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and in vitro digestive 
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Introduction: Frozen pork can reduce the quality of the meat and alter the 
digestibility and bioavailability of meat proteins in the human body. In this study, 
we investigated the changes in the basic composition  during frozen storage 
and their effects on the structural properties of digestion products after protein 
digestion.

Methods: The impacts of frozen storage at different temperatures  (−8, −18, 
−25, and −40°C) and for different times (1, 3, 6, 9, and 12 months) on the basic 
components and in vitro digestive characteristics of pork were evaluated.

Results: The moisture, crude fat, and protein contents decreased with extended 
storage and increased temperature, whereas muscle juice loss increased 
(p < 0.05). During in vitro digestion of samples frozen at −8°C for 12 months, 
trichloroacetic acid (TCA)-soluble peptides were decreased by 25.46% and 14.37% 
in the gastric and small intestinal phases, respectively, compared with fresh 
samples. Confocal laser scanning microscope (CLSM) showed that samples stored 
at −8°C had the largest particle size after digestion. Disruption of protein structure 
was confirmed by the decrease in α-helix, β-turn, and fluorescence intensity (all 
p < 0.05) and the increase in β-sheet, random coil, and maximum fluorescence 
wavelength of the digestion products of samples frozen at −8°C (all p < 0.05).

Discussion: Therefore, long-term high-temperature frozen storage brought 
about a significant decline in basic components of muscle and acceleration of 
loss of protein structural integrity after digestion.
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1 Introduction

Pork is a major meat product in the daily diet. It is rich in nutrients, such as high protein 
and water, polyunsaturated fatty acids, minerals, and easy digestion (1). In order to retain the 
digestibility and nutritional quality of meat to the maximum extent, freezing is a simple and 
practical storage method for preserving freshness and extending the shelf life of muscle 
products (2). Freezing can restrain the growth and propagation of microbial populations and 
the biological activity of enzymes (3).

Water, protein, and fat are the most basic and important components of pork muscle. Water 
is the most abundant component of meat products and accounts for approximately 65–80% of 
the total muscle (4). The relative content of water is related to the color, tenderness, and juiciness 
of muscle products, which directly affects the processing characteristics and preservation stability 
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of the products (5) and determines the quality and shelf life of the final 
products (6). Protein is another vital and indispensable element in pork 
(7). Amino acids serve as the basic building blocks of proteins, and the 
protein content and amino acid composition are crucial criteria for 
assessing muscle food quality (8). Fat confers the muscle with good taste, 
juiciness, and flavor (9). However, during the freezing process and 
frozen storage, water in muscle tissue freezes into ice crystals. As the 
freezing time is prolonged, the volume and destruction impact of the ice 
crystals on the cells increase, exacerbating the loss of water from the cells 
due to disruption of the structural integrity of muscle protein, which 
reduces the water binding capacity of proteins (10). The loss of water can 
give rise to tough, less juicy, and indigestible meat (11). In addition to 
the structural changes, protein and fat in muscle are susceptible to 
reactive oxygen species, leading to free radical lipid and protein 
oxidative reactions (12). The formation of oxidation products can result 
in protein polymerization and cross-linking, which deteriorates the 
meat quality and changes the meat protein digestibility and availability 
in the human body (2).

In recent years, the health effects of meat products have attracted 
increasing attention from consumer. In addition to the sensory aspects 
of food, consumer tend to choose food based on nutritional quality. 
Some studies have shown that frozen meat muscle, such as chicken 
meat and mirror carp (Cyprinus carpio L.), can affect the digestion 
properties and bio-availability of proteins during transit through the 
gastrointestinal tract, which has a certain impact on the nutritional 
value (13, 14).The digestibility and absorption of muscle in the 
gastrointestinal are key factors that decide the nutritional quality of 
meat (15). Moisture, crude protein, and crude fat are the basic 
components of meat muscle. Meat product digestion and absorption by 
the gastrointestinal tract enable the utilization of this basic component 
by the human body (16, 17). Thus, their relative content directly or 
indirectly influences the digestive property of the pork protein (18).

Most research on protein digestion in  vitro has focused on 
determining the degree of protein digestibility and the size of the 
particles after digestion (19–21). There are few studies on the structural 
characteristics of digestive products after frozen pork protein digestion. 
Thus, this experiment investigated the changes in the basic composition 
and amino acids of pork during frozen storage and their effects on the 
structural properties of digestion products after protein digestion.

2 Materials and methods

2.1 Materials

The longissimus muscles (lumborum) were obtained from six pig 
carcasses of approximately 24 weeks of age within 24 h after slaughter 
from a market and transported to the lab in an ice box with the 
temperature at around 2–4°C. After removing the excessive fat and 
connective tissue, fresh pork was cut into 24 pieces, and each sample 
was weighed (90 ± 5 g). All samples were packed in sealed bags. The 
total pieces were divided into four batches of six pieces each and stored 
at four different temperatures (−8, −18, −25, and −40°C) for up to 
1 year, with samples withdrawn at 0, 1, 3, 6, 9, and 12 months. The 
relative humidity of storage environment is about 60–70%. Samples 
were removed from frozen storage at the indicated times and thawed 
at 4°C for 12 h until the core temperature reached 4°C. In addition, the 
muscles (90 ± 5 g) were divided into two chops. Chop A (20 ± 5 g) was 

used to measure the basic composition and amino acid composition 
of pork. Chop B (70 ± 5 g) was used for simulated protein digestion 
in vitro. The muscles stored for 0 months were analyzed directly.

2.2 Preparation of pork myofibrillar protein

The extraction method of MP by Xia et al. (22) was adopted in this 
study. The extraction solution was mainly composed of extract and 
lotion. The extract solution was composed of 10 mM phosphate, 0.1 M 
NaCl, 2 mM MgCl2, and EGTA (pH 7.0). The lotion was 0.1 M NaCl. 
The extraction process was conducted at 4°C. Meat samples (100 g) 
were added with four times the volume of extraction solution, 
homogenized (10,000 rpm, 1 min), and refrigerated under agitation 
(3,500 rpm, 4°C, 15 min). Then, the supernatant was discarded, and 
the above operation was repeated, extracted three times, then replaced 
the lotion for two times of homogenization, and the pH was adjusted 
to 6.0 with 0.1 M HCl after the third homogenization. The supernatant 
was removed by centrifugation. The precipitate was MP, and the 
protein concentration was determined by the biuret method.

2.3 Determination of basic composition of 
pork

2.3.1 Moisture content
The moisture content was measured with reference to the Chinese 

Standard GB 5009.3–2016. The sample (1–2 g) was wrapped with filter 
paper and placed in an aluminum box. The aluminum box was placed in 
an oven at 105°C until the samples reached constant weight. The samples 
were cooled to room temperature, and the aluminum box was re-weighed. 
Analyses were done in triplicate. The calculation formula is as follows:

 
1 2

1 3
100m mX

m m
−

= ×
−

where m1 and m2 are the weights of the total mass of the aluminum 
box and sample before and after drying, respectively, and m3 is the 
mass of the aluminum box.

2.3.2 Crude protein content
The crude protein content was determined based on the Chinese 

Standard GB/T 5009.5–2016. The samples (0.5–1.0 g) were put in the 
digestive tube, and the catalyst (6.0 g of potassium sulfate and 0.4 g of 
copper sulfate) was mixed with 12 mL H2SO4. The mixture was 
digested at 360 ~ 410°C for 2 h, then distilled until the digestive liquid 
was clarified. It was heated for 0.5 h, cooled, and then distilled water 
was added to 100 mL. Afterward, 40 mL of NaOH solution (40%) and 
boric acid were added and mixed. The mixture was distilled for 5 min. 
Finally, the boric acid solution was titrated with standard HCl solution 
(0.05 mol/L). Analyses were done in triplicate. The calculation formula 
is as follows:

 

( )1 2

3

0.014
100

/ 100
V V c

X F
m V
− × ×

= × ×
×

where V1 and V2 are the volumes of HCl standard solution 
consumed by the sample and reagent blank (mL), respectively, V3 is 
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the volume of digested liquid (mL), c is the concentration of HCl 
standard solution (mol/L), m is the mass of the sample (g), F is the 
coefficient of nitrogen conversion (6.25), and 0.014 is the 
milliequivalent weight of nitrogen.

2.3.3 Crude fat content
The crude fat content was measured as described by Chinese 

Standard GB/T 1215009.6–2016. The accurately weighed meat 
samples (2–5 g) were placed in a Soxhlet extractor, followed by 
petroleum ether (boiling range: 30–60°C). The distilling flask was 
heated in a 45°C water bath and extracted for 8–12 h. Then, the 
samples were dried at 100–105°C for 0.5 h and weighed. Analyses 
were done in triplicate. The calculation formula is as follows:

 
4 5

4
100m mX

m
−

= ×

where m4 is the mass of the dried sample (g), and m5 is the mass 
of the extracted and subsequently dried sample (g).

2.3.4 Juice loss
Juice loss was estimated following the method of Sun et al. (23). 

The samples were removed from frozen storage and weighed before 
thawing, then hung with wire and thawed at 4°C. Once the core 
temperature of the meat was 4°C, the meat surface moisture was 
absorbed by filter paper and then weighed. Analyses were done in 
triplicate. The calculation formula is as follows:

 
6 7

6
100m mX

m
−

= ×

where m6 is the mass of the sample before thawing (g), and m7 is 
the mass of the sample after thawing (g).

2.4 Determination of amino acid 
composition and content

Amino acid compositions of pork were measured according to 
Jo et al. (24). The meat (1 g) was thoroughly mixed with 15 mL of 
diluted HCl (6 M) for 24 h and filtered. The filtrate was concentrated 
on a rotary evaporator at 55°C. The residue was collected and 
thoroughly mixed with 10 mL of sodium citrate buffer (0.2 M, pH 
2.2). The amino acid composition of the filtrate was determined 
using an LA-8080 automatic amino acid analyzer (Hitachi, Japan). 
The amino acid analyzer uses standard products for instrument 
calibration to ensure the accuracy and precision of the instrument.
The standard reserve liquid of mixed amino acids and mixed amino 
acid standard working solution was prepared, the detail 
experimental steps was as follows: accurately weigh a single amino 
acid standard (accurate to 0.00001 g) in the same beaker, dissolve it 
with 8.3 mL hydrochloric acid (6 mol/L) solution, transfer it 
precisely to a 250 mL volumetric bottle, dilute the volume with 
water to the scale, and mix well. And then, accurately absorb 1.0 mL 
of the standard reserve liquid of mixed amino acids into a 10 mL 
volume bottle, add pH 2.2 sodium citrate buffer solution to the 
scale, and mix well to form the standard serving liquid. Analyses 
were done in triplicate.

2.5 In vitro digestion model of pork MP

In vitro digestion of MP was assayed by referring to the procedure 
of Pan et  al. (1). The digestion process proceeded as two-stage 
hydrolysis by pepsin and trypsin. Samples were collected after pepsin 
and trypsin digestion.

Simulated gastric digestion. The extracted MPs were diluted to 
30 mg/mL with a phosphate buffered (PBS: 10 mM Na2HPO4-
NaH2PO4, pH 7.0). MP solution (10 mL) was mixed with 10 mL of 
SGF. Pepsin (4,800 U/mL) was dissolved in SGF to catalyze the 
digestion reaction. The mixture was put in a constant shaking water 
bath to react for 2 h at 37°C and 200 rpm. After gastric digestion was 
finished, 1 M of NaOH was used to adjust the pH level of the digested 
samples 7 to terminate the reaction.

Simulated intestinal digestion. After gastric digestion, 20 mL of 
pepsin digestive products were added to the 20 mL of SIF. Trypsin 
(17,940 U/mL) was dissolved in SIF to induce a small intestine digestion 
phase. The mixture was subjected to shaking under the above mentioned 
conditions. After 2 h of trypsin digestion, the final reaction was 
immediately stopped by placing the samples in a boiling water bath for 
5 min. Additionally, blank groups (MP solution replaced with distilled 
water) were used for the whole gastrointestinal digestion procedure.

To inactivate the enzyme from the digested samples, precipitation 
was carried out using an equal volume of TCA (15%, v/v) at 4°C for 12 h. 
After that, the supernatant was collected and analyzed via centrifugation 
(Beckman, United States) with a 10,000 g for 20 min at 4°C.

2.5.1 Determination of TCA-soluble peptides
The TCA-soluble peptides of the digested samples were 

determined with reference to the method of Buamard and Benjakul 
(25). Three milliliters of digested sample solution and 27 mL of 5% 
TCA solution were fully blended. The mixture was homogenized and 
centrifuged (10,000 g, 4°C, 10 min). The TCA-soluble peptide content 
was calculated by the folinol method.

2.5.2 Determination of the microstructure of 
digestive samples

The microstructures of digested products were observed using a 
previous method by confocal laser scanning microscope (Leica TCS 
SP5, Heidelberg, Germany; CLSM) (14). Nile blue was used as the 
fluorescent stain and dissolved in ethanol. After combining 1.0 mL of 
digested sample solution with 20 μL of fluorescent stain (0.1%, w/v) 
for 0.5 h, 5 μL was removed and used to capture the morphology of 
the digested samples (40× objective and 633 nm helium–neon laser).

2.5.3 Determination of the protein secondary 
structure

The protein secondary structure of the digested products was 
assayed by Fourier transform infrared (FTIR) spectroscopy. The 
digested samples were lyophilized. Potassium bromide and freeze-
dried digested sample were mixed at a ratio of 10:1, pressed into 
transparent sheets under a certain pressure, and then placed in the 
FTIR spectrometer (Perkin Elmer, United  States). Spectra were 
recorded at room temperature in the spectrum range of 
400–4,000 cm−1, with a resolution of 4 cm−1. Each spectrum was an 
accumulation of 64 scans. OMNIC software was used to process and 
fit the infrared spectrum of the sample. The percentage of four 
secondary structures (α-helix, β-sheet, β-turn, and random coil) was 
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estimated by Gaussian fitting of the extracted amide-I spectra 
(1600–1700 cm−1) by using Peak Fit v4.04 software (AISN 
Software, Inc.).

2.5.4 Determination of the protein tertiary 
structure

The digested sample solution was adjusted to 1 mg/mL and used 
to determine the tertiary structure by the method according to Pan 
et al. (12). An F-7000 Hitachi fluorescence spectrometer (Hi-Tech, 
Japan) was used, and the scanning parameters were set as follows: 
emission spectrum range: 300–400 nm, scanning speed: 240 nm/min, 
excitation wavelength: 280 nm, excitation and emission slit width: 
10 nm. The maximum fluorescence intensity (FI) and emission spectra 
were recorded.

2.6 Statistical analysis

All graphs were obtained by the software SigmaPlot 12.5. The 
General Linear Model (GLM) procedure of the Statistix 8.1 software 
package (Analytical Software, St Paul, MN, United States) was used 
to analyze all the data, which were presented as mean ± standard 

deviation. Each sample was made three times in parallel. Significance 
was calculated by one-way analysis of variance (ANOVA) and 
Tukey’s multiple comparisons with a 95% confidence interval 
(p < 0.05).

3 Results and discussion

3.1 Basic composition

Moisture, crude protein, and crude fat are the most important 
basic elements of muscle (2). As shown in Table 1, the moisture 
content showed a significant decline with prolonged freezing storage 
and increased freezing temperature (p < 0.05). After 12 months of 
frozen storage, the moisture content of samples had decreased to 
70.14% (−8°C), 71.15% (−18°C), 72.25% (−25°C), and 72.64% 
(−40°C). At the same time, the juice loss of samples increased to 
6.99% (−8°C), 4.89% (−18°C), 3.49% (−25°C), and 2.33% (−40°C) 
compared to the unfrozen samples. With prolonged frozen storage, 
the water in the muscle gradually formed ice crystals that slowly 
expanded in volume. The higher the freezing temperature, the more 
irregular shape of ice crystals. The formed irregular ice crystals 

TABLE 1 Influence of frozen temperature (°C) and time (mon) on pork routine nutrients (as 100% meat weight).

Frozen temperature 
(°C)

Frozen time 
(mon)

Moisture (%) Juice loss (%) Crude protein(%) Crude fat (%)

−8

0 74.39 ± 0.01Aa – 18.63 ± 0.03Aa 4.75 ± 0.02Aa

1 74.21 ± 0.03Ab 1.00 ± 0.01Ea 18.57 ± 0.03Aa 4.70 ± 0.01Aa

3 74.01 ± 0.04Bc 1.30 ± 0.02Da 18.01 ± 0.02Bc 4.64 ± 0.02Bb

6 73.59 ± 0.02Cc 2.25 ± 0.03Ca 17.55 ± 0.04BCc 4.50 ± 0.03Cb

9 71.57 ± 0.02Dd 5.24 ± 0.04Ba 17.07 ± 0.03CDc 4.40 ± 0.06Dc

12 70.14 ± 0.04Ed 6.99 ± 0.03Aa 16.55 ± 0.04Dc 3.98 ± 0.05Ed

−18

0 74.38 ± 0.05Aa – 18.64 ± 0.03Aa 4.73 ± 0.03Aa

1 74.35 ± 0.02Aa 0.79 ± 0.03Eb 18.60 ± 0.03Aa 4.71 ± 0.02Aa

3 74.15 ± 0.02Bb 1.1 ± 0.03Db 18.51 ± 0.02Bbc 4.69 ± 0.01Ab

6 74.05 ± 0.03Cb 1.78 ± 0.02Cb 18.15 ± 0.04Cb 4.52 ± 0.02Bab

9 72.15 ± 0.01Dc 3.81 ± 0.03Bb 18.04 ± 0.03Dc 4.49 ± 0.02BCb

12 71.15 ± 0.02Ec 4.89 ± 0.02Ab 18.01 ± 0.04Db 4.34 ± 0.04Cc

−25

0 74.38 ± 0.02Aa – 18.63 ± 0.02Aa 4.74 ± 0.01Aa

1 74.36 ± 0.03Aa 0.80 ± 0.02Eb 18.61 ± 0.02Aa 4.73 ± 0.02Aa

3 74.24 ± 0.03Ba 1.01 ± 0.01Dc 18.54 ± 0.04Aab 4.64 ± 0.02Bab

6 74.14 ± 0.04Ca 1.12 ± 0.03Cc 18.24 ± 0.03Bab 4.58 ± 0.03BCa

9 73.52 ± 0.02Db 2.21 ± 0.01Bc 18.11 ± 0.04Cb 4.51 ± 0.03CDab

12 72.25 ± 0.07Eb 3.49 ± 0.01Ac 18.05 ± 0.05Ca 4.44 ± 0.05Db

−40

0 74.39 ± 0.01Aa – 18.63 ± 0.03Aa 4.75 ± 0.02Aa

1 74.37 ± 0.01ABa 0.55 ± 0.03Ec 18.62 ± 0.03Aa 4.74 ± 0.02Aa

3 74.31 ± 0.05Ba 0.67 ± 0.03Dd 18.51 ± 0.03Ba 4.71 ± 0.01ABa

6 74.20 ± 0.04Ca 0.84 ± 0.03Cd 18.41 ± 0.01Ca 4.62 ± 0.02BCa

9 73.61 ± 0.05Da 1.28 ± 0.02Bd 18.21 ± 0.02Da 4.54 ± 0.04CDa

12 72.64 ± 0.04Ea 2.33 ± 0.03Ad 18.11 ± 0.04Da 4.49 ± 0.04Da

The means at the same frozen temperature with different uppercase letters (A–E) differ significantly (p < 0.05); the means at the same frozen time with different lowercase letters (a–d) differ 
significantly (p < 0.05).
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punctured the muscle cells and damaged the cell structure, resulting 
in the loss of water and increased juice losses (26). Meanwhile, 
during the freezing process, the denaturation of protein structure 
causes the muscle protein to reduce the binding ability of water, so 
that the water of the muscle cannot be reabsorbed by the cells after 
thawing, resulting in the loss of water (27). Zhang et  al. (28) 
observed that the freezing process significantly increased the water 
loss of muscles, ultimately leading to the deterioration of 
meat quality.

After 12 months of frozen storage, the crude protein content of 
muscle had significantly decreased from 18.63% before storage to 
16.55% (−8°C), 18.01% (−18°C), 18.05% (−25°C) and 18.11% 
(−40°C; p < 0.05). This decrease in crude protein content was due to 
the difference in freezing rate and ice crystal size because the samples 
had been stored for the same duration. The lower the freezing 
temperature, the faster the freezing rate, the more uniform the ice 
crystals formed, the less damage to the cell tissue, and the lower the 
damage degree of protein (28). Therefore, the protein structure was 
relatively intact, and the more the crude protein content of the muscle 
was retained. When the samples were stored at the same temperature, 
protein oxidation and hydrolysis during frozen storage might lead to 
a decrease in the crude protein content of muscle (29). Wu et al. (30) 
showed that during the frozen storage process, small molecules of 
aldehydes, alcohols, acids and other compounds oxidized by fat will 
undergo aldehyde-ammonia condensation reaction with the free 
amino group of proteins, resulting in changes in the original structure 
of proteins and a corresponding reduction in crude protein content.

After 12 months of frozen storage, the crude fat content of muscle 
samples was decreased to 3.98% (−8°C), 4.34% (−18°C), 4.44% 

(−25°C), and 4.49% (−40°C). This decrease in crude fat content might 
be because of cell muscle tissue puncture by ice crystals, which led to 
the release of some pro-oxidation factors (oxidizing lipids, free 
radicals, and heme pigments) and the acceleration of lipid oxidation 
(29). In addition, intracellular lipase, protease, and nuclease would 
be released from cells and participate in oxidation reactions, thus 
accelerating the lipid oxidation reaction and ultimately leading to the 
decline in crude fat content (31).

3.2 Amino acid composition and content

Amino acids are the basic building blocks of proteins, and the 
variation of their composition type and relative content determines the 
diversity of protein structure (8). As shown in Figure 1 and Table 2, 
there existed 17 types of free amino acids in frozen pork muscle, 
including 7 essential (Leu, Val, Iso, Thr, Phe, and Met) and 10 
non-essential amino acids (Glu, Asp., Arg, His, Ala, Gly, Pro, Tyr, Ser, 
and Cys). During freezing storage, amino acid types did not change. 
With the extension of freezing storage time, amino acid contents such 
as Glu, Asp and Lys showed a trend of first increasing and then 
decreasing. The higher the freezing storage temperature, the more 
significant the change of amino acid content was. Among them, Glu was 
the highest during the frozen storage, followed by Asp., Lys, Arg, and 
His. Amino acids such as Gly, His, Arg, Ala, Met, Leu, and Phe showed 
an increasing trend in the first 6 months and then decreased in the 
following months. For example, the Glu content increased by 6.01% 
after frozen storage for 6 months and then decreased by 8.02% at 
12 months of frozen storage. In addition, the higher the frozen 

FIGURE 1

Influence of frozen storage temperature (°C) and time (mon) on the amino acid composition and content of pork.
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TABLE 2 Influence of frozen temperature (°C) and time (mon) on pork amino acids content (mg/100 g).

Temperature 
(°C)

Time 
(mon)

Glu Asp Lys Arg His Leu Ala Gly Val Iso Pro Thr Phe Ser Tyr Cys Met

−8

0
3.48 ± 

0.01Ca

1.86 ± 

0.01Ea

1.71 ± 

0.01Ea

1.73 ± 

0.01Da

1.31 ± 

0.01Ca

1.30 ± 

0.01Ca

1.14 ± 

0.02Da

0.93 ± 

0.01Da

0.93 ± 

0.02Da

0.87 ± 

0.01Da

0.90 ± 

0.01Da

0.78 ± 

0.02Da

0.80 ± 

0.01Ea

0.81 ± 

0.01Da

0.72 ± 

0.02Ca

0.50 ± 

0.00Ca

0.16 ± 

0.01Da

1
3.52 ± 

0.01Ca

1.93 ± 

0.01Da

1.90 ± 

0.01Da

1.94 ± 

0.01Ca

1.37 ± 

0.01Ba

1.34 ± 

0.01Cb

1.27 ± 

0.01Ca

1.05 ± 

0.02Ca

1.01 ± 

0.00Ca

1.01 ± 

0.01Ca

0.96 ± 

0.01Ca

0.83 ± 

0.01Ca

0.91 ± 

0.02Ca

0.88 ± 

0.01Ca

0.75 ± 

0.01Ca

0.51 ± 

0.01Ca

0.22 ± 

0.01Ca

3
3.61 ± 

0.01Ba

2.29 ± 

0.02Ba

2.15 ± 

0.02Ba

2.00 ± 

0.01Ba

1.56 ± 

0.01Aa

1.44 ± 

0.01Ba

1.38 ± 

0.01Ba

1.17 ± 

0.01Ba

1.17 ± 

0.01Ba

1.11 ± 

0.02Ba

1.12 ± 

0.01Ba

0.94 ± 

0.02Ba

1.08 ± 

0.01Ba

1.01 ± 

0.01Ba

0.89 ± 

0.01Ba

0.59 ± 

0.01Ba

0.28 ± 

0.01Ba

6
3.71 ± 

0.01Ab

2.39 ± 

0.02Aa

2.29 ± 

0.02Aa

2.27 ± 

0.01Aa

1.60 ± 

0.01Aa

1.53 ± 

0.00Aa

1.46 ± 

0.02Aa

1.35 ± 

0.01Aa

1.23 ± 

0.01Aa

1.32 ± 

0.01Aa

1.23 ± 

0.02Aa

1.13 ± 

0.01Aa

1.10 ± 

0.01Aa

1.04 ± 

0.01Aa

1.02 ± 

0.01Aa

0.68 ± 

0.01Aa

0.36 ± 

0.01Aa

9
3.43 ± 

0.02Db

2.14 ± 

0.03Cc

2.01 ± 

0.00Cc

2.00 ± 

0.01Ba

1.26 ± 

0.01Cc

1.15 ± 

0.01Dc

1.10 ± 

0.01Dd

0.98 ± 

0.01CDd

1.03 ± 

0.01Cb

0.98 ± 

0.02Cb

0.87 ± 

0.01Dc

0.80 ± 

0.01Cb

0.91 ± 

0.01Ca

0.79 ± 

0.02Dc

0.60 ± 

0.01Dc

0.51 ± 

0.01Cc

0.19 ± 

0.01Cb

12
3.21 ± 

0.02Ec

1.95 ± 

0.01Dc

1.93 ± 

0.01Dc

1.94 ± 

0.00Ca

1.13 ± 

0.02Dc

1.04 ± 

0.02Ec

1.04 ± 

0.01Ec

0.71 ± 

0.01Eb

0.93 ± 

0.01Db

0.86 ± 

0.03Db

0.76 ± 

0.01Ec

0.67 ± 

0.02Eb

0.88 ± 

0.01Db

0.69 ± 

0.01Eb

0.56 ± 

0.01Db

0.48 ± 

0.01Cb

0.12 ± 

0.01Dc

−18

0
3.48 ± 

0.01Ca

1.88 ± 

0.01Da

1.71 ± 

0.01Da

1.73 ± 

0.01Fa

1.30 ± 

0.01Ca

1.31 ± 

0.01Ca

1.13 ± 

0.01Da

0.91 ± 

0.01Da

0.93 ± 

0.01Da

0.86 ± 

0.01Da

0.90 ± 

0.01Da

0.77 ± 

0.01Da

0.79 ± 

0.01Ea

0.81 ± 

0.00Ca

0.72 ± 

0.02Ba

0.49 ± 

0.01Ca

0.16 ± 

0.01Ea

1
3.52 ± 

0.01Ba

1.91 ± 

0.01Da

1.77 ± 

0.01Cb

1.85 ± 

0.01Eb

1.33 ± 

0.02Cb

1.40 ± 

0.01Ba

1.23 ± 

0.01Cb

0.93 ± 

0.01Db

0.98 ± 

0.01CDa

1.01 ± 

0.02Ca

0.93 ± 

0.01CDa

0.81 ± 

0.01Ca

0.93 ± 

0.01Da

0.84 ± 

0.01Cb

0.74 ± 

0.01Ba

0.50 ± 

0.01Ca

0.21 ± 

0.00CDa

3
3.54 ± 

0.01Bbc

2.17 ± 

0.01Bb

2.12 ± 

0.01Bb

1.99 ± 

0.01Ca

1.56 ± 

0.01Ba

1.41 ± 

0.01Ba

1.36 ± 

0.01Ba

1.15 ± 

0.01Ba

1.11 ± 

0.01Bb

1.07 ± 

0.01Ba

1.04 ± 

0.01Bb

0.90 ± 

0.01Bb

0.97 ± 

0.01Cb

0.94 ± 

0.01Bb

0.86 ± 

0.01Ab

0.57 ± 

0.01Ba

0.26 ± 

0.01Ba

6
3.81 ± 

0.01Aa

2.36 ± 

0.03Aa

2.26 ± 

0.01Ab

2.23 ± 

0.02Aa

1.59 ± 

0.01Aa

1.45 ± 

0.02Ab

1.45 ± 

0.02Aa

1.33 ± 

0.02Aa

1.22 ± 

0.01Aa

1.19 ± 

0.01Ab

1.20 ± 

0.01Aa

1.11 ± 

0.01Aab

1.01 ± 

0.01Bb

1.03 ± 

0.01Aab

0.89 ± 

0.01Ab

0.63 ± 

0.02Ab

0.31 ± 

0.01Ab

9
3.41 ± 

0.01Db

2.32 ± 

0.01Ab

2.14 ± 

0.01Bb

2.03 ± 

0.01Ba

1.31 ± 

0.00Cc

1.34 ± 

0.01Cb

1.20 ± 

0.01Cb

1.04 ± 

0.01Cc

1.03 ± 

0.02Cb

1.01 ± 

0.02Cb

0.93 ± 

0.01Cb

0.84 ± 

0.01Cb

1.08 ± 

0.01Ab

0.84 ± 

0.01Cb

0.61 ± 

0.01Cc

0.51 ± 

0.01Cc

0.23 ± 

0.01BCa

12
3.31 ± 

0.01Eb

2.08 ± 

0.02Cb

1.94 ± 

0.01Cc

1.94 ± 

0.01Da

1.15 ± 

0.01Dc

1.10 ± 

0.01Db

1.11 ± 

0.03Eb

0.71 ± 

0.02Eb

0.95 ± 

0.01Db

0.87 ± 

0.01Db

0.81 ± 

0.01Eb

0.69 ± 

0.01Eb

0.89 ± 

0.01Db

0.72 ± 

0.01Db

0.58 ± 

0.01Db

0.51 ± 

0.00Cb

0.16 ± 

0.01Eb

(Continued)
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TABLE 2 (Continued)

Temperature 
(°C)

Time 
(mon)

Glu Asp Lys Arg His Leu Ala Gly Val Iso Pro Thr Phe Ser Tyr Cys Met

−25

0
3.48 ± 

0.01Ca

1.82 ± 

0.01Fa

1.71 ± 

0.01Ea

1.73 ± 

0.01Ea

1.31 ± 

0.02Ca

1.30 ± 

0.01Da

1.14 ± 

0.01Ea

0.91 ± 

0.01Da

0.94 ± 

0.01Da

0.86 ± 

0.01Da

0.90 ± 

0.01CDa

0.78 ± 

0.01Da

0.80 ± 

0.01Ea

0.80 ± 

0.02Ca

0.72 ± 

0.01Ca

0.49 ± 

0.01Ca

0.16 ± 

0.01Da

1 3.5 ± 

0.02Ca

1.92 ± 

0.01Eb

1.74 ± 

0.02Dbc

1.84 ± 

0.02Db

1.34 ± 

0.01Cb

1.34 ± 

0.01Cb

1.21 ± 

0.01Db

0.92 ± 

0.01Db

0.96 ± 

0.02Da

1.00 ± 

0.01Ca

0.93 ± 

0.01Cab

0.83 ± 

0.01Ca

0.92 ± 

0.01Da

0.83 ± 

0.01Cb

0.72 ± 

0.02Ca

0.50 ± 

0.01Ca

0.21 ± 

0.20Ca

3 3.56 ± 

0.01Bb

2.14 ± 

0.01Bb

2.05 ± 

0.01Cc

1.89 ± 

0.01DCb

1.53 ± 

0.01Ba

1.40 ± 

0.01Bb

1.36 ± 

0.01Ba

0.13 ± 

0.02Ba

1.17 ± 

0.01Ba

1.07 ± 

0.01Ba

1.04 ± 

0.01Bb

0.90 ± 

0.01Bb

0.96 ± 

0.01Cb

0.93 ± 

0.01Bb

0.84 ± 

0.01Bb

0.56 ± 

0.01Ba

0.27 ± 

0.01Ba

6 3.8 ± 

0.01Aa

2.22 ± 

0.01C

2.25 ± 

0.01Db

2.14 ± 

0.01Ab

1.59 ± 

0.01Aa

1.46 ± 

0.01Ab

1.40 ± 

0.01Ab

1.22 ± 

0.01Ab

1.21 ± 

0.02Aa

1.20 ± 

0.01Ab

1.14 ± 

0.01Ab

1.09 ± 

0.01Abc

1.00 ± 

0.01Bb

1.01 ± 

0.01Aa

0.88 ± 

0.01Ab

0.63 ± 

0.01Ab

0.31 ± 

0.01Ab

9 3.42 ± 

0.01Db

2.02 ± 

0.01Dd

2.14 ± 

0.01Bb

2.00 ± 

0.02Ba

1.37 ± 

0.03Cb

1.35 ± 

0.02Cb

1.30 ± 

0.02Cb

1.11 ± 

0.02BCb

1.08 ± 

0.01Cb

1.02 ± 

0.01Cb

0.94 ± 

0.02Cb

0.93 ± 

0.01Ba

1.09 ± 

0.01Ab

0.84 ± 

0.01Cb

0.66 ± 

0.01Db

0.57 ± 

0.01Bb

0.24 ± 

0.03Ba

12 3.32 ± 

0.01Eb

2.09 ± 

0.01Cb

2.07 ± 

0.01Cb

1.93 ± 

0.02Ca

1.20 ± 

0.01Db

1.12 ± 

0.01Eb

1.10 ± 

0.01Eb

0.75 ± 

0.01Eab

0.96 ± 

0.01Db

0.88 ± 

0.01Cb

0.82 ± 

0.01Eb

0.68 ± 

0.02Eb

0.90 ± 

0.01Db

0.70 ± 

0.02Db

0.61 ± 

0.01Eb

0.51 ± 

0.01Cb

0.17 ± 

0.01Db

−40 0 3.48 ± 

0.01Ca

1.88 ± 

0.01 E

1.70 ± 

0.01Ea

1.73 ± 

0.01Da

1.31 ± 

0.01Da

1.30 ± 

0.01CDa

1.12 ± 

0.02Da

0.92 ± 

0.00DEa

0.94 ± 

0.01Da

0.87 ± 

0.01Da

0.90 ± 

0.01Da

0.77 ± 

0.01Da

0.79 ± 

0.00 Da

0.81 ± 

0.01Da

0.71 ± 

0.01Da

0.50 ± 

0.00Da

0.16 ± 

0.01Ca

1 3.49 ± 

0.02Ca

1.92 ± 

0.01Ea

1.72 ± 

0.02Ec

1.75 ± 

0.02Dc

1.34 ± 

0.01Db

1.33 ± 

0.01Cb

1.15 ± 

0.01Dc

0.93 ± 

0.01DEb

0.96 ± 

0.01Da

0.89 ± 

0.01Db

0.92 ± 

0.02CDb

0.79 ± 

0.02Da

0.80 ± 

0.01Db

0.82 ± 

0.01Db

0.73 ± 

0.01Da

0.50 ± 

0.01Da

0.17 ± 

0.01Cb

3 3.51 ± 

0.01Cc

2.08 ± 

0.01Dc

1.89 ± 

0.01Dd

1.91 ± 

0.01Cb

1.46 ± 

0.01Cb

1.36 ± 

0.01BCc

1.24 ± 

0.01BCb

1.10 ± 

0.01c

1.05 ± 

0.01Cc

1.01 ± 

0.01Cb

0.95 ± 

0.01Cc

0.84 ± 

0.01Cc

0.94 ± 

0.02Cb

0.88 ± 

0.01Cc

0.80 ± 

0.01Cc

0.54 ± 

0.01BCa

0.19 ± 

0.01Bb

6 3.67 ± 

0.03ABb

2.2 ± 

0.02Cb

2.20 ± 

0.01BCa

2.13 ± 

0.01Bb

1.51 ± 

0.01Bb

1.40 ± 

0.00Bc

1.29 ± 

0.02Bc

1.26 ± 

0.01Bb

1.13 ± 

0.02Bb

1.08 ± 

0.01Bc

1.04 ± 

0.01Bc

0.89 ± 

0.01Bd

0.99 ± 

0.01Bb

0.94 ± 

0.01Bb

0.84 ± 

0.01Bc

0.58 ± 

0.01Bc

0.23 ± 

0.01Ac

9 3.71 ± 

0.01Ab

2.43 ± 

0.01Aa

2.33 ± 

0.01Aa

2.23 ± 

0.01Ab

1.60 ± 

0.01Aa

1.46 ± 

0.01Aa

1.46 ± 

0.01Aa

1.38 ± 

0.01Aa

1.22 ± 

0.01Aa

1.22 ± 

0.01Aa

1.12 ± 

0.02Aa

0.92 ± 

0.01Aa

1.20 ± 

0.01Aa

1.01 ± 

0.01Aa

0.89 ± 

0.01Aa

0.63 ± 

0.01Aa

0.25 ± 

0.01Aa

12 3.64 ± 

0.02Ba

2.28 ± 

0.02Ba

2.12 ± 

0.01Ca

2.14 ± 

0.01Ba

1.52 ± 

0.01Ba

1.31 ± 

0.01Da

1.27 ± 

0.01Ca

1.20 ± 

0.01Ca

1.05 ± 

0.01Ca

1.10 ± 

0.01Bb

1.02 ± 

0.01Ba

0.88 ± 

0.01Bb

0.94 ± 

0.01Ca

0.89 ± 

0.01Ca

0.74 ± 

0.01Da

0.57 ± 

0.01Ba

0.20 ± 

0.01Bab

The means at the same frozen temperature with different uppercase letters (A–E) differ significantly (p < 0.05); the means at the same frozen time with different lowercase letters (a–d) differ significantly (p < 0.05).
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temperature, the higher the free amino acid contents. The increase in 
amino acid content during the same frozen temperature was due to the 
partial unfolding of spatial structure induced by mild oxidation of 
proteins at the beginning of frozen storage, which resulted in the 
exposure of some amino acids to the protein surface (12). With 
extended frozen storage, the amino acids gradually underwent 
oxidation, which resulted in a decline in amino acid content. Bai et al. 
(3) reported that the increased content of all amino acids during the first 
four freezethaw cycles could be due to the transition of one amino acid 
to another amino acid through oxidation and deamination reactions, 
and with more freezethaw cycles, the decrease in the content of some 
amino acids might be due to their degradation. When the samples were 
stored for the same time, the lower the temperature, the lower the 
degree of protein degradation and the slower the rate of biochemical 
reactions, thus the higher the content of amino acids (1). Furthermore, 
the development and expansion of ice crystals throughout the freezing 
process can pierce the cellular structure of lysozyme, resulting in the 
discharge of proteolytic enzymes and aminopeptidases, thereby 
increasing the recognition of amino acids and enzymes of peptide chain 
segments at specific locations, and ultimately causing changes in amino 
acid content in muscle (32). Chen et al. (33) determined that the rise in 
amino acid levels during frozen storage is attributed to an increase in 
endogenous proteases secreted by microorganisms within the meat, 
which further catalyzes protein breakdown. The oxidation products are 
susceptible to the maillard reaction, forming advanced glycation end 
products (AGEs) and heterocyclic aromatic amines (HAAs) during 
subsequent processing and storage. These compounds pose risks of 
chronic diseases such as diabetes and Alzheimer’s disease (34). 
Additionally, oxidative modifications or aggregation of proteins may 
mask the binding sites for proteolytic enzymes, thereby affecting the 
digestibility of proteins (35, 36).

3.3 TCA-soluble peptide

The change in TCA-soluble peptide content can reflect the degree 
of protein digestion during frozen storage (25). The higher the 
TCA-soluble peptide content, the more digestible the protein. As 
shown in Figure 2, after 12 months of frozen storage, the TCA-soluble 
peptide content of the digested samples after simulated gastric and 

small intestinal digestion in vitro had decreased by 25.46% (−8°C), 
22.99% (−18°C), 18.63% (−25°C), 13.23% (−40°C) and 
14.37%(−8°C), 12.94% (−18°C),11.52% (−25°C), 10.35% (−40°C) 
respectively, compared to their corresponding initial values. The result 
showed that the lower the freezing temperature, the higher the content 
of TCA-soluble peptides and the easier the protein digestion. During 
simulated digestion in  vitro, pepsin mainly recognizes amino or 
carboxyl groups at both ends of aromatic amino acids such as 
phenylalanine, tryptophan and tyrosine. At higher freezing 
temperature, free radical release rate is accelerated, tryptophan is 
easily oxidized by peroxy free radicals to produce stable kynuridine, 
and tyrosine free radical crosslinks to produce dityrosine. Therefore, 
the natural structure and content of amino acids at the recognition site 
of pepsin are changed, which reduces the sensitivity of pepsin 
hydrolysis (37, 38). This results in a decrease in TCA-soluble peptide 
content. However, under the condition of low temperature freezing 
storage, the protein structure and conformation are moderately 
developed, and the tryptophan and tyrosine buried in the protein are 
exposed, which can be  well combined with pepsin, improve the 
digestion degree of the sample, and thus increase the TCA-soluble 
peptide content of the sample. Similarly, higher freezing temperatures 
accelerate the formation of oxidized aggregates and crosslinked 
products, which can alter the physical recognition site of trypsin, 
thereby reducing proteolytic sensitivity. In addition, at higher freezing 
temperature, lysine and arginine undergo a large degree of oxidative 
modification, resulting in changes in protease recognition sites, thus 
reducing the sensitivity of proteolysis and significantly reducing the 
content of TCA-soluble peptides after digestion. Fang et  al. (39) 
noticed fewer cleavage sites for proteases and decreased TCA-soluble 
peptide content after in vitro digestion of surimi gels when the proteins 
were cross-linked by microbial transglutaminase.

3.4 Microscopic morphology

CLSM was used to observe the microstructure of digested 
products after freezing for 6 and 12 months. As shown in Figure 3, the 
digested protein was stained with a bright red fluorescence by Nile 
blue. After digestion in the stomach and small intestine, the red 
droplets of fresh samples were dense and uniform distribution, and 

FIGURE 2

Influence of frozen storage temperature (°C) and time (mon) on the TCA-soluble peptide content of myofibrillar protein in vitro gastric (A) and small 
intestinal (B) digestion products.
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relatively small. This phenomenon indicated that fresh meat protein 
was easy to digest and absorb. And the TCA-soluble peptide content 
was the highest, which manifested a high digestibility. The 
microstructures exhibited different tendencies when the meat proteins 
were subjected to different frozen temperatures and storage durations. 
When the samples were stored at-8°C, the size and distribution of red 
droplets were nonhomogeneous, and the large droplets increased 
gradually with prolonged storage time. By contrast, the samples stored 
at-40°C showed well-distributed and relatively small red droplets. This 
result revealed that the pork muscle meat that had been subjected to 
long term high temperature frozen was difficultly to digest, which 
corresponded to low digestibility. The explanation for this 
phenomenon could be that proteins were less likely to denature and 
aggregate in samples stored at ultra-low temperature freezing (−40°C) 
compared to-8°C (40). At-40°C, the low extent of protein aggregation 
and denaturation meant that digestive enzymes could efficiently 
hydrolyze the protein into amino acids. Thus, the red fluorescent 
droplets were relatively uniformly distributed. At-8°C, however, 
protein aggregates were formed that were difficult to hydrolyze by 
digestive enzymes (pepsin and trypsin). Thus, large red droplets were 
observed by CLSM and a lower TCA-soluble peptide content was 
monitored. In addition, the interaction between disulfide bonds, 
dityrosine, and active carbonyl groups generated by protein oxidation 
promotes protein aggregation and binding, thus negatively affecting 

the rate of protein hydrolysis, resulting in relatively large red droplets 
after Nile blue staining (41). In related work, Bai et al. (14) found that 
repeated freezing and thawing of chicken meat was difficult to digest, 
and the red fluorescent droplets observed by CLSM became large.

3.5 Secondary structure

FTIR is a useful tool to monitor the secondary structure of 
digested products (42). The spectral changes of the products after 
digestion in vitro are shown in Figures 4, 5. There were five spectral 
regions in the FTIR of all samples: N-H stretching vibration of 
intermolecular hydrogen bonds (3200–3,600 cm−1, amide A), 
stretching of methylene asymmetric ester C-H in the side chain of 
proteins (2800–3,100 cm−1, amide B), C=O and C-N stretching 
vibration (1600–1700 cm−1, amide I), N-H bending and C-N and C-C 
stretching (1500–1,600 cm−1, amide II), and C-N and N-H stretching 
(1100–1,300 cm−1, amide III) (32, 43). With increased storage time, 
the shape of the peak gradually became narrower and sharper. The 
higher the frozen temperature, the more obvious the change in the 
shape of the peak. There was a red shift in the amide A and amide B 
bands, while the amide I, amide II, and amide III bands showed a 
blue shift. It could be that pepsin and trypsin mainly hydrolyzed the 
peptide bonds of Phe, Tyr, and Trp and the C-terminal bonds of Arg 

FIGURE 3

Influence of frozen storage temperature (°C) and time (mon) on the microstructure of myofibrillar protein in vitro digestion products.
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FIGURE 5

Influence of frozen storage temperature (°C) and time (mon) on the the spectral of myofibrillar protein in vitro small intestinal digestion product.

FIGURE 4

Influence of frozen storage temperature (°C) and time (mon) on the spectral of myofibrillar protein in vitro gastric digestion products.
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and Lys during digestion, which resulted in the exposure of C=O and 
N-H; hence, the observed shifts in the amide A, amide B, amide I, 
amide II, and amide III bands (44, 45).

The secondary structure of samples after digestion were further 
analyzed using the band of amide I and the amide I band in the FTIR 
included α-helix, β-sheet, β-turn, and random coil. Tables 3, 4 shows the 
change in the secondary structure content of the digestive products after 
stomach and small intestine digestion, respectively. At the same freezing 
temperature, the contents of the α-helix and β-turn decreased and the 
contents of B-fold and random curling increased after pepsin digestion 
with the extension of freezing time. Then, after trypsin digestion, with the 
extension of frozen storage time, the α-helix and β-turn contents of 
samples were futher decreased, while the β-sheet and random coil 
contents were futher increased. At the end of freezing storage at-8°C, the 
contents of α-helix, β-sheet, β-turn and rrandom coil reached 34.19, 25.38, 
5.02 and 35.13%, respectively. This is because after the enzymatic 
hydrolysis of protease, the spatial structure and conformation of protein 
molecules are unfolded, resulting in the destruction of the ordered 
structure of α-helix and β-turn, and the gradual transformation into 
β-sheet and random coils (25, 46). In addition, The decrease in the α-helix 
content and an increase in the random coil content was accompanied by 
the decrease in the TCA-soluble peptide and protein digestibility. 

Furthermore, the β-sheet structure was negative correlation with protein 
digestibility. The higher the percentage of the β-sheet structures, the lower 
TCA-soluble peptide. Bai et al. (14) showed that protein cross-linking and 
aggregation in the frozen storage process reduced the cleavage site and 
chemical reaction site of pepsin, ultimately leading to changes in the 
secondary structure of protein digestion products. Zhou et al. (47) found 
that the alpha-helix content was reduced, indicating that the secondary 
structure of the protein was further developed after trypsin digestion. 
Zhang et al. (48) believed that the change of protein helical structure was 
accompanied by protein aggregation, which masked the recognition sites 
and thus affected the digestion process of protease. Du et al. (49) reported 
that the decrease in α-helix content was related to the reduction in 
TCA-soluble peptide content. Furthermore, the β-folded structure 
contains many hydrogen bonds, which hinder the digestion reaction and 
therefore was negatively correlated with the degree of protein digestion.

3.6 Tertiary structure

Fluorescence spectra can reflect the changes in the tertiary 
conformation of MP after in  vitro digestion (50). As shown in 
Figures 6, 7, after simulated gastrointestinal digestion, the maximum 

TABLE 3 Influence of frozen storage temperature (°C) and time (mon) on the secondary structure contents of myofibrillar protein in vitro gastric 
digestion product.

Temperature (°C) Time (mon) α-helix (%) β-sheet (%) β-turn (%) Random coil (%)

−8

0 51.77 ± 1.11Aa 17.71 ± 0.02Ca 11.88 ± 0.36Aa 18.78 ± 0.57Da

1 50.36 ± 0.10Aa 18.06 ± 1.23BCa 11.63 ± 0.30Aa 20.47 ± 1.50Da

3 47.14 ± 0.45Bb 18.45 ± 1.44BCa 9.92 ± 0.31Bb 24.03 ± 1.19Ca

6 45.36 ± 1.32Ba 20.18 ± 0.22BCa 8.53 ± 0.18Cc 26.14 ± 0.37Ca

9 40.26 ± 1.12Cb 20.95 ± 0.79ABa 7.28 ± 0.16Dd 30.57 ± 0.76Ba

12 38.26 ± 1.46Cb 22.31 ± 1.45Aa 7.09 ± 0.196Dc 32.85 ± 0.49Aa

−18

0 51.77 ± 1.11Aa 17.71 ± 0.02Ea 11.88 ± 0.36Aa 18.78 ± 0.57ABa

1 50.66 ± 0.68ABa 17.94 ± 0.05Da 11.44 ± 0.42Aa 20.19 ± 1.41Ba

3 48.14 ± 1.23BCab 18.12 ± 0.11Ca 10.28 ± 0.06Ba 23.42 ± 0.57Ca

6 45.58 ± 1.34CDa 19.18 ± 0.05Bb 9.16 ± 0.19Cb 26.35 ± 0.20Da

9 44.26 ± 0.28DEa 20.15 ± 0.14Aab 7.93 ± 0.34Dc 27.84 ± 0.42Eb

12 41.26 ± 1.34Eab 20.32 ± 0.02Ab 7.28 ± 0.11Ec 31.21 ± 0.67Fb

−25

0 51.77 ± 1.11Aa 17.71 ± 0.02Fa 11.88 ± 0.36Aa 18.78 ± 0.57Ea

1 50.76 ± 1.23Aa 17.86 ± 0.05Ea 11.51 ± 0.24Aa 20.00 ± 1.41Ea

3 49.52 ± 0.89ABa 18.08 ± 0.04Da 10.41 ± 0.08Ba 22.01 ± 1.22Dab

6 46.58 ± 2.01BCa 18.43 ± 0.07Cc 9.23 ± 0.27Cab 25.49 ± 0.54Cab

9 45.56 ± 0.07CDa 18.85 ± 0.11Bbc 8.46 ± 0.18Db 27.20 ± 0.35Bb

12 42.71 ± 0.09Da 19.78 ± 0.05Ab 7.78 ± 0.09Eb 29.63 ± 0.52Ac

−40

0 51.77 ± 1.11Aa 17.71 ± 0.02Ea 11.88 ± 0.36Aa 18.78 ± 0.57Ea

1 51.36 ± 0.78Aa 17.96 ± 0.02Da 11.18 ± 0.79ABa 19.23 ± 1.29Ea

3 50.14 ± 0.44ABa 18.02 ± 0.05Da 10.55 ± 0.59BCa 21.15 ± 0.23Db

6 48.36 ± 1.11BCa 18.36 ± 0.08Cc 9.58 ± 0.21Da 23.25 ± 0.61Cb

9 6.720 ± 1.33CDa 18.75 ± 0.05Bc 9.01 ± 0.10DEa 25.36 ± 0.80Bc

12 44.28 ± 1.01Da 19.41 ± 0.08Ab 8.28 ± 0.40Fa 28.33 ± 0.36Ad

The means at the same frozen temperature with different uppercase letters (A–E) differ significantly (p < 0.05); the means at the same frozen time with different lowercase letters (a-d) differ 
significantly (p < 0.05).
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TABLE 4 Influence of frozen storage temperature (°C) and time (mon) on the secondary structure contents of myofibrillar protein in vitro small 
intestinal digestion product.

Temperature (°C) Time (mon) α-helix (%) β-sheet (%) β-turn (%) Random coil (%)

−8

0 48.31 ± 1.22Aa 21.11 ± 1.01Ca 10.23 ± 0.74Aa 21.61 ± 0.77Ca

1 47.21 ± 1.79Aa 21.46 ± 1.20Ca 10.17 ± 0.83Aa 22.57 ± 2.03Ca

3 43.07 ± 1.20Bb 21.85 ± 1.15BCa 8.05 ± 0.20Bb 26.86 ± 0.59Ba

6 41.29 ± 1.31Bb 23.58 ± 1.02ABa 6.22 ± 0.49Cb 28.82 ± 1.21Ba

9 36.19 ± 1.51Cc 24.35 ± 1.18Aa 5.21 ± 0.34CDc 34.06 ± 1.12Aa

12 34.19 ± 1.39Cc 25.38 ± 0.82Aa 5.02 ± 0.17Db 35.13 ± 0.65Aa

−18

0 47.70 ± 1.23Aa 21.11 ± 1.01Ba 10.23 ± 0.74Aa 21.61 ± 0.77Da

1 46.59 ± 1.27Aa 20.97 ± 0.85Ba 9.97 ± 1.13Aa 22.61 ± 1.48Da

3 44.28 ± 1.01ABab 21.93 ± 1.13ABa 8.17 ± 0.11Bb 25.95 ± 1.02Cab

6 41.48 ± 1.45BCb 22.48 ± 0.26ABab 6.81 ± 0.99BCb 28.63 ± 1.58Bab

9 40.19 ± 1.36CDb 23.88 ± 1.63Aa 5.89 ± 0.46Cbc 30.32 ± 0.61Bb

12 37.16 ± 1.25Db 23.95 ± 1.17Aab 5.58 ± 0.61Cab 33.61 ± 2.05Aab

−25

0 47.70 ± 1.52Aa 21.11 ± 1.01Aa 10.23 ± 0.74Aab 21.61 ± 0.77Da

1 46.69 ± 1.21Aa 21.24 ± 1.44Aa 9.71 ± 0.32Aa 22.60 ± 0.36Da

3 45.45 ± 1.22ABa 21.48 ± 0.29Aab 8.46 ± 0.21Bab 24.56 ± 1.11Cbc

6 42.51 ± 1.32Bab 21.83 ± 0.42Ab 7.39 ± 0.43BCa 28.41 ± 0.50Bab

9 42.36 ± 0.75Bab 22.25 ± 1.33Ab 6.48 ± 0.79CDab 29.44 ± 1.31Bbc

12 38.63 ± 1.11Cab 23.18 ± 0.51Ab 5.63 ± 0.78Dab 32.12 ± 1.33Abc

−40

0 47.63 ± 0.31Aa 21.11 ± 1.11Ba 10.23 ± 0.74Aa 21.61 ± 0.77Ea

1 47.29 ± 1.51Aa 21.36 ± 0.53Ba 9.71 ± 0.55ABa 22.04 ± 0.45Ea

3 46.07 ± 1.22ABa 21.42 ± 0.42Bb 8.72 ± 0.13Ba 23.86 ± 0.86Dc

6 44.29 ± 1.53ABa 21.77 ± 0.72ABb 7.39 ± 0.79Ca 26.52 ± 1.22Cc

9 42.62 ± 1.25BCa 22.15 ± 0.32ABb 7.02 ± 0.47CDa 28.26 ± 0.98Bc

12 40.18 ± 1.55Ca 22.81 ± 0.53Ab 6.17 ± 0.55Da 30.51 ± 0.48Ac

The means at the same frozen temperature with different uppercase letters (A–E) differ significantly (p < 0.05); the means at the same frozen time with different lowercase letters (a–d) differ 
significantly (p < 0.05).

FIGURE 6

Influence of frozen storage temperature (°C) and time (mon) on the tertiary structure of myofibrillar protein in vitro gastric digestion products.
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fluorescence wavelength (λmax) had red-shifted. For samples subjected 
to 12 months of frozen storage, λmax shifted to 349 nm (−8°C), 
348 nm (−18°C), 347 nm (−25°C), and 346 nm (−40°C) after 
simulated gastric digestion in vitro, and to 361 nm (−8°C), 359 nm 
(−18°C), 357 nm (−25°C), and 356 nm (−40°C) after simulated 
small intestinal digestion in vitro. In addition, the FI of digested 
products was significantly decreased (p < 0.05). During the in vitro 
simulated digestion, pepsin mainly hydrolyzes the peptide bonds of 
aromatic amino acids (51). During frozen storage, protein unfolding 
causes the exposure and oxidation of tryptophan to produce stable 
kynurenine, resulting in a decrease in the amount of amino acids 
hydrolyzed by pepsin and a red shift in the FTIR spectrum (52). 
Moreover, protein cross-linking and aggregation could result in 
fluorescence quenching (53). Liu et al. (54) found that the FI was 
usually related to the energy transfer from Tyr to Trp and adjacent 
fluorescence quenching groups. When MP was hydrolyzed by pepsin 
and trypsin, the energy transfer of Tyr to Trp was increased, and the 
amount of fluorescence quenching groups was decreased. Thus, a 
decline in FI was observed.

4 Conclusion

This study assessed the influence of frozen storage time and 
temperature on the basic components and in  vitro digestive 
characteristics of pork. The moisture, crude protein, and fat content 
decreased significantly with prolonged storage and increased frozen 
storage temperature. Meanwhile, the amino acids (such as Glu, Asp., 
and Lys) in muscle significantly increased in the first 6 months and 
decreased afterward. The results of in vitro digestion showed that the 
TCA-soluble peptide, α-helix, and β-turn contents and the FI of samples 

significantly decreased, while the β-sheet and random coil contents and 
λmax significantly increased. Therefore, longer frozen storage and higher 
temperature storage accelerated the decline in the basic components of 
pork, reduced the degree of protein digestion, and destroyed the 
secondary and tertiary structure of digested products.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

RW: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Software, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review & editing. 
YL: Data curation, Formal analysis, Investigation, Methodology, 
Writing – review & editing. YH: Data curation, Formal analysis, 
Software, Validation, Writing – review & editing. CF: Investigation, 
Project administration, Resources, Supervision, Writing – review 
& editing. XX: Conceptualization, Investigation, Supervision, 
Visualization, Writing – review & editing.

Funding

The author(s) declare that financial support was received 
for the research, authorship, and/or publication of this 

FIGURE 7

Influence of frozen storage temperature (°C) and time (mon) on the tertiary structure of myofibrillar protein in vitro small intestinal digestion products.

https://doi.org/10.3389/fnut.2024.1511698
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Wang et al. 10.3389/fnut.2024.1511698

Frontiers in Nutrition 14 frontiersin.org

article. This study was supported by the Basic Research 
Program of Shanxi Province (grant no. 202303021212505), 
Lvliang High-Level Talent Introduction Project (grant no. 
2022RC18), Shanxi Province Key R&D Plan (grant number 
202302140601017) and 2022 Doctoral Foundation of 
Lyuliang University.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the creation 
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Pan N, Bai X, Kong B, Liu Q, Chen Q, Sun F, et al. The dynamic change in the 

degradation and in vitro digestive properties of porcine myofibrillar protein during 
freezing storage. Int J Biol Macromol. (2023) 234:123682. doi: 10.1016/j.
ijbiomac.2023.123682

 2. Du X, Kong B, He J, Zhang Q, An G, Zhang T, et al. Cryoprotective effect of water-
tailored trehalose-based natural deep eutectic solvents on frozen-thawed mirror carp 
(Cyprinus carpio L.) surimi. Food Chem. (2023) 426:136633. doi: 10.1016/j.
foodchem.2023.136633

 3. Bai X, Li Y, Liang WW, Xia XF, Bian C. Formation of advanced glycation end 
products of chicken breast meat induced by freeze-thaw cycles and subsequent cooking. 
Int J Biol Macromol. (2023) 244:125387. doi: 10.1016/j.ijbiomac.2023.125387

 4. Zhang MC, Li FF, Diao XP, Kong BH, Xia XF. Moisture migration, microstructure 
damage and protein structure changes in porcine longissimus muscle as influenced by 
multiple freeze-thaw cycles. Meat Sci. (2017) 133:10–8. doi: 10.1016/j.
meatsci.2017.05.019

 5. Estrada-Solís J, Figueroa-Rodríguez KA, Figueroa-Sandoval B, Hernández-Rosas 
F, Hernández-Cazares AS. Microstructure and physical changes in the Mexican cooked 
lamb meat barbacoa made with chilled and frozen meat. Meat Sci. (2016) 118:122–8. 
doi: 10.1016/j.meatsci.2016.04.001

 6. Ndoye FT, Alvarez G. Characterization of ice recrystallization in ice cream during 
storage using the focused beam reflectance measurement. J Food Eng. (2015) 148:24–34. 
doi: 10.1016/j.jfoodeng.2014.09.014

 7. Ma J, Sun DW, Pu HB, Wei QY, Wang XM. Protein content evaluation of processed 
pork meats based on a novel single shot (snapshot) hyperspectral imaging sensor. J Food 
Eng. (2019) 240:207–13. doi: 10.1016/j.jfoodeng.2018.07.032

 8. Li FF, Wang B, Kong BH, Shi S, Xia XF. Decreased gelling properties of protein in 
mirror carp (Cyprinus carpio) are due to protein aggregation and structure deterioration 
when subjected to freeze-thaw cycles. Food Hydrocoll. (2019) 97:105223. doi: 10.1016/j.
foodhyd.2019.105223

 9. Pan N, Dong CH, Du X, Kong BH, Sun JY, Xia XF. Effect of freeze-thaw cycles on 
the quality of quick-frozen pork patty with different fat content by consumer assessment 
and instrument-based detection. Meat Sci. (2021) 172:108313. doi: 10.1016/j.
meatsci.2020.108313

 10. Peng XY, Liu C, Wang B, Kong L, Wen R, Zhang H, et al. Hygroscopic properties 
of whey protein hydrolysates and their effects on water retention in pork patties during 
repeated freeze–thaw cycles. LWT. (2023) 184:114984. doi: 10.1016/j.lwt.2023.114984

 11. Yoo SM, Shim JB, Kim K, Min SG, Lee S, Jo Y, et al. Effects of various freezing and 
thawing techniques on pork quality in ready-to-eat meals. Afr J Food Sci. (2015) 
9:525–33. doi: 10.5897/AJFS2015.1358

 12. Pan N, Hu YF, Li Y, Ren YM, Kong BH, Xia XF. Changes in the thermal stability 
and structure of myofibrillar protein from quick-frozen pork patties with different fat 
addition under freeze-thaw cycles. Meat Sci. (2021) 175:108420. doi: 10.1016/j.
meatsci.2020.108420

 13. Wan W, Li W, Sun L, Liu H, Xia X. Effects of freeze-thaw cycles on in-vitro 
digestive properties of myofibrillar protein in mirror carp (Cyprinus carpio L.), based on 
protein degradation, oxidation, and structural properties. Food Chem. (2024) 
436:137662. doi: 10.1016/j.foodchem.2023.137662

 14. Bai X, Shi S, Kong B, Chen Q, Liu Q, Li Z, et al. Analysis of the influencing 
mechanism of the freeze-thawing cycles on in vitro chicken meat digestion based on 
protein structural changes. Food Chem. (2023) 399:134020. doi: 10.1016/j.
foodchem.2022.134020

 15. Zhang M, Liu YX, Jin ML, Li DY, Wang ZY, Jiang PF, et al. The effect of heat 
treatment on the digestion and absorption properties of protein in sea cucumber body 
wall. Food Secur. (2023) 12:2896. doi: 10.3390/foods12152896

 16. Wang M, Zhou JJ, Calvo-Lerma J, Liu YX, Collado CM, Barba FJ. Effects of marine 
bioactive compounds on gut ecology based on in  vitro digestion and colonic 
fermentation models. Nutrients. (2022) 14:3307. doi: 10.3390/nu14163307

 17. Custódio FB, Vasconcelos-Neto MC, Theodoro KH, Chisté RC, Gloria MB. 
Assessment of the quality of refrigerated and frozen pork by multivariate exploratory 
techniques. Meat Sci. (2018) 139:7–14. doi: 10.1016/j.meatsci.2018.01.004

 18. Ji HH, Hu JL, Zuo S, Zhang SS, Li MZ, Nie SH. In vitro gastrointestinal digestion 
and fermentation models and their applications in food carbohydrates. Crit Rev Food 
Sci Nutr. (2022) 62:5349–71. doi: 10.1080/10408398.2021.1884841

 19. Cepero-Betancourt Y, Opazo-Navarrete M, Janssen AE, Tabilo-Munizaga G, 
Pérez-Won M. Effects of high hydrostatic pressure (HHP) on protein structure and 
digestibility of red abalone (Haliotis rufescens) muscle. Inov Food Sci Emerg. (2020) 
60:102282. doi: 10.1016/j.ifset.2019.102282

 20. Jiang S, Zhang M, Liu H, Li Q, Xue DJ, Nian YQ, et al. Ultrasound treatment can 
increase digestibility of myofibrillar protein of pork with modified atmosphere 
packaging. Food Chem. (2022) 377:131811. doi: 10.1016/j.foodchem.2021.131811

 21. Ye T, Chen X, Zhu Y, Chen Z, Wang Y, Lin L, et al. Freeze-thawing treatment as a 
simple way to tune the gel property and digestibility of minced meat from red swamp 
crayfish (Procambarus clarkiix). Food Secur. (2022) 11:837. doi: 10.3390/foods11060837

 22. Xia XF, Kong BH, Liu Q, Liu J. Physicochemical change and protein oxidation in 
porcine longissimus dorsi as influenced by different freeze-thaw cycles. Meat Sci. (2009) 
83:239–45. doi: 10.1016/j.meatsci.2009.05.003

 23. Sun QX, Sun FD, Xia XF, Xu HH, Kong BH. The comparison of ultrasound-
assisted immersion freezing, air freezing and immersion freezing on the muscle quality 
and physicochemical properties of common carp (Cyprinus carpio) during freezing 
storage. Ultrason Sonochem. (2019) 51:281–91. doi: 10.1016/j.ultsonch.2018.10.006

 24. Jo Y, An KA, Arshad MS, Kwon JH. Effects of e-beam irradiation on amino acids, 
fatty acids, and volatiles of smoked duck meat during storage. Inov Food Sci Emerg. 
(2018) 47:101–9. doi: 10.1016/j.ifset.2017.12.008

 25. Buamard N, Benjakul S. Improvement of gel properties of sardine (Sardinella 
albella) surimi using coconut husk extracts. Food Hydrocoll. (2015) 51:146–55. doi: 
10.1016/j.foodhyd.2015.05.011

 26. Du X, Wang B, Li H, Liu H, Shi S, Feng J, et al. Research progress on quality 
deterioration mechanism and control technology of frozen muscle foods. Compr Rev 
Food Sci Food Saf. (2022) 21:4812–46. doi: 10.1111/1541-4337.13040

 27. Cao S, Cai J, Wang X, Zhou K, Liu L, He L, et al. Cryoprotective effect of collagen 
hydrolysates from squid skin on frozen shrimp and characterizations of its antifreeze 
peptides. LWT. (2023) 174:114443. doi: 10.1016/j.lwt.2023.114443

 28. Zhang MC, Xia XF, Liu Q, Chen Q, Kong BH. Changes in microstructure, quality 
and water distribution of porcine longissimus muscles subjected to ultrasound-assisted 
immersion freezing during frozen storage. Meat Sci. (2019) 151:24–32. doi: 10.1016/j.
meatsci.2019.01.002

 29. Semedo Tavares WP, Dong S, Jin W, Yang Y, Han K, Zha F, et al. Effect of different 
cooking conditions on the profiles of Maillard reaction products and nutrient 
composition of hairtail (Thichiurus lepturus) fillets. Food Res Int. (2018) 103:390–7. doi: 
10.1016/j.foodres.2017.10.063

 30. Wu X, Zhang Z, He Z, Wang Z, Qin F, Zeng M, et al. Effect of freeze-thaw cycles 
on the oxidation of protein and fat and its relationship with the formation of heterocyclic 
aromatic amines and advanced glycation end products in raw meat. Molecules. (2021) 
26:1264. doi: 10.3390/molecules26051264

 31. Al-Dalali S, Li C, Xu BC. Effect of frozen storage on the lipid oxidation, protein 
oxidation, and flavor profile of marinated raw beef meat. Food Chem. (2022) 376:131881. 
doi: 10.1016/j.foodchem.2021.131881

https://doi.org/10.3389/fnut.2024.1511698
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.ijbiomac.2023.123682
https://doi.org/10.1016/j.ijbiomac.2023.123682
https://doi.org/10.1016/j.foodchem.2023.136633
https://doi.org/10.1016/j.foodchem.2023.136633
https://doi.org/10.1016/j.ijbiomac.2023.125387
https://doi.org/10.1016/j.meatsci.2017.05.019
https://doi.org/10.1016/j.meatsci.2017.05.019
https://doi.org/10.1016/j.meatsci.2016.04.001
https://doi.org/10.1016/j.jfoodeng.2014.09.014
https://doi.org/10.1016/j.jfoodeng.2018.07.032
https://doi.org/10.1016/j.foodhyd.2019.105223
https://doi.org/10.1016/j.foodhyd.2019.105223
https://doi.org/10.1016/j.meatsci.2020.108313
https://doi.org/10.1016/j.meatsci.2020.108313
https://doi.org/10.1016/j.lwt.2023.114984
https://doi.org/10.5897/AJFS2015.1358
https://doi.org/10.1016/j.meatsci.2020.108420
https://doi.org/10.1016/j.meatsci.2020.108420
https://doi.org/10.1016/j.foodchem.2023.137662
https://doi.org/10.1016/j.foodchem.2022.134020
https://doi.org/10.1016/j.foodchem.2022.134020
https://doi.org/10.3390/foods12152896
https://doi.org/10.3390/nu14163307
https://doi.org/10.1016/j.meatsci.2018.01.004
https://doi.org/10.1080/10408398.2021.1884841
https://doi.org/10.1016/j.ifset.2019.102282
https://doi.org/10.1016/j.foodchem.2021.131811
https://doi.org/10.3390/foods11060837
https://doi.org/10.1016/j.meatsci.2009.05.003
https://doi.org/10.1016/j.ultsonch.2018.10.006
https://doi.org/10.1016/j.ifset.2017.12.008
https://doi.org/10.1016/j.foodhyd.2015.05.011
https://doi.org/10.1111/1541-4337.13040
https://doi.org/10.1016/j.lwt.2023.114443
https://doi.org/10.1016/j.meatsci.2019.01.002
https://doi.org/10.1016/j.meatsci.2019.01.002
https://doi.org/10.1016/j.foodres.2017.10.063
https://doi.org/10.3390/molecules26051264
https://doi.org/10.1016/j.foodchem.2021.131881


Wang et al. 10.3389/fnut.2024.1511698

Frontiers in Nutrition 15 frontiersin.org

 32. Sun QX, Chen Q, Xia XF, Kong BH, Diao XP. Effects of ultrasound-assisted 
freezing at different power levels on the structure and thermal stability of common carp 
(Cyprinus carpio) proteins. Ultrason Sonochem. (2019) 54:311–20. doi: 10.1016/j.
ultsonch.2019.01.026

 33. Chen H, Ge Y, Yang T, Wang S, Liu N, Sun Y, et al. Quality changes of whitespotted 
conger (Conger myriaster) based physicochemical changes and label-free proteomics analysis 
during frozen storage. Curr Res Food Sci. (2024) 8:100779. doi: 10.1016/j.crfs.2024.100779

 34. Lu J, Li M, Huang Y, Xie J, Shen M, Xie M. Comprehensive review of advanced 
glycosylation end products and N-nitrosamines in thermally processed meat products. 
Food Control. (2022) 131:108449. doi: 10.1016/j.foodcont.2021.108449

 35. Gawat M, Boland M, Chen J, Singh J, Kaur L. Effects of microwave processing in 
comparison to sous vide cooking on meat quality, protein structural changes, and 
in  vitro digestibility. Food Chem. (2024) 434:137442. doi: 10.1016/j.
foodchem.2023.137442

 36. Bhat ZF, Morton JD, Mason SL, Bekhit AEA, Mungure TE. Pulsed electric field: 
effect on in-vitro simulated gastrointestinal protein digestion of deer longissimus dorsi. 
Food Res Int. (2019) 120:793–9. doi: 10.1016/j.foodres.2018.11.040

 37. Li HJ, Kong BH, Liu Q, Chen Q, Sun FD, Liu HT, et al. Ultrasound pretreatment 
for improving the quality and protein digestibility of stir-frying chicken gizzards. Food 
Res Int. (2022) 161:111782. doi: 10.1016/j.foodres.2022.111782

 38. Lee S, Jo K, Yong HI, Choi YS, Jung S. Comparison of the in  vitro protein 
digestibility of Protaetia brevitarsis larvae and beef loin before and after defatting. Food 
Chem. (2021) 338:128073. doi: 10.1016/j.foodchem.2020.128073

 39. Fang M, Luo X, Xiong S, Yin T, Hu Y, Liu R, et al. In vitro trypsin digestion and 
identification of possible cross-linking sites induced by transglutaminase (TGase) of 
silver carp (Hypophthalmichthys molitrix) surimi gels with different degrees of cross-
linking. Food Chem. (2021) 364:130443. doi: 10.1016/j.foodchem.2021.130443

 40. Huang L, Liu Q, Xia XF, Kong BH, Xiong YL. Oxidative changes and weakened 
gelling ability of salt-extracted protein are responsible for textural losses in dumpling 
meat fillings during frozen storage. Food Chem. (2015) 185:459–69. doi: 10.1016/j.
foodchem.2015.04.025

 41. Huang L, Xiong YL, Kong BH, Huang XG, Li J. Influence of storage temperature 
and duration on lipid and protein oxidation and flavour changes in frozen pork 
dumpling filler. Meat Sci. (2013) 95:295–301. doi: 10.1016/j.meatsci.2013.04.034

 42. Deng X, Ma Y, Lei Y, Zhu X, Zhang L, Hu L, et al. Ultrasonic structural 
modification of myofibrillar proteins from Coregonus peled improves emulsification 
properties. Ultrason Sonochem. (2021) 76:105659. doi: 10.1016/j.
ultsonch.2021.105659

 43. Zhong Y, Han P, Sun S, An N, Ren X, Lu S, et al. Effects of apple polyphenols and 
hydroxypropyl-β-cyclodextrin inclusion complexes on the oxidation of myofibrillar 
proteins and microstructures in lamb during frozen storage. Food Chem. (2022) 
375:131874. doi: 10.1016/j.foodchem.2021.131874

 44. Kaur L, Maudens E, Haisman DR, Boland MJ, Singh H. Microstructure and 
protein digestibility of beef: the effect of cooking conditions as used in stews and curries. 
LWT. (2014) 55:612–20. doi: 10.1016/j.lwt.2013.09.023

 45. Pissia MA, Matsakidou A, Paraskevopoulou A, Kiosseoglou V. Structural 
characteristics and physicochemical properties of freeze-dried snail meat. LWT. (2022) 
155:112980. doi: 10.1016/j.lwt.2021.112980

 46. Harnkarnsujarit N, Kawai K, Suzuki T. Effects of freezing temperature and water activity 
on microstructure, color, and protein conformation of freeze-dried bluefin tuna (Thunnus 
orientalis). Food Bioprocess Technol. (2015) 8:916–25. doi: 10.1007/s11947-014-1460-1

 47. Zhou CY, Cao J, Zhuang XB, Bai Y, Li CB, Xu XL, et al. Evaluation of the secondary 
structure and digestibility of myofibrillar proteins in cooked ham. CyTA-J Food. (2019) 
17:78–86. doi: 10.1080/19476337.2018.1554704

 48. Zhang M, Zhu S, Li Q, Xue DJ, Jiang S, Han Y, et al. Effect of thermal processing 
on the conformational and digestive properties of myosin. Food Secur. (2023) 
12:1249–57. doi: 10.3390/foods12061249

 49. Du XJ, Sun YY, Pan DD, Wang Y, Ou CR, Cao JX. Change of the structure and the 
digestibility of myofibrillar proteins in Nanjing dry-cured duck during processing. J Sci 
Food Agric. (2018) 98:3140–7. doi: 10.1002/jsfa.8815

 50. Yu CP, Li SH, Sun S, Yan HJ, Zou HN. Modification of emulsifying properties of 
mussel myofibrillar proteins by high-intensity ultrasonication treatment and the stability 
of O/W emulsion. Colloids Surf A Physicochem Eng Asp. (2022) 641:128511. doi: 
10.1016/j.colsurfa.2022.128511

 51. Zhang M, Zhao D, Zhu SR, Nian YQ, Xu XL, Zhou GH, et al. Overheating induced 
structural changes of type I collagen and impaired the protein digestibility. Food Res Int. 
(2020) 134:109225. doi: 10.1016/j.foodres.2020.109225

 52. Chen XQ, Liu HY, Li XX, Wei YJ, Li JR. Effect of ultrasonic-assisted immersion 
freezing and quick-freezing on quality of sea bass during frozen storage. LWT. (2022) 
154:112737. doi: 10.1016/j.lwt.2021.112737

 53. Xu YS, Xia WS, Jiang QX. Aggregation and structural changes of silver carp 
actomyosin as affected by mild acidification with D-gluconic acid delta-lactone. Food 
Chem. (2012) 134:1005–10. doi: 10.1016/j.foodchem.2012.02.216

 54. Liu FF, Li YQ, Wang CY, Liang Y, Zhao XZ, He JX, et al. Physicochemical, 
functional and antioxidant properties of mung bean protein enzymatic hydrolysates. 
Food Chem. (2022) 393:133397. doi: 10.1016/j.foodchem.2022.133397

https://doi.org/10.3389/fnut.2024.1511698
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.ultsonch.2019.01.026
https://doi.org/10.1016/j.ultsonch.2019.01.026
https://doi.org/10.1016/j.crfs.2024.100779
https://doi.org/10.1016/j.foodcont.2021.108449
https://doi.org/10.1016/j.foodchem.2023.137442
https://doi.org/10.1016/j.foodchem.2023.137442
https://doi.org/10.1016/j.foodres.2018.11.040
https://doi.org/10.1016/j.foodres.2022.111782
https://doi.org/10.1016/j.foodchem.2020.128073
https://doi.org/10.1016/j.foodchem.2021.130443
https://doi.org/10.1016/j.foodchem.2015.04.025
https://doi.org/10.1016/j.foodchem.2015.04.025
https://doi.org/10.1016/j.meatsci.2013.04.034
https://doi.org/10.1016/j.ultsonch.2021.105659
https://doi.org/10.1016/j.ultsonch.2021.105659
https://doi.org/10.1016/j.foodchem.2021.131874
https://doi.org/10.1016/j.lwt.2013.09.023
https://doi.org/10.1016/j.lwt.2021.112980
https://doi.org/10.1007/s11947-014-1460-1
https://doi.org/10.1080/19476337.2018.1554704
https://doi.org/10.3390/foods12061249
https://doi.org/10.1002/jsfa.8815
https://doi.org/10.1016/j.colsurfa.2022.128511
https://doi.org/10.1016/j.foodres.2020.109225
https://doi.org/10.1016/j.lwt.2021.112737
https://doi.org/10.1016/j.foodchem.2012.02.216
https://doi.org/10.1016/j.foodchem.2022.133397

	Changes in basic composition and in vitro digestive characteristics of pork induced by frozen storage
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of pork myofibrillar protein
	2.3 Determination of basic composition of pork
	2.3.1 Moisture content
	2.3.2 Crude protein content
	2.3.3 Crude fat content
	2.3.4 Juice loss
	2.4 Determination of amino acid composition and content
	2.5 In vitro digestion model of pork MP
	2.5.1 Determination of TCA-soluble peptides
	2.5.2 Determination of the microstructure of digestive samples
	2.5.3 Determination of the protein secondary structure
	2.5.4 Determination of the protein tertiary structure
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Basic composition
	3.2 Amino acid composition and content
	3.3 TCA-soluble peptide
	3.4 Microscopic morphology
	3.5 Secondary structure
	3.6 Tertiary structure

	4 Conclusion

	References

