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Changes in protein structure are closely related to gel strength. Dense phase 
carbon dioxide (DPCD) treatment is an excellent non-thermal food processing 
method that can be used to induce gel formation in surimi. The sensory, water 
holding capacity and gel strength of DPCD induced gels are superior to heat-
induced gels. Fourier-transform infrared spectroscopy was used to investigate 
the role of DPCD in the quality of golden pompano surimi gels and changes 
in protein structure. The intermolecular forces of surimi gels were analyzed in 
terms of ionic and hydrogen bonds, disulfide covalent and non-disulfide covalent 
bonds, as well as hydrophobic interactions. Correlation analysis was used to 
investigate the relationship between the changes in advanced protein structure 
and gel strength during DPCD-induced gel formation in golden pompano surimi. 
The results showed that the α-helix and random coil levels of surimi gel were 
significantly decreased (p < 0.05), while the β-sheet and β-turn content was 
significantly increased (p < 0.05). The number of ionic and hydrogen bonds in gel 
proteins decreased significantly (p < 0.05), while the hydrophobic interactions, 
and disulfide and non-disulfide covalent bonds increased significantly (p < 0.05) 
after DPCD treatment. Correlation analysis showed that β-sheets, β-turns, 
hydrophobic interactions, and disulfide and non-disulfide covalent bonds were 
strongly positively correlated with gel strength, whereas α-helices, random 
coils, and ionic and hydrogen bonds were strongly negatively correlated with 
gel strength. Therefore, the α-helix and random coil structures of surimi gels 
were transformed into β-sheet and β-turn structures after DPCD treatment. 
Hydrophobic interactions, and disulfide and non-disulfide covalent bonds were 
the main intermolecular forces during the DPCD-induced gel formation of surimi. 
Ionic and hydrogen bonds were not the main intermolecular forces. The results 
provide fundamental data for elucidating the mechanism of DPCD-induced 
protein gel formation.
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1. Introduction

Golden pompano (Trachinotus ovatus) is an important 
commercial marine fish inhabiting the coastal areas of southern China 
(Liu et al., 2019). It is a delicious, nutritious and fast-growing fish. The 
recent increase in market demand and the widespread application of 
cage culture technology, have increased the yield of golden pompano 
over the years (Bureau of Fisheries of the Ministry of Agriculture, 
2021). As an important aquatic food, surimi is popular among 
consumers because of its convenience, high protein and low fat 
content. With the rapid development of the surimi industry, challenges 
such as unstable quality of surimi products, single processing method, 
severe homogenization of products, and lack of healthy new products 
have emerged (Jaziri et  al., 2021; Monto et  al., 2021). Therefore, 
effective improvement of the quality of surimi products and 
development of healthy surimi products is an important issue in the 
field of aquatic processing.

Currently, the processing of surimi products is mainly based on 
heat treatment. However, excessive heat treatment may result in the 
loss of heat-sensitive substances such as fatty acids, amino acids, and 
bioactive peptides in surimi. The poor heating and heat transfer rates, 
which prolong the temperatures treatment, result in gel degradation. 
Compared with a few non-thermal processing methods, heat 
treatment is associated with high energy consumption, and the waste 
generated during the treatment is not conducive to environmental 
protection (Nakamura et  al., 2021). Dense phase carbon dioxide 
(DPCD) treatment is a new non-thermal processing method that 
couples CO2 at a specific temperature (< 60°C) and pressure 
(< 50 MPa). DPCD treatment generates high-pressure acidic 
environment due to the pressure of carbon dioxide and its molecular 
action (Guo et  al., 2017). Compared with conventional heat 
treatment, DPCD can be used under mild processing conditions. It 
is widely used for sterilization, enzyme inactivation, and improvement 
of textural and nutritional properties of food products (Damar et al., 
2006). In addition, due to its low viscosity and high diffusivity, CO2 
penetrates bacterial cell membranes. Thus, DPCD can be used for 
maximum preservation of food quality while avoiding thermal  
damage.

As an elastic protein concentrate, the gel strength of surimi 
represents an important index for the evaluation of surimi products 
(Duan et  al., 2023). During the gelation, the change in protein 
structure is closely related to the change in gel strength because the 
gelation is the result of protein denaturation and aggregation. Under 
the action of external factors, such as heat, acid, salt, and high pressure, 
the protein is first denatured. The intermolecular forces (hydrogen 
bonds, ionic bonds, hydrophobic interactions, disulfide and 
non-disulfide covalent bonds) that maintain the protein structure are 
disrupted. The secondary structures (α-helix, β-sheet, β-turn, and 
random coil) are also changed and the groups are exposed. The 
protein then aggregates and forms a stable gel three-dimensional gel 
network under the influence of covalent and non-covalent chemical 
interactions within the protein molecule (Liu et al., 2014). As reported 
previously by our team, DPCD treatment can denature proteins and 
form gels, while maintaining the color and water-holding qualities of 
food products. It can be used as an alternative to traditional thermal 
processing methods (Zheng et  al., 2022; Duan et  al., 2023). 
Accordingly, this study investigated the effects of DPCD treatment on 
the secondary structure and intermolecular forces of surimi gel 

proteins, and analyzed the correlation between the effects of DPCD 
on protein conformation and gel strength of golden pompano surimi. 
It provides fundamental data to elucidate the mechanism of DPCD-
induced gel formation in pompano surimi, and thereby provides a 
theoretical basis for the development of aquatic gel products using 
DPCD technology.

2. Materials and methods

2.1. Surimi sample preparation

Golden pompano fish of average weight (750 ± 50 g) were 
purchased from Dongfeng Seafood Market (Zhanjiang, China). The 
fish were stored in oxygenated water and immediately transported to 
the laboratory within 1 h. The fish were rapidly immersed in ice water. 
The surimi was prepared according to the method proposed by Liu 
et al. (2021). Briefly, fresh fish were minced, washed and dewatered, 
following by chopping, mixing with salt, setting, cooking, and cooling. 
The prepared surimi was evacuated using a vacuum packaging 
machine (DZ500/2D, Wenzhou, China) and refrigerated at 
− 35°C. Pure carbon dioxide (99.99%) was obtained from the 
Zhanjiang Oxygen Plant. All the chemicals and solvents used in this 
study were of analytical grade.

2.2. Experimental design

The process of DPCD treatment is based on methods previously 
reported by our team (Zhang et al., 2011). The surimi was placed in a 
custom-made cylindrical mold, before being processed by the DPCD 
equipment (Figure 1), this equipment diagram is taken from Duan 
et  al. (2023). The main steps include equipment heating, sample 
placement, sealing, venting, pressurizing, pressure holding, and 
pressure release sampling. The treated samples are placed in sealed 
bags and the test indices are measured after 12 h at 4°C.

A single-factor experimental design was used. The detailed 
experimental conditions are shown in Table 1. Two control groups 
were set up: the untreated group representing the raw surimi group 
(Control), and the heat-treated group (WB) heated in a two-stage 
water bath at 40°C for 30 min (pre-gelation), followed by heating at 
90°C for 30 min (gelation).

2.3. Fourier-transform infrared 
spectroscopy

The vacuum freeze-dried sample was thoroughly mixed with 
anhydrous potassium bromide, and ground and pressed into 
transparent flakes. It was scanned at the full wavelength 
(400 ~ 4,000 cm−1) using an infrared spectrometer (FTIR Bruker 
Tensor 27; Ettlingen, Germany) with a resolution of 4 cm−1; the scans 
were accumulated 32 times and repeated 3 times. Then, Omnic 9.2 
and Peakfit V4.12 software programs were used to analyze the 
characteristic spectral peaks of the amide I  band in the 
1,600 ~ 1,700 cm−1 band. First, the baseline was corrected, followed by 
Gaussian deconvolution and fitting with second-order derivatives to 
maximize the residuals. The number of sub-peaks were obtained and 
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the relative percentage of each sub-peak area was calculated to 
determine the levels of protein secondary structure.

2.4. Determination of intermolecular forces

The intermolecular forces of the protein were analyzed using a 
protein solubility method with slight modifications (Tan et  al., 
2010). The 2 g sample was treated with 10 mL B1 (0.6 mol/L NaCl), 
homogenized at 5,000 rpm/min for 5 min, transferred to 4°C for 
1 h, centrifuged at 4°C and 18,600 × g for 25 min, and filtered 
through 1,000 mesh filter cloth, the supernatant S1 was stored at 
4°C. Add 10 mL of B2 (1.5 mol/L urea, 0.6 mol/L NaCl) to the 
precipitate from B1, homogenized at 3,700 rpm/min for 2 min, 
transferred to 4°C for 1 h, centrifuged at 4°C, 18,600 × g for 25 min, 
stored the supernatant S2 at 4°C. Add 10 mL of B3 (8 mol/L urea, 
0.6 mol/L NaCl) to the precipitate from B2, homogenized at 
5,000 rpm/min for 5 min, transferred to 4°C for 1 h, centrifuged at 
4°C, 18,600 × g for 25 min, stored the supernatant S3 at 4°C 
(repeated twice). Add 10 mL of B4 (0.5 mol/L β-mercaptoethanol, 
0.6 mol/L NaCl, 8 mol/L urea) to the precipitate from B3, 
homogenized at 5,000 rpm/min for 5 min, transferred to 4°C for 
1 h, centrifuged at 4°C, 18,600 × g for 25 min, store the supernatant 
S4 at 4°C. The final precipitate was dissolved in 10 mL B5 (1 mol/L 
NaOH solution). The supernatant obtained after centrifugation was 
added into the same volume (5 mL) of 20% trichloroacetic acid, 
and centrifuged at 3,950 × g for 15 min. The supernatant was 
discarded, and 1 mL of 1 mol/L NaOH solution was added into the 
precipitation and placed at 4°C (S5). The protein content of each 
supernatant was determined via Bradford method. The protein 

content of S1, S2, S3, S4, and S5 were accounted for the percentage 
of the total protein content that represented ionic bonds, hydrogen 
bonds, hydrophobic interactions, disulfide bonds, and 
non-disulfide covalent bonds in the whole system, respectively.

2.5. Determination of gel strength

The gel strength of the surimi was determined using a TMS-Pro 
analyzer (FTC Co., Ltd., Vienna, Virginia, United  States). The 
probe = P/0.5 s, trigger force = − 5 g; pre-test speed = 5 mm s−1; test 
speed = 1 mm·s−1; compression deformation, 75% were set. The gel 
strength (g × mm) was obtained by multiplying the breaking strength 
(g) and the breaking distance (mm).

2.6. Statistical analysis

Experimental data were expressed as the mean ± standard 
deviation. Variance and Tukey’s HSD multiple comparisons (with a 
95% confidence interval) were obtained using JMP 16.0 software. 
The correlation between advanced protein structure and gel 
strength during DPCD-induced gel formation in surimi was 
analyzed via Pearson’s correlation analysis using Origin 2022 
software (Origin Lab, Hampton, NH, United States). Three batches 
of experiments were performed, with each batch containing three 
parallel samples.

3. Results and discussion

3.1. Fourier-transform infrared 
spectroscopy of golden pompano surimi 
under DPCD treatment

Fourier-transform infrared spectroscopy is easy to operate. 
Independent of functional groups, it can be  used to quickly and 
accurately detect small structural changes in complex material 
systems. In addition, its low sample requirement and reproducible 
detection facilitate its widespread application for structural 
identification of materials in complex systems such as food 

FIGURE 1

Dense phase carbon dioxide (DPCD) processing unit diagram (A) and mold drawing (B): colorful balls is dense phase carbon dioxide.

TABLE 1 Test conditions.

Factor Fixed condition Factors

Pressure Treatment temperature, 50°C; 

treatment time, 60 min

5, 10, 15, 20, 25, 30, 

and 35 MPa

Temperature Treatment pressure, 20 MPa; 

treatment time, 60 min

30. 35, 40, 45, 50, 55, 

and 60°C

Time Treatment pressure, 20 MPa; 

treatment temperature, 50°C

10, 20, 30, 40, 50, 60, 

and 70 min
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(Wan et  al., 2022). In general, protein infrared spectra consist of 
amides I, II, III, A and B. They can be used to determine the secondary 
structure of complex proteins because they are almost independent of 
the nature of the side chains (Leng et  al., 2022). They strongly 
contribute to hydrogen bonding, dipole–dipole interactions and the 
geometry of the protein peptide skeleton.

The effects of different DPCD treatments on the secondary 
structure of surimi are presented in Figure 2. With the increase in the 
intensity of different DPCD treatments, surimi proteins show typical 
absorptions at all major wave numbers in the FT-IR, with distinctive 
absorptions near the bands of amide A (~3,300 cm−1), amide B 
(~3,100 cm−1), amide I  (1,700–1,600 cm−1), amide II (1,600–
1,500 cm−1), and amide III (1,220–1,330 cm−1; Xie et al., 2020). The red 
shift of the amide A band peak indicates N–H stretching and hydrogen 
bond formation. It suggests reduction of the intramolecular and 
intermolecular N–H stretching vibrations of surimi protein or 
weakening of hydrogen bonds by DPCD treatment. The amide I–III 
bands are strongly sensitive to the secondary structure of protein 
molecules, especially the amide I band located at 1,700–1,600 cm−1, 
which is often used to analyze the secondary structure of proteins. 
Compared with the control group, the wave positions of the 
characteristic absorption peaks of amides B and II of surimi protein 
after DPCD treatment did not shift significantly after DPCD 
treatment. However, the wave peaks of the amide I band shifted to 
lower wave numbers, indicating a further decrease in the α-helical 
structure of surimi protein with the increased treatment intensity 
(Andonegi et al., 2020).

3.2. Effect of DPCD treatment on the 
secondary structure of golden pompano 
surimi

The protein secondary structure includes four main forms: α-helix, 
β-sheet, β-turn, and random coil, which correspond to the FT-IR wave 
number ranges of 1,650 ~ 1,660, 1,600 ~ 1,640, 1,660 ~ 1700, and 
1,640 ~ 1,650 cm−1, respectively (Yang et al., 2022). The effects of different 
DPCD treatments on the secondary structure levels of surimi protein are 
shown in Figure 3, based on the Gaussian fit of the protein secondary 
structure in the range of 1,700 ~ 1,600 cm−1. The results showed a 
significant difference in the effect of different DPCD treatments on the 
secondary structure of surimi protein compared with the control group 
(p < 0.05). With increased intensity of DPCD treatment, the levels of 
α-helix and random coil decreased significantly (p < 0.05), and the 
content of β-sheet and β-turn increased significantly (p < 0.05). As the 
treatment intensity continued to increase, the concentration of each 
component gradually decreased. During the gelation of surimi protein, 
the formation of β-sheet is often accompanied by the decrease of α-helix. 
The β-sheet structure promotes the formation of a more ordered and 
compact network structure (Wei et al., 2018). This indicates that the 
protein structure of surimi protein undergoes reconstruction of 
secondary structure under the action of DPCD, mainly from α-helix and 
random coil to β-sheet and β-turn.

The secondary structure of surimi protein has a significant 
effect on its processing characteristics. The content of α-helical 
structure is closely related to the gel strength. The α-helix is the 

FIGURE 2

Fourier-transform infrared spectroscopy (FT-IR) spectra of protein in surimi with different DPCD treatments (A: Pressure, B: Temperature, C: Time).
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major conformation of the secondary structure in natural 
proteins. During the processing of surimi into gels, the α-helix 
structure is partially uncoiled and transformed into β-sheet, 
β-turn or random coil. The β-sheet structure contributes to the 
hardness of surimi gels, while the β-turn and random coils cannot 
induce the formation of an ordered gel network (Ding et  al., 
2019). As shown in Figure 3, the content of α-helix and random 
coil was significantly lower (p < 0.05) and the level of β-sheet and 
β-turn was significantly higher (p < 0.05) in thermally-induced gel 
samples (13.3%) compared with the control group (20.8%). In 
addition, the α-helices were significantly fewer (p < 0.05) and the 
β-turns were significantly higher (p < 0.05) in the heat-treated gel 
samples than in the other sample groups. This indicates the 
destruction of additional α-helical structures and their 
transformation into β-turns under heat treatment.

3.3. Effect of DPCD treatment on 
intermolecular forces of golden pompano 
surimi

3.3.1. Effect of DPCD treatment on ionic bonds of 
golden pompano surimi

Under normal pH of surimi (near neutral), the ionic bond is the 
main force contributing to the natural structure of myogenic 

fibronectin. However, the ionic bond between protein molecules can 
be broken by external factors, such as heat, salt, and high pressure, 
resulting in protein aggregation and gelation (Hiromoto et al., 2022). 
As shown in Figure 4, compared with the control group (16.4%), the 
ionic bond of golden pompano surimi showed different degrees of 
decrease under different DPCD treatment intensities. The ionic bond 
content decreased significantly (p < 0.05) when the treatment pressure 
reached 5 MPa (9.3%). No significant change in the ionic bond 
content was detected when the treatment pressure continued to 
increase above 20 MPa. It indicates that at lower treatment pressure, 
the reduced pH of CO2 and molecular effects break the ionic bonds 
between protein molecules, as well as between protein and salt ions 
(Ohashi et al., 1991). The ionic bond content of the surimi samples 
under different DPCD treatment times was similar to that of the 
different DPCD treatment pressure samples, with a significant 
decrease (p < 0.05) when the treatment time ranged between 10 min 
(14.1%) and 50 min (7.1%). No significant change in ionic bond 
content was found when the treatment time was extended beyond 
50 min. The number of ionic bonds of the surimi samples at different 
DPCD treatment temperatures first decreased and then increased. 
The ionic bonds decreased significantly (p < 0.05) with increasing 
temperature below 50°C (6.7%), indicating that heating can disrupt 
the repulsion between protein molecules (Yang et al., 2020). However, 
when the temperature was above 50°C, the ionic bond content of the 
surimi increased slightly. Due to the addition of salts such as KCl and 

FIGURE 3

Effect of different DPCD treatments on the secondary structure content of surimi (A: Pressure, B: Temperature, C: Time). Different letters indicate 
statistically significant differences (p < 0.05).
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NaCl during the preparation of surimi, the ionic bonds between 
protein molecules were broken and new ionic bonds were formed 
between proteins and salt ions when the treatment temperature 
reached 60°C. Two key factors contribute to the effect of DPCD on 
the ionic bonding of surimi. First, the dissolution of CO2 in water 
decreases the pH of the system, which affects the ionization of 
proteins and the net charge value by adjusting the pH. Second, the 
heating facilitates the free movement of the ions without binding in 
a fixed lattice.

3.3.2. Effect of DPCD treatment on hydrogen 
bonds of golden pompano surimi

Hydrogen bond is a weak dipole bond and the main chemical 
force that maintains the secondary structure of natural proteins. As 
shown in Figure 5, the hydrogen bond content in untreated surimi was 
(15.6%). The different DPCD treatments significantly reduced the 
hydrogen bond content in surimi compared with the untreated group 
(p < 0.05). The hydrogen bonds of surimi showed a significant decrease 
with increasing pressure during DPCD treatment, especially below 
15 MPa (p < 0.05). The DPCD denatures the surimi due to decreased 
pH, resulting in disruption of hydrogen bonds. When the DPCD 
treatment pressure was higher than 20 MPa, the hydrogen bonds 
decreased slowly, which may be attributed to the steady state after the 
prior disruption of a large number of hydrogen bonds in surimi (Xu 
et al., 2011). The trend of the hydrogen bond content of the surimi 
samples under different DPCD treatment times was similar to that of 
the stress group, which decreased significantly (p < 0.05) when the 
treatment time was less than 50 min. It did not change significantly 
when the treatment time was greater than 50 min. The hydrogen 
bonds in the surimi samples under different DPCD treatment 
temperatures decreased significantly (p < 0.05) below 50°C, because 
hydrogen bonding is more sensitive to temperature, and the higher the 
temperature, the weaker the hydrogen bonding (Wang et al., 2020). 
However, there was no significant change in the hydrogen bond 
content of the surimi when the treatment temperature was higher than 

50°C. The thermal effect already induced severe damage in the 
protein. When the denaturation temperature was exceeded, the 
hydrogen bonds in surimi did not change significantly.

3.3.3. Effect of DPCD treatment on hydrophobic 
interaction of golden pompano surimi

Hydrophobic interaction occurs when natural proteins are 
exposed to external factors, such as heat, high pressure, and ions. 
Hydrophobic groups on the molecular surface are exposed and the 
hydrophobic components of neighboring proteins are bound tightly. 
Hydrophobic interactions cause protein aggregation, which is one of 
the factors facilitating gel formation in surimi (Gilleland et al., 1997). 
The hydrophobic interactions between protein molecules can 
be  increased by heating. The hydrophobic interactions promote 
protein–protein binding to form an ordered three-dimensional gel 
network. As shown in Figure 6, all DPCD treatments significantly 
increased the hydrophobic interactions of surimi compared with the 
control group (p < 0.05). DPCD treatment induced denaturation of 
surimi, which exposed hydrophobic groups and increased 
hydrophobic interactions. CO2 is a non-polar molecule, which 
promotes hydrophobic interactions between protein molecules. The 
solubility of CO2 in water increases under pressure, which also 
promotes molecular effects of CO2 (Duba and Fiori, 2016). However, 
the hydrophobic effect decreases at treatment pressures exceeding 
20 MPa, which is attributed to the contraction of the protein structure 
under high pressure, resulting in buried hydrophobic groups. The 
hydrophobic interactions were increased by treatment temperatures 
in the range of 30–50°C. The thermal effects at this treatment 
temperature alter the protein structure slowly. The hydrophobic 
groups are gradually exposed, which increases hydrophobic 
interactions. In contrast, the hydrophobic interactions decreased 
significantly (p < 0.05) when the temperature was increased to 
60°C. This is due to the weakening of the hydrophobic interactions of 
proteins in the gel under an acidic environment during 
DPCD treatment.

FIGURE 4

Effect of DPCD treatment on ionic bonds of golden pompano surimi. Different letters indicate statistically significant differences (p < 0.05).
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3.3.4. Effect of DPCD treatment on disulfide 
covalent bonds of golden pompano surimi

The intermolecular disulfide covalent bond is formed by the 
oxidation of two cysteine molecules with reactive sulfhydryl groups 
located on adjacent protein peptide chains. It is the most important 
covalent bond in thermally-induced protein gel (Chen et al., 2023). As 
shown in Figure 7, all DPCD treatments significantly increased the 
disulfide covalent bond levels of surimi compared with the control 
group (p < 0.05). Under treatment pressure below 15 MPa and 
treatment duration less than 50 min, the content of disulfide covalent 
bonds increased significantly, without additional changes following 
further increase in treatment intensity. This is because DPCD 
treatment has both thermal and molecular effects of CO2, which can 
completely denature and stretch the protein to expose highly reactive 

sulfhydryl groups, resulting in the formation of additional disulfide 
covalent bonds. Compared with the control group, the number of 
disulfide covalent bonds gradually increased when the treatment 
temperature was increased to 45°C. The bond number did not change 
significantly when the treatment temperature exceeded 50°C. This is 
due to the limited total number of active sulfhydryl groups contained 
in the surimi, which are fully exposed and oxidized to disulfide 
covalent bonds when heated at 50°C. Their levels remained stable.

3.3.5. Effect of DPCD treatment on non-disulfide 
covalent bonds in golden pompano surimi

During protein gel formation, covalent cross-linking between 
proteins occurs mainly via non-disulfide covalent bonds. 
Non-disulfide covalent bonds are not only involved in protein 

FIGURE 5

Effect of DPCD treatment on hydrogen bonds of golden pompano surimi. Different letters indicate statistically significant differences (p < 0.05).

FIGURE 6

Effect of DPCD treatment on hydrophobic interaction of golden pompano surimi. Different letters indicate statistically significant differences (p < 0.05).
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gelation, but also play an important role in stabilizing the protein gel 
network (Du et al., 2022). As shown in Figure 8, compared with the 
control group, the increase of DPCD treatment pressure and 
treatment time can significantly increase the number of non-disulfide 
covalent bonds. The decreased pH of the system under high pressure 
and the molecular effect of CO2 induced the formation of new 
non-disulfide covalent bonds in the surimi. The non-disulfide 
covalent bonds showed differential increase with the increase of 
DPCD treatment intensity. When the treatment pressure was above 
25 MPa and the treatment time was greater than 30 min, there was 
no significant change in the non-disulfide covalent bond content. It 
is possible that within this treatment range, the molecular effect of 
CO2 can induce the formation of a large number of non-disulfide 

covalent bonds in the gel. The non-disulfide covalent bond content 
increased with the increase in DPCD treatment temperature, which 
may be  due to the increased molecular motion under increased 
thermal energy and the formation of a relatively large number of 
new covalent bonds.

3.4. Correlation between protein structure 
and gel strength during DPCD-induced gel 
formation

The protein structure and intermolecular forces and gel strength 
during DPCD-induced gel formation in golden pompano surimi were 

FIGURE 7

Effect of DPCD treatment on disulfide covalent bonds of golden pompano surimi. Different letters indicate statistically significant differences (p < 0.05).

FIGURE 8

Effect of DPCD treatment on non-disulfide covalent bonds of golden pompano surimi. Different letters indicate statistically significant differences (p < 0.05).
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correlated with gel strength. The effect of DPCD treatment on the gel 
strength of golden pompano surimi is shown in Appendix 1. As shown 
in Figure 9, the correlation heat map was color-coded using different 
intensities of red and blue. Red indicates positive correlation, blue 
denotes negative correlation. The intensity of the color is expressed by 
the Pearson correlation coefficient (P). Depending on the magnitude 
of P, the correlation can be classified as strong (0.6 ~ 1.0), medium 
(0.2 ~ 0.6), and weak (0.0 ~ 0.19; Marín et al., 2021).

As shown in Figure 9, β-sheets and β-turns exhibit a strong 
positive correlation with gel strength, whereas α-helix and R-coil 
showed a strong negative correlation with gel strength. Thus, as the 
treatment intensity of DPCD increases, the content of α-helix 
decreases, the content of β-sheet increases, resulting in enhanced 
gel strength. The β-sheet structure in proteins most likely interacts 
with CO2 than the α-helix, because the β-sheet structure has fewer 
intramolecular hydrogen bonds and additional exposed side chain 
groups, which facilitate the reaction with CO2. The interaction of 
CO2 with the gel was further enhanced by increasing DPCD 
treatment pressure and temperature. Hydrophobic interactions, 
disulfide and non-disulfide covalent bonds were strongly positively 
correlated with gel strength. The ionic and hydrogen bonds were 
strongly negatively correlated with gel strength. Thus, the higher 
the number of hydrophobic interactions, disulfide and 
non-disulfide covalent bonds, the higher is the strength of DPCD-
induced surimi gels. Therefore, hydrophobic interactions, disulfide 
and non-disulfide covalent bonds are the main intermolecular 
forces during the DPCD-induced gel formation in golden 
pompano surimi.

4. Discussion

The structure of proteins determines the properties of gels. The 
variation in protein secondary structure is closely related to the gel 
strength. The secondary structure of surimi protein forms specific 
spatial structures such as coils and folds by the side chain groups 
under the joint action of intermolecular forces (ionic bonds, hydrogen 
bonds, hydrophobic interactions, and disulfide and non-disulfide 
covalent bonds). The surimi gels are depolymerized, cross-linked, and 
aggregated to form a three-dimensional gel network structure (Ai 
et  al., 2022; Xu et  al., 2022). However, the intermolecular forces 
contribute to different stages of protein gel formation and induce 
protein gels in different ways.

The variation of advanced protein structure during DPCD-
induced gel formation of golden pompano surimi are shown in 
Figure 10. Treatment of surimi with DPCD induces gelation. CO2 in 
DPCD dissolves in water to form carbonic acid, which in turn 
dissociates to form H+, HCO3

− and CO3
2− ions, lowering the pH of 

the system and thereby altering the advanced structure of proteins. 
The α-helix content in the secondary structure decreases and the 
β-sheet content increases. The β-sheet structure is a prerequisite for 
protein aggregation during the formation of gel network. The 
conversion of the α-helix structure to a more ordered β-sheet 
facilitates the formation of the gel network (Ju et  al., 2022). The 
molecular effect of CO2 in the temperature synergistic high-pressure 
state decreases the α-helix content of surimi gels and disrupts the 
hydrogen bonding. As a result, the protein is in a stretched state, 
which promotes the interaction between protein molecules (Sikka 

FIGURE 9

Correlation between protein structure and gel strength during DPCD-induced gel formation (Ib: Ionic bond, Hb: Hydrogen bond, Hi: Hydrophobic 
interaction, Dcb: Disulfide covalent bond, NDcb: Non-disulfide covalent bond).
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et al., 2008; Roy and Bandyopadhyay, 2023). The reduction in the 
number of hydrogen bonds also exposes additional hydrophobic 
groups. However, CO2, as a hydrophobic solvent, interacts with the 
hydrophobic groups in the amino-terminal residues of surimi 
proteins, changing the aqueous environment around the protein 
(Duba and Fiori, 2016). Likewise, the hydrophobic groups are 
exposed, which further enhances the hydrophobic interactions. As 
the treatment intensity increases, additional sulfhydryl groups inside 
the protein are exposed and the free sulfhydryl groups oxidize to 
disulfide covalent bonds, resulting in protein polymerization (Chen 
et al., 2020). This indicates that the denaturation of proteins in the 
presence of DPCD may be  induced by the combination of 
hydrophobic interactions, and disulfide and non-disulfide 
covalent bonds.

5. Conclusion

Dense phase carbon dioxide treatment induced gel formation in 
golden pompano surimi. Compared with the control group, different 
DPCD treatment conditions had significant effects on the protein 
secondary structure content and intermolecular forces in golden 
pompano surimi. The contents of α-helix and random coil were 
significantly decreased (p < 0.05), while the levels of β-sheet and 
β-turn increased significantly (p < 0.05). The number of ionic and 
hydrogen bonds decreased significantly (p < 0.05), and hydrophobic 
interactions, disulfide and non-disulfide covalent bonds increased 
significantly (p < 0.05). Correlation analysis showed that β-sheet, 
β-turn, hydrophobic interactions, disulfide covalent bonds and 
non-disulfide covalent bonds of surimi protein under DPCD 
treatment were strongly positively correlated with gel strength. The 
α-helix, random coil, ionic and hydrogen bonds were strongly 
negatively correlated with gel strength. Therefore, the secondary 
structure and intermolecular forces can be used as effective indicators 
of altered gel strength during gel formation induced by DPCD 

treatment in pompano surimi. In subsequent studies, we hope to 
develop novel techniques to evaluate gel quality based on such 
protein structure indicators. Meanwhile, the relationship between gel 
strength and protein structure can be explored at the microscopic 
level for rapid, efficient and comprehensive monitoring of 
surimi freshness.
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