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Abstract: Epigallocatechin gallate (EGCG) with concentrations of 0–0.03% was added to manufacture
surimi gels, respectively, while effects on gel quality and storage properties indicators during freeze-
thaw (F-T) cycles were investigated. The results implied that the gel quality and storage properties
of surimi gels added without EGCG were seriously destroyed during F-T cycles. The addition of
EGCG could inhibit the decline of texture and gel strength. Moreover, EGCG has effect on inhibiting
the microbial growth and the formation of off-odor compounds such as total volatile basic nitrogen
(TVB-N) and malondialdehyde (MDA). Low-field nuclear magnetic resonance (LF-NMR) and water-
holding capacity (WHC) results showed that immobilized water migrated to free water with the
extension of F-T cycles. The scanning electron microscope (SEM) observed denser protein networks
and smaller holes from the surimi gels added with EGCG. However, excessive (0.03%) EGCG showed
the loose network structure and moisture loss. Overall, EGCG in 0.01–0.02% addition was good for
resisting damage of surimi gels during F-T cycles.

Keywords: surimi gels; EGCG; gel quality; storage properties; freeze-thaw cycle

1. Introduction

Surimi products, a kind of elastic and nutritious food with high protein and low fat,
are made from frozen surimi by suwari and kamaboko. Frozen storage is a common way
to limit protein oxidation and microbial growth, thus prolonging the shelf life of surimi
products [1]. However, repeated freeze-thawing occurs inevitably in surimi products
during processing, storage, transportation, sale, and consumption. Due to the temperature
fluctuation, the gel quality of surimi products has been destructed by ice crystals, such
as hardness reduction, moisture loss, and gel network fracture. The adverse biochemical
reaction of surimi is occurred swiftly by ice crystals which leave the hole [2]. Besides,
myofibrillar protein is the main part of surimi, which plays a key role in gel formation. With
the increase of F-T cycles, the structural integrity of the surimi myofibrillar protein network
gradually decreased by extrusion of ice crystals, thus affecting the texture, whiteness,
and WHC of surimi products [3]. Microbial growth is also an important cause of quality
changes in surimi products during frozen storage. How to effectively control the quality
deterioration of surimi during freezing has always been a hot research topic. However,
to our best knowledge, few studies on delaying quality deterioration of surimi products
during freeze-thaw cycle.
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Tea polyphenols, as the emerging food additive for aquatic products, have played
a vital role in antioxidant and bacteriostatic properties [4]. The main component of tea
polyphenols is catechins. There are four main catechins, including epicatechin (EC), epicat-
echin gallate (ECG), epigallocatechin (EGC), and EGCG [5]. Due to the ability of antiseptic
and sterilization, EGCG was widely applied in the medical field to opposite cancer, virus,
and obesity [6]. In the field of food processing, transglutaminase and EGCG had double
cross-linking impact on myofibrillar proteins modification, and that EGCG could further
improve the gel properties under the induction of transglutaminase [7]. The adducts
reacted with EGCG and malondialdehyde could enhanced gel quality and fixed the mi-
crostructure of myofibrillar proteins [8]. Besides, EGCG plays an essential role in preserving
the freshness of food. EGCG combined with squid ring shell oligosaccharides was used
to extend the product life of yellowfin tuna fillets by 12 days at 4 ◦C [9]. Furthermore,
the gum tragacanth-sodium alginate active coating containing EGCG and lysozyme could
prolong the shelf life of large yellow croaker [10]. As a natural additive for use in frozen
food, EGCG has been proved to be viable in aquatic product preservation. However, few
studies are focused on the addition of EGCG to surimi gels.

The study aimed to sight how EGCG affected surimi products during F-T cycles.
Aerobic plate count (APC), total volatile basic nitrogen (TVB-N), thiobarbituric acid reactive
substance (TBARS), and pH were used to identify the state of corruption. Moreover,
the texture properties, gel strength, whiteness, WHC, and moisture distribution were
investigated to study the gel properties and storage properties of surimi gels. Collectively,
the microstructure was analyzed the changes in the myofibrillar proteins network. This
research can serve as an experimental foundation for the production and quality control of
high-quality surimi products during frozen storage.

2. Materials and Methods
2.1. Materials and Reagents

Silver carp (Hypophythalmalmichthys molitrix) frozen surimi (AAA grade) was obtained
from Jingli Aquatic Food Co., Ltd. (Honghu, China) and then cut into approximately
1 kg blocks. These surimi blocks were kept at −20 ◦C until further need. EGCG with a
purity of 98% was provided from Shanghai Meryer Co., Ltd. (Shanghai, China). Other
chemicals were of analytical grade and supplied from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

2.2. Preparation of Heat-Induced Gel and F-T Cycles

Raw surimi blocks were defrosted at 4 ◦C overnight until a semi-thawed state and
cut into about 3 cm cubes. Then, the surimi cubes were blended using AM-CG108 food
processor at 5000 rpm for 2 min. NaCl (2.5%) was added and the blending was continued
for 2 min. Subsequently, different content EGCG (0%, 0.01%, 0.02%, and 0.03%) was
sprinkled into the surimi and added ice water to adjust the moisture content of surimi
to 78%, during which time the mixture was blended at 5000 rpm for 6 min. The entire
procedure was kept at a temperature of less than 10 ◦C. Next, the surimi paste was filled
into polyvinylidene chloride casings (25 mm diameter) to make surimi sausages (20 cm
long) and make sure that both ends were sealed tightly to prevent water from immigrating.
Finally, the two-step heating method was used, with 60 min at 40 ◦C followed by 30 min at
90 ◦C. After sterilization, the sausages were promptly chilled in ice water for 30 min before
being frozen at −20 ◦C.

The F-T cycles were designed as follows. The one F-T cycle was defined that surimi
gels were prepared by freezing at −20 ◦C for 72 h after thawing at 4 ◦C for 12 h. Repeated
6 cycles and selected 0, 2, 4, 6 cycles to measure relevant indicators.

2.3. Texture Profile Analysis (TPA)

Surimi gels were sliced into the cylinders with a height of 20 mm, and then equilibrated
to room temperature for 30 min. Hardness, springiness, cohesiveness, and chewiness were
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estimated by TA-XT plus texture analyzer (Stable Micro Systems, Vienna, UK) equipped
with probe P/50. The parameters were as follows: 3 mm/s pre-test speed, 1 mm/s test
speed, 3 mm/s post-test speed, 50% compression strain, and 10 g trigger force.

2.4. Gel Strength Measurement

Gel samples were balanced at room temperature for about 30 min before testing.
Breaking force (g) and deformation (cm) were measured in gel cylinders cut into 25 mm
lengths, using TA-XT plus texture analyzer (Stable Micro Systems, Vienna, UK) equipped
with a P/5S probe attachment. The gels were examined at a press down distance of 15 mm
with a pretest speed of 2 mm/s, test speed of 1 mm/s, and post-test speed of 10 mm/s. Gel
strength was calculated by the following Equation (1):

Gel strength (g·cm) = Breaking force(g)× Deformation(cm) (1)

2.5. Color Measurement

The apparent color of the gel was measured by CR-400 colorimeter (Konica Minolta, Os-
aka, Japan) to analyze L* (lightness), a* (redness-greenness), and b* (yellowness-blueness).
The whiteness (W) was computed in the following Equation (2):

W = 100 −
[
(100 − L∗)2 + a∗2 + b∗2

]1/2
(2)

2.6. Storage Properties Measurement
2.6.1. Aerobic Plate Count (APC) Measurement

Samples were prepared using the approach of Xu et al. [11] with some modifications.
Accurately 2 g of surimi gel was weighed, and 18 mL of normal saline (0.85%, w/w) was
added. After aseptic homogenization for 3 min, 10-fold dilution was continued. Standard
plate count agar was selected for APC. Sample liquid (1 mL) which needed 3 dilution
gradients was injected into plate count agar medium and kept at 30 ◦C for 72 h. 2 parallels
were set up per dilution gradient. Results of APC were expressed as log colony forming
units (CFU)/g sample.

2.6.2. Total Volatile Basic Nitrogen (TVB-N) Measurement

The TVB-N value was determined according to Wang et al. [12] using FOSS 8400
Kjeldahl Nitrogen apparatus (FOSS Corporation, Denmark) with slight modification. The
samples of surimi gels (10.0 g) were minced and mixed with 10.0 g magnesium oxide
slightly in a digestive tube. Following distillation, the volatile nitrogen was recovered and
titrated with 0.1 M hydrochloric acid in a 1% boric acid solution (w/v).

2.6.3. pH Value Measurement

The surimi gel was equilibrated at normal temperature for 30 min. Then, 2 g of
gel sample was homogenized with 18 mL of deionized water for 1 min by AD200L-P
high-speed dispersing homogenizer. The homogenate was centrifuged at 10,000 r/min for
10 min, followed by filtering and retaining the supernatant. The pH was measured with an
FE28 pH meter and performed at least in triplicate.

2.6.4. TBA Measurement

First, 1 g of sample was weighed and added to 10 mL of 7.5% trichloroacetic acid
(containing 0.1% of EDTA). After being homogenized for 1 min at 15,000 rpm, samples
were left in the ice bath for 10 min and then filtered. To 3 mL of filtrate in test tubes, 3 mL
of 0.02 mol/L 2-thiobarbituric acid in distilled water was added. The sample solution was
reacted at boiling bath for 40 min. Finally, the absorbance was measured at 532 nm after
cooling with ice water. A standard curve was built by 1,1,3,3-Tetraethoxypropane (TEP).
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2.7. Water-Holding Capacity (WHC) Measurement

Surimi gels were sliced into 5 mm cylindrical slices and weighed as W1, which closed
to 3 g. Next, the gel sample was wrapped by a piece of double-layer filter, and centrifuged
at 5000 r for 15 min. Finally, the filter paper was removed and the weight of samples was
measured as W2. The Equations (3) and (4) were used to determine WHC.

Centrifugal loss (%) = W2
W1

× 100 (3)

WHC (%) = G−CL
G × 100 (4)

Thereinto, G represented the moisture content determined by drying the sample at
105 ◦C until constant weight and CL was the centrifugal loss.

2.8. Low-Field Nuclear Magnetic Resonance (LF-NMR) Spin-Spin Relaxation (T2) Measurement

The moisture distribution and relaxation time were determined using the approach
of Jiang et al. [13] by a Niumag Pulsed NMR analyzer (MesoMR23-060H-I, Niumag Elec-
tric Co., Shanghai, China). Surimi gels were cut into cylinders (20 mm × 20 mm), and
transverse relaxation (T2) was determined using the Carr-Purcell-Meiboom-Gill (CPMG)
pause sequence. The data from 8000 echoes were collected throughout the course of 8 scan
repeats. All measurements were performed at 32 ◦C in triplicate.

2.9. Magnetic Resonance Imaging (MRI) Measurement

The measurement of MRI was described by Cheng et al. [14] with slight modifications.
Samples were wrapped in plastic wrap and put into an MRI tube. Proton density imaging
was obtained by MSE imaging sequence with the main following parameters: Repetition
Time = 500 ms, Echo Time = 18.2 ms, and Average = 6. Finally, the condition of mapping
and pseudocolor was provided by Shanghai Niumag Electric Co., Ltd.

2.10. Microstructure Measurement

The samples were sliced into 3 mm × 3 mm × 1 mm pieces by surgical knife and
fixed with glutaraldehyde (2.5%, v/v) for 12 h at 4 ◦C. Then, 0.1 M phosphoric acid buffer
(pH 7.2–7.4) was used to rinse the gel samples three times. Afterwards, a serious density
of ethanol (30%, 50%, 70%, 80%, 90%, and 100%) was added in gel samples for gradient
elution. The dehydrated samples were immersed in a mixture of ethanol and tert butanol
(3:1, 1:1, 1:3, 0:1) to remove the ethanol. The processed pieces that sputter-coated with gold
after freeze-drying were observed by a Scanning Electron Microscope instrument (Hitachi
SU5000, Hitachi High-Tech Co., Ltd., Shanghai, China) at an acceleration voltage of 5 kV.

2.11. Statistical Analysis

Each experiment was repeated three times. Statistical Package for Social Science 26.0
software (SPSS Inc., Chicago, IL, USA) was used to analyze the experimental data, and the
mean ± standard deviation (SD) was provided. Duncan’s multiple range test method was
used to compare significant differences using one-way analysis of variance (ANOVA) at
the 0.05 level.

3. Results and Discussion
3.1. TPA

TPA is widely applied to research the physical characteristics of surimi gels, which
become an effective method to investigate texture [15]. The change in hardness, springiness,
cohesiveness, and chewiness of gel matrix with different content EGCG during F-T cycles
were shown in Figure 1. Samples were compressed twice to provide texture test curve
and grasp the characteristic parameters of the gel matrix [16]. Texture-related properties
were overall decreased with increasing F-T cycles. The phenomenon might be attributed to
the disruption of the F-T cycles to the formation, melting, and regeneration of ice crystals,
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resulting in larger and more irregular ice crystals that physically disrupt the protein network
than ice crystals before F-T cycles [17]. Besides, the growth of ice crystals affected the
tightness of the myofibrillar network and part of the water was migrated outside the gel,
which might be associated with the gel strength of surimi gel [18]. Thereinto, Figure 1a,d
showed that F-T cycles had a substantial impact on hardness and chewiness of the 0%
EGCG group. The hardness and chewiness changed the most between the zeroth and
second F-T cycles, demonstrating that the quality of surimi gel was seriously degraded
during this period. Besides, there were significant differences in chewiness of the sample
with 0.01% EGCG and three other samples after sixth F-T cycles (p < 0.05). Figure 1b,c
revealed that the springiness and cohesiveness reduced considerably after fourth F-T cycle
(p < 0.05). It was indicating that negative impact of the springiness and cohesiveness
was mainly occurred in the late F-T period. Moreover, the 0.01% EGCG group had better
springiness and cohesiveness, illustrating the effective preservation of texture. Moreover,
the downward trend of hardness, springiness, cohesiveness, and chewiness of gels without
EGCG was larger than those in the other added amount groups during the F-T cycles.
These findings showed that EGCG had a beneficial influence on surimi gel F-T stability.
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Figure 1. Changes in hardness (a), springiness (b), cohesiveness (c), and chewiness (d) of surimi
gels treated with different content EGCG during F-T cycles. Uppercase letters indicate significant
difference (p < 0.05) between different F-T cycle, lowercase letters indicate the difference between
gels with different EGCG content (p < 0.05). F-T0: the zeroth freeze-thaw cycle; F-T2: the second
freeze-thaw cycle; F-T4: the fourth freeze-thaw cycle; F-T6: the sixth freeze-thaw cycle.

3.2. Gel Strength

Figure 2 showed that breaking force, deformation, and gel strength of samples were
all decreased due to the F-T damage. Generally, the breaking force could characterize the
hardness of gels and the deformation could represent the gel flexibility and elasticity [19].
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Correspondingly, breaking force of samples rose followed by a reduction as the EGCG
content increased after each F-T cycle, and the gels added with 0.01% EGCG had the
maximum breaking force. The phenomenon was consistent with the result of TPA. As the
main functional protein, the higher-order structure of myosin unfolds after heating to form
a stable network structure, which is intertwined with each other through hydrogen bonding
to form fibrous macromolecules [18]. It was hypothesized that the gel strength treated with
EGCG was connected to the changes in protein structure of surimi gels. Li et al. [7] reported
that EGCG could promote the cross-linking of myofibrillar proteins and increase the gel
strength of surimi gels with the non-covalent interactions such as hydrophobic interaction
and hydrogen bond. However, the group which treated high content of EGCG exhibited
poor gel strength in Figure 2c. A possible explanation for this might be the self-aggregation
of EGCG, which caused the loss in the ability of myofibrillar proteins cross-linking [20].
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Figure 2. Changes in breaking force (a), deformation (b), and gel strength (c) of surimi gels treated
with different content EGCG during F-T cycles. Uppercase letters indicate significant difference
(p < 0.05) between different F-T cycle, lowercase letters indicate the difference between gels with
different EGCG content (p < 0.05). F-T0: the zeroth freeze-thaw cycle; F-T2: the second freeze-thaw
cycle; F-T4: the fourth freeze-thaw cycle; F-T6: the sixth freeze-thaw cycle.

3.3. Color

Whiteness is the most intuitive indication for consumers to identify surimi quality.
L*, a*, b* values, and whiteness of surimi gels, with and without EGCG, as affected by
F-T cycles were shown in Table 1. As the cycles of F-T increased, the lightness decreased
significantly (p < 0.05). The more the F-T cycle is, the worse quality the gels exhibit, the
dimmer the lightness of the gel surface is. Compared with the 0% EGCG group, the group
treated with EGCG exhibited low whiteness. There was a view that the tight gel network
has positive effect on light absorption, which caused the deep color of gels [21]. Combined
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with the previous analysis, the greater the gel strength is, the lower the whiteness of surimi
gel is. Besides, the quinones obtained by EGCG oxidation were brown, which resulted in
the decline of whiteness. The redness-greenness of aquatic products might be related to the
oxidation of myoglobin and the reduction of methemoglobin [22]. In the whole F-T cycles,
the a* value of each group had no significant change. It was supposed that the myoglobin
was removed when the surimi was rinsed, resulting in the stability of a* value. In addition,
the b* value of each EGCG group was significantly lower than the control group. It was
reported that a small amount of fat oxidation and pigment degradation in surimi could
affect the color of surimi gels, especially the yellowness-blueness [23]. It might be that
EGCG could better inhibit fat oxidation.

Table 1. Changes in whiteness of surimi gels with difference content EGCG during F-T cycles.

Color
EGCG

Content (%)
F-T Cycles

0 2 4 6

L*

0 72.80 ± 0.40 Aa 71.30 ± 0.13 Ba 70.90 ± 0.07 Ba 70.2 ± 0.29 Ca

2 71.00 ± 0.59 Ab 70.10 ± 0.11 Bb 69.40 ± 0.47 BCb 69.0 ± 0.12 Cb

4 70.80 ± 0.11 Ab 69.20 ± 0.36 Bc 68.90 ± 0.14 Bc 68.1 ± 0.25 Cbc

6 70.40 ± 0.38 Ab 69.20 ± 0.40 Bc 68.60 ± 0.47 BCc 68.0 ± 0.43 Cc

a*

0 −1.60 ± 0.08 Ac −1.70 ± 0.03 Ac −1.60 ± 0.01 Ad −1.70 ± 0.10 Ac

2 −0.50 ± 0.05 Ab −0.70 ± 0.04 Bb −0.80 ± 0.05 Bc −0.60 ± 0.10 ABb

4 −0.30 ± 0.04 Aa −0.60 ± 0.02 Bab −0.20 ± 0.06 Ab −0.30 ± 0.08 Aa

6 −0.30 ± 0.08 Ba −0.50 ± 0.09 Ca 0.10 ± 0.03 Aa −0.20 ± 0.04 Ba

b*

0 4.60 ± 0.09 Aa 3.50 ± 0.16 Ca 3.60 ± 0.21 Ca 4.00 ± 0.26 Ba

2 2.40 ± 0.01 Ab 2.30 ± 0.13 ABb 2.30 ± 0.46 ABb 2.20 ± 0.25 Bb

4 2.50 ± 0.08 Ab 2.10 ± 0.03 Bc 2.00 ± 0.31 BCbc 1.70 ± 0.18 Cc

6 2.50 ± 0.09 Ab 1.80 ± 0.06 Bd 1.80 ± 0.08 Bc 1.70 ± 0.13 Bc

W

0 72.40 ± 0.40 Aa 71.00 ± 0.04 Ba 70.70 ± 0.09 Ba 69.9 ± 0.30 Ca

2 70.90 ± 0.60 Ab 70.00 ± 0.11 Bb 69.30 ± 0.50 BCb 69.0 ± 0.11 Cab

4 70.30 ± 0.40 Ab 69.10 ± 0.36 Bc 68.90 ± 0.10 Bc 68.0 ± 0.23 Cbc

6 70.70 ± 0.10 Ab 69.20 ± 0.40 Bc 68.50 ± 0.50 BCc 68.0 ± 0.43 Cc

Uppercase letters indicate significant difference (p < 0.05) between different F-T cycle, lowercase letters indicate
the difference between gels with different EGCG content (p < 0.05), and the values are expressed as mean ± SD.
L*: lightness, a*: redness-greenness, b*: yellowness-blueness, and W: whiteness.

3.4. Storage Properties
3.4.1. Aerobic Plate Count (APC)

One of the major contributors to the spoiling of surimi products during storage is
microbial development, which has an impact on shelf life [24]. Throughout the F-T cycles, the
APC of surimi gels showed an upward trend, especially from the zeroth to second F-T cycles.
It might be that fat oxidation was accelerated, which obtained foul-smelling rancid products
due to the F-T cycles. Therefore, the conditions for microbial contamination were created.

As the EGCG content increased, the APC of surimi gels decreased after each F-T cycle,
confirming the antibacterial effect of EGCG. Some assumptions could be explained to describe
the results of APC: (1) EGCG destroyed the structural integrity of individual microorganisms,
resulting in the release of intracellular components and functional impairment. (2) Respiration
of microorganisms was influenced. (3) Proteins and enzymes of microorganisms were de-
stroyed. (4) EGCG disturbed the metabolism of microorganisms with chelating metal ions [25].
EGCG has strong antioxidant properties [26]. Klancnik et al. [27] discovered that the growth
of L. monocytogenes, E. coli, and C. jejuni was prevented by the role of AlpE (ethanolic extract
of A. katsumadai seeds) and EGCG in jointly protecting the surimi gels. EGCG has been
shown to have regulatory activity and strong antibacterial activity against Gram-positive
and Gram-negative bacteria [28].
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3.4.2. Total Volatile Basic Nitrogen (TVB-N)

TVB-N is another important indicator for evaluating the storage properties of surimi
gels [29]. In the process of corruption, volatile ammonia, and biogenic amines were obtained
from proteins, amino acids, and nitrogen-containing compounds, which decomposed by
microorganisms [30]. As can be seen from Figure 3b, the TVB-N values of the control group,
0.01%, 0.02%, and 0.03% EGCG group in the zeroth F-T cycle were respectively 2.77, 2.50,
2.61, and 2.61 mg/100 g. Subsequently, the value of the control group increased rapidly and
reached 7.69 mg/100 g on the sixth F-T cycle, which was higher than other experimental
groups. It was illustrated that EGCG treatment helped to suppress the development of
TVB-N and remain the storage properties of surimi gels. Correspondingly, the curve trend
of TVB-N value was similar to the APC.
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3.4.3. pH Value

The changes in pH of surimi gels with different EGCG content during F-T cycles were
shown in Figure 3c. With the increase in the times of F-T cycle, the pH value of surimi gels
was first increased, and then decreased. Various basic nitrogenous compounds such as
amines and trimethylamine were generated due to the decomposition of protein, which
induced the increase in pH [31]. During 0–2 F-T cycles, the pH of the control group rose
faster than other groups, indicating that the protein decomposition of the control group
was more serious. The changes in pH correspond to previous TVB-N results. Thereafter,
depending on more suitable growth conditions supplied by F-T cycles, microorganisms
decomposed small organic molecules to generate acidic substances [32].
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3.4.4. TBA

TBA value reflects the degree to which lipids in surimi products are oxidized to
malonaldehyde [33]. The occurrence of lipid deterioration is inevitable in F-T meat [34]. It
could be seen in Figure 3d that the TBA value of surimi gels increased continuously during
the F-T cycles. After the fourth F-T cycle, the TBA value of the control group increased
rapidly and was significantly higher than EGCG group (p < 0.05). In comparison to the
control group, the TBA value of surimi gels was dramatically lowered when EGCG was
added. The reason was that EGCG contains eight phenolic hydroxyl groups, which possess
the ability to scavenge free radical and slow down or terminate free radicals chain reactions
effectively as hydrogen donors [35,36].

3.5. Water-Holding Capacity (WHC)

WHC, defined as the ability to retain water in samples, is reflected by centrifugal loss
after external influence [37]. The changes in WHC of surimi gels treated with different
EGCG content during F-T cycles were shown in Figure 4. As the F-T cycles increased,
the WHC of each group decreased. During freezing, the protein network was disrupted
by growing ice crystals, leading to tissue deformation and moisture loss [38]. Therefore,
WHC is directly affected by the density of the gel network. When the F-T cycles were not
started, there were substantial variations between the samples with and without EGCG.
Between the fourth and sixth F-T cycles, the WHC of surimi gel added without EGCG
declined seriously from 86.06% to 83.34%. Among the samples added with EGCG, the
0.02% group maintained a high WHC in the whole F-T cycle. It represented that EGCG
could effectively suppress the decline of WHC. However, the WHC of 0.03% EGCG group
was significantly lower than the group added with 0.01% and 0.02% EGCG after the fourth
F-T cycle (p < 0.05). It was assumed that a high dose of EGCG led to excessive crosslink of
myofibrillar protein that induced negative aggregation. The loose gel network structure
was obtained due to the decreasing uniformity and density. It resulted that surimi gels
could not effectively intercept water.
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3.6. Moisture Mobility and Distribution Analysis
3.6.1. Moisture Mobility

Water mobility and distribution in the gel matrix may be explored using LF-NMR,
which is a fast and non-destructive approach [39]. T2 represents the degree of water freedom.
According to Figure 5a, three kinds of peaks appeared at approximately 0.1~10 ms (T2b),
20~200 ms (T21), and 300~1500 ms (T22), which represented bound water, immobilized
water, and free water, respectively.
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The T21 and T22 relaxation periods of the surimi gels were dramatically lengthened
when the F-T cycles were extended. Due to the crystallization and recrystallization of
water, the moisture migrated outside the protein networks and the degree of water freedom
inside the gel was changed [40]. The shorter the relaxation time is, the higher the binding
capability between protein molecule and water is, and the stronger the water stability
is. The relaxation time of the other groups differs from that of the control group after
the addition of EGCG. Thereinto, surimi gels treated with 0.02% EGCG exhibited shorter
T21 and T22. In addition, the peak corresponding to the relaxation time T21 and T22 of
0.02% EGCG group shifted to the left in each F-T cycle and it was found that the value of
the second peak decreased remarkably. It implied that EGCG can inhibit the fluidity of
moisture and control the loss of water, which was in accordance with the WHC.

The percentage of peak area (PT2b, PT21, and PT22) can objectively reflect the relative
moisture content of surimi gels in Figure 5b. EGCG had no influence on the alterations in
PT2b of the samples. It might be that the bound water was closely linked with proteins and
had low fluidity during the F-T cycles. Furthermore, F-T cycles caused PT21 to decrease,
while PT22 increased. When thawing, the internal moisture migrated to large network gaps.
After freezing, bigger ice crystals were formed to extrude the protein network, resulting
in the reduction of reabsorbed water while thawing again. There has been researching
pointed out that myofibrillar protein denaturation reduces protein binding capacity for
water during the F-T cycles, thus inducing the conversion of immobilized water to free
water [41]. Similar observations were also reported in previous studies [42]. In the fourth F-
T cycle, the PT22 of 0.02% EGCG group was 6.08%, which was lower than the control group
(7.62%), indicating that EGCG could effectively inhibit the growth of free water. The result
of the sixth F-T cycle was also in agreement with above phenomenon. EGCG hastened the
formation of protein gel and increased the degree of cross-linking of myofibrillar proteins.
Therefore, dense protein networks could limit the conversion of immobilized water to free
water. However, a too dense protein network caused by excessive cross-linking (0.03%
EGCG) could not maintain the state of moisture, which was similar to the result of WHC.

3.6.2. Moisture Distribution

MRI is also an auxiliary way to evaluate moisture distribution in surimi gels during
F-T cycles [43]. Pseudo color image (value range: 0~255) produced by nuclear magnetic
resonance could directly observe the situation of moisture content and distribution in
Figure 6. The more the hydrogen protons exist, the redder the image exhibits, and the
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higher water content the gel has. On the contrary, the blue area represents low moisture.
During the F-T cycles, the signal strength decreased gradually, illustrating that the partial
moisture of the surimi gels was lost. Gels added with 0.01% and 0.02% showed stronger
signals, which implied that they had higher water content, which supported the previous
results. Li et al. [7] reported that the fraction of immobilized water rose with the addition
of EGCG and transglutaminase. Overall, the dense gel network induced by EGCG is the
primary cause for preserving moisture and making the water distribution uniform.
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3.7. Microstructure

The changes in microstructure inside the gel system observed by scanning electron
microscope can intuitively explain the close relationship between 3D network structure and
gel properties [44]. Figure 7 showed the pore size and compactness of the protein network
structure at 10,000× magnification. After two F-T cycles, large holes were obviously
observed in the control group and there were traces of breakage in the protein network.
However, samples treated with EGCG presented less ice crystal damage and better protein
structure. In the initial stage of F-T cycle, 0.01% and 0.02% EGCG group have already
shown a dense and regular gel network. Changes in microstructural compactness may
account for the reduced whiteness of surimi gels with EGCG. It was reported that the
addition of EGCG could expand myofibrillar protein structure and expose reactive groups
in proteins, inducing massive protein aggregation relies on chemical bond action [45].
Furthermore, the declined trend of gel strength is related to the integral and dense extent
of the gel microstructure, which is consistent with previously reported results [2].
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4. Conclusions

Changes in the gel properties and storage properties of surimi gels treated with four
different dosages of EGCG during F-T cycles were investigated. The addition of EGCG
could delay the decrease of hardness, springiness, chewiness, and gel strength. By the
antioxidant and bacteriostatic properties of EGCG, the indicators of storage properties
such as APC, TVB-N, pH, and TBA were also significantly inhibited. Meanwhile, the
higher the EGCG content is, the greater the inhibitory effect is. In addition, LF-NMR and
WHC indicated that immobilized water migrated to free water, leading to severe water
loss during F-T cycles. Compared with the control group, 0.02% EGCG group could better
maintain the moisture of gels. This is attributed to the cross-linking of myofibrillar proteins
induced by EGCG, which enhances the binding ability of the gel to water. Through the
microstructure, EGCG groups represented denser protein networks and smaller holes.
Namely, samples treated with EGCG suffered less damage during F-T cycles. However,
overdose (0.03%) of EGCG exhibited fragile and loose network structure, which caused
poor gel strength and WHC. In conclusion, this study found that 0.01–0.02% EGCG is
an ideal added amount for surimi gels, which provides a data basis for resisting damage
during F-T cycles.

Author Contributions: Conceptualization, Z.T.; methodology, Z.T. and N.X.; validation, N.X.; formal
analysis, Z.T., X.J. and. N.X.; investigation, X.J. and N.X.; resources, Z.T. and Q.Z.; data curation, Z.T.;
writing—original draft, Z.T.; writing—review & editing, X.J. and N.X.; visualization, Z.T.; supervision,
W.S.; project administration, W.S. and Q.G.; funding acquisition, W.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant number
2019YFD0902003.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Foods 2022, 11, 1612 13 of 14

References
1. Wang, B.; Du, X.; Kong, B.; Liu, Q.; Li, F.; Pan, N.; Xia, X.; Zhang, D. Effect of ultrasound thawing, vacuum thawing, and

microwave thawing on gelling properties of protein from porcine longissimus dorsi. Ultrason. Sonochem. 2020, 64, 104860.
[CrossRef] [PubMed]

2. Leygonie, C.; Britz, T.J.; Hoffman, L.C. Impact of freezing and thawing on the quality of meat: Review. Meat Sci. 2012, 91, 93–98.
[CrossRef] [PubMed]

3. Kingwascharapong, P.; Benjakul, S. Effect of phosphate and bicarbonate replacers on quality changes of raw and cooked Pacific
white shrimp as influenced by the repeated freeze–thawing. Int. J. Refrig. 2016, 67, 345–354. [CrossRef]

4. Higdon, J.V.; Frei, B. Tea catechins and polyphenols: Health effects, metabolism, and antioxidant functions. Crit. Rev. Food Sci.
Nutr. 2003, 43, 89–143. [CrossRef]

5. Khan, N.; Mukhtar, H. Tea Polyphenols in Promotion of Human Health. Nutrients 2019, 11, 39. [CrossRef]
6. Ediriweera, M.K.; Tennekoon, K.H.; Samarakoon, S.R.; Thabrew, I.; de Silva, E.D. Protective Effects of Six Selected Dietary Compounds

against Leptin-Induced Proliferation of Oestrogen Receptor Positive (MCF-7) Breast Cancer Cells. Medicines 2017, 4, 56. [CrossRef]
7. Li, J.; Munir, S.; Yu, X.; Yin, T.; You, J.; Liu, R.; Xiong, S.; Hu, Y. Double-crosslinked effect of TGase and EGCG on myofibrillar

proteins gel based on physicochemical properties and molecular docking. Food Chem. 2021, 345, 128655. [CrossRef]
8. Lv, Y.; Feng, X.; Wang, Y.; Guan, Q.; Qian, S.; Xu, X.; Zhou, G.; Ullah, N.; Chen, L. The gelation properties of myofibrillar proteins

prepared with malondialdehyde and (-)-epigallocatechin-3-gallate. Food Chem. 2021, 340, 10. [CrossRef]
9. Singh, A.; Benjakul, S.; Zhou, P.; Zhang, B.; Deng, S. Effect of squid pen chitooligosaccharide and epigallocatechin gallate on

discoloration and shelf-life of yellowfin tuna slices during refrigerated storage. Food Chem. 2021, 351, 129296. [CrossRef]
10. Pei, J.; Mei, J.; Yu, H.; Qiu, W.; Xie, J. Effect of Gum Tragacanth-Sodium Alginate Active Coatings Incorporated With Epigal-

locatechin Gallate and Lysozyme on the Quality of Large Yellow Croaker at Superchilling Condition. Front. Nutr. 2022, 8.
[CrossRef]

11. Xu, Y.; Li, L.; Xia, W.; Zang, J.; Gao, P. The role of microbes in free fatty acids release and oxidation in fermented fish paste. LWT
2019, 101, 323–330. [CrossRef]

12. Wang, Y.; Huang, H.; Shi, W. Effect of different drying time on physicochemical properties of black carp (Mylopharyngodon piceus)
by hot air. J. Food Process. Preserv. 2021, 46, e16217. [CrossRef]

13. Jiang, X.; Chen, Q.; Xiao, N.; Du, Y.; Feng, Q.; Shi, W. Changes in Gel Structure and Chemical Interactions of Hypophthalmichthys
molitrix Surimi Gels: Effect of Setting Process and Different Starch Addition. Foods 2021, 11, 9. [CrossRef] [PubMed]

14. Cheng, X.F.; Zhang, M.; Adhikari, B.; Islam, M.N. Effect of Power Ultrasound and Pulsed Vacuum Treatments on the Dehydration
Kinetics, Distribution, and Status of Water in Osmotically Dehydrated Strawberry: A Combined NMR and DSC Study. Food
Bioprocess Technol. 2014, 7, 2782–2792. [CrossRef]

15. Alakhrash, F.; Anyanwu, U.; Tahergorabi, R. Physicochemical properties of Alaska pollock (Theragra chalcograma) surimi gels with
oat bran. LWT Food Sci. Technol. 2016, 66, 41–47. [CrossRef]

16. Zhang, H.; Zhu, Y.; Chen, S.; Xu, C.; Yu, Y.; Wang, X.; Shi, W. Determination of the effects of different high-temperature treatments
on texture and aroma characteristics in Alaska pollock surimi. Food Sci. Nutr. 2018, 6, 2079–2091. [CrossRef] [PubMed]

17. Kong, C.H.; Hamid, N.; Liu, T.; Sarojini, V. Effect of Antifreeze Peptide Pretreatment on Ice Crystal Size, Drip Loss, Texture, and
Volatile Compounds of Frozen Carrots. J Agric Food Chem. 2016, 64, 4327–4335. [CrossRef]

18. Sun, X.D.; Holley, R.A. Factors Influencing Gel Formation by Myofibrillar Proteins in Muscle Foods. Compr. Rev. Food Sci. Food
Saf. 2011, 10, 33–51. [CrossRef]

19. Sakamoto, H.; Kumazawa, Y.; Toiguchi, S.; Seguro, K.; Soeda, T.; Motoki, M. Gel strength enhancement by addition of microbial
transglutaminase during onshore surimi manufacture. J. Food Sci. 1995, 60, 300–304. [CrossRef]

20. Balange, A.; Benjakul, S. Enhancement of gel strength of bigeye snapper (Priacanthus tayenus) surimi using oxidised phenolic
compounds. Food Chem. 2009, 113, 61–70. [CrossRef]

21. Sochaya, C.; Soottawat, B. Effect of formaldehyde on protein cross-linking and gel forming ability of surimi from lizardfish
induced by microbial transglutaminase. Food Hydrocoll. 2013, 30, 704–711. [CrossRef]

22. Medic, H.; Djurkin Kusec, I.; Pleadin, J.; Kozacinski, L.; Njari, B.; Hengl, B.; Kusec, G. The impact of frozen storage duration on
physical, chemical and microbiological properties of pork. Meat Sci. 2018, 140, 119–127. [CrossRef] [PubMed]

23. Thanonkaew, A.; Benjakul, S.; Visessanguan, W.; Decker, E.A. The effect of metal ions on lipid oxidation, colour and physic-
ochemical properties of cuttlefish (Sepia pharaonis) subjected to multiple freeze–thaw cycles. Food Chem. 2006, 95, 591–599.
[CrossRef]

24. Aguirrezabal, M.M.; Mateo, J.; Dominguez, M.C.; Zumalacarregui, J.M. The effect of paprika, garlic and salt on rancidity in dry
sausages. Meat Sci. 2000, 54, 77–81. [CrossRef]

25. Klancnik, A.; Mozina, S.S.; Zhang, Q. Anti-Campylobacter activities and resistance mechanisms of natural phenolic compounds
in Campylobacter. PLoS ONE 2012, 7, e51800. [CrossRef] [PubMed]

26. Nagle, D.G.; Ferreira, D.; Zhou, Y.D. Epigallocatechin-3-gallate (EGCG): Chemical and biomedical perspectives. Phytochemistry
2006, 67, 1849–1855. [CrossRef]

27. Klancnik, A.; Piskernik, S.; Bucar, F.; Vuckovic, D.; Mozina, S.S.; Jersek, B. Reduction of microbiological risk in minced meat by a
combination of natural antimicrobials. J. Sci. Food Agric. 2014, 94, 2758–2765. [CrossRef]

http://doi.org/10.1016/j.ultsonch.2019.104860
http://www.ncbi.nlm.nih.gov/pubmed/31948851
http://doi.org/10.1016/j.meatsci.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22326063
http://doi.org/10.1016/j.ijrefrig.2016.01.010
http://doi.org/10.1080/10408690390826464
http://doi.org/10.3390/nu11010039
http://doi.org/10.3390/medicines4030056
http://doi.org/10.1016/j.foodchem.2020.128655
http://doi.org/10.1016/j.foodchem.2020.127817
http://doi.org/10.1016/j.foodchem.2021.129296
http://doi.org/10.3389/fnut.2021.812741
http://doi.org/10.1016/j.lwt.2018.11.027
http://doi.org/10.1111/jfpp.16217
http://doi.org/10.3390/foods11010009
http://www.ncbi.nlm.nih.gov/pubmed/35010135
http://doi.org/10.1007/s11947-014-1355-1
http://doi.org/10.1016/j.lwt.2015.10.015
http://doi.org/10.1002/fsn3.763
http://www.ncbi.nlm.nih.gov/pubmed/30510709
http://doi.org/10.1021/acs.jafc.6b00046
http://doi.org/10.1111/j.1541-4337.2010.00137.x
http://doi.org/10.1111/j.1365-2621.1995.tb05660.x
http://doi.org/10.1016/j.foodchem.2008.07.039
http://doi.org/10.1016/j.foodhyd.2012.09.001
http://doi.org/10.1016/j.meatsci.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29550662
http://doi.org/10.1016/j.foodchem.2005.01.040
http://doi.org/10.1016/S0309-1740(99)00074-1
http://doi.org/10.1371/journal.pone.0051800
http://www.ncbi.nlm.nih.gov/pubmed/23284770
http://doi.org/10.1016/j.phytochem.2006.06.020
http://doi.org/10.1002/jsfa.6621


Foods 2022, 11, 1612 14 of 14

28. Friedman, M. Overview of antibacterial, antitoxin, antiviral, and antifungal activities of tea flavonoids and teas. Mol. Nutr. Food
Res. 2007, 51, 116–134. [CrossRef]

29. Goulas, A.E.; Kontominas, M.G. Combined effect of light salting, modified atmosphere packaging and oregano essential oil on
the shelf-life of sea bream (Sparus aurata): Biochemical and sensory attributes. Food Chem. 2007, 100, 287–296. [CrossRef]

30. Zhou, Y.; Yang, H. Effects of calcium ion on gel properties and gelation of tilapia (Oreochromis niloticus) protein isolates processed
with pH shift method. Food Chem. 2019, 277, 327–335. [CrossRef]

31. Benjakul, S.; Visessanguan, W.; Thongkaew, C.; Tanaka, M. Comparative study on physicochemical changes of muscle proteins
from some tropical fish during frozen storage. Food Res. Int. 2003, 36, 787–795. [CrossRef]

32. Suvanich, V.; Jahncke, M.L.; Marshall, D.L. Changes in selected chemical quality characteristics of channel catfish frame mince
during chill and frozen storage. J. Food Sci. 2000, 65, 24–29. [CrossRef]

33. Ozpolat, E.; Patir, B. Determination of Shelf Life for Sausages Produced From Some Freshwater Fish Using Two Different Smoking
Methods. J. Food Saf. 2016, 36, 69–76. [CrossRef]

34. Li, F.; Zhong, Q.; Kong, B.; Wang, B.; Pan, N.; Xia, X. Deterioration in quality of quick-frozen pork patties induced by changes in
protein structure and lipid and protein oxidation during frozen storage. Food Res. Int. 2020, 133, 109142. [CrossRef] [PubMed]

35. Nikoo, M.; Regenstein, J.M.; Ahmadi Gavlighi, H. Antioxidant and Antimicrobial Activities of (-)-Epigallocatechin-3-gallate
(EGCG) and its Potential to Preserve the Quality and Safety of Foods. Compr. Rev. Food Sci. Food Saf. 2018, 17, 732–753. [CrossRef]

36. Quan, T.H.; Benjakul, S.; Sae-leaw, T.; Balange, A.K.; Maqsood, S. Protein–polyphenol conjugates: Antioxidant property,
functionalities and their applications. Trends Food Sci. Technol. 2019, 91, 507–517. [CrossRef]

37. Zhou, F.; Wang, X. Assessing the gelling properties of the silver carp surimi gel prepared with large yellow croaker processing
by-product in freeze-thaw cycles. J. Food Process. Preserv. 2021, 45, e15479. [CrossRef]

38. Jiang, Q.; Nakazawa, N.; Hu, Y.; Osako, K.; Okazaki, E. Changes in quality properties and tissue histology of lightly salted tuna
meat subjected to multiple freeze-thaw cycles. Food Chem. 2019, 293, 178–186. [CrossRef]

39. Zhang, Z.Y.; Regenstein, J.M.; Zhou, P.; Yang, Y.L. Effects of high intensity ultrasound modification on physicochemical property
and water in myofibrillar protein gel. Ultrason. Sonochem. 2017, 34, 960–967. [CrossRef]

40. Provesi, J.G.; Valentim Neto, P.A.; Arisi, A.C.M.; Amante, E.R. Extraction of antifreeze proteins from cold acclimated leaves of
Drimys angustifolia and their application to star fruit (Averrhoa carambola) freezing. Food Chem. 2019, 289, 65–73. [CrossRef]

41. Zhang, M.; Li, F.; Diao, X.; Kong, B.; Xia, X. Moisture migration, microstructure damage and protein structure changes in porcine
longissimus muscle as influenced by multiple freeze-thaw cycles. Meat Sci. 2017, 133, 10–18. [CrossRef] [PubMed]

42. Wang, B.; Li, F.; Pan, N.; Kong, B.; Xia, X. Effect of ice structuring protein on the quality of quick-frozen patties subjected to
multiple freeze-thaw cycles. Meat Sci. 2021, 172, 108335. [CrossRef] [PubMed]

43. Warschawski, D.E.; Arnold, A.A.; Marcotte, I. A New Method of Assessing Lipid Mixtures by P-31 Magic-Angle Spinning NMR.
Biophys. J. 2018, 114, 1368–1376. [CrossRef] [PubMed]

44. Nunez-Flores, R.; Cando, D.; Javier Borderias, A.; Moreno, H.M. Importance of salt and temperature in myosin polymerization
during surimi gelation. Food Chem. 2018, 239, 1226–1234. [CrossRef] [PubMed]

45. Huang, Y.; Hua, Y.; Qiu, A. Soybean protein aggregation induced by lipoxygenase catalyzed linoleic acid oxidation. Food Res. Int.
2006, 39, 240–249. [CrossRef]

http://doi.org/10.1002/mnfr.200600173
http://doi.org/10.1016/j.foodchem.2005.09.045
http://doi.org/10.1016/j.foodchem.2018.10.110
http://doi.org/10.1016/S0963-9969(03)00073-5
http://doi.org/10.1111/j.1365-2621.2000.tb15950.x
http://doi.org/10.1111/jfs.12214
http://doi.org/10.1016/j.foodres.2020.109142
http://www.ncbi.nlm.nih.gov/pubmed/32466938
http://doi.org/10.1111/1541-4337.12346
http://doi.org/10.1016/j.tifs.2019.07.049
http://doi.org/10.1111/jfpp.15479
http://doi.org/10.1016/j.foodchem.2019.04.091
http://doi.org/10.1016/j.ultsonch.2016.08.008
http://doi.org/10.1016/j.foodchem.2019.03.055
http://doi.org/10.1016/j.meatsci.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28577375
http://doi.org/10.1016/j.meatsci.2020.108335
http://www.ncbi.nlm.nih.gov/pubmed/33059179
http://doi.org/10.1016/j.bpj.2018.01.025
http://www.ncbi.nlm.nih.gov/pubmed/29590594
http://doi.org/10.1016/j.foodchem.2017.07.028
http://www.ncbi.nlm.nih.gov/pubmed/28873544
http://doi.org/10.1016/j.foodres.2005.07.012

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Heat-Induced Gel and F-T Cycles 
	Texture Profile Analysis (TPA) 
	Gel Strength Measurement 
	Color Measurement 
	Storage Properties Measurement 
	Aerobic Plate Count (APC) Measurement 
	Total Volatile Basic Nitrogen (TVB-N) Measurement 
	pH Value Measurement 
	TBA Measurement 

	Water-Holding Capacity (WHC) Measurement 
	Low-Field Nuclear Magnetic Resonance (LF-NMR) Spin-Spin Relaxation (T2) Measurement 
	Magnetic Resonance Imaging (MRI) Measurement 
	Microstructure Measurement 
	Statistical Analysis 

	Results and Discussion 
	TPA 
	Gel Strength 
	Color 
	Storage Properties 
	Aerobic Plate Count (APC) 
	Total Volatile Basic Nitrogen (TVB-N) 
	pH Value 
	TBA 

	Water-Holding Capacity (WHC) 
	Moisture Mobility and Distribution Analysis 
	Moisture Mobility 
	Moisture Distribution 

	Microstructure 

	Conclusions 
	References

