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Abstract: In order to clarify the effect of a high pressure/heating combination on the texture of
Chinese traditional pig trotter with soy sauce, textural parameters (springiness, chewiness, hardness,
and gumminess), the secondary structures, cross-links, decorin (DCN), glycosaminoglycans (GAGs)
levels, and the histochemical morphology of collagen fibers under different treatments (0.1 MPa,
150 MPa, 300 MPa, 0.1 MPa + 50 °C, 150 MPa + 50 °C, and 300 MPa + 50 °C) were assessed. At room
temperature, the 150 and 300 MPa treatments increased the hardness and chewiness of the pig trotter
with weak denaturation of collagen proteins compared with the control group. Textural parameters
were improved at 300 MPa + 50 °C, accompanied by an ultrastructural collapse of collagen fibers, the
reduction in cross-links, DCN and GAGs levels, and unfolded triple-helix structure. We concluded
that the positive effects on the textural parameters of pig trotters by a combination of treatments
could be attributed to the collapse of collagen structure.

Keywords: Chinese traditional pig trotter with soy sauce; cross-links; glycosaminoglycans levels;
collagen fibers; the secondary structures

1. Introduction

Pig trotter, marinated and stewed with soy sauce, is a popular food commodity in
Asia, particularly in China and Korea, which is usually heated at about 100 °C for an
extended period to improve its characteristic flavor, color, and texture [1-3]. The main
edible tissues of pig trotters are skin and tendons, which are primarily composed of type-I
collagen [4]. Collagen is the main component of collagen fiber. The triple helix of type-I
collagen molecules is composed of polypeptide chains with a repetitious G-X-Y sequence,
where G, X, and Y usually correspond to glycine, proline, and hydroxyproline, respectively.
The assembly of type-I collagen molecules leads to the formation of microfibrils of a few
nanometers in diameter, which can further aggregate to form collagen fibrils with diameters
of approximately a few hundred nanometers. Fibrils are not usually found alone but rather
bundle to form collagen fibers that are microscale structures [4].

Although some Western and European customers classify them as “abnormal food”,
Chinese people believe that the intake of collagen peptides through eating pig trotter
has the potential benefits to promote human health and prevent wrinkles. In Chinese
markets, the price of pig trotter stewed with soy sauce has risen to about CNY 130/kg,
while that of “normal” meat products is about CNY 55/kg. Stewing is a common cooking
method, which can effectively improve the flavor and texture of meat products [5]. This
has been demonstrated to decrease the hardness, springiness, cohesiveness, and chewiness
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in subcutaneous fat from the hind legs and back, which could be caused by the melting
and gelation of the connective tissue [6]. In a previous study, we (2012) reported that the
prolonged stewing times of 60 and 120 min contributed to the improvement of texture by a
reduction in cross-linkage, decorin (DCN) and glycosaminoglycan (GAG) levels of collagen
fibers, and the unfolding the triple-helix structure of collagen [7]. However, a long time
and great effort are required to obtain the soft texture of pig trotter.

High-pressure treatment, a non-thermal technology, is being widely used in the meat
industry to promote protein denaturation, shorten the processing time of the product,
and improve its texture [8]. Over the past few decades, the combined treatment of high
pressure and heating, as an advanced technology, has been widely developed in muscle
food processing to accelerate changes in myofibrillar proteins [8]. The high pressure can not
only lead to the loss of the structural continuity of a sarcomere through the break of A- and
I- filament spread over the sarcomere, but also cause the disappearance of the M-line and
thickening of the Z-line [9]. It has been reported that the denaturation of myosin occurred
with the increase in temperature [10]. However, the effects of combined high pressure
and heating treatments on the texture and structure of pig trotter, which was composed of
collagen tissue, has not been reported yet.

In the present work, in order to shorten the processing time and improve the texture
of pig trotter, the combined treatment of high pressure and heating was employed to study
various indicators of pig trotters. In this study, we characterized DCN and GAGs content,
the secondary structure and the histochemical morphology of collagen fibers, the degree of
cross-linking, and the textural profile of pig trotter.

2. Materials and Methods
2.1. Procedures for Pig Trotter Stewed with Soy Sauce

A total of 60 pieces of raw pig trotter with an average weight of approximately
0.23-0.31 kg from Duroc x Landrance cross-breed pigs were purchased from a local pro-
cessing plant. Then, they were washed after the toes were cut off. The rectangular pig
skin (about 2 cm X 1 cm x 3.0 mm) was taken from the pig trotters and was sampled
after removing subcutaneous fat. The pig skin samples were divided into 6 groups with
10 samples in each group. Each rectangular pig skin was put in an individual polythene
bag (oxygen permeability of 40-50 cm®/m?/day at 20 °C) and vacuum packed immedi-
ately. The vacuum-packed samples were divided into 6 groups with 10 repeats for each
treatment. The treatments used (all in the same day) were: (a) the control group (0.1 MPa)
was non-pressurized (NP) at room temperatures (RT); (b) the 150 MPa group was treated
under 150 MPa in a high-pressure equipment (Stansted Fluid Power Ltd., Harlow, England)
at RT for 15 min; (c) the 300 MPa group was treated under 300 MPa at RT for 15 min; (d) the
0.1 MPa + 50 °C group was treated under NP at 50 °C for 15 min; (e) the 150 MPa + 50 °C
group was treated under 150 MPa at 50 °C for 15 min; and (f) the 300 MPa + 50 °C group
was treated under 300 MPa at 50 °C for 15 min. The internal volume of the vessel was
1 L. Pressure treatment time excluded pressure come up and releasing time. The rate
of pressure increase was about 100 MPa/min; releasing time was just 10 s to minimize
adiabatic heating. After treatment, the vacuum-packed bags were removed, and pig skins
were stored at 4 °C until further analysis.

2.2. Texture Profile Analysis (TPA) Measurements

Before the textural analysis, rectangular pig skin (about 2 cm x 1 cm x 3.0 mm) was
taken from pig trotters for convenience after visible hair was removed. All samples were
measured by a texture analyzer (Model, TA. XT; Make, Stable micro systems, Godalming,
UK), which was equipped with a load cell of 1 kg and a cylindrical probe (P/5). In each
case, intact tissue was placed in the center of the object stage and compressed to 40% of
its original height [11]. The probe always returned to trigger point for a rest period of 3 s
before the second cycle started. After the second cycle, the probe returned to its initial
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position. The pre-test speeds, test speeds and post-test speeds were 2 mm/s, 0.5 mm/s,
and 2 mm/s, respectively.

The measured parameters were springiness, hardness (g), chewiness, and gummi-
ness. The data obtained from the TPA curve were used for the calculation of textural
parameters [12]. Hardness is expressed as the maximum force for the first compression.
Springiness is calculated as the ratio of time from the start of the second area up to second
probe reversal over the time between the start of first area and first probe reversal. Chewi-
ness is calculated as hardness x cohesiveness x springiness. Gumminess is presented as
hardness x cohesiveness [13]. All measurements were taken at room temperature and
repeated 10 times.

2.3. Histochemical Morphology

The histology analysis was conducted as described previously by Gurniak et al. [14] with
some minor modification. For paraffin sections, pig skin tissues (about 0.5 cm x 0.5 cm x 0.5 cm)
from pig trotters, which were fixed by 4% paraformaldehyde, were dehydrated using JJ-12]
Dehydrator (Junjie Electronics Co., Ltd., Wuhan, Hubei, China) by the following sequence: a
graded series (75% for 4 h, 85% for 2 h, 90% for 2 h, 95% for 1 h, and 100% for 1 h) of ethanol,
alcohol benzene (ethanol: xylene = 1:1, v/v) for 30 min, dimethylbenzene I for 10 min,
dimethylbenzene Il for 10 min, paraffin wax I for 1 h, paraffin wax II for 1 h and paraffin wax
III for 1 h. Then, the tissues were embedded into paraffin wax by JB-P5 Embedding machine
(Junjie Electronics Co., Ltd., Wuhan, China). The embedded samples were trimmed to 3 pm
sections parallel to the collagen fiber direction and stained with routine procedures [15].
Sections were dewaxed in xylene I and xylene II for 20 min, respectively, which was
followed by hydration in a graded series of ethanol (100% ethanol I for 10 min, 100% ethanol
II for 10 min, 95% for 5 min, 90% for 5 min, 80% for 5 min, and 70% for 5 min). After
being rinsed in deionized water for 5 min, sections were stained with hematoxylin and
eosin. The resultant samples were dehydrated in the subsequent steps with 5 min for each
step: 95% ethanol I, 95% ethanol II, 100% ethanol I, 100% ethanol II, xylene I, and xylene II.
Finally, the samples were sealed in neutral gums. The histomorphological appearance of
collagen fibers was observed by a Nikon Eclipse Ti-SR inverted fluorescence microscope
(Olympus, Nikon, Tokyo, Japan).

2.4. Raman Spectroscopy

The collagen fiber of the skin tissue from pig trotters was measured using a Raman
analyzer (Renishaw in Via Reflex Raman spectrometer; Renishaw, Gloucestershire, UK)
according to Alix et al. [16]. The ground and freeze-dried skin tissue samples were placed
on microscope slides. An argon-ion laser that emitted a wavelength of 785 nm was used as
an excitation source. The scattered radiation was collected at 180° to the source; the typical
spectra were recorded at 1 cm ™! resolution with 500-2100 cm ! scans with 12 mW of laser
power. The Phe m-ring band located near 1003 cm ! was used as the internal standard
for the normalization of spectra. Eventually, the relative content of the collagen secondary
structures (x-helix, 3-sheet, 3-turn, and random coil) was calculated by Peak Fit 4.12 (Sea
Solve Software Inc., San Jose, CA, USA) according to our previous methods [17].

2.5. Determination of Cross-Links Degree, DCN and GAGs Content

The degree of cross-links, the content of total collagen, and DCN and GAGs were mea-
sured according to previous reports [18,19]. The samples were processed as follows: 1 g of
skin tissue from pig trotters was homogenized by DY89-I high-speed homogenizer (Scientz
co., Ningbo, Zhejiang, China) in 10 mL of phosphate-buffered saline (0.02 M, pH =7.2)
on the ice. Subsequently, the homogenized solution was centrifuged with a refrigerated
centrifuge (Hunan Xiangyi, Laboratory Instrument Development Co., Changsha, China)
at 1500 g for 15 min at 4 °C. Finally, the supernatant was collected for the determination
of cross-links degree, total collagen, and DCN and GAGs content with enzyme-linked
immunoassay kits. A cross-links Elisa assay kit (E07P0743, Blue Gene Biotechnology Co.,
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Ltd., Shanghai, China) with a pre-embedded mouse anti-cross-links monoclonal primary
antibody, a total collagen Elisa assay kit (E07T0752, Blue Gene Biotechnology Co., Ltd.,
Shanghai, China) with a pre-embedded mouse anti-collagen monoclonal primary antibody,
a porcine DCN Elisa assay kit (E07D0145, Blue Gene Biotechnology Co., Ltd., Shanghai,
China) with a pre-embedded mouse anti-DCN monoclonal primary antibody, and a GAGs
Elisa assay kit (E07G0301, Blue Gene Biotechnology Co., Ltd., Shanghai, China) with a
pre-embedded mouse anti-GAGs monoclonal primary antibody and corresponding HRP
conjugated rabbit anti-mouse secondary antibodies were used to determine the cross-links
degree, total collagen, and DCN and GAGs content, respectively, according to the instruc-
tions of the manufacturer. The absorption was measured at 450 nm with a 96-well Plate
Reader M200 (Tecan, Austria) to calculate the concentration. The results are expressed
in umol of pyridinoline cross-links per g of collagen (umol/g), ug of DCN per g of total
collagen (n1g/g), and mg of GAGs per g of total collagen (mg/g).

2.6. Statistical Analysis

The experimental plan was designed as completely randomized. All data were ex-
pressed as means of 10 replicated samples. All data of figures and tables were presented
as mean = standard error. The effect of 6 treatments on the cross-links, GAGs, DCN and
secondary structure contents of collagen and the texture parameters of pig trotters was
analyzed via the one-way analysis of variance procedure. Means were compared using
Duncan’s multiple range test of SAS 8.0 software (SAS Institute Inc., Cary, NC, USA). The
level of statistical significance of differences was set as p < 0.05.

3. Results
3.1. The Textural Parameters

Figure 1 shows the effects of different conditions (0.1 MPa, 150 MPa, 300 MPa,
0.1 MPa + 50 °C, 150 MPa + 50 °C, and 300 MPa + 50 °C) on the textural parameters
(springiness, chewiness, hardness, and gumminess) of pig trotters (Figure 1). The springi-
ness levels of the pig trotters treated at 300 MPa, 150 MPa + 50 °C, and 300 MPa + 50 °C
were significantly lower than that of the control group (p < 0.05). At room temperature, the
high-pressure treatment led to a significant increase in chewiness, hardness and gumminess
compared with the control group (p < 0.05). After treatments of combined high pressure and
heating, the gumminess of the sample treated at 150 MPa + 50 °C was significantly higher
than that of the control group (p < 0.05), whereas the gumminess of the pig trotters treated
at 300 MPa + 50 °C was significantly lower than that of the control group (p < 0.05). The re-
sults indicate that only single high-pressure treatment is not enough to improve the texture
of pig trotters. However, high-pressure combined heating treatments at 300 MPa + 50 °C
have a positive impact on the texture parameters (low springiness, chewiness, hardness,
and gumminess values) of pig trotters.

In our previous results, the disruption and depolymerization of collagen fibers and the
dissolution of collagen proteins during stewing could contribute to the improved texture of
pig trotters [7]. The high-pressure combined heating treatments could induce a disruption
of collagen fibers.

3.2. The Ultrastructure of Collagen Fibers

The changes in collagen fibers by Van Gieson (ponceau) staining were shown in this
study (Figure 2). The ultrastructure of collagen fibers for the samples treated at 0.1 MPa
and 0.1 MPa + 50 °C showed a very clear and classic fiber outline and intervals among
fibers, while samples treated at 150 MPa had darker collagen fibers and more obvious fiber
shrinkage. The pig trotters treated at 150 MPa + 50 °C had clear fiber bands of collagen
fibers, whereas the ultrastructure showed an obscure and swollen overall appearance and
a significant disruption and fusion of collagen fibers. The results demonstrate that single
high-pressure treatment lead to pig trotters having larger gaps between collagen fibers,
which further resulted in poor meat quality. For the samples treated at 300 MPa + 50 °C,
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3.3. The Secondary Structure of Collagen Proteins

The secondary structure of collagen in pig trotters was analyzed by Raman spec-
troscopy. The Raman bands of collagen I (1600-1700 cm™!) in collagen under different
conditions were deconvoluted and curve-fitted as shown in Figure 3. Different peak re-
gions were designated as secondary structure peaks [20,21]. The bands in the range of
1650-1665 cm~! were classified as characteristic peaks of a-helices; 1670-1680 cm~! and
1620-1632 cm ! could be classified as the characteristic peak frequency ranges of 3-sheet.
The signals in the range of 1635-1639 cm ! and 1680-1690 cm ! were assigned to a 3-turn
structure, while those at 1640-1645 cm~! and 1666-1670 cm~! were mainly ascribed to
random coil structures. The main indicators of secondary structure changes and local envi-
ronmental changes in collagen were changes in the frequency and intensity of the Raman
bands. The results present that the intensity of an «-helix peak for samples treated by single
high-pressure and combined treatments was lower than that of the control group, whereas
the intensity of the random coil peak was higher than that of the control group. The compo-
sitions of secondary structures in collagen proteins are stated clearly in Table 1. Compared
with the control group, «-helix experienced a significant decrease (p < 0.05) while random
coil witnessed a significant increase (p < 0.05) with increasing pressure or temperature. In
addition, the content of random coil was the highest at 300 Mpa + 50 °C compared with
other samples. It was concluded that the weak denaturation of collagen fibers occurred
under single high-pressure treatment and treatment at 150 MPa + 50 °C, which finally
led to the shrunk and hardened collagen fiber. The combined 300 MPa + 50 °C treatment
not only gave rise to the intensive denaturation and complete cracking of collagen fibers,
but also resulted in the dissolution of collagen and the degraded mechanical properties of
collagen fibers. The final results show that although collagen was denatured under room
temperature and at 50 °C, the degree of collagen denaturation was the most serious under
the treatment of 300 MPa + 50 °C compared to that under other treatments.
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Figure 3. The effect of different treatment conditions (0.1 MPa, 150 MPa, 300 MPa, 0.1 MPa + 50 °C,
150 MPa + 50 °C, 300 MPa + 50 °C) on the Raman spectra of collagen.
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Table 1. The effect of different treatment conditions (0.1 MPa, 150 MPa, 300 MPa, 0.1 MPa + 50 °C,
150 MPa + 50 °C, 300 MPa + 50 °C) on the secondary structure of collagen.

Secondary
Structure (%)

Different Treatment Conditions

0.1 MPa 150 MPa 300 MPa 0.1MPa+50°C 150 MPa+50°C 300 MPa + 50 °C

a-helix

-sheet

[-turn
Random coil

36.93 £0.582 3335+ 0.82P 31.124+121b¢  34.00+ 0.622P 34.06 + 0.87 2P 30.06 + 1.27 ¢
33.08 40572  31.60 +£2.182b 2661 +236P¢  35254+1.172 31.16 + 1.81 2P 2218 +£1.39°¢
2038 +£1.00° 2446+1.802 23.14+1.142 22.40 +1.602 22.82+1.752 2326 +1.212
9.61 +047°¢ 10.60 £1.11¢  19.14 +£2.59P 8344 0.40°¢ 1197 £1.94¢ 2450 +1.132

All values are means =+ SE. Different letters within column and lines indicate significant differences among
treatments (p < 0.05) (Duncan’s multiple range test).

3.4. The Cross-Links, DCN, and GAGs Levels

The content changes in the cross-linking degree, DCN, and GAGs of collagen in pig
trotters during different treatment condition are shown in Table 2. The consequences
indicate that all the indicators of these experimental groups decreased compared with the
control group. For fresh pig trotters, the levels of cross-linking degree, DCN, and GAGs
were 12.43 umol/g, 34.15 pug/g, and 1.69 mg/g, respectively. The values of cross-linking
degree, DCN, and GAGs had no significant changes compared with the control (p > 0.05).
When the pressure was 300 MPa + 50 °C, the degree of cross linking, DCN, and GAGs
decreased by 15.61%, 15.46%, and 42.60% (p < 0.05), respectively. The results show that
high-pressure combined heating treatments at 300 Mpa + 50 °C on pig trotters not only
reduced levels of cross-linking degree, DCN, and GAGs significantly, but also caused
the destruction and collapse of collagen fibers. However, single temperature or pressure
increases had a limited impact on the content of cross-linking degree, DCN, and GAGs.

Table 2. The effect of different treatment conditions (0.1 MPa, 150 MPa, 300 MPa, 0.1 MPa + 50 °C,
150 MPa + 50 °C, 300 MPa + 50 °C) on the cross-links, DCN, and GAGs of collagen.

Different Treatment Conditions

Indicators
0.1 MPa 150 MPa 300 MPa 0.1 MPa + 50 °C 150 MPa + 50 °C 300 MPa + 50 °C
Cross-links (umol/g collagen) 1243 £0.33% 11.64 £0.33? 1258 £0.322 11.63 +0.342 12.07 £0.332 10.49 + 0.30 b
Decorin (p1g/g collagen) 34.154+0.892 31.89+0812 33.16+0.86% 31.54 +0.732 32.73+0.852 28.87 + 0.89 °
GAGs (mg/g collagen) 1.29 +£0.04 ¢ 1.60 +0.04° 1.66 +0.06 2 1.45 +0.04° 1.30 + 0.06 © 0.97 +0.07 4

All values are means £ SE. Different letters within columns and lines indicate significant differences among
treatments (p < 0.05) (Duncan’s multiple range test).

4. Discussion
4.1. Effects of Different Treatments on the Textural Parameters

High-pressure treatment can change the physical and rheological properties of proteins
and result in important improvements in texture properties such as the springiness, hard-
ness, and gumminess of samples [22]. The increase in chewiness, hardness, and gumminess
could be explained by the shrinkage of collagen fibers. It was very similar to the reports of
Ma and Ledward [23]. They found that high-pressure combined heating treatment used to
set cod muscle gel caused some loss of rigidity, while with beef this result was not seen,
and treatment at 70 °C actually caused an increase. This was due to the shrinkage of the
connective tissue network in beef upon heat treatment, a phenomenon which has little effect
on white fish texture. The decrease in textural parameters at 300 MPa + 50 °C means an
improvement in all the texture characters. According to Ma’s report [23], it would appear
that the simultaneous application of high temperature and moderate pressure (200 MPa)
gives rise to a softer texture than single heating or pressure on beef muscle.

4.2. Effects of Different Treatment Condition on the Ultrastructure of Collagen Fibers

Related researchers have suggested that high pressure combined with cooking and
salt contributes to a completely disrupted structure. The fiber outlines were barely de-
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tectable and the fiber integrity lost, which was due to the accumulation of denaturation
in proteins [24]. It was also observed that the application of pressure or heat treatment
alone led to the presence of low shear-force values, which were linked to the poor me-
chanical characteristic of these samples [25]. Our results demonstrate that the destruction
and depolymerization of collagen fibers not only weakened the mechanical strength and
resistance of pig trotters, but also led to a decrease in springiness, chewiness, hardness
and gumminess.

4.3. Effects of Different Treatment Conditions on the Secondary Structure of Collagen Proteins

Hydrogen bonds were the main chemical bonds between the chains that maintained
the triple-helix structure of collagen [26,27]. Some researchers reported that high-pressure
treatment could not only break the balance of hydrogen bonds that stabilized the triple-
helix structure of collagen, but also exert various effects on collagen and induce reversible
or irreversible structural modifications, which resulted in the denaturation and aggregation
of collagen [28-30]. As temperature increased with the 300 MPa pressure treatment, the
triple-helix structure was severely damaged due to the disruption of hydrogen bonds. In
our results, thermal denaturation combined with pressure treatment on collagen typically
caused the disruption of collagen fibers and dissolution of collagen proteins and induced the
unfolding of the triple helix to a random coil, which was consistent with other reports [31].

4.4. Effects of Different Treatment Conditions on Cross-Links, DCN and GAGs Levels

Cross-linking played an important role in maintaining the stability and mechanical
properties of collagen networks. The relevant literature indicated that the integrity of colla-
gen affected the mechanical properties of the collagen network, especially when collagen
denaturation occurred [32]. Avery et al. also reported that mature cross-linking affected the
texture of meat [33]. Lepeit et al. studied the relationship between total cross-linking and
elastic modulus in the connective tissue of cooked meat, and believed that the total amount
of cross-linking degree was related to the quality of the meat [34]. The results of this experi-
ment are consistent with that of Gekko and Koga [35] and Heremans [36]. Collagen was less
affected by low pressure, which was owing to the fact that hydrogen bonds were not sensi-
tive to low pressure. Researchers showed that high-pressure treatments above 150 MPa
induced protein denaturation by disrupting the equilibrium of non-covalent interactions
that stabilized the natural conformation of collagen [37]. According to McCormick [38],
the reduction in mature cross-linking meant a reduction in the “bridge” between collagen
molecules. Therefore, the reduction in cross-linking could contribute to the destruction
of the thermal stability of collagen [39]. The triple-helical hydrogen bond and covalent
cross-linking were attenuated with the unfolding of the triple helix structure of collagen
under high-pressure combined heating treatments [40], which affected the texture of the
pig trotters.

DCN played a significant role in the assembly process of collagen and was closely
related to the normal structural function of tissues [41,42]. According to the theory of
Nishimura et al. [43], the decrease in DCN was positively correlated with the inhibition of
collagen fiber formation. In addition, the reduction in DCN fully demonstrated that its mod-
ification of collagen fibers was weakened, and GAGs lost attachment sites [44—46] which
made the collagen fiber structure unstable. Therefore, a decrease in the content of DCN
and GAGs indicated the destruction or dissolution of collagen fibers. Pedersen et al. [47]
showed that the content of core proteoglycan was also high in meat with higher hardness.
The experimental results further explain that the degradation of cross-linking degree, DCN
and GAGs could ultimately improve the texture of pig trotters.

5. Conclusions

The single high-pressure treatment failed to improve the hardness and chewiness of
pig trotters, with a weak denaturation of collagen proteins. The high pressure/heating
combination at 300 MPa + 50 °C improved the textural parameters of the pig trotter by
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inducing the ultrastructural collapse of collagen fibers, reducing cross-links, DCN and
GAGs levels, and unfolding the triple-helix structure of collagen in pig trotters.

Author Contributions: Conceptualization, Y.W. and Y.S.; methodology, Y.Z.; software, Y.Z.; valida-
tion, YYW. and Y.S.; formal analysis, E.G.; investigation, Y.W. and Y.S.; resources, J.C.; data curation,
J.C.; writing—original draft preparation, Y.W. and Y.S.; writing—review and editing, ].C.; supervision,
J.C.; project administration, J.C.; funding acquisition, ].C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, 32022066
and 31871825.

Data Availability Statement: Data is contained within the article.

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

References

1. Yang, Y,; Pan, D.; Sun, Y.; Wang, Y.; Xu, E; Cao, ]. 1H NMR-based metabolomics profiling and taste of stewed pork-hock in soy
sauce. Food Res. Int. 2019, 121, 658-665. [CrossRef] [PubMed]

2. Yang, Y.; Wang, Y.; Pan, D.; Zhang, Y.; He, J.; Xia, Q.; Cao, J. The application of 1H NMR to explore the taste difference caused by
taste-active metabolites of different Chinese sauce-stewed beef. Food Sci. Nutr. 2020, 8, 4868-4876. [CrossRef] [PubMed]

3. Chen, Y.C; Chien, ].T; Inbaraj, B.S.; Chen, B.H. Formation and Inhibition of Cholesterol Oxidation Products during Marinating of
Pig Feet. J. Agric. Food Chem. 2012, 60, 173-179. [CrossRef]

4. Sun, Y; Chen, W.-L,; Lin, S.-J.; Jee, S.-H.; Chen, Y.-E; Lin, L.-C.; So, P.T.; Dong, C.-Y. Investigating Mechanisms of Collagen
Thermal Denaturation by High Resolution Second-Harmonic Generation Imaging. Biophys. . 2006, 91, 2620-2625. [CrossRef]

5. Li, Y, Li, C; Zhao, F; Lin, X,; Bai, Y.; Zhou, G. The Effects of Long-Duration Stewing Combined with Different Cooking and
Heating Methods on the Quality of Pork Belly. J. Food Process. Preserv. 2016, 40, 94-102. [CrossRef]

6. Xu, Y, Xie, X.; Zhang, W.; Yan, H.; Peng, Y.; Jia, C.; Li, M.; Qi, J.; Xiong, J.; Xu, X,; et al. Effect of stewing time on fatty acid
composition, textural properties and microstructure of porcine subcutaneous fat from various anatomical locations. J. Food
Compos. Anal. 2022, 105, 104240. [CrossRef]

7. Lin, Y,; Wang, Y,; Jin, G.; Duan, J.; Zhang, Y.; Cao, J. The Texture Change of Chinese Traditional Pig Trotter with Soy Sauce during
Stewing Processing: Based on a Thermal Degradation Model of Collagen Fibers. Foods 2022, 11, 1772. [CrossRef]

8. Lou, X.; Ye, Y.; Wang, Y.; Sun, Y.; Pan, D.; Cao, ]. Effect of high-pressure treatment on taste and metabolite profiles of ducks with
two different vinasse-curing processes. Food Res. Int. 2018, 105, 703-712. [CrossRef]

9.  Pietrzak, D.; Fonberg-Broczek, M.; Mucka, A.; Windyga, B. Effects of high pressure treatment on the quality of cooked pork ham
prepared with different levels of curing ingredients. High Press. Res. 2007, 27, 27-31. [CrossRef]

10. Zamri, AL; Ledward, D.A ; Frazier, R.A. Effect of Combined Heat and High-Pressure Treatments on the Texture of Chicken
Breast Muscle (Pectoralis Fundus). ]. Agric. Food Chem. 2006, 54, 2992-2996. [CrossRef] [PubMed]

11. Chang, H.-J.; Wang, Q.; Zhou, G.; Xu, X.-L.; Li, C. Influence of Weak Organic Acids and Sodium Chloride Marination on
Characteristics of Connective Tissue Collagen and Textural Properties of Beef Semitendinosus Muscle. J. Texture Stud. 2010, 41,
279-301. [CrossRef]

12.  Chang, H.; Wang, Q.; Xu, X; Li, C.; Huang, M.; Zhou, G.; Dai, Y. Effect of Heat-Induced Changes of Connective Tissue and
Collagen on Meat Texture Properties of Beef Semitendinosus Muscle. Int. J. Food Prop. 2011, 14, 381-396. [CrossRef]

13.  Ayala, M.D,; Santaella, M.; Martinez, C.; Periago, M.J.; Blanco, A.; Vazquez, ]. M.; Albors, O.L. Muscle tissue structure and flesh
texture in gilthead sea bream, Sparus aurata L., fillets preserved by refrigeration and by vacuum packaging. LWT Food Sci. Technol.
2011, 44, 1098-1106. [CrossRef]

14. Gurniak, C.B.; Chevessier, F,; Jokwitz, M.; Jonsson, F.; Perlas, E.; Richter, H.; Matern, G.; Boyl, P.P.; Chaponnier, C.; Fiirst, D.; et al.
Severe protein aggregate myopathy in a knockout mouse model points to an essential role of cofilin2 in sarcomeric actin exchange
and muscle maintenance. Eur. J. Cell Biol. 2014, 93, 252-266. [CrossRef] [PubMed]

15.  Smitha, B.; Donoghue, M. Clinical and histopathological evaluation of collagen fiber orientation in patients with oral sub-mucous
fibrosis. J. Oral Maxillofac. Pathol. 2011, 15, 154-160. [CrossRef]

16. Alix, A.; Pedanou, G.; Berjot, M. Fast determination of the quantitative secondary structure of proteins by using some parameters
of the Raman Amide I band. J. Mol. Struct. 1988, 174, 159-164. [CrossRef]

17. Du, X,; Sun, Y.; Pan, D.; Wang, Y.; Ou, C.; Cao, ]J. The effect of structural change on the digestibility of sarcoplasmic proteins in
Nanjing dry-cured duck during processing. Poult. Sci. 2018, 97, 4450-4457. [CrossRef] [PubMed]

18. Dubost, A.; Micol, D.; Meunier, B.; Lethias, C.; Listrat, A. Relationships between structural characteristics of bovine intramuscular
connective tissue assessed by image analysis and collagen and proteoglycan content. Meat Sci. 2013, 93, 378-386. [CrossRef]

19. Wang, F;; Zhang, Y.; Li, J.; Guo, X.; Cui, B.; Peng, Z. Contribution of cross-links and proteoglycans in intramuscular connective

tissue to shear force in bovine muscle with different marbling levels and maturities. LWT Food Sci. Technol. 2016, 66, 413—419.
[CrossRef]


http://doi.org/10.1016/j.foodres.2018.12.035
http://www.ncbi.nlm.nih.gov/pubmed/31108793
http://doi.org/10.1002/fsn3.1773
http://www.ncbi.nlm.nih.gov/pubmed/32994948
http://doi.org/10.1021/jf204158a
http://doi.org/10.1529/biophysj.106.085902
http://doi.org/10.1111/jfpp.12587
http://doi.org/10.1016/j.jfca.2021.104240
http://doi.org/10.3390/foods11121772
http://doi.org/10.1016/j.foodres.2017.11.084
http://doi.org/10.1080/08957950601091087
http://doi.org/10.1021/jf051791x
http://www.ncbi.nlm.nih.gov/pubmed/16608220
http://doi.org/10.1111/j.1745-4603.2010.00226.x
http://doi.org/10.1080/10942910903207728
http://doi.org/10.1016/j.lwt.2010.09.014
http://doi.org/10.1016/j.ejcb.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24598388
http://doi.org/10.4103/0973-029X.84481
http://doi.org/10.1016/0022-2860(88)80151-0
http://doi.org/10.3382/ps/pey316
http://www.ncbi.nlm.nih.gov/pubmed/30053220
http://doi.org/10.1016/j.meatsci.2012.09.020
http://doi.org/10.1016/j.lwt.2015.10.059

Foods 2022, 11, 2248 10 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Du, J.; Zhou, C.; Xia, Q.; Wang, Y.; Geng, F.; He, J.; Sun, Y,; Pan, D.; Cao, J. The effect of fibrin on rheological behavior, gelling
properties and microstructure of myofibrillar proteins. LWT Food Sci. Technol. 2022, 153, 112457. [CrossRef]

Xu, L.; Zheng, Y.; Zhou, C.; Pan, D.; Geng, E; Cao, J.; Xia, Q. Kinetic response of conformational variation of duck liver globular
protein to ultrasonic stimulation and its impact on the binding behavior of n-alkenals. LWT Food Sci. Technol. 2021, 150, 111890.
[CrossRef]

Hu, E-H.; Lu, H.-X,; Chen, Q.; Li, J.-R. Effects of ultra-high pressure on gel properties of big head croaker (Collichthys lucidus)
su-rimi. J. Fish. China 2010, 34, 329-335. [CrossRef]

Ma, H.-J.; Ledward, D. High pressure/thermal treatment effects on the texture of beef muscle. Meat Sci. 2004, 68, 347-355.
[CrossRef]

Duranton, F,; Guillou, S.; Simonin, H.; Chéret, R.; de Lamballerie, M. Combined use of high pressure and salt or sodium nitrite to
control the growth of endogenous microflora in raw pork meat. Innov. Food Sci. Emerg. Technol. 2012, 16, 373-380. [CrossRef]
Khan, M.A; Ali, S.; Abid, M.; Cao, ].; Jabbar, S.; Tume, R.K.; Zhou, G. Improved duck meat quality by application of high pressure
and heat: A study of water mobility and compartmentalization, protein denaturation and textural properties. Food Res. Int. 2014,
62,926-933. [CrossRef]

Xu, S.; Gu, M.; Wu, K; Li, G. Unraveling the role of hydroxyproline in maintaining the thermal stability of the collagen triple
helix structure using simulation. J. Phys. Chem. B 2019, 123, 7754-7763. [CrossRef]

Rawdkuen, S.; Thitipramote, N.; Benjakul, S. Preparation and functional characterisation of fish skin gelatin and comparison with
commercial gelatin. Int. ]. Food Sci. Technol. 2013, 48, 1093-1102. [CrossRef]

Collins, M.D.; Kim, C.U.; Gruner, S.M. High-Pressure Protein Crystallography and NMR to Explore Protein Conformations. Annu.
Rev. Biophys. 2011, 40, 81-98. [CrossRef]

Xu, L.; Zheng, Y.; Zhou, C.; Pan, D.; Geng, E; Cao, J.; Xia, Q. A structural explanation for enhanced binding behaviors between
B-lactoglobulin and alkene-aldehydes upon heat-and ultrasonication-induced protein unfolding. Food Hydrocoll. 2022, 130, 107682.
[CrossRef]

Du, J.; Cao, J.; Zhou, C; Pan, D.; Geng, F.; Wang, Y. Insight into the mechanism of myosin-fibrin gelation induced by non-disulfide
covalent cross-linking. Food Res. Int. 2022, 156, 111168. [CrossRef]

Komsa-Penkova, R.; Koynova, R.; Kostov, G.; Tenchov, B.G. Thermal stability of calf skin collagen type I in salt solutions. Biochim.
Biophys. Acta (BBA) Protein Struct. Mol. Enzym. 1996, 1297, 171-181. [CrossRef]

Wang, X.; Li, X.; Bank, R.; Agrawal, C. Effects of Collagen Unwinding and Cleavage on the Mechanical Integrity of the Collagen
Network in Bone. Calcif. Tissue Res. 2002, 71, 186-192. [CrossRef]

Avery, N.C.; Sims, T.J.; Warkup, C.; Bailey, A.J. Collagen cross-linking in porcine M-longissimus lumborum: Absence of a
rela-tionship with variation in texture at pork weight. Meat Sci. 1996, 42, 355-369. [CrossRef]

Lepetit, J. A theoretical approach of the relationships between collagen content, collagen cross-links and meat tenderness. Meat
Sci. 2007, 76, 147-159. [CrossRef]

Gekko, K.; Koga, S. The Effect of Pressure on Thermal Stability and In Vitro Fibril Formation of Collagen. J. Agric. Chem. Soc. Jpn.
2006, 47, 1027-1033. [CrossRef]

Heremans, K. High pressure effects on proteins and other biomolecules. Annu. Rev. Biophys. Bioeng. 1982, 11, 1-21. [CrossRef]
Hummer, G.; Garde, S.; Garcia, A.E.; Paulaitis, M.E.; Pratt, L.R. The Pressure Dependence of Hydrophobic Interactions is
Consistent with the Ob-served Pressure Denaturation of Proteins. Proc. Natl. Acad. Sci. USA 1998, 95, 1552-1555. [CrossRef]
McCormick, R. Extracellular modifications to muscle collagen: Implications for meat quality. Poult. Sci. 1999, 78, 785-791.
[CrossRef] [PubMed]

Judge, M.D.; Aberle, E.D. Effects of chronological age and postmortem aging on thermal shrinkage temperature of bovine
intramuscular collagen. J. Anim. Sci. 1982, 54, 68-71. [CrossRef]

Sarupria, S.; Ghosh, T.; Garcia, A.E.; Garde, S. Studying pressure denaturation of a protein by molecular dynamics simulations.
Proteins 2010, 78, 1641-1651. [CrossRef]

Gillies, A.R.; Lieber, R.L. Structure and function of the skeletal muscle extracellular matrix. Muscle Nerve 2011, 44, 318-331.
[CrossRef] [PubMed]

Weber, I.T.; Harrison, R.; Iozzo, R.V. Model Structure of Decorin and Implications for Collagen Fibrillogenesis. ]. Biol. Chern. 1996,
271, 31767-31770. [CrossRef]

Nishimura, T.; Futami, E.; Taneichi, A.; Mori, T.; Hattori, A. Decorin expression during development of bovine skeletal muscle
and its role in morphogenesis of the intramuscular connective tissue. Cells Tissues Organs 2002, 171, 199-214. [CrossRef]

Zhang, G.; Ezura, Y.; Chervoneva, I.; Robinson, P.S.; Beason, D.P.; Carine, E.T.; Soslowsky, L.J.; Iozzo, R.V.; Birk, D.E. Decorin
regulates assembly of collagen fibrils and acquisition of biomechanical properties during tendon development. J. Cell. Biochem.
2010, 98, 1436-1449. [CrossRef]

Miura, T.; Kishioka, Y.; Wakamatsu, ].; Hattori, A.; Hennebry, A.; Berry, C.J.; Sharma, M.; Kambadur, R.; Nishimura, T. Decorin
binds myostatin and modulates its activity to muscle cells. Biochem. Biophys. Res. Commun. 2006, 340, 675-680. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.lwt.2021.112457
http://doi.org/10.1016/j.lwt.2021.111890
http://doi.org/10.3724/SP.J.1231.2010.06381
http://doi.org/10.1016/j.meatsci.2004.04.001
http://doi.org/10.1016/j.ifset.2012.08.004
http://doi.org/10.1016/j.foodres.2014.04.006
http://doi.org/10.1021/acs.jpcb.9b05006
http://doi.org/10.1111/ijfs.12067
http://doi.org/10.1146/annurev-biophys-042910-155304
http://doi.org/10.1016/j.foodhyd.2022.107682
http://doi.org/10.1016/j.foodres.2022.111168
http://doi.org/10.1016/S0167-4838(96)00092-1
http://doi.org/10.1007/s00223-001-1082-2
http://doi.org/10.1016/0309-1740(95)00021-6
http://doi.org/10.1016/j.meatsci.2006.10.027
http://doi.org/10.1271/bbb1961.47.1027
http://doi.org/10.1146/annurev.bb.11.060182.000245
http://doi.org/10.1073/pnas.95.4.1552
http://doi.org/10.1093/ps/78.5.785
http://www.ncbi.nlm.nih.gov/pubmed/10228977
http://doi.org/10.2527/jas1982.54168x
http://doi.org/10.1002/prot.22680
http://doi.org/10.1002/mus.22094
http://www.ncbi.nlm.nih.gov/pubmed/21949456
http://doi.org/10.1074/jbc.271.50.31767
http://doi.org/10.1159/000063713
http://doi.org/10.1002/jcb.20776
http://doi.org/10.1016/j.bbrc.2005.12.060
http://www.ncbi.nlm.nih.gov/pubmed/16380093

Foods 2022, 11, 2248 11 of 11

46. Reed, C.C.; Iozzo, R.V. The role of decorin in collagen fibrillogenesis and skin homeostasis. Glycoconj. J. 2002, 19, 249-255.
[CrossRef] [PubMed]

47. Pedersen, M.E.; Kolset, S.O.; Serensen, T.; Eggen, K.H. Sulfated glycosaminoglycans and collagen in two bovine muscles (M.
Semiten-dinosus and M. Psoas major) differing in texture. J. Agric. Food Chem. 1999, 47, 1445-1452. [CrossRef]


http://doi.org/10.1023/A:1025383913444
http://www.ncbi.nlm.nih.gov/pubmed/12975602
http://doi.org/10.1021/jf980601y

	Introduction 
	Materials and Methods 
	Procedures for Pig Trotter Stewed with Soy Sauce 
	Texture Profile Analysis (TPA) Measurements 
	Histochemical Morphology 
	Raman Spectroscopy 
	Determination of Cross-Links Degree, DCN and GAGs Content 
	Statistical Analysis 

	Results 
	The Textural Parameters 
	The Ultrastructure of Collagen Fibers 
	The Secondary Structure of Collagen Proteins 
	The Cross-Links, DCN, and GAGs Levels 

	Discussion 
	Effects of Different Treatments on the Textural Parameters 
	Effects of Different Treatment Condition on the Ultrastructure of Collagen Fibers 
	Effects of Different Treatment Conditions on the Secondary Structure of Collagen Proteins 
	Effects of Different Treatment Conditions on Cross-Links, DCN and GAGs Levels 

	Conclusions 
	References

