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Abstract

protein tertiary structure, preventing protein aggregation.

Introduction

Crayfish (Procambarus clarkii), also called red swamp or fresh-
water crayfish, is one of the most popular and important commer-
cial freshwater species in China and is highly appreciated by con-
sumers on account of the high nutritive value and great flavor [1].
According to China Fishery Statistical Yearbook [2], the crayfish
yield in China was 2,089,604 tons in 2019 which has increased by
27.52% compared to 1,638,662 tons in 2018.1n 2019, 509,938-ton
crayfish have been processed into products, and it was 124.67%
as much as the output in 2018. From April to October, crayfish is
at a high yield and low price, therefore the freezing treatment and
frozen storage are widely used in crayfish processing to balance
the yield and price. Common freezing methods used in food pro-
cessing include air blast freezing, contact plate freezing, immersion
freezing, and liquid nitrogen freezing. In the process of common
freezing, the freezing rate and temperature are the main factors
that affect the size and quantity of ice crystals, as well as their dis

The effects of three freezing methods, including refrigerator, immersion solution, and liquid nitrogen freezing, on quality
changes of crayfish during frozen storage were investigated. The pH value, total volatile basic nitrogen (TVB-N), water holding
capacity (WHC), lipid oxidation, texture and water distribution of crayfish meat were determined. The results showed that the pH
value of crayfish decreased first and then increased during storage. The TVB-N and malonadehyde (MDA) of crayfish frozen by all
three methods increased in 12 weeks of frozen storage. The WHC and the texture properties of crayfish got worse during frozen
storage. The water relaxation time T,  and T,, increased slowly, while T,, decreased significantly during storage. Moreover, the
crayfish frozen with liquid nitrogen had a higher free water proportion than by refrigerator and immersion solution at the end of
storage. In general, the freezing method had significant effects on the properties of crayfish during frozen storage. Lower freezing
temperatures (-90 °C and -35 °C) can form an intracellular crystal, as well as larger electrostatic repulsion, which helps maintain the
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tribution in the cell and intercellular space. Immersion freezing
(IF) is a kind of freezing technology with a high freezing rate and
low energy consumption resulting in instantaneous and uniform
nucleation throughout foods [3]. It can greatly improve the quality
of frozen products and storage stability. Liquid nitrogen freezing
has an extremely fast freezing rate due to its low heat resistance
and has been widely used in shrimp, fish, mushrooms, and fruit
freezing [4]. When aquatic products are exposed to temperature
changes during frozen storage, biochemical reactions will occur,
such as modification of amino acid side chain residues, oxidation
of sulfhydryl groups, an increasing concentration of cytosol etc. [5].
These will lead to the oxidation or denaturation of lipids and pro-
teins of the products [6]. Recent research on the freezing of fresh
crayfish showed that the temperature difference between freezing
and storage and freezing rate both influence the final quality of
crayfish products. The recommended shelf-life of crayfish should
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be 1 month, which should be freezing at -30 °C and stored at -18
°C [7]. Improved protective atmospheres can also delay the quality
changes of crayfish tails [8]. In practical applications the crayfish
was normally cooked before freezing by the factories to keep a bet-
ter quality. In the present study, the cooked crayfish were frozen
by three methods (refrigerator, immersion solution and liquid ni-
trogen freezing), and the quality changes of crayfish during frozen
storage were observed and compared.

Materials and Methods
Pretreatment of crayfish

The alive crayfish (Procambarus clarkii) (about 18.0+2.0 g
each) was purchased from the local aquatic market and transport-
ed to the laboratory with ice for 1 h in a foam box. The crayfish was
cleaned with tap water and cooked in boiling water for 10 minutes.
After cooling, the head and claws of the crayfish was removed, and
the tail was kept with the shell. Then the crayfish tails were wiped
dry and packed in polyethylene bags. Each unit weighed about 30 g.

Freezing of crayfish
Refrigerator Freezing (RF)

The crayfish samples were frozen directly in the refrigerator,
set at-20 °C, until the meat core temperature reached below -18 °C,
measured with a thermometer.

Immersion Freezing (IF)

The packaged crayfish was immersed in the freezing solution
(Rens Agricultural Science and Technology Co., Ltd. Jiangsu, China)
channel (-35 °C) for 20 - 30 min until the central temperature of
the crayfish was lower than -18 °C. Then, the residual liquid on the
surface of the package was removed and dried.

Liquid nitrogen freezing (LNF)

The type liquid nitrogen freezing equipment (Cryogenic Sci-
ence & Technology Co. Ltd., Beijing, China) was precooled for 30
min and reached -90 °C. The packaged crayfish passed through the
liquid nitrogen quick freezing tunnel for about 20-30 min until the
central temperature of the crayfish was below -18 °C.

Frozen storage of crayfish

The frozen crayfish was stored at -18 °C for 12 weeks, and the
changes in physicochemical properties were measured every two
weeks. The samples were randomly selected and thawed at 4 °C for
12 h before the determination of physicochemical properties.

Determination of physicochemical properties of crayfish
pH
The pH value of crayfish was determined according to the meth-
od of Chinese National standard GB 5009.237-2016 (2016). Five
grams of crayfish meat were chopped and added to 45 mL of dis-
tilled water and then crushed with the homogenizer (T18, IKA Co.,

Ltd, Germany) for 30 seconds. Allow the solution to rest for 30 min-
utes. Determine the pH value of its filtrate with a pH meter (PHS-3C,

Shanghai Hongyi Instrumentation Co., Ltd., Shanghai, China).
Total Volatile Base Nitrogen (TVB-N)

TVB-N was determined by the method of Chinese national stan-
dard GB 2009.228-2016 [9]. Five grams of crayfish meat with 0.6
mol/L of perchloric acid solution (45 mL) were homogenized for
2 min, then filtered and kept the filtrate at 2-6 °C for analysis. The
filtrate was distilled through the Kjeldahl distillation unit (K9840,
Jinan Hanon Instruments Co., Ltd., Jinan, Shandong, China). The
distillate was absorbed by 40 mL of boric acid (30 g/L) containing
a mixed indicator produced from 0.2 g of methyl red and 0.1 g of
methylene blue to 100 mL ethanol. Afterward, the boric acid solu-
tion was titrated with a 0.01 mol/L hydrochloric acid (HCl) stan-
dard solution. The TVB-N (mg/ 100 g) was calculated as following
equation (1):

TVE — N = LAvoxoaias

— = =100 (1)
100
Where V1 is the volume of hydrochloric acid standard solution
consumed by sample (mL), V2 is the volume of hydrochloric acid
standard solution consumed by blank control (mL), and m is the
mass of sample (g).

Water Holding Capacity (WHC)

WHC was determined by the centrifugal method described by
Li, Liu, Su, Cai and Li [10]. Minced crayfish meat (10 g) wrapped
with absorbent cotton was put in a 50 mL centrifuge tube and cen-
trifuged for 10 min at 9000 rpm/min and 4 °C in a refrigerated cen-
trifuge (CT15RT, Techcomp Shanghai Instrument Ltd., Shanghai,
China). After centrifuge, the absorbent cotton wrapped the crayfish
meat was peeled off, and the crayfish meat was weighed again. The
WHC (%) was calculated as equation (2).

_eq M ;
WHE—(I-m—zj » 100 )

Where m1 is the weight of the sample (g) before centrifugation,
and m2 is the weight of the sample (g) after centrifugation.

Thiobarbituric Acid Reactive Substances (TBARS)

TBARS were determined according to the method of Song et
al. [11] and the secondary lipid oxidation products malonaldehyde
(MDA) were measured. Five grams of crayfish meat were dispersed
in 50 mL of 7.5% of trichloroacetic acid (TCA) solution (contain-
ing 0.1% of EDTA). The mixture was sealed and heated in a water
bath for 10 min at 50 °C. Then the mixture was cooled and centri-
fuged at 3600 g for 2 min at room temperature. The supernatant (5
mL) reacted with 5 mL thiobarbituric acid solution (0.02 mol/L)
for 30 min at 90 °C. Afterwards, the absorbance of the mixture was
measured at 532 nm using a spectrophotometer (TU-1901, Beijing
PERSEE General Instrument Co., Ltd., Beijing, China). The standard
curve was prepared using malondialdehyde (MDA) and TBARS was
expressed as mg MDA /kg sample.
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Texture

Texture profile analysis (TPA) of crayfish meat was performed
using a TA-XT plus texture analyzer (Stable Micro systems Ltd., Sur-
ry, UK). The second and the third segment of the crayfish tail was
cut into 8 mm x 8 mm x 6 mm uniform square samples and was
compressed perpendicularly in a two-cycle compression test using
a P/36R stainless steel cylindrical probe. The sample was measured
with a 5 g trigger force at a constant test speed of 1 mm/s and press
down distance of 5 mm. TPA parameters, including hardness (N),
elasticity, resilience and chewiness were recorded. Each sample
was tested repeatedly 10 times.

Low field nuclear magnetic resonance (LF-NMR) analysis

NMR relaxation measurement was performed using NMR im-
aging and analyzing system (NMI20, Shanghai Numag Electronic
Technology Co., Ltd., Shanghai, China). Take the whole shrimp meat,
which is between 2 and 2.5cm in diameter. The sample (about 2 g)
was wrapped with a bag and put in a glass tube of 25 mm diameter.
The experimental temperature is set at 32 °C. The T2 signal was
collected using Carr-Prucell-Meiboom-Gill (CPMG) pulse sequence
with a T value of 120 us. Data were acquired from 7000 echoes, and
three measurements were carried out on each sample. Three relax-
ation times (T
tions (P

Lo T, and T,,) and their corresponding water popula-

Lo P,; and P,,) were obtained as outputs.

Statistical analysis

All data were presented as means * standard deviation and
were analyzed of variance by one-way analysis of variance (ANO-
VA) using SPSS for Windows 19.0 (IBM Corp., Armonk, NY, USA). A
difference in means was determined using the Duncan’s multiple
range test at P<0.05.

Results and Discussion

pH

pH is one of the vital symbols to judge the freshment of aquatic
products. Generally, due to the decomposition of protein and other
nitrogen components in muscle by endogenous enzymes and mi-
croorganisms, which would generate ammonia, trimethylamine,
histamine and other alkaline substances, the pH of aquatic products
progressively increased during storage [12]. As shown in Figure 1,
with the increasing time of frozen storage, the pH originally went
down and then up. After 12 weeks of storage at - 18 °C, the pH of RF
group, IF group and LNF group were 8.45, 8.36 and 8.35 respective-
ly. It showed a little difference after 12 weeks of storage, however,
it could be told from the overall trend that the lower freezing tem-
perature could maintain the lower pH during post frozen storage.
The rise in pH reduced the electrostatic repulsion that causes pro-
tein aggregation. The closer to the initial pH value, the less damage
was to the quality of crayfish [13].

904 ® RF
& |F
EER
A— LNF
86 i
84+ ) 1 H
-
8.2
L}
T &0+ o
A
75 e
& A
T
.. A
744 -
7.2+
T T T T T T T T 1
0 2 4 § 8 10 12 14
Storage time/ week

Figure 1: Effects of different freezing methods on pH value of crayfish meat. RF: Refrigerator freezing; IF: Immersion freezing;

LNF: Liquid nitrogen freezing.

TVB-N

The decay degree of crayfish muscle treated with three differ-
ent frozen methods was determined by measuring TVB-N. When
frozen, the protein of crayfish muscle is decomposed by spoilage
microorganisms and endogenous enzymes to produce ammonia
and other alkaline nitrogenous volatile compounds [14]. Howev-
er, during frozen storage, the spoilage microorganisms are usually
inhibited. So, the endogenous enzymes should be mainly respon-
sible for the increase of the TVB-N content of crayfish during fro-

zen storage. The limit of TVB-N content in shrimp as acceptable for
human consumption is usually lower than 30 mg/100g [15]. The
content of TVB-N of fresh crayfish was 7.09 mg/100g. The TVB-N
value all showed an upward trend followed with time, however it
went up slowly in the later stage (Figure 2). That may be due to the
deamination of adenine nucleotides at the initial stage of storage,
and the formation of organic acids, aldehydes, ketones and other
odor metabolites by microorganisms and other spoilage bacteria in
the later stage. During the frozen period, the TVB-N value of the RF
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group was significantly higher than the other two groups (P<0.05).
The freezing speed of the IF and LNF group was faster than the RF 0 = RF
group, and smaller ice crystals have been formed. It suggested that : 'LFNF
IF and LNF groups have less damage to the tissue cells of crayfish 1
meat. On the other hand, the lower freezing temperature could ef- Lg " 1
fectively inhibit the activity of enzymes, so as to reduce the decom- 505 p : i ¥
e
position rate of protein in crayfish meat, which is more conducive %‘04_ : A
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Figure 2: Effects of different freezing methods on TVB-N
value of crayfish meat. RF: Refrigerator freezing; IF:
Immersion freezing; LNF: Liquid nitrogen freezing

TBARS

Lipid oxidation in crayfish meat treated with different freezing
methods was determined by measuring the content of MDA content
(Figure 3). Though freezing can inhibit bacteria growth effectively,
long-term freezing storage does involve lipid and protein oxidation
for seafood products. Proteins, particularly myofibrillar proteins
(MPs), are susceptible to oxidation in the muscular system through
interactions between free radicals and amino acid residues. Fur-
thermore, SHs of proteins are highly susceptible to being oxidized
into S—S and other sulfur-containing oxides in the presence of
hydrogen peroxide [16]. Crude fat content in crayfish is about 1
g/100g wet weight. The MDA content of crayfish increased during
the storage period, with potential cytotoxicity and fishy odor [16].
The MDA content of fresh crayfish was 0.131 mg/kg. After 8 weeks
of frozen storage, the MDA content of RF, IF and LNF groups were
0.534 mg/kg, 0.510 mg/kg and 0.461 mg/kg respectively, which in-
dicated that the lipid of crayfish had been oxidized [12]. At the end
of frozen storage, the MDA content of crayfish of all three groups
was within the acceptable range of less than 1 mg/kg [17]. During
frozen storage, the MDA content of crayfish meat in LNF group was
the lowest, indicating that liquid nitrogen freezing could effectively
slow down the lipid oxidation, which may be due to the lower freez-
ing temperature can slow the process of lipid oxidation.

frozen storage, the WHC of three groups decreased at various de-
grees. Among them, the WHC of the RF group decreased from 84.1%
to 64.51% after 12 weeks, while the WHC of IF and LNF groups de-
creased to 65.62% and 68.48%, respectively. With the prolongation
of storage time, the myofibril gets broken down under the action
of microorganisms and enzymes, resulting in the decrease of WHC.
The WHC of LNF group was always higher than the RF and IF group
during storage. In the process of cryopreservation, the degree of
damage to cell structure is related to the size of ice crystals. The
freezing speed of liquid nitrogen group was fast, and the ice crys-
tals were small and evenly distributed, which could prevent protein
denaturation and delay the water loss during storage [4]. Balan et
al. [18] also confirmed that rapid freezing could effectively main-
tain the WHC of mutton, and also maintained the flavor and nutri-
tion better. Gao et al. [4] believed that the lower the quick-freezing
temperature was, the faster the frozen sample could pass through
the zone of maximum ice crystal formation, and the smaller the ice
crystals were formed, the less damage to the cell structures were,
and the greater the WHC would be (Figure 4).

Water contribution and mobility analysis

The moisture distribution of the crayfish meat was determined
by low field nuclear magnetic resonance (LF-NMR). Table 1 shows
the variation in moisture distribution of crayfish meat under dif-
ferent freezing methods. The relaxation time shows that there are
three forms of water in crayfish meat. These include bound water
(0.1<T,, < 1, T,;< 10 ms) and immobilized water (10 < T,, <100
ms) [10]. In general, both T, and T,, refer to water that is tightly
bound to protein macromolecules, and T22 represents water that
is not easily flowable being trapped in a complex network of myo-
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fibrillar proteins, accounting for more than 90% of the total signal,
which is mainly located between actin and myosin filaments [19].
The variation of T, value is influenced by the mobility of water in
crayfish meat and its degree of binding to environmental substanc-
es. According to Table 1, the storage time and freezing method had a
significant effect on the distribution of T,. In the control group (day
0), T,, T,, and T,, were 0.15, 2.03 and 40.56 ms, respectively, while
after freezing they fluctuated in the ranges of 0.23-0.30, 2.58-3.43
and 34.49-37.40 ms, respectively. Both T, and T,, increased slowly,
while T,, decreased significantly (P<0.05). There was a decrease in
P,, and an increase in P, , but it was not significant (P>0.05). It in-
dicates that freezing promotes water release, with the possibility of
sequential transformation in the order of bound water, less mobile
water to free water [7]. And it may be due to the disruption of the
three-dimensional network structure by ice crystals. In contrast to
the view of [20], our study found that the decrease of T,, indicates
that freezing caused the protein to collapse from the three-dimen-
sional structure into spherical aggregates, resulting in the loss of
water. In addition, the reduction of P22 may be the result of thawing
loss (Table 2).
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Figure 4: Effects of different freezing methods on water
holding capacity (WHC) of crayfish meat. RF: Refrigerator
freezing; IF: Immersion freezing; LNF: Liquid nitrogen
freezing

Table 1: Changes of T, relaxation time of crayfish meat frozen by different methods during storage.

RF IF LNF
Weeks
T,, (ms) T,, (ms) T,, (ms) T,, (ms) T,, (ms) T,, (ms) T,, (ms) T,, (ms) T,, (ms)
0 0.15+0.00* | 2.03+0.00° | 40.56+0.00* | 0.15+0.00° 2.03+0.00¢ 40.56+0.00° 0.15+0.00° 2.03+0.00° 40.56+0.00°
2 0.25+0.00° | 2.11£0.12° | 37.40+0.00° | 0.27+0.00*° | 2.20+0.00* | 37.40+0.00* | 0.19+0.02* | 2.20+0.00¢ 37.40+0.00°
4 0.12+0.00° 1.87£0.00¢ | 43.98+0.00° | 0.12+0.00® | 2.20+0.00* | 34.49+0.00> 0.17+0.02° 3.04£0.002 34.49+0.00¢
6 0.26+0.01° 2.20+0.00° | 34.49+0.00¢ | 0.24+0.04" 2.48+0.14° 34.49+0.00™ | 0.24+0.04® | 2.29+0.13< 35.95+2.06™
8 0.22+0.06* | 2.03+0.00° | 34.49+0.00¢ | 0.25+0.03% 2.48+0.14° 33.15+1.90¢ 0.27+0.03? 3.04£0.002 34.49+0.00¢
10 0.25+0.00° 2.69+0.15* | 37.40+0.00¢ | 0.25+0.03% 2.38+0.00° 38.98+2.23° 0.25+0.03* 2.38+0.00° 40.56+0.00°
12 0.23+0.00? 2.58+0.00* | 34.49+0.00¢ | 0.30+0.022 2.80+0.00° 34.49+0.00> | 0.25%0.03% | 3.432+0.20° 37.40+0.00°

Note: Different letters in same column indicate significant differences (p<0.05). RF: Refrigerator freezing; IF: Immersion freezing; LNF: Liquid nitrogen

freezing

Table 2: Changes of corresponding relative populations P2 of crayfish meat frozen by different methods during storage.

RF IF LNF
Weeks
P,, (%) P,, (%) P,, (%) P,, (%) P,, (%) P,, (%) P,, (%) P, (%) P,, (%)
0 3.31+0.24* | 2.39+0.13° | 94.25+0.35° 3.31+0.24* | 2.39+0.13° | 94.25+0.35% 3.31+0.24° 2.39+0.13¢ 94.25+0.35°
2 3.37£0.00° | 2.50+0.29* | 92.73+#1.19* | 3.06+0.20* | 2.80+0.01" | 94.01+0.11*® | 2.84+0.04° 3.01+0.04¢ 94.01+0.11*
4 4.91+0.32° | 2.50+0.07*° | 93.37+0.76" | 4.85+0.06* | 3.15+0.07° | 93.66+0.04* | 4.88+0.10° 3.80+0.18° 94.53+0.922
6 3.61£0.71° | 3.36+0.07* | 92.97+0.07* | 3.37+0.03" | 3.47+0.11°* | 93.09+0.05° 3.64+0.49° 3.88+0.02° 93.12+0.90*
8 2.82+0.04* | 3.19+0.09* | 93.43+0.48> | 2.75+0.19¢ | 3.36+0.16* | 93.51+0.32*® | 2.93+0.14° 3.50+0.10¢ 93.72+0.12*
10 3.36+0.13* | 2.71+0.80* | 92.87+0.32> | 3.50+0.13" | 3.11+0.76" | 91.69+0.02¢ 3.58+0.43" 3.16+0.12¢ 91.69+0.39°
12 3.08+0.16* | 3.57+0.03* | 91.69+0.02° 3.44+0.18* | 4.01+0.22* | 91.70+0.60% 3.15+0.39* 3.81£0.13% 93.00+1.122

Note: Different letters in same column indicate significant differences (p<0.05). RF: Refrigerator freezing; IF: Immersion freezing; LNF: Liquid nitrogen

freezing
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Figure 5 shows the moisture distribution of the three groups
of crayfish meat at the end of storage. The T,, of crayfish meat in
the LNF group was 37.40 ms, which was higher than that in the RF
and IF groups (34.49 ms). The P,, of the LNF group was higher than
that of the other two groups, and the P,, of the RF and IF groups
were similar. These results are consistent with the changes in WHC,
suggesting that liquid nitrogen freezing can reduce the damage to

protein structure and water loss during frozen storage. This would
be due to the effect of internal stress during freezing, resulting in
low-temperature fracture or changes in protein structure and then
polypeptide chains were separated. This physical change has en-
larged the space of the net structure of the protein, leading to the
muscle expansion and increasing water fluidity.
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Figure 5: comparison of the average body fat percentage of the intervention and the control group at t0 and t1 (after 6 months).

Texture

Generally, the changes in elasticity, hardness, chewiness and
resilience of crayfish treated by three freezing methods had a simi-
lar trend during frozen storage. The hardness of crayfish meat fro-
zen by different ways remained stable during early storage (0 to
6 weeks) but decreased significantly from 6 to 12 weeks (P<0.05)
(Figure 6A). Moreover, the hardness of LNF group was significantly
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higher than the other two groups(P<0.05). The elasticity of crayfish
decreased followed by the storage time (Figure 6B). The crayfish
meat of LNF group had higher elasticity as well as a smaller decline
rate, than the other two groups, and there was no significant dif-
ference in elasticity between the RF and IF groups. The resilience
(Figure 6C) and chewiness (Figure 6D) of crayfish meat of LNF, IF
and RF have decreased by 16%,14%, 29% and 30%, 34%, 42%, re-
spectively.

(B) 0.90 4 #— RF
*—|F
085 A LNF
00 &
075
z 3
3
= s
g om 13 - iy ry i
w T i
0654 L S
2
0.60 4
0.55 4
050 T T T T T T )
] 2 4 8 B i 12 14
Storage time/week
& RF
@) . I
£00 A LNF
7004
IS a
oo -
g : .
H | 5 . -
] . 'y
5 500 b H .
I . i
w00 .
]
300
200

T T T T T T T 1
o 2 4 6 8 10 12 14
Storage time/iweek

Figure 6: Effects of different freezing methods on (A) hardness, (B) elasticity, (C) resilience, and (D) chewiness of crayfish meat.
RF: Refrigerator freezing; IF: Immersion freezing; LNF: Liquid nitrogen freezing
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Effects of freezing temperature on ice formation during
frozen storage

Upon freezing, the extracellular solution first crystallizes as it
has a higher freezing point due to a lower content of solutes. Once
ice crystals form in the extracellular space, solutes get concentrated
and therefore there will be osmotic pressure across the sarcolem-
ma (i.e., cell membrane). To achieve a balanced state again, cells can
respond in two ways: cellular dehydration or intracellular ice for-
mation (Figure 7). These subsequent events during cooling depend
mainly on the cooling rate and membrane permeability to water
[21]. The cooling rate can be assessed by the characteristic freez-

ing time (tc), and tc is defined as time needed for temperature to
decrease from -1 °C (beginning of freezing) to -7 °C (freezing of
80% of the water present). Intracellular ice formation may happen
in LNF and IF treatment, because these treatments enabled less
time spent, to transverse freeze to the fibers. As long as the protein
is not highly denatured, the intracellular ice can be absorbed, and
the muscle cell can be largely recovered [22, 23]. It indicated that
LNF and IF could slow down the decline of the structure of crayfish
meat. The present results indicated that freezing with LNF and IF
was effective to retard the change of texture parameters in crayfish
meat during frozen storage due to the fast rate of freezing and small
ice crystals forming [24-26].
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Figure 7: Model of ice crystal formation during freezing of crayfish.

Conclusion

The crayfish was stored at -18 °C for 12 weeks after freezing
by refrigerator (RF), immersion solution (IF) and liquid nitrogen
(LNF). Their freezing temperatures were -20 °C, -35 °C and -90 °C,
respectively. With the increase in frozen storage duration, the pH,
TVB-N, and TBARS of crayfish meat significantly increased (P<0.05)
and WHC, texture, and T, relaxation time decreased (P<0.05). LNF
and IF have better effects on retarding the process of protein de-
terioration as well as lipid oxidation. It also suggested that the
liquid nitrogen group has less alteration of the three-dimensional
network of the proteins. The lower the freezing temperature, like
IF and LNF, could help reduce the damage to the quality of cray-
fish meat, which was more conducive to the quality maintenance
of crayfish in frozen storage. In our study, liquid nitrogen freezing
had the best effect on the quality of crayfish during frozen storage.
However, the effects of different freezing methods on the properties
and structure of crayfish protein should be further explored.
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