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Abstract

To explore the damage mechanisms of freeze-thaw cycles on cooked crayfish in frozen storage, changes in the phys-
icochemical properties and structure of cooked crayfish during the freeze-thaw cycles were investigated. The phys-
icochemical properties of cooked crayfish changed significantly after five freeze-thaw cycles. The moisture content,
water holding capacity, pH, and textural properties were decreased, while the total color difference, drip loss, and pro-
tein and lipid oxidation were significantly increased (P<0.05). LF-NMR and MRI verified the water loss, and SDS-PAGE
showed denaturation/degradation of myofibrillar proteins (MPs). Multiple freeze-thaw cycles promoted the transition
from a-helix to 3-turn in the secondary structure, the unfolding of tertiary structure, and a significant change in the
chemical forces of MPs. SEM results revealed a disruption in the microstructure of muscle fibers. Repeated freeze-thaw
cycles reduced the moisture content and distorted the structure of MPs in cooked crayfish, resulting in the disruption
of physicochemical properties and its structure.
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Introduction Freezing is a highly cost-effective method, not

Crayfish (Procambarus clarkii) is one of the most pop-
ular and important seafood in China with considerable
economic significance (Pan et al. 2020). In recent years,
the production and consumption of crayfish in China
has rapidly developed. According to the Chinese Min-
istry of Agriculture, the annual turnover of the cray-
fish industry for the year 2020 was approximately RMB
344.846 billion. However, as a result of the Covid pan-
demic, e-commerce has gained complete control of the
logistics of crayfish, catering to its consumption world-
wide. Frozen cooked crayfish are selling like hotcakes
on the Internet, with the overall market price continu-
ing to climb year-on-year. Crayfish are favored by con-
sumers for their unique flavor, rich protein, vitamin
B, minerals, and low-fat content (Felix et al. 2017; Shi
et al. 2020; Xu et al. 2022). However, similar to other
fishery products, crayfish are susceptible to spoilage
during transportation and storage due to three destruc-
tive mechanisms (microbial activity, chemical oxida-
tion, and enzymatic reactions), making their storage
and preservation crucial in the aquaculture processing
industry (Sun, Chen, et al. 2019).

only extending the shelf life of seafood products but
also maintaining their quality (Li et al. 2020; Wang
et al. 2020). Therefore, freezing is currently one of the
most commonly used methods for the storing, trans-
porting, and preserving of seafood products (Leygonie
et al. 2012; Wang et al. 2020). Freezing inhibits the micro-
bial growth and enzymatic reactions in crayfish, while
maximizing the retention of its original flavor and reduc-
ing the loss of nutrients during storage. Therefore, freez-
ing is one of the conventional preservation techniques
for extending the shelf life of crayfish, and retaining its
original characteristics to the maximum level after thaw-
ing (Wang et al. 2020). Nevertheless, the concentration
effect induced by freezing may result in the denaturation,
segregation, and aggregation of proteins, since the effect
alters the surface hydrophobicity of proteins. Besides,
freezing can also increase the intramolecular and inter-
molecular disulfide bond exchange reactions, potentially
changing the functional properties of proteins (Duan
et al. 2017; Guo et al. 2015). Thus, the long-term freezing
inevitably leads to ice crystal growth and protein dena-
turation, resulting in the deterioration of edible qualities
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of seafood products, such as texture, water holding
capacity (WHC), and color. This ultimately affects their
sensory experience and commercial value to consumers.
In addition, temperature fluctuations during the trans-
portation and circulation of frozen seafood products can
cause multiple freeze—thaw cycles, and thawing is an
important procedure for frozen products before further
processing. Therefore, repeated freeze-thawing cycles are
inevitable during processing of this kind of products (Frelka
etal. 2019). Wang et al. (2021) showed that repeated freeze-
thawing of pork patties increased the size of ice crystals and
muscle damage due to temperature fluctuations, and that
exposure of the side-chain groups of the protein amino
acid residues led to a decrease in the sulfhydryl and free
amino acid contents and an increase in the carbonyl con-
tent, which accelerated both protein and lipid oxidation. Ali
et al. (2015) studied the effect of freeze-thaw cycles on pro-
tein stability in chicken breast and its relationship with lipid
and protein oxidation; they discovered that multiple freeze-
thaw cycles led to structural changes of the muscle fibers.
The cryoprotective role of ice structuring proteins in mir-
ror carp was reported by Du et al. (2021). They observed
that samples to which ice structuring proteins were not
added showed significantly reduced whiteness, water stor-
age capacity, shear and thermal stability, and oxidation
degree after repeated freeze-thawing. Wachirasiri et al.
(2019) investigated the thawing losses and physical changes
in mirror carp after multiple freeze-thaw cycles with non-
phosphate additives. Repeated freeze-thawing resulted in
thawing losses that led to a decrease in the WHC, thio-
barbituric acid value, and salt-soluble protein content, and
shear force. However, limited studies focused on the effects
of freeze-thaw cycles on the physicochemical properties
and structure of cooked seafoods, particularly in crayfish.
This study aimed to investigate the quality differences on
cooked crayfish after repeated freeze-thaw cycles and to
obtain the key factors affecting the quality of cooked cray-
fish. First, the changes in the WHC, drip loss, texture char-
acteristics, color, water status and distribution, the lipid and
protein oxidation were evaluated. Then, the secondary and
tertiary structures of myofibrillar proteins as well as the
chemical forces was investigated. Moreover, the microstruc-
ture of muscle fibers in cooked crayfish was also clarified.
The results can provide theoretical supports for the quality
enhancement of cooked crayfish during frozen storage.

Materials and methods

Materials and reagents

Fresh crayfish (P clarkii) were obtained from a local
supermarket in Nanjing, China. The 2x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer, precast gel HEPES SDS- 12% PAGE (10-
well), and RealBand 3-color regular range protein marker
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(5—245kDa) were obtained from Sangon (Sangon Biotech
[Shanghai] Co., Ltd., Shanghai, China). Other reagents
and chemicals were of analytical grade and purchased
from Sinopharm Group Co., Ltd.

Sample treatment

Fresh crayfish weighing 25+2g were selected for the
experiment. All the samples were washed under running
water to remove sediment from the surface. The shelled
fresh crayfish without any treatments were used as the
control, named as CK. The crayfish were cooked at 100°C
for 15min while stirring intermittently for four times.
The shells were removed, and the meat was drained for
30min to remove water from the surface. The samples
were then randomly divided into four groups. They were
analyzed and characterized after 0, 1, 2, and 5 freeze-
thaw cycles, named OF-T, 1F-T, 2F-T, and 5F-T, respec-
tively. One freeze-thaw cycle comprised storing the
crayfish at —20°C for 12h and thawing it at 4°C for 3h.

Low-field nuclear magnetic resonance (LF-NMR)

and magnetic resonance imaging (MRI) measurements

A MesoMR23-060H-I NMR Imaging and Analyzing sys-
tem (Suzhou Niumag Analytical Instrument Co., Ltd.,
Suzhou, China) was conducted to estimate the dynamic
moisture content and water state of cooked crayfish after
the freeze-thaw cycles. The LE-NMR analysis was per-
formed using a pretreatment magnet of field strength
0.47T and a proton resonance frequency of 20 MHz, at a
temperature of 32°C. The samples were placed in a glass
tube with an outer diameter of 60 mm and were inserted
into the NMR probe. The water transverse (or spin—
spin) relaxation time (T,) was measured based on the
Carr—Purcell-Meiboom—Gill (CPMG) pulse sequences.
The test settings were as follows: a 14 us wide 90° pulse,
a 26.48 us 180° wide pulse, time waiting (TW) 3500 ms,
repeated scanning number (NS) 16, number of echo
count (NECH) 15,000, and echo time (TE) 200 ps.

The hydrogen proton density and distribution in cray-
fish were determined using MRI. The MRI parameters
were as follows: echo time (TE), 20ms; repetition time
(TR), 500 ms; read size x phase size, 256 x 192; average
number, 4; and field of view (FOV), 100 x 100mm. Each
experiment was repeated at least three times.

Measurement of physicochemical properties

Measurement of moisture content

The gravimetric technique was used to determine the
moisture content of cooked crayfish samples (Sinha &
Bhargav 2020).
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Measurement of water holding capability (WHC)

The WHC of crayfish was measured according to the
method described by Zhuang et al. (2021). About 2-g
crayfish was wrapped in absorbent cotton and deposited
in a 50-mL centrifuge tube for 10 min (9000r/min, 4°C).
The experiment was repeated three times independently.
WHC was calculated using the following equation:

m; —my
WHC (%) = <1 - ) x 100 (1)
mjp

where m, is the initial weight of crayfish, and m, is the
weight of crayfish after centrifugation.

Measurement of drip loss (DL)

The DL values of cooked crayfish samples were deter-
mined according to the method described by Li et al.
(2021). The cooked crayfish was weighed before thawing
(mj). After thawing, the surface of cooked crayfish was
wiped with absorbent paper and weighed (m,). DL was
calculated using the following equation:

m3 — M4

DL (%) = x 100 2)

m3

Color difference analysis

The color difference of the cooked crayfish samples was
determined using a color meter (Shanghai Precision
Instruments Co., Ltd., Shanghai, China) according to the
method specified by Alizadeh-Sani et al. (2021). The sur-
face water of the thawed cooked crayfish was removed
using a filter paper, and the CIE-Lab L*, a* and b* values
were recorded. The total color difference (AE) was calcu-
lated using the following equation:

AE= /(L — 1) + (a3 —a")? + (b —b*)® (3)

where Ly* a,*, by* and L*, a* b* were the lightness, red-
ness/greenness, and yellowness/blueness values of fresh
cooked crayfish and freeze-thawed cooked crayfish,
respectively.

Texture property analysis (TPA)

The texture properties (including hardness, springiness,
and chewiness) of the cooked crayfish samples were
measured using a texture analyzer (Brookfield Engineer-
ing Laboratories, Inc., Middleboro, MA, USA). The first
and second ventral abdominal muscles of the cooked
crayfish samples were selected for TPA, and the analy-
sis was conducted using a TA11/1000 Cylinder probe
(25.4mm in diameter and 35mm in length). All the
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samples should be cut into 1cm x lem x 0.8cm. The
test speed, deformation ratio, and trigger force were set
as 1 mm/s, 50%, and 5 g, respectively (Xu et al. 2020).

Measurement of pH

The pH values of the cooked crayfish samples were
measured using a digital pH meter (Mettler-Toledo
Instruments Co., Ltd., Shanghai, China) at 4°C. About
5g cooked crayfish was homogenized in 45mL distilled
water using the IKA TI18 digital ULTRA-TURRAX
Homogenizer system (IKA Ltd., Germany) for 1min
(4°C, 10,000r/min). The pH value of the solution was
measured using the digital pH meter (Ali et al. 2015).

Measurement of total volatile basic nitrogen (TVB-N)

The TVB-N content in the cooked crayfish samples was
determined according to the method reported by Li
et al. (2019), with minor modifications. About 3+0.01g
sample was homogenized in 15mL distilled water for
1min (4°C, 10,000r/min). The sample mixture was fil-
tered using a Whatman filter paper (®=15cm; Hang-
zhou Whatman-Xinhua Filter Paper Co., Ltd., China).
The Conway method was used to measure the TVB-N
values at 37+£1°C for 2h. After heating, the crayfish
samples were transferred into an alkaline solution and
subsequently soaked in a boric acid solution (20g/L). The
resulting distillate was combined with two or three drops
of a mixed indicator, which consisted of 1g/L methyl red
in ethanol and 5g/L bromocresol green. Conway was
cooled it to room temperature and then titrated it with
standard hydrochloric acid solution (0.0010 M) until the
purple red end point was reached. The TVB-N values
were calculated using the following equation:

0.001 x 14 x (V — Vp)

TVB — N (mg/100 g) = > (/15) x 100
(4)

where m was the mass of the cooked crayfish, and V and
V, were the volumes consumed of the standard hydro-
chloric acid solution and blank, respectively.

Measurement of thiobarbituric acid-reactive substances
(TBARS)

The TBARS value in cooked crayfish was measured
according to the method described by Jiang et al. (2019).
The cooked crayfish samples were homogenized in a
solution containing trichloroacetic acid-hydrochlo-
ride (TCA-HCI) and ethylenebis (oxyethylenenitrilo)
tetraacetic acid (EGTA) for 1min (10,000r/min) and
shook for 30min (50°C). After filtration, the filtrate was
mixed with 5mL TBA (0.02M) solution. The solution
was then incubated in water (90°C, 40 min), cooled to
room temperature, and the absorbance was determined
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at 532nm using a UV-VIS spectrophotometer (UV-
6300; Mapada Instruments, Shanghai, China); 5mL dis-
tilled water was used as the blank instead of the filtrate.
The absorbance was compared with the standard curve
of malondialdehyde (MDA). The values of TBARS were
expressed as mg/1000 g of the crayfish sample.

Extraction of myofibrillar proteins (MPs)

MPs were extracted from cooked crayfish samples
according to the method described by Shi et al. (2021).
The extracted MPs were then dissolved in phosphate-
buffered saline (0.6 M KCI, 10mM K,HPO,, pH6.0) and
were utilized within 3 days. The protein concentration
was determined using the biuret method with bovine
serum albumin as the standard. The standard curve was
y=0.0244x-0.0044, R*>=0.9996.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was conducted to determine the structural
changes in MPs (Hu, Qian, et al. 2021). Briefly, the pro-
tein concentration was adjusted to 1mg/mL. The MPs
were mixed with 2x loading buffer (Sangon Biotech
[Shanghai] Co., Ltd., Shanghai, China) in a ratio of 1:1
(v/v). The mixture was then boiled for 10min (95°C)
and centrifuged for 5min (10,000 r/min). Following this,
20-pL supernatant and 10-pL marker were added into
the loading well. The electrophoretic buffer (50 mM Tris,
50mM HEPES, 0.1% SDS, 2mM EDTA) was added and
the electrophoresis was carried out at 150V for 40 min.
After electrophoresis, the gel was soaked for 4.5h in a
Coomassie brilliant blue R-250 dye solution contain-
ing 5% ethanol, 10% glacial acetic acid, and 85% distilled
water for decolorization, until the protein bands could
be identified. The Image Lab gel imaging system (Tanon
2500; Tanon Science & Technology, Co., Ltd., Shanghai,
China) was used to analyze the electrophoretic gels.

Raman spectroscopy analysis

Laser Raman spectroscopy of cooked crayfish sam-
ples were performed using the Raman spectrometer
(DXR532; Thermo Fisher Scientific, USA) according to
the method described by Lan et al. (2021). A 785-nm
argon laser ion source was used for excitation. Data were
collected in the scanning range of 400—4000cm™! with a
spectral resolution of 3cm™ . Peakfit 4.12 (SeaSolve Soft-
ware, Inc., Framingham, MA, USA) was utilized to fit and
analyze the secondary structure of the proteins in cray-
fish. The secondary structure of the proteins in cooked
crayfish samples was determined and expressed as a per-
centage of a-helix, f-sheet, f-turn, and random coil con-
formation according to Yang et al. (2021).
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Endogenous fluorescence spectra analysis

The intrinsic fluorescence intensities of the cooked cray-
fish samples were determined by fluorescence spec-
troscopy using the Cytation 3 Cell imaging multi-mode
microplate reader (BioTek Instruments, Winooski, VT,
USA). The concentration of the MPs was adjusted to
500 pg/mL. The MP solution was taken in opaque 96-well
plates. The excitation wavelength was 280nm, and the
emission spectra ranged from 300 to 430 nm. The excita-
tion and emission slit width was 2.5nm, and the scanning
speed was 2nm/s.

Measurement of chemical forces

The chemical forces in the cooked crayfish samples were
analyzed according to the method described by Li et al.
(2021), with some modifications. Each cooked crayfish
sample was mixed with a mixture containing solutions
A (0.05M NaCl), B (0.6M NaCl), C (0.6M NaCl+1.5M
urea), D (0.6 M NaCl+ 8 M urea), and E (0.6 M NaCl+8 M
urea+ 0.5 M B-mercaptoethanol) in the ratio of 1:9 (w/v).
The protein concentration in the supernatant was deter-
mined using the biuret method. The contents of the
ionic, hydrogen, hydrophobic, and disulfide bonds were
expressed as the difference in the protein concentrations
dissolved in solutions A and B, B and C, C and D, and D
and E, respectively.

Scanning electron microscopy (SEM)

The cooked crayfish samples were cut into pieces of
dimension 5mm x 5mm x 5mm and soaked in 2.5% glu-
taraldehyde solution overnight. The samples were then
washed with 0.1-M phosphate buffer (pH7.2) for 15 min;
this step was repeated for four times. The samples were
then dehydrated with 50, 70, 80, 90, and 100% ethanol
solution for 10min, respectively. Finally, the samples
were dried using a freeze dryer. They were then placed on
the sample table of the Zeiss EVO-LS10 scanning elec-
tron microscope (ZEISS, Oberkochen, Germany) with
the observation surface upward. Ion sputtering and gold
spraying were done using an ion sputter coater (Wang
et al. 2021).

Statistical analysis

The experiments were conducted in three replicates.
For repeated experiments, the results were expressed as
mean and standard deviation. The data were analyzed by
one-way analysis of variance (ANOVA), and the signifi-
cant difference between the mean values was determined
by Duncan’s multiple range test (p < 0.05) using SPSS sta-
tistical software v. 19.0 (SPSS, Inc., Chicago, IL, USA).
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Results and discussion

LF-NMR and MRI analyses of the freeze-thaw process

In order to investigate the effect of freeze-thaw cycles
on the water distribution and dynamic water status
change in cooked crayfish, the relaxation characteristics
of cooked crayfish were determined using CPMG pulse
sequences to obtain the transverse relaxation time (T,).
As illustrated in Fig. 1a, three peaks were observed for
the cooked crayfish samples: T,; (1-10ms), correspond-
ing to the bound water, that is, the water that was tightly
bound to the biomolecules; T,, (10-100ms), corre-
sponding to the immobile water, that is, the water in the
myogenic fibrin network; and T,; (100-1000ms), corre-
sponding to the free water, that is, the water outside the
MP network and has a direct impact on DL and WHC
(Chen, Li, et al. 2020). After five freeze-thaw cycles, the
T,, of cooked crayfish was found to be reduced by 14.7%
when compared with that of CK (p< 0.05), demonstrat-
ing that the immobilized water was converted to another
state of water during repeated freeze-thaw process. The
disruption in cell integrity and muscle fiber contrac-
tion made part of T,, to migrate out of the cell, and also
aggravated the release and transformation of immo-
bile water in the muscle tissue to a certain extent. In the
process of repeated freezing-thawing, ice crystals could
be formed in different sizes and positions during each
freezing-thawing cycle. The shifted sizes and positions of
the ice crystals were found to destroy the cells and myofi-
brillar proteins, resulting in a destruction on the struc-
tures of muscle proteins. Besides, the freeze-thaw cycles
also reduced the macromolecules in the side chains of
proteins that can bind with water molecules, therefore
enhancing the release and transformation of the immo-
bile water in muscle tissues. In addition, the loss in mois-
ture content was found to be strongly connected to the
degradation of cell membranes and MPs induced by
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recurrent ice crystal formation, particularly after four
cycles (Tan et al. 2018).

The 'H MRI proton density-weighted imaging pseudo-
color map of crayfish flesh corresponding to the increas-
ing number of freeze-thaw cycles was shown in Fig. 1b.
The pseudocolor image tended to be red, suggesting a
strong water proton signal, that is, a high moisture con-
tent in this part. As the number of freeze-thaw cycles
increased, the brightness of the pseudocolor image was
found to decrease gradually. The change in brightness
was more obvious after repeated freeze-thaw cycles. The
pseudocolor image gradually tended to the background
color, indicating that repeated freeze-thaw cycles inten-
sified the water loss in cooked crayfish. Lan et al. (2020)
have found that repeated freeze-thaw cycles potentially
caused water to be constantly transported from the intra-
cellular to the extracellular areas, resulting in perimysium
leakage or alteration in certain protein conformations.
The changes further resulted in an increase in the free
water content and DL, indicating the worse water loss in
cooked crayfish.

Analysis of physical properties

The WHC and DL of meat could affect the nutrient con-
tent, tenderness, color, and other qualities of crayfish,
which are important indicators in meat quality assess-
ment. The effects of freeze—thaw cycles on the WHC and
DL of cooked crayfish are shown in Table 1. During the
multiple freeze-thaw process, the moisture content and
WHC of cooked crayfish significantly decreased, while
the DL was much higher than that of CK (p< 0.05). Dur-
ing the freeze-thaw process of cooked crayfish, the water
in the muscle tissue was rearranged by the formation of
ice crystal, resulting in a contraction of cells. Further, the
mechanical damage induced by the ice crystals affected
the entire tissue structure. During the initial thawing

Intensity

0.01 0.1 1 10 100 1000 10000
Transverse relaxation time (ms)

freeze-thaw cycles; 5 F-T: cooked crayfish with 5 freeze-thaw cycles)

Fig. 1 Changes in transverse relaxation time (T,) (a) and proton density images of cooked crayfish subjected to repeated freeze-thaw cycles (b)
(CK: fresh crayfish; OF-T: cooked crayfish with O freeze-thaw cycle; 1 F-T: cooked crayfish with 1 freeze-thaw cycle; 2 F-T: cooked crayfish with 2
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process, the muscle fibers could remain their structures
and the water could be partly maintained after thawing.
With repeated freeze-thaw cycles, this destructive effect
intensified. Similarly, an increased DL value was discov-
ered on the lightly salted tuna meat, when exposed to
numerous freeze-thaw cycles (Jiang et al. 2019). It may be
due to the damage of muscle fiber microstructures and
protein solubilization.

Color was a significant parameter in evaluating the
quality of cooked crayfish for consumers. The physico-
chemical quality of meat, particularly, their color and
texture, was influenced by the freeze-thaw cycles (Zhou
et al. 2021). The changes in the color of cooked crayfish
throughout the freeze-thaw cycles are shown in Table 1.
With multiple freeze-thaw cycles, the values of L* and b*
increased significantly, while the value of a* decreased
markedly (p< 0.05). Moreover, it should be noted that
the total color difference (AE) values of the cooked cray-
fish samples were higher than that of CK after repeated
freeze-thaw cycles (p<0.05), indicating that the freeze-
thaw cycles had a detrimental effect on the color stabil-
ity of the cooked crayfish samples. The stability of meat
color was deeply affected by the storage temperature. The
structural damage of muscle fibers was exacerbated by
temperature fluctuation during storage, resulting in an
increased water loss of the muscle. Then large amounts of
water leaking out and building up on the surface of mus-
cle, leading to a deterioration in the color of the meat. A
similar phenomenon was found in cuttlefish with several
freeze—thaw cycles, where the increased lipid oxidation
of cuttlefish was coincidental with an increase in b* val-
ues (Shi et al. 2021). Moreover, Sun et al. (2021) observed
that after numerous freeze-thaw cycles, the DL and the
oxidation of the pigmented proteins of carp were aggra-
vated, which caused a decrease in the values of a* and b*.

The texture property can directly reflect the qual-
ity characteristics of meat. The results of the texture
parameters of the cooked crayfish samples after multiple
freeze-thaw cycles are shown in Table 1. As the increas-
ing number of freeze-thaw cycles, a significant decrease
was observed in the hardness, springiness, and chewiness
of the cooked crayfish (p< 0.05). During repeated tem-
perature fluctuations process, the ice crystals gradually
increased in size and number in the frozen meat sample.
It led to the increase of the DL on crayfish, resulting in
a sharp decrease in its texture properties. Moreover, the
worsening of texture properties was mainly caused by
lipid oxidation, as repeated temperature fluctuations
could promote lipid oxidation. It was observed that ice
crystals caused mechanical damage to muscle cells dur-
ing repeated freeze-thaw cycles, which leding to a sharp
decrease in the texture properties and consumer accept-
ability of cooked crayfish (Hu, Zhang, et al. 2021).
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The pH of meat is highly correlated with its color,
WHC, tenderness, and other meat quality parameters
(Alarcon-Rojo et al. 2019). No significant difference was
observed in the pH values of cooked crayfish during the
initial two freeze-thaw cycles (P>0.05). However, the pH
value decreased from 7.69 to 7.35 after five freeze-thaw
cycles. The freezing process would start outside the cells,
as water migrated from the inner muscle to the outside
of muscle fibers. The dehydration and transverse shrink-
ing of muscle fibers and MPs would be caused by the
migration of water. Outside of the ice crystals, the solutes
become more concentrated, leading to a higher content
of protons, as a result, a reduction in the pH of crayfish
sample. In addition, with multiple freeze-thaw cycles,
the glycogenolysis was caused by the oxygen and micro-
organisms in the crayfish sample, which depleted the
adenosine triphosphate in the sample, leading to a reduc-
tion in pH. As reported previously, thawing caused an
increase in glycolysis and an activation of phosphatases,
resulting in a lower pH (Sun et al. 2021).

Analysis of oxidation characteristics

TVB-N and TBARS were considered the indicators for
assessing the oxidation characteristics of freeze-thaw
cycles on cooked crayfish, as shown in Fig. 2a. For fresh
crayfish, TVB-N value was 6.9417 £+0.3086 mg/100g and
the TBARS value of was 0.1569 & 0.0079 mg/1000 g. After
repeated freeze-thaw cycles, the TBARS and TVB-N val-
ues of the cooked crayfish samples were 2.35 and 3.84
times higher, respectively, when compared with that of
CK (P<0.05).

Conventionally, TVB-N (mg/100g) <20mg/100g are
considered qualified products. After five freeze-thaw
cycles, the TVB-N value was 26.6299 £1.1192mg/100g,
which implied that the cooked crayfish was no longer
suitable for consumption. The results clearly demon-
strated that freeze-thaw cycles could intensify the oxi-
dative degradation of the proteins in crayfish. Repeated
freeze-thaw cycles further deteriorated the color and tex-
ture of cooked crayfish by reducing its moisture content
and pH, resulting in a significant reduction in WHC and
a significant increase in DL, thereby disrupted the inter-
nal structure of the meat, leading to the breakdown of
MPs and nitrogenous compounds. According to Li et al.
(2020), thawing may cause large amounts of nutrients
to leak from the cells to the surface of salmon, and, ulti-
mately, contribute to the accumulation of TVB-N.

Generally, the biochemical changes caused by oxida-
tive stress are lipid peroxidation like that of MDA. Its
accumulation could destroy the structure and functions
of cells, thereby affecting the normal progress of a series
of physiological and biochemical reactions. Based on
the results, it was speculated that multiple freeze-thaw
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cycles accelerated lipid oxidation, indicated by an
increase of the TBARS value. Moreover, after repeated
freeze-thaw, the ice crystals and recrystallisation were
formatted, with large ice crystals causing cell damage of
the muscle. Moreover, some oxidative enzymes flowing
out with the drip loss, promoting the lipid oxidation. In
this study, the exorbitant lipid oxidation led to a severe
change in color and taste, and a steep fall in the qual-
ity of cooked crayfish, partially confirming the above
conclusions.

Secondary and tertiary structures of MPs

The effects of multiple freeze-thaw cycles on the second-
ary structure of MPs were characterized by Raman spec-
troscopy. Figure 2b shows the Gaussian-fitted Raman
spectra of the amide I band of MPs of cooked crayfish
after multiple freeze-thaw cycles. In the figure, the peaks

at the Raman shifts 1645-1660, 1665—-1680, 1680—1690,
and 1660-1670cm ™! characterized the a-helix, B-sheet,
B-turn, and random coil, respectively. After five freeze-
thaw cycles, the percentage of a-helix was found to
decrease significantly; however, the percentage of -turn
increased (p<0.05) (Fig. 2c). The results implied that
repeated freeze-thaw cycles destabilized the secondary
structure of MPs in cooked crayfish, potentially caus-
ing the conversion of a-helix to B-turn. The «-helix was
an important secondary structural unit with a certain
degree of rigidity, which supported the overall conforma-
tion of MPs. Pan et al. (2021) also pointed out that the
a-helix proportion decreased as the protein oxidation
increased. In concordance with the current study, they
observed that the lipid and protein oxidation were exac-
erbated due to multiply freeze-thaw cycles. In addition,
Wang et al. (2021) confirmed that the protein oxidation
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caused by the freeze-thaw cycles aggravated the decrease
in the proportion of a-helix conformation, which was
consistent with the TVB-N value above.

Endogenous fluorescence spectroscopy can explain
the conformational changes in MPs due to the position
and microenvironment of the aromatic amino acid resi-
dues. The endogenous fluorescence spectra of the MPs
are shown in Fig. 2d. When compared with that of CK,
the fluorescence intensities of the cooked crayfish MPs
were significantly higher (p<0.05). It implied that the
high-temperature treatment denatured the MPs, expos-
ing the tryptophan side-chain group from the internal
hydrophobic region to the solvent and enhancing the
fluorescence intensity. The result was in agreement with
the earlier studies of Chen, Zhou, et al. (2020). After mul-
tiple freeze-thaw cycles, the fluorescence intensities of
cooked crayfish MPs decreased from 11,123 to 7880a.u.
(p<0.05), indicating that the natural structure of the
MPs changed during the process of freeze-thaw. It has
been observed that the unfolding of the structure of MPs,
change in the internal hydrophobic environment, and the
exposure of the tryptophan residues inside the MPs could
decrease the fluorescence intensity. In consistent with the
results of the present study, Pan et al. (2021) found that
repeated freeze-thaw cycles partially unfolded the MPs
from quick-frozen pork patties, resulting in a decrease of
the fluorescence.

Analysis of chemical forces

The effects of the freeze-thaw cycles on chemical forces
are shown in Fig. 3a—d (including ionic, hydrogen, hydro-
phobic, and disulfide bonds). The change in chemi-
cal force was an important factor affecting the texture
characteristics of cooked crayfish. With the increasing
number of freeze-thaw cycles, the solubility of the ionic
and hydrogen decreased gradually, while that of the
hydrophobic and disulfide bonds increased significantly
(p< 0.05).

The structure of muscle proteins is maintained by
chemical interactions such as ionic bonds, hydrogen
bonds, disulfide bonds, and hydrophobic interactions.
The changes in these chemical interactions have shown
great effect on textural properties of muscle proteins.
During freeze-thaw cycles, the chemical interactions are
potentially disrupted, resulting in protein conformational
changes. Compared with hydrophobic and disulfide
bonds, the non-covalent bonds, e.g., ionic and hydrogen
bonds, are weaker bonding forces, and therefore can be
easily broken after multiple freeze-thaw cycles. It has
been proved that the hydrogen bond was the main sec-
ondary bond to maintain the stability of a-helix. For
instance, Wang et al. (2022) clarified that the decrease
in the o-helix content indicated a breakdown of the
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intramolecular hydrogen bonds and an increase in pro-
tein molecular unfolding. Therefore, the decreased
hydrogen bond content in the current study was consist-
ent with the change of a-helix (Fig. 2c).

On the other hand, hydrophobic interactions and
disulfide bonds are much more stable, playing a key role
in the structure of cooked crayfish. However, the rapid
increase in the number of hydrophobic and disulfide
bonds could be associated with the lipid and protein oxi-
dation, resulting in the denaturation and aggregation of
muscle proteins (Shi et al. 2021). As reported previously,
the formation of disulfide bonds may result in the loss of
the sulthydryl groups, which is one of the earliest observ-
able events during the oxidation of proteins (Dean, Fu,
Stocker, & Davies, 1997). Additionally, the formation of
disulfide bonds in myofibrillar proteins may induce the
occurrence of protein—protein cross-linked derivatives in
meat, affecting its drop loss and tenderness. It was due to
the fact that the mechanism of water-holding, in the form
of binding and entrapping, relates to the physical struc-
tures of the myofibrillar protein.

Analysis of SDS-PAGE results

Three main MPs bands were found: myosin heavy chain
(MHC, 220kDa), paramyosin (100kDa), and actin
(45kDa) (Fig. 3e). After repeated freeze—thaw cycles,
the band intensities of MHC, paramyosin, and actin in
cooked crayfish were significantly lower than that in CK,
and the bands gradually disappeared as the number of
freeze-thaw cycles increased. SDS-PAGE results revealed
that MPs were partially degraded or denatured during
repeated freeze-thaw cycles, and that the protein deg-
radation or denaturation was getting more pronounced.
The result was consistent with the TBARS and TVB-N
values and demonstrated the oxidative degradation of
MPs in cooked crayfish. In the same way, Ali et al. (2015)
has reported that the intensities of the bands between
130 and 86kDa decreased inconsistently as the number
of freeze-thaw cycles increased in the MPs of chicken
breast. The observation suggested that frozen storage
may lead to proteolytic degradation or digestion of MPs.

Analysis of SEM results

The microstructure of cooked crayfish is related to its tex-
ture, WHC, and other quality properties. It may be seen in
Fig. 4 that the microstructure of the cooked crayfish with-
out repeated freeze-thaw cycles was continuous, uniform,
and dense, while the microstructure of the cooked crayfish
after repeated freeze-thaw cycles was irregular, rough, and
had large aggregates. The microstructure of the muscle fib-
ers was destroyed and was manifested by the enlargement
of the muscle fiber gap. The above results indicated that the
damage to the structure of cooked crayfish muscle fibers
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cycles, 5F-T: cooked crayfish with 5 freeze-thaw cycles)

Fig. 4 Effect of repeated freeze-thaw cycles on the microstructure of cooked crayfish (T: transverse direction; L: longitudinal direction) (CK: fresh
crayfish; OF-T: cooked crayfish with 0 freeze-thaw cycle; 1 F-T: cooked crayfish with 1 freeze-thaw cycle, 2 F-T: cooked crayfish with 2 freeze-thaw

with the increasing number of freeze-thaw cycles, which
may be related to the degradation of MPs and the mechani-
cal damage caused by the ice crystals during repeated
freeze-thaw process. Wang et al. (2021) found that ice
crystals formed repeatedly during the freeze-thaw cycles
are likely to cause mechanical damage to the muscle fibers
causing their breakage. A similar observation was seen in
the study by Sun, Sun, et al. (2019), in which there was a
disruption in the intact meat loaf tissue structure due to the
formation of numerous ice crystals inside and outside the
cells after repeated freeze-thaw cycles.

Pearson correlation analysis of physicochemical properties
on the quality of cooked crayfish

The relationship between physicochemical properties
and quality can be further illustrated by correlation anal-
yses. The Pearson correlation analysis was performed in
this work (Fig. 5). The results demonstrated that some
indicators showed significant positive and negative cor-
relations: the value of WHC (r=0.9981) was positively
correlated with pH, the value of TVB-N (r=0.9944)
and the solubility of the disulfide bond (r=0.9921) were
positively correlated with the value of TBARS, and the
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pH
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TBARS

a-helix

B-sheet

B-turn

random coil
Flourescence Intensity
lonic bond
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Fig.5 Pearson correlations of physicochemical properties and structure on cooked crayfish (P,,: percentage of T,,)
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content of a-helix (r=0.9913) was positively correlated
with the solubility of the ionic bond. The results were
consistent with the results of the aforementioned stud-
ies. The literature indicated that the loss of WHC may
accelerate protein denaturation in biochemical reac-
tions, particularly, oxidation in shrimp (Laorenza &
Harnkarnsujarit 2021).

Conclusion

In conclusion, repeated freeze—thaw cycles led to
changes in the physicochemical properties and struc-
tures of cooked crayfish by exacerbating water loss
and destroying the structure of the MPs. More spe-
cifically, the repeated freeze-thaw cycles reduced the
WHC, moisture content and pH of cooked crayfish, and
increased its DL and total color difference (p< 0.05).
Meanwhile, the repeated freeze-thaw cycles intensi-
fied the lipid and protein oxidation. SDS-PAGE maps
revealed the partial degradation or denaturation of the
MPs due to intensification of lipid and protein oxida-
tion. Raman and UV spectra indicated destabilization of
the secondary and tertiary structures of MPs. In addi-
tion, changes in the chemical force also demonstrated
changes in the structure of the MPs. SEM results showed
that after repeated freeze-thaw cycles, the microstruc-
ture of cooked crayfish was disrupted and that the tis-
sue structure was no longer intact. Therefore, repeated
freeze-thaw cycles deteriorated the color and texture
properties (hardness, springiness, and chewiness) of
cooked crayfish. This study explored the mechanism by
which freeze-thaw cycling can damage cooked crayfish
in frozen storage. The results implied that the damage
caused by freeze-thaw cycles can be mitigated by main-
taining the structural integrity of the proteins and high
moisture content.
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