 2 ml containing
180 mM Tris-HCI, 15 mM CacCl2, 7.6 mM ATP, and
150 mM KCI. After letting the mixture react for 10
min at 25°C, the reaction was halted by adding
1 ml of trichloroacetic acid, 10%. Following the
centrifugation of the combination for 5 min at 3500
rpm, the supernatant 1 ml was added with 3 ml of
a solution containing 0.66% ammonium molybdate in
0.75 N sulfuric acid. To enhance color development,
a freshly made 10% FeSO, in 0.15 N sulfuric acid
0.5 ml aliquot was incorporated into the mixture, and
the reaction was led to continue for 2 min. A sample
blank comprising solely water was included in the
analysis. The ATPase activity was determined by
measuring the absorbance at 700 nm (Shimadzu UV-
160A, Kyoto, Japan) A standard curve for phosphate
calculation was prepared using NaH,PO,

Total Sulfhydryl

The determination of total sulfhydryl (SH) was based
on the method published by Nurkhoeriyati et al.'
2 ml of urea-SDS solution (8 M urea, 3% SDS, 100
ml of phosphate buffer, pH 7.4) was added to 0.9
ml of diluted actomyosin. After that, the titration
of SH was initiated by the addition of 1 ml
of DTNB reagent, which was comprised of 10 mM
DTNB in 0.1 M phosphate buffer with a pH of 7.4.
The absorbance was measured at 412 nm using
a spectrophotometer (UV-160A Shimadzu, Japan)
after 15 minutes of incubation at room temperature.
SH concentration was calculated using 11400
M-'cm" molar extinction.
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Salt Extractable Protein (SEP)

SEP was determined using the Kjeldahl method.™
The proportion of soluble protein to total protein
determined protein solubility.

(Total actomyosin protein)/(Total sample
protein)x100%

Differential Scanning Calorimetry (DSC)

DSC was used to evaluate duck surimi actin
and myosin temperature stability, as previously
stated by Moosavi-Nasab et al."?> Thermal analysis
of freeze-dried materials was performed using
a Q100 differential scanning calorimeter equipped
with a DSC refrigerated chilling system (Mettler
DSC-30, Greinfensee, Switzerland). The analysis
was tracked using the universal analysis 2000
software (ver.3.7A). 2 mg of the sample was put in
aluminum pans and filled with phosphate buffer (pH
7.4)to 15 mg. The pans were then positioned on the
Q100 calorimetric cell and completely sealed. The
temperature of the cell was allowed to fall to 25°C
before it was heated at a rate of 5°C per minute until
it reached 100°C.

Scanning Electron Microscopy (SEM)

SEM analysis was performed on small samples with
a diameter of 0.5 cm and a thickness of 0.3 cm."
The samples were dehydrated overnight in a freeze
drier. They were then carefully placed on aluminum
stubs with adhesive and covered with 40-50 nm gold
and measured by electron microscope (Philips 505,
Eindhoven, The Netherlands).
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Statistical Analysis

The trial was run in triplicate using SPSS version
23 (SPSS Inc., Chicago, lll., USA). The obtained
data were checked for normality using Levene's
test (P > 0.05), and the distribution of errors was
determined using the Kolmogorov-Smirnov test
(P > 0.05). The effect of cryoprotectant and
storage was analyzed by the general linear model
(P < 0.05). Multiple mean comparisons were
performed using the Duncan test at a significance
level of 5% if homogeneity of variance was not
violated. In the event that this assumption was
found to be violated, the Games-Howell test was
conducted. Pearson correlation analysis was
performed to establish a linear relationship between
measurement.

Results and Discussion

Water Holding Capacity

Figure 1 presents the comparison of water holding
capacity (WHC), measured as water loss, between
DSLM samples with and without cryoprotectants.
After 4 months in frozen storage, it was observed
that the CON sample exhibited a significantly higher
water loss percentage (52-56%) compared to the
samples treated with cryoprotectants (37-47%).
This discrepancy can be attributed to the degradation
of myosin in the CON sample, which resulted in the
formation of an inferior gel network. As a result,
the gel matrix had decreased extensibility and
a low WHC.™
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Fig. 1: Mean water-holding capacity of DSLM after 4 months of frozen storage. The bars show
the mean standard deviation. The effect of cryoprotectants, storage, and their interaction is
significant at P < 0.001. CON: control, PAL: palatinose, TRE: trehalose, PLD: polydextrose,

MAL: maltodextrin, SS: sucrose + sorbitol, LAC: lactitol.
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The use of cryoprotectants has been proven
beneficial in enhancing the gel-forming ability
of DSLM. Walayat et al.® observed comparable
enhancements in prior investigations. The gel
structure became more stable and resistant to water
loss through the addition of cryoprotectants, keeping
its ideal qualities. We also looked at the effects
of cryoprotectants, storage, and the interaction
between cryoprotectants and storage. The results
demonstrate that there is a substantial effect on
the WHC (P < 0.001). Several factors, including
Ca?*-ATPase activity, SH concentration, and protein
solubility, were examined to highlight the CON
samples' insufficient water binding capacity. These
data provided additional evidence that myosin
content decreased during storage, showing protein
breakdown over time, which directly weakened the
gel matrix's efficient water retention ability.

Myosin Ca%*-ATPase Activity

Ca2+-ATPase activity is employed to determine the
structural integrity of myofibrillar proteins as well
as the degree to which they have been denatured
when surimi is being frozen for storage. This activity
represents the effects of denatured proteins and
protein aggregation, leading to structural changes
in myosin and decreased ATPase activity."® Ca?'-
ATPase activity in DSLM samples containing
various cryoprotectants varied throughout frozen
storage (Figure 2). Ca?*-ATPase activity decreased
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significantly in the SS (70.0%), LAC (65.1%),
PLD (64.8%), MAL (58.5%), and TRE surimi
(50.6%) after the initial month of frozen storage.
This decrease showed that the freezing and thawing
processes were causing myosin to be disrupted.
When the activities of the CON samples and those
with cryoprotectants were compared, it was clear
that all cryoprotectants had a strong cryoprotective
impact during the freezing process (Figure 2).
The Ca?-ATPase activity of the CON samples
dropped considerably over time, eventually
decreasing to undetectable levels after 3 months
of frozen storage.

Cryoprotectants play a crucial role in preserving
actomyosin by stabilizing its structure.® They keep
the protein from losing water, increase the surface
tension of water,” enhance the amount of bound
water, and prevent the loss of protein solubility during
frozen storage.® Freezing commonly damages
muscle protein, leading to protein denaturation, loss
of functionality,"® reduced solubility of myofibrillar
protein, disappearance of ATP-induced muscle
fiber contraction, and decreased myosin ATPase
activity." The degradative effect is evident both with
and without cryoprotectant, as depicted in Figure 2.
Nonetheless, the treated samples with cryoprotectant
demonstrate a milder impact compared to the CON
sample. This is because protein denaturation takes
place in the absence of cryoprotectant.
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Fig. 2: Mean Ca2+-ATPase activity of DSLM actomyosin after 4 months of frozen storage.
The bars show the mean standard deviation. The effect of cryoprotectants, storage, and their
interaction is significant at P < 0.001. CON: control, PAL: palatinose, TRE: trehalose, PLD:
polydextrose, MAL: maltodextrin, SS: sucrose + sorbitol, LAC: lactitol. ns: not significant.
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According to the findings of this investigation,
PAL effectively avoided a substantial decrease in
Ca?*-ATPase activity throughout the first month
of storage. Although PAL initially showed lower
activity compared to other cryoprotectants at month
0 (Figure 2), it consistently decreased to the lowest
at 3 months of storage among the cryoprotectant-
added samples. We empirically observed that PLD
had greater Ca?*-ATPase activity stability over
the whole frozen storage period. The presence
of PLD appeared to have a protective impact on
myosin, protecting it from the negative effects
of freezing-induced microenvironmental alterations.
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Throughout the 4-month frozen storage period,
these alterations damaged myosin progressively,
albeit to a significantly smaller amount in the PLD
samples compared to the other cryoprotectant-
added samples. Polydextrose functions as an
effective anti-freezing agent and stabilizer. When
8% polydextrose was incorporated into surimi,
it exhibited cryoprotective properties.® Furthermore,
polydextrose is an effective cryoprotectant due
to its great water solubility, high viscosity, and
hygroscopic nature, making it appropriate for long-
term preservation.'®

Table 1: Variation in the total number of sulfhydryl in actomyosin with different
cryoprotectants during 4-month storage

Storage CON PAL TRE PLD MAL SS LAC Ps

(month) (nanomol (nanomol (nanomol (nanomol (nanomol (nanomol (nanomol
SH/mg SH/mg SH/mg SH/mg SH/mg SH/mg SH/mg
protein) protein) protein)  protein) protein) protein) protein)

0 26.27+ 2410+ 28.09+ 27.51+ 26.24+ 35.94+ 23.66% P < 0.001
1.4438 5.40% 2.83%® 1.00% 1.112B 0.542A 1.0128

1 19.38+ 20.21+ 17.20+ 18.99+ 2421+ 20.51+ 21.16% P < 0.001
1.120¢ 1.16@08¢ 1.05°0 0.17°¢ 0.84°A 0.89pEC 0.5908

2 14.97+ 20.19+ 16.48+0  18.11x1  17.75% 19.79+ 19.97+ P < 0.001
0.64°P 1.6220A .42beCD .64bcABC 0.31¢8¢ 0.23018 2.12018

3 13.78+ 20.13+ 14.36+0. 16.50+ 14.82+ 10.41+ 11.91% P < 0.001
0.19¢cP 3.52804 18cBeb 0.62 0.3748C 0.43° 0.57°PE

4 8.58+0 15.89+ 11.65+ 13.47+ 10.09+ 8.05+ 10.00+ P < 0.001
.54 0.110A 0.91d° 0.6%® 0.51¢P 0.43¢ 0.41°P

P, P<0.001 P=0.007 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

P xP_ P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

Each value is expressed as mean + standard deviation
Different lowercase and uppercase letters within the same column and row represent statistically

significant differences (P < 0.05)

P_: significant effect of cryoprotectants; P_: significant effect of storage; P_* P_: significant interaction between

cryoprotectant and storage.

CON: control, PAL: palatinose, TRE: trehalose, PLD: polydextrose, MAL: maltodextrin, SS: sucrose

+ sorbitol, LAC: lactitol.

Changes in Total Sulfhydryl Content

Sulthydryl (SH) values were significantly affected by
cryoprotectant (P, < 0.01), storage (P, < 0.001) and
their interaction (P_, < 0.001). These observations
show that the samples treated with cryoprotectant
are more effective in slowing the sulfhydryl loss
during frozen storage. SH groups in DSLM must exist

for the development of gel networks and the binding
of meat particles. The SH group at the head position
plays a vital role in modulating Ca?*-ATPase activity.
Notably, this SH content demonstrates a significant
positive correlation (r> = 0.591) with Ca?-ATPase
activity, exhibiting a concurrent decrease as Ca?-
ATPase activity decreases.' Throughout the frozen
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storage period (Table 1), the SH content of DSLM
exhibited a consistent reduction. The decline in SH
content from months 0 to 4 was observed in various
samples, including CON, PAL, TRE, PLD, MAL, SS,
and LAC, with values ranging from 26.27 to 8.58,
241010 15.89, 28.09 to 11.65, 27.51t0 13.47, 26.24
to 10.09, 35.94 to 8.05, and 23.66 to 10.00 nanomol
SH/mg protein, respectively. During the frozen
storage of surimi, the SH groups undergo oxidation,
forming disulfide bonds that facilitate cross-linking
among protein molecules. Consequently, the SH
content diminishes.' The CON sample exhibited the
most substantial loss, which can be attributed to the
absence of a cryoprotectant that would otherwise
slow down myofibrillar protein conformational
changes during frozen storage.

The SH content of natural actomyosin from surimi is
particularly susceptible to oxidation. Approximately
65% of the SH from myofibril preparations is located
in the myosin molecule, implying that myosin
oxidation may be the cause of an important portion
of the SH loss resulting from freeze-thaw stress.®
Table 1 illustrates that none of the cryoprotectants

could prevent SH oxidation in DSLM during frozen
storage. Therefore, freezing, thawing, and long-term
storage can all cause SH depletion. In this study,
the oxidation of SH was slowed down in DSLM
with PAL and PLD added, indicating that these
cryoprotectants had a protective effect by delaying
the rate of SH oxidation.

Changes in Protein Solubility

As shown in Table 2, the protein solubility data
collected from the various samples during the
various storage periods provide useful insights
into the effects of frozen storage and the possible
impact of cryoprotectants on protein stability. Protein
solubility decreases are a prominent indicator
of freeze-induced protein denaturation. Denaturation
occurs during the frozen storage process due to
the production of hydrogen bonding, as well as
the formation of sulfide-sulfide bonds and ionic
interactions.' The findings reveal a general trend of
reduced protein solubility as storage time increases.
This decline may be observed in all samples,
suggesting that proteins denature over time under
frozen storage conditions.

Table 2: Variation in protein solubility in actomyosin with different cryoprotectants
during 4-month storage

Storage CON PAL TRE PLD MAL ss LAC P,

(month) (%) (%) (%) (%) (%) (%) (%)

0 56.82+  46.25¢  37.14+  4510%3. 4001+ 3918+  39.68+ P =0.005
7.69% 0.05¢ 14908 4Qebes 0628 590%  §63we

1 4525+0  50.40+1. 45.00+4. 46.45+5. 4328+3. 49.54+5. 46.08+5. P =0.377
63bA 53bA 050 ggebA 034 179 02

2 4751+ 5298+  47.70+ 5364+ 4628+  36.22+#3 51.92¢+ P=0.012
7.00% 0.18% 3509  6.04% 0.03*  .35b° 8.23%

3 33.624¢3. 37.15¢1 3331+ 4327+ 3071+ 3474+ 3270+ P=0.020
62c 408 266%%  550MA  (031® 1998 §.300°

4 2040+  29.98+0  30.34+3. 3543%4. 1860+  31.51+3 1632+ P <0.001
2.40° 83¢8 0gere 570 0.25¢  (Q3me 2.94¢¢

P, P<0.001 P<0.001 P<0001 P=0021 P<0.001 P=0003 P =0.001

PxP  P<0001 P<0001 P<0001 P<0001 P<0001 P<0001 P<0.001

Each value is expressed as mean + standard deviation
Different lowercase and uppercase letters within the same column and row represent statistically significant

differences (P < 0.05).

P_: significant effect of cryoprotectants; P : significant effect of storage; P, * P_: significant interaction between

cryoprotectant and storage

CON: control, PAL: palatinose, TRE: trehalose, PLD: polydextrose, MAL: maltodextrin, SS: sucrose +

sorbitol, LAC: lactitol.
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Interestingly, some cryoprotectants appear to
affect protein solubility. At each storage time, PAL
had relatively higher protein solubility than the
other samples among the cryoprotectants tested.
This suggests that PAL, as a cryoprotectant, may
have a protective impact on protein structure,
assisting in the preservation of solubility during
frozen storage. It is important to note that protein
solubility declines over time, albeit at a somewhat
slower rate than in the absence of cryoprotectants.
When we compare the changes in cryoprotectants
after 4 months, we notice varied amounts of protein
solubility. PLD, TRE, and SS, for example, show
alesser drop in solubility when compared to PAL and
other cryoprotectants. The solubility loss values for
these cryoprotectants are less than 40% compared
to the initial level at 0 months. In contrast, MAL and
LAC show substantial reductions in protein solubility,
reaching 18.60% and 16.32%, respectively, during
the 4-month storage period, which is lower than the
CON sample. These results imply that maltodextrin
and lactitol, as cryoprotectants, may not be as
effective in preserving protein solubility during
frozen storage compared to other cryoprotectants
evaluated in this study. The statistical study also
revealed a substantial interaction between storage
duration and cryoprotectants, demonstrating that
both factors influenced protein solubility (P
: P <0.001).

cryoprotectants”

storage*

During the freezing storage period, protein solubility
undergoes a decline as a result of multiple factors,
including ice crystal formation, protein aggregation,
and structural changes.?® These variables disturb the
native structure of proteins, exposing hydrophobic
areas and forming interactions between molecules,
which ultimately results in reduced solubility.?!
Previous research has shown that integrating
cryoprotectants can effectively sustain increased
protein solubility over 4 months when compared
to samples without cryoprotectant additions.'®
Additionally, Zhou et al.?> observed that 8% (w/w)
trehalose and sodium lactate efficiently reduced the
denaturation of proteins in tilapia surimi stored in the
freezer for 24 weeks at -18°C. Moreover, Nopianti
et al.® found that polydextrose exhibited the highest
protein solubility values among the tested threadfin
bream samples throughout the six-month frozen
storage period.

(o0}

Differential Scanning Calorimetry

DSC is an effective method for determining how
temperature affects the specific heat of food
samples. It offers a rapid and simple method,
providing accurate results even with small sample
sizes.? In the present study, DSC analysis was
conducted on myofibrillar proteins derived from
DSLM with various cryoprotectants during 4-month
storage. The thermograms obtained from the DSC
analysis exhibited two distinct endothermic peaks
corresponding to myosin and actin (Figure 3a).
However, over time (by 4-month storage), these
endothermic peaks, were gradually decreased
in intensity.

CON ) Month 0
Myosin
PAL ./
9 TRE \/

Actin

b) Month &

Ic

Endotherm

T =

@ Z 5
E
o
{{//{ |
=]

Actin

0 1] (2] ] 1] 1] E ] 4] ] 1]
Temperature (°C) Temperature (°C)

Fig. 3: DSC thermograms change in DSLM
during 0-month and 4-month frozen storage.
CON: control, PAL: palatinose, TRE: trehalose,
PLD: polydextrose, MAL: maltodextrin, SS:
sucrose + sorbitol, LAC: lactitol.

Differences in the transitions of myosin and actin
at different storage periods are illustrated using
box plots in Figure 4. Each box on the graphic
depicts the interquartile temperature range (°C),
which encompasses the center 50% of data points.
The median is represented by the horizontal line
inside the box, while the mean is represented
by the cross. The whiskers (two lines extending
from the box) show the extent of data distribution.
Outliers are indicated by dot points outside the
whiskers. For myosin endothermic value, the
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box plots demonstrate that there was significant
overlap at 0-month storage between the samples
with and without cryoprotectant, except for the
TRE sample (P > 0.05). Interestingly, PLD showed
a more stable temperature transition compared to
the other samples after 4 months of frozen storage.
The largest decrease in effectiveness was recorded
for LAC (10.8%), TRE (9.7%), and CON (7.0%)
compared to the initial values at 0 months. On the
other hand, the smallest decrease was observed
in PLD (2.8%), followed by SS (4.7%), PAL (5.1%),
and MAL (5.8%). These findings suggest that the
absence of cryoprotectant (CON) and the addition
of LAC and TRE were not suitable for producing
desirable surimi due to a higher percentage
of myosin loss during prolonged frozen storage.
This indicates that these samples caused protein
structure destabilization during storage. As the
storage time increased, the thermal curves began
to change, and by month 4, the transition of myosin
became less distinct (Figure 3b). Indeed, the degree
of protein denaturation increases gradually over time
(P <0.001), and the influence of the cryoprotectant
is also evident (P < 0.01) through the observation
of denaturation enthalpies (AH) as shown in Table
3. Notably, myosin exhibits a significant reduction
in AH when treated with MAL, LAC, TRE, and CON
after 4 months of storage. The most substantial AH
value for myosin is achieved in the samples blended
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with SS and PAL at the initial month of storage.
Empirically, the stability across a 4-month frozen
storage period with minimal denaturation of myosin
can be ranked as follows: PAL > PLD > SS > MAL >
TRE > LAC > CON, with denaturation percentages
of 13%, 39%, 55%, 56%, 71%, 81%, and 90%,
respectively. The magnitude of the AH value relies
on the concentration of folded protein fractions.
If the initial folded protein fraction is less than 100%
of the total protein concentration, the calculated
AH value will proportionally decrease. As noted by
Kovacevic et al.,?* higher AH values correlate with
a greater cryoprotective effect of the cryoprotectant.
For actin, the enthalpy of denaturation also
decreased but remained relatively stable during the
0 to 4-month storage period, except for CON, where
a higher denaturation rate of 69% was observed.
In contrast, samples treated with the cryoprotectant
exhibited improved AH values for actin after 4 months
of storage. It is worth noting that myosin undergoes
a higher level of degradation compared to actin,
as myosin denatures at temperatures lower than
those required for actin denaturation. Specifically,
myosin denatures at 60°C, while actin denatures
within the temperature range of 66-73°C.25
This observation emphasizes the significance
of myosin as a critical functional protein in the
formation of surimi gel.?®

Table 3: Denaturation enthalpies (AH) of myosin and actin with different cryoprotectants
during 0 and 4-month storage

Storage CON PAL TRE PLD MAL SS LAC Ps

(month) AH(J/g) AH(J/g) AH(@J/g) AHJ/g) AH(J/g) AH (J/g) AH (J/g)

Myosin

0 0.30+0.027 0.84+0.028 0.69+0.06° 0.51+0.02° 0.11+0.02° 0.89+0.05* 0.43+0.04€ P <O.
001

4 0.03+0.01% 0.73+0.06* 0.20+0.07° 0.31+0.03° 0.05+0.03F 0.40+0.048 0.08+0.04F P <O.
001

P, P<0.001 P<0.001 P<0.001 P<0.001 P=0.0038 P=0.004 P<0.001

P, xP, P<0001 P<0001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

Actin

0 0.3940.05° 1.08+0.04* 0.72+0.07° 1.04+0.05* 0.79+0.07® 0.79+0.058 0.82+0.03® P <O.
001

4 0.12+0.03° 0.76+0.02* 0.39+0.05° 0.74+0.04* 0.49+0.05% 0.51+0.048 0.48+0.01® P <O.

001
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P P <0.001

P,xP, P<0.001

[

P <0.001
P <0.001

P <0.001
P <0.001

P <0.001
P <0.001

P < 0.001
P <0.001

P <0.001
P <0.001

P <0.001
P <0.001

Each value is expressed as mean + standard deviation
Different uppercase letters within the same row represent statistically significant differences (P < 0.05).
P_: significant effect of cryoprotectants; P_: significant effect of storage; P_ * P_: significant interaction

between cryoprotectant and storage

CON: control, PAL: palatinose, TRE: trehalose, PLD: polydextrose, MAL: maltodextrin, SS: sucrose

+ sorbitol, LAC: lactitol.
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Fig. 4: DSC thermograms change (Tp) in DSLM during 0 and 4-month frozen storage. CON:
control, PAL: palatinose, TRE: trehalose, PLD: polydextrose, MAL: maltodextrin, SS: sucrose
+ sorbitol, LAC: lactitol.

Scanning Electron Microscopy (SEM)

SEM is a valuable technique utilized for evaluating
the morphology of surimi gels, notably the size
and distribution of micro-pores on the surface.
Surimi gel’'s physicochemical qualities are heavily
influenced by its microstructure. In the absence
of cryoprotectants (Figure 5A), surimi gels tend
to undergo an enlargement of pore sizes during
frozen storage, resulting in a loss in WHC and
textural features. However, when treated with
cryoprotectants, the surimi gel samples exhibited

a compact structure and demonstrated minimal
changes in pore size, except for the LAC-treated
samples (Figure 5B). After 4 months of storage,
the LAC-treated samples had a higher myosin
transition temperature, a more significant drop in
protein solubility (69%), and poorer Ca?"-ATPase
activity. Although there were no significant alterations
in WHC, these findings were observed directly
through the microstructure, showing that LAC
was destabilized.
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4 month

Fig. 5: Scanning electron micrographs of DSLM with and without cryoprotectants at month
0 and month 4. 100%x magnification, scale = 100uM. A: CON, B: LAC, C: MAL, D: PLD,
E: TRE, F: PAL, G: SS.
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In comparison to other samples, DSLM prepared
with PLD and PAL (Figure 5D and F, respectively)
exhibited a compact and dense microstructure,
whereas the remaining samples displayed a
coarser and disordered gel structure with clusters of
agglomerates. This shows that the cryoprotectants
used aided in the creation of a well-structured
gel matrix. The cryoprotectants promoted the
homogeneous cross-linking of myofibrillar proteins
and water molecules, as a result, the gel structure
exhibits a higher specific surface area and an
increased interaction between them.?” Consequently,
DSLM with cryoprotectants exhibited a higher WHC,
as the water molecules did not easily migrate,
underscoring the close relationship between the
microstructure and WHC of the gels.

Conclusion

In conclusion, the addition of cryoprotectants
to surimi-like material made from duck (DSLM)
showed positive effects on its freeze-thaw stability.
The interaction between cryoprotectant and storage
had a significant effect on water holding capacity
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studied, polydextrose (PLD) emerged as the
most effective in preserving Ca?"-ATPase activity,
SH content, protein solubility, myosin transition, and
microstructure of DSLM during 4 months of frozen
storage, followed by PAL. Both PLD and PAL can
serve as viable alternatives to sucrose sorbitol (SS).
However, cryoprotectants such as MAL, LAC, and
TRE showed some level of effectiveness but were
not as reliable in improving the freeze-thaw stability
of DSLM over prolonged storage.
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