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ABSTRACT

Starch has been recognized as a vital ingredient in surimi products due to its ability to absorb water, which
reduces the deterioration of gels and water loss during freezing and thawing. However, it is essential to ascertain
the role of starch in the formation of ice crystals and the texture of surimi gels. The impact of freeze-thaw cycles
on the morphology and distribution of ice crystals, as well as the textural characteristics of gelatinized and
ungelatinized starch-surimi gels was investigated. The results of light microscopy revealed that the presence of
starch, irrespective of whether it was gelatinized, resulted in a reduction in the size of ice crystals within the
surimi gel network during the freeze-thaw process. In addition, starch in surimi gels was subjected to freeze-thaw
cycles, resulting in the emergence of two distinct states of bound water (0.1-1 ms and 1-10 ms). The higher
relative content of immobile water indicated that the gelatinized starch had improved water holding properties.
Furthermore, the incorporation of gelatinized starch into surimi enhanced its freeze-thaw stability and retarded
the loss of gel strength, hardness, and whiteness. The addition of starch had a synergistic impact, enhancing the
gel properties by affecting the formation of ice crystals and water absorption.

1. Introduction

Surimi is a myofibrillar protein concentrate derived from fish flesh
through a process of deboning, mincing, washing, and dewatering
(Wang et al., 2024). Following thermal processing facilitates the cross-
linking of dispersed myosin and actin in the surimi, thereby forming a
network that endows surimi products with their distinctive gel texture
(Yasui et al., 1982; Zhang, Mao, et al., 2023; Zhang, Xie, et al., 2023).
The wholesome and nutritious attributes have contributed to the
increased worldwide consumption of the surimi products such as crab-
sticks, kamaboko, and fish balls (Jiang et al., 2022). The freezing of
surimi products is a standard procedure that maintains quality and
prolongs shelf life during the transportation and distribution process
(Cao et al., 2022). However, it is unavoidable that temperature fluctu-
ations occur in surimi products, resulting in repeated freeze-thaw cycles
and the formation and growth of ice crystals. The ice crystal puts sig-
nificant strain on the unfrozen matrix and may have an impact on the
microstructural recovery following thawing (Jiang et al., 2019). Ac-
cording to Fan et al. (2022), the water holding capacity decreased
significantly as well as the ice crystal sizes and water mobility increased
with repeated freezing-thawing. Furthermore, surimi gel quality
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deteriorated with slower freezing rate, the drop in temperature was
advantageous for storing (Jia et al., 2019). Thus, it is imperative to
better maintain product quality and avoid the negative impacts of frozen
storage on surimi products.

Starch is used primarily in surimi products on account of its water-
holding capacity and its ability to maintain the desired gelation prop-
erties (Hunt et al., 2009; Park, 2005; Tee & Siow, 2017). The incorpo-
ration of starch into surimi gels serves to augment their freeze-thaw
stability, a consequence of the swelling and gelatinization that ensue
when the starch absorbs water (Jia, Hiraoka, et al., 2018; Jia, Katano,
et al., 2018). The addition of starch was found to have a beneficial effect
on the water exchange between free and bound water, resulting in the
formation of a more compact and cohesive gel (Luo et al., 2020). In
addition, Tee and Siow (2017) discovered that the gel strength increased
upon increasing starch addition for both fish balls made with tapioca or
potato starch. It was established that water absorption by starch was of
vital importance in the surimi production. In addition, it has been found
that starches with small granules contributed to lesser ice crystal for-
mation and reduced structural damage following frozen storage (Jia
et al., 2020). This indicated that alterations in starch morphology were
also associated with changes in freeze-thaw stability of surimi gels.
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Fig. 1. Storage modulus G’ (a) and loss modulus G" (b) of surimi gels. C, P, and T represent surimi matrix, potato starch-surimi matrix, and tapioca starch-surimi

matrix, respectively.

Given the morphological alterations that occur during the starch gela-
tinization, it was imperative to undertake a study examining the impact
of starch morphology on the gel freeze-thaw stability subjected to heat
treatment.

Potato and tapioca starch are two common commercial native
starches, which exhibit different particle size and gelatinization prop-
erties in surimi gels (Han et al., 2019). The selection of these two
starches was made in order to gain a more representative understanding
of the changes that occur in surimi gels. According to the previous study
(Jiang et al., 2024), the starch in surimi gels after low-temperature
heating (60 °C) and high-temperature heating (90 °C) showed non-
gelatinized and gelatinized states, respectively. Therefore, the objec-
tive of this investigation was to examine the impact of starch on ice
crystal size in surimi gels and the alterations in gelation properties
following freeze-thaw cycles.

2. Materials and methods
2.1. Materials

Frozen silver carp surimi (AAA-grade) with 6 % sucrose and 0.25 %
polyphosphate was purchased from Jingli Fishery Food Co., Ltd. (Hon-
ghu, China), and used within 6 months. The moisture and crude protein
content of surimi were determined to be 75.13 % and 14.13 %,
respectively. The potato starch and tapioca starch (food grade) were
procured from Shanghai Fengwei Shiye Co., Ltd. (Shanghai, China),
with a carbohydrate content of 79.00 % and 87.50 %, respectively. The
chemicals (analytical grade) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of surimi gels

The frozen surimi was thawed at 4 °C until the center temperature
reached —2 °C. The surimi was chopped for 2 min in a blender (AM-
CG108-1, ACA ELECTRICS Co. Ltd., Zhuhai, China) below 10 °C, fol-
lowed by adding 2.5 % (w/w) NaCl for 4 min. 0 % starch (C), 6.00 %
potato starch (P, w/w), and 6.00 % tapioca starch (T, w/w) were added
to chop for 9 min immediately. The moisture content should be adjusted
to 80 % by the addition of ice water during the chopping process. The
starch-surimi mixture was packed into 25 mm plastic casings, then
heated in bath water at 60 °C or 90 °C for 30 min before being quickly
chilled with ice water.

2.3. Determination of rheological properties

Storage modulus (G’) and loss modulus (G") were performed using
MCR301 rheometer (Anton Paar GmbH, Austria), following the method
of Gao et al. (2018) with a slight modification. Briefly, the temperature
range was between 20 °C and 100 °C, the heating rate was 2 °C/min, the

oscillation frequency was 0.1 Hz, and 2 % strain was used for the
analysis.

2.4. Freeze-thaw cycles

The surimi gels were frozen at —18 °C for 60 h and thawed at 4 °C for
12 h to complete each freeze-thaw cycle. And the surimi gels underwent
five freeze-thaw cycles according to the method of Zhou and Wang
(2021), with minor modifications.

2.5. Light microscopy observation

The ice crystals of surimi gels were observed by light microscopy
(MS500W, Shanghai Meizs Precision Instrument Co., Ltd., Shanghai,
China) according to the method of Jiang et al. (2023). The frozen surimi
gels were fixed with Carnoy’s fixative at —18 °C for 28 d. Following
dehydration of the paraffin samples with a gradient alcohol (75 %-100
%, v/V), the samples were then cut into 4-um slices. The surimi gels were
stained with hematoxylin-eosin (HE) in order to observe the distribution
of the surimi matrix and the ice crystals. The gels were also stained using
periodic acid-Schiff (PAS) in order to distinguish the starch granules.
The size of the ice crystals was determined by analyzing the HE-stained
light microscopy images using the ImageJ software (Fiji, National In-
stitutes of Health, Bethesda, USA).

2.6. Determination of water holding capacity (WHC)

The moisture content and centrifugal loss were used to compute the
WHC of surimi gels according to the method of Jiang et al. (2024). The
centrifugal loss was measured by the weights of the gels (5 mm in
thickness) before and after centrifugation (5000 xg, 15 min).

2.7. Ty relaxation time and water distribution analysis

Surimi gels were cut into cylinders with a height of 20 mm and then
determined using a MesoMR23-060H-I pulsed NMR analyzer (Niumag
Electric Co., Shanghai, China). The relaxation time (T3) was examined
by the Carr-Purcell-Meiboom-Gill pulse sequence, following the method
of Jiang et al. (2022).

2.8. Breaking test

The texture analyzer (TA-XT Plus, Stable Micro Systems Ltd., God-
alming, UK) was utilized to measure the breaking force and deformation
according to the ISO 23855:2021 standard (International Organization
for Standardization, Frozen surimi - Specification, 2021). A P/5S
spherical probe was used to measure the breaking force (g) and defor-
mation (mm) at a trigger force of 10 g. The gels were cut into cylinders
with a height of 25 mm, and the compression distance was 15 mm.
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Fig. 2. Effect of freeze-thawing cycles on the ice crystal distribution of surimi gels. C, P, and T represent surimi gel, potato starch-surimi gel, and tapioca starch-

surimi gel, respectively.
2.9. Texture profile analysis (TPA)

The textural properties of surimi gels were analyzed at a height of 20
mm using a texture analyzer with a P/50 cylindrical probe, following the
method described by Sun et al. (2024). The trigger value was 5 g, and the
test speed was 1.0 mm/s with a compression ratio of 40 %.

2.10. Microstructure observation

Samples of gel with dimensions of 0.5 x 0.5 x 0.2 cm were fixed in
2.5 % glutaraldehyde, subsequently dried with ethanol, and then
observed using a scanning electron microscope (SEM, Hitachi High-Tech
Co., Ltd., Shanghai, China) in accordance with the previously described
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Fig. 3. Effect of freeze-thawing cycles on the starch morphology of surimi gels.

method (Zhang, Mao, et al., 2023; Zhang, Xie, et al., 2023).
2.11. Determination of whiteness

A colorimeter (CR-400, Konica Minolta, Tokyo, Japan) was used to
assess the L* (lightness), a* (redness/greenness), and b* (yellowness/
blueness) values of the starch-surimi gels. The whiteness was subse-
quently assessed using the equation that followed (He et al., 2023):

va g 12
Whiteness = 100 — [(100 —L')?+d?+b 2] €))

2.12. Statistical analysis

The data were analyzed using SPSS Statistics 26 (SPSS Inc., Chicago,
IL, USA), and significant differences were determined by ANOVA and
Duncan’s multiple range tests. The results were expressed as mean +
standard deviation, and differences were considered significant at P <
0.05. OriginPro 2023b (OriginLab Corp., Northampton, MA, USA) was
used for plotting figures.

3. Results and discussion
3.1. Rheological properties

The rheological properties gain insight into the conversion of surimi
sol to gel, as illustrated in Fig. 1. The storage modulus (G’) indicates the
elastic behavior of a sample, while the loss modulus (G") demonstrates
its viscous qualities (Zhou et al., 2020). Fig. 1 illustrated that G’ was
considerably larger than G", indicating that the elastic component was
more pronounced in surimi gels. The G’ and G" of surimi gels exhibited a
decline at 46-50 °C, when endogenous enzymes were active and the
myosin tail unfolded, thereby increasing the mobility of the semi-gel
(Benjakul et al., 2001). Myosin heavy chains and actin denatured at
50 °C, forming a dense gel network that enhanced rigidity and strength
(Park, 2014). Furthermore, an increase in temperature from 50 °C to
60 °C resulted in a significant increase in G’ and G" values, followed by
an increase and then a decrease between 60 °C and 90 °C. In the un-
heated state, the starch-surimi matrix exhibited high moisture content
and a low relative G’. As temperature rose, the starch underwent gela-
tinization and water absorption, leading to a rise in the G’ of starch-
surimi gels. The gelatinization temperatures of potato starch and
tapioca starch were 65.05 + 0.07 °C and 72.33 £ 0.11 °C, respectively
(Jiang et al., 2024). Thus, the starch-surimi gels exhibited the properties
of ungelatinized and gelatinized states at temperatures of 60 and 90 °C,
respectively. In order to gain further insights into the influence of starch
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Fig. 4. Changes in the WHC (a, b), breaking force, and deformation (c, d) of surimi gels heated at different temperatures of 60 °C and 90 °C. Lowercase letters
indicate the difference in a gel subjected to freeze-thaw cycles (P < 0.05), and the values are expressed as mean =+ SD.

on the freeze-thaw stability of surimi gel, two distinct heating proced-
ures were established at temperatures of 60 °C and 90 °C.

3.2. Ice crystal distribution and starch morphology

The network structure of surimi gels under freezing conditions is
presented in Fig. 2 for the purpose of visualizing the distribution and
morphology of ice crystals. The network of surimi gel was observed to
become increasingly loosened with repeated freeze-thaw cycles,
accompanied by an increase in the size of ice crystals (Li et al., 2024).
This process resulted in the formation of a porous spongy network. The C
gels obtained by low-temperature heating exhibited a coarser gel
network structure but produced larger ice crystals. In contrast, the C gels
heated at high temperatures had a small ice crystal area but formed
significantly higher quantities than gels heated at low temperatures.
This difference was attributed to the degree of thermal denaturation of
proteins in surimi gels, where high-temperature heating promoted the
formation of disulfide bonds (Jiang et al., 2024).

The pore area distribution of the gel structure was determined using
Image J on the light microscopy images, as shown in Fig. S1. A reduction
in pore size was observed for the gel network in starch-surimi gels, yet
the number of pores increased, regardless of whether the starch had
been subjected to high temperatures. It was noteworthy that the starch
in surimi gel exhibited no discernible water absorption or swelling when
subjected to low temperatures (P-60 °C and T-60 °C). Nevertheless, in
this type of surimi gels, the formation of ice crystals was more dispersed,
and it was hypothesized that the presence of starch affected the distri-
bution of ice crystals. Additionally, the application of elevated temper-
atures to P gel and T gel resulted in the absorption of water by the starch,
which led to a reduction in moisture content within the surimi matrix.
This, consequently, resulted in the formation of a dense gel network
(Hunt et al., 2009). A comparative analysis of two kinds of starch-surimi
gels revealed that tapioca starch with smaller particles produced ice
crystals of a smaller size but a greater number. This finding provided
indirect evidence that the distribution of ice crystals was associated with
the presence of starch. Furthermore, both starch-surimi gels exhibited

identical characteristics following high-temperature treatment, namely
an increase in the number of ice crystals.

The morphology and distribution of starch in surimi gels are shown
in Fig. 3. The starch morphology in gels heated at a low temperature
(60 °C) remained unchanged following multiple freeze-thaw treatment.
It was observed that the temperature of 90 °C induced a transformation
in the starch shape from an active filling state to a squeezing state during
the freeze-thaw process, particularly notable in P gels. The PAS-stained
images demonstrated that ice crystals were distributed around the
starch, thereby forming the surimi gel pores. It was postulated that ice
crystals would form more readily in areas in proximity to the starch.
Therefore, the role of starch added to surimi was speculated to be: (1)
The water absorption served to mitigate the damage caused by ice
crystals during the freeze-thaw cycles; (2) Starch directed the distribu-
tion of ice crystals, leading to a reduction in the number of large ice
crystals.

3.3. WHC

The WHC of starch-surimi gels that were heated at 60 °C and 90 °C
and subsequently subjected to freeze-thaw cycles is shown in Fig. 4(a, b).
The significant reduction in WHC (P < 0.05) during the freeze-thaw
treatment was attributed to the deterioration of the gel network, in
addition to the formation and expansion of ice crystals (Qin et al., 2022).
The WHC of P and T gels heated at 90 °C was found to be higher than
that of gels heated at 60 °C following freeze-thaw cycles, particularly in
the case of T gels. This result corroborated the previous finding that the
water-absorbing swelling of starch at high temperatures was an effective
method of improving gel WHC (Jia, Hiraoka, et al., 2018; Jia, Katano,
et al., 2018). Moreover, the WHC of T gels heated at 90 °C was higher
than that of P gels, indicating tapioca starch exhibits superior freeze-
thaw stability. Additionally, additional research was required to eluci-
date the mechanisms underlying water loss, including investigations
into water distribution and relative content, which could be conducted
using LF-NMR.
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Fig. 5. Changes in the water migration (a-f) and relative water content (g, h) of surimi gels during repeated freeze-thaw. Lowercase letters indicate the difference in a
gel subjected to freeze-thaw cycles (P < 0.05), and the values are expressed as mean =+ SD.

3.4. LfNMR

Water distribution is a key parameter for the analysis of water sta-
bility during food processing and the characterization of food quality
(Walayat et al., 2022). The peak relaxation time of bound water (Tsp,
0.1-10 ms), immobile water (T5;, 10-200 ms), and free water (T5o,
200-10,000 ms) in surimi gels subjected to freeze-thaw treatment is
shown in Fig. 5(a-f). There was no significant change in the Ty, after
freeze-thaw treatment of the C gels heated at 60 °C (P > 0.05). Never-
theless, the C gels prepared at high temperatures showed a reduction in
Toyp, following freeze-thaw cycles. The rightward shift of the bound water
of the starch- surimi gels prior to the freeze-thaw treatment was asso-
ciated with the starch gelatinization, which led to a change in the bound
water. In the case of starch-surimi gels subjected to freeze-thaw cycles,
the bound water underwent a change in its peak time, shifting from a
single peak (0.1-10 ms) to two distinct peak (0.1-1 ms and 1-10 ms).
The emerging peak of bound water was presumed to be water that bound
to polar groups on the starch surface by hydrogen bonding (Pan et al.,
2017). The starch-surimi gels obtained at high temperatures of 90 °C
migrated with a higher relative content of bound water (Fig. 5), which
resulted from the starch gelatinization. For immobile water, freeze-thaw
cycles promoted a leftward shift in relaxation time and a decrease in
relative content. The lack of relative immobile water content corre-
sponded to an increased free water content, which provided evidence
that immobile water was migrating to the free water. And same results

were presented in Tuankriangkrai and Benjakul (2010) and Shen et al.
(2019), well associated with the decline of WHC.

3.5. Breaking force and deformation

The breaking force and deformation parameters of surimi gel are
indicative of firmness and elasticity, respectively (Wasinnitiwong et al.,
2022). The breaking force in C gels heated at 60 °C and 90 °C was
reduced from197.68 + 2.31 g to 138.47 + 3.83 g and from 152.69 +
5.73 g to 88.15 + 2.13 g, respectively, as depicted in Fig. 4(c, d). The
formation of ice crystals during repeated freezing and thawing of the gel
results in the squeezing of the surimi matrix and a subsequent weak-
ening of the gel’s firmness. The breaking forces of P and T gels subjected
to the temperature of 60 °C found to be low, which was ascribed to the
reduced relative content of the surimi matrix and the inactive filling of
starch. Furthermore, breaking forces exhibited minimal variation with
the repeated freeze-thaw cycles. However, starch swelling could
significantly improve the reduction of the breaking force of P and T gels
(P < 0.05). The decrease in breaking force was 13.32 % in potato starch-
surimi gel and 12.94 % in tapioca starch-surimi gel during repeated
freezing and thawing, compared to 36.34 % in surimi gel. However, no
significant differences were identified in the deformation of surimi gels
with or without the incorporation of starch following heating at 60 °C (P
> 0.05). While following a 90 °C heating, all gels showed a significant
drop in deformation subjected to freeze-thaw cycles (P < 0.05),
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especially in P and T gels. The reduction in deformation indicated that
gels cooked at high temperatures evinced diminished flexibility, which
was possibly due to the degree of protein denaturation that occurred as a
result of the heat treatment. Nevertheless, it demonstrated a capacity to
retain the deformation underlying freeze-thaw cycles when surimi
subjected to low-temperature heating. Therefore, while the addition of
starch filling was an effective method of improving the freeze-thaw
stability of surimi gels, the thermal denaturation produced by high
temperatures also rendered the gels more susceptible to environmental
stresses.

3.6. TPA

The effects of freeze-thaw cycles on the texture properties of starch-
surimi gels are presented in Fig. 6. Hardness is defined as the force
produced in the first compression cycle to achieve targeted deformation,
showing a high association with breaking force (Jiang et al., 2024; Roy
et al., 2021). The hardness of surimi gel without the addition of starch
was observed to decrease with the repeated freezing and thawing cycles,
which is consistent with the results reported in other studies (Oh et al.,
2019). Freeze-thaw cycles caused an undesirable softness in frozen and
thawed gels mainly due to the growth of ice crystals. The gel network
underwent a transformation from a dense structure to a porous loose
structure, which ultimately led to a reduction in gel hardness. Never-
theless, interesting findings were observed whereby the C gels that had
been preheated at 90 °C demonstrated a more pronounced decline (P <
0.05). It was postulated that the coarser organization of the gel network
would exhibit greater resilience to the effects of adverse environments.

In case of starch-surimi gel, the thermally induced gelatinization of
starch has been demonstrated to provide effective support to the surimi
gel network, thereby enhancing the hardness of P and T gels (Yang &
Park, 1998). However, the addition of ungelatinized starch to surimi gels
resulted in a relatively minor impact of freeze-thaw treatment on
hardness. With regard to the springiness of the gels, no significant dif-
ference was observed before and after freeze-thaw cycles (P > 0.05).
Cohesiveness is an indicative of the damage to the gel structure from the
first compression, and resilience is calculated by dividing the upstroke
energy by the downstroke energy of the first compression (Li et al.,
2023; Priyadarshini et al., 2017). The C gels was accompanied by an
increase in freeze-thaw cycle, which resulted in an increase in cohe-
siveness or resilience (P < 0.05). This indicated the increased return-
ability to external pressure after multiple freeze-thaw cycles. Besides,
compared to high-temperature heated gels, C gel obtained higher
cohesiveness and resilience under low-temperature treatment condi-
tions, which could be as a result of the thicker gel network as shown in
Fig. 2. This result was similar to that of the deformation. In summary, the
freeze-thaw cycles resulted in a reduction in gel hardness, accompanied
by an improvement in gel cohesiveness and resilience.

3.7. Microstructure

The SEM images (Fig. 7) are depicted that freeze-thaw cycles
severely affect the organization of surimi gels. The surimi gels exhibited
a compact, ordered, three-dimensional network structure, which
correlated with higher gel strength and greater water-holding capacity
in the resulting gel samples (Fang et al., 2021). The SEM images revealed
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Fig. 7. SEM images of surimi gel with and without exposure to freeze-thaw cycles.

that the surimi gel had been subjected to a high temperature treatment,
resulting in a coarser surface texture in comparison to the gel treated at a
lower temperature. However, following the repeated freeze-thaw
treatment, the formation of smaller pores was observed, which indi-
cated that the gel produced by the high-temperature treatment was more
resistant to the formation of ice crystals during the freeze-thaw cycles.
Similarly to the results presented in Fig. 2, the ungelatinized starch was
embedded in the surimi matrix, resulting in a notable reduction in the
pore size in comparison to the C gels. For surimi gels containing
gelatinized starch, it was clear that starch underwent significant

morphological changes as a result of freeze-thaw cycles, particularly in
the case of potato starch, where the larger particle size was more readily
discernible. The microstructure provided further evidence of the
disruption of the gel structure by ice crystal formation, as well as
demonstrating that starch affected ice crystal formation.

3.8. Color

The perception of whiteness affects consumer preferences for surimi
products (Wasinnitiwong et al., 2022). Table 1 presents the changes in
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Table 1
Effect of freeze-thaw cycles on color of surimi gels prepared at different cooking
temperatures of 60 °C and 90 °C.

Color Sample Freeze-thaw cycles
parameter
0 1 3 5
C60°C 73.33 + 70.93 + 69.33 + 68.27 +
0.12° 0.29° 0.15° 0.55¢
3 74.47 + 71.70 + 71.27 + 70.47 +
eo0°C 0.25° 0.00° 0.15° 0.15¢
P60°C 74.80 + 71.13 + 70.87 + 70.10 +
L value 0.20° 0.15° 0.15" 0.30°
.90 °C 69.90 + 69.63 + 69.50 + 69.00 +
0.10° 0.15° 0.10° 0.10°
160 °C 77.70 + 74.37 + 7413 + 74.00 +
) 0.10° 0.06" 0.21%¢ 0.10°
5 69.03 + 68.33 + b 67.90 +
T-90 °C 0.15% 0.06° 68.33 0.06 0.10°
3 -1.83 + —217 + —2.20 + —223 +
e60°C 0.06° 0.06° 0.00° 0.06°
., ~1.30 + ~1.43 + ~1.57 + ~1.57 +
¢o0°C 0.00° 0.06" 0.06° 0.06°
3 ~1.50 + ~1.73 + ~1.73 + ~1.80 +
" value P-607C 0.00° 0.06" 0.06" 0.00°
v popec L7 173+ ~1.67 + ~1.63 +
) 0.06" 0.06° 0.06° 0.06°
5 —0.97 + ~1.00 + ~0.90 + ~0.90 +
T-60°C 0.06" 0.00° 0.00° 0.00°
3 -1.97 + ~1.70 + ~1.63 + ~1.60 +
T-907¢C 0.06° 0.10° 0.06° 0.00°
. 5.07 + 4.47 + 4.07 + 3.90 +
ce0°C 0.06* 0.06" 0.06° 0.10¢
3 5.73 + 5.50 + 5.20 + 517 +
¢o0°C 0.15° 0.00° 0.10° 0.06°
3 5.13 + 4.40 + 413 + 410 +
b* value pe0c 0.12° 0.10° 0.12° 0.10°
.90 °C 3.93 + 4,03 + 3.97 + 4.20 +
0.06" 0.12° 0.06° 0.10°
3 6.03 + 5.83 + 5.87 + 5.57 +
T-60°¢C 0.06° 0.06° 0.06° 0.06°
. 3.67 + 3.60 + 3.57 + 353 +
T-90°C 0.06° 0.10° 0.06° 0.06°
C60°C 72.79 + 70.51 + 68.99 + 67.95 +
0.12° 0.29° 0.15° 0.55¢
C90°C 73.80 + 71.13 + 70.76 + 69.98 +
) 0.25° 0.00° 0.15° 0.16¢
P60°C 74.24 + 70.75 + 70.52 + 69.77 +
Whiteness 0.22° 0.14° 0.16° 0.31¢
.90 °C 69.58 + 69.32 + 69.20 + 68.67 +
0.11° 0.14° 0.11° 0.11¢
T:60°C 76.88 + 73.69 + 73.46 + 73.40 +
0.08° 0.05° 0.21¢ 0.09¢
1.90°C 68.75 + 68.08 + 68.09 + 67.67 +
0.15° 0.05° 0.06° 0.09°

Lowercase letters indicate the difference in a gel subjected to freeze-thaw cycles
(P < 0.05), and the values are expressed as mean =+ SD.

the color of surimi gel following repeated freezing and thawing. The
whiteness of C, P, and T gels showed a gradual decrease following
freeze-thaw cycles (P < 0.05), and the change in gel whiteness was more
pronounced following a single freeze-thaw cycle in comparison to un-
frozen gels. Possible causes included network structure deterioration
and pigment degradation (Zhou & Wang, 2021). Oh et al. (2019)
discovered that following nine freeze-thaw cycles, the whiteness of su-
rimi gels significantly deteriorated. By comparing the changes in L*, a*,
and b* values, it was determined that the L* value exerted the most
pronounced effect on the variations in the gel’s whiteness. In addition,
the addition of gelatinized starch to the surimi gels resulted in a
reduction in the impact of the freeze-thaw process, although the
whiteness was diminished in the absence of a frozen treatment. Besides,
it was worth noting that the a* value of starch-surimi gels heated at
90 °C increased with repeated freeze-thaw cycles. It was hypothesized
that the change of a* value was related to the morphological alterations
of starch that occurred during freeze-thaw cycles, as well as changes in
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water migration. Therefore, the maintenance of color stability by starch
was reflected in the slowing down of the reduction of L*, a*, and b*
values, which was underpinned by its inherent gelatinization properties
and water holding capacity.

4. Conclusions

The present study examined the effects of freeze-thaw treatment on
the migration and distribution of ice crystals, as well as the textural and
water holding properties of starch-surimi gels. Freeze-thaw cycles had a
detrimental impact on the water holding capacity of the gels, as well as
on their strength and hardness. Conversely, the gels exhibited enhanced
cohesiveness or resilience. The addition of active filling starch to surimi
gels led to a reduction in the conversion of immobile water to free water,
thereby enhancing the WHC of surimi matrices throughout the freeze-
thaw process. Moreover, the appropriate gelatinization of starch guar-
anteed the freeze-thaw stability of the gel, thus maintaining its white-
ness. It was notable that the starch present in surimi gel could be
attributed not only to the absorption of water, but also to its potential
role in modifying the formation of ice crystals. This resulted in alter-
ations to the ice crystal size and the promotion of the formation of
smaller ice crystals. These findings advanced the understanding of the
role of starch in surimi gels and laid the groundwork for the starch
utilization in surimi gels.
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