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A B S T R A C T

The effects of the ratio change of SPI and WG (11: 1, 10: 2, 9: 3, 8: 4, 7: 5, 6: 6 and 5: 7) on the product 
characteristics of plant-based meat analogues (PBMAs) were investigated. The results show that the addition of 
WG significantly reduces the hardness and chewiness of PBMAs, but significantly improves the springiness and 
brightness of PBMAs. When the ratio of SPI to WG is 9: 3, PBMAs has the best fiber structure, storage modulus 
and apparent viscosity. Fourier transform infrared spectroscopy (FT-IR) results showed that the transition from 
α-helix to β-fold was an important reason for PBMAs fibers reinforcement. The intermolecular interaction of 
protein shows that the enhancement of fiber structure of PBMAs is related to the increase of disulfide bonds. In 
this study, low cost and high simulation degree PBMAs are provided as a reference for developing PBMAs.

1. Introduction

Plant-based meat analogues (PBMAs) are mainly prepared from plant 
protein by extrusion, electrostatic spinning and other technologies 
(Mohamad Mazlan et al., 2020; Xia et al., 2023; Zhang, Yang, et al., 
2023). At present, extrusion technology is the most efficient method of 
preparing PBMAs (He et al., 2020). Based on the moisture content of the 
final extruded product, extrusion technology mainly includes low 
moisture extrusion (20–40 % moisture) and high moisture extrusion 
(40–80 % moisture) (Zhao et al., 2024). High moisture extrusion tech
nology has many processing advantages over low moisture extrusion 
technology, including a lower energy input and a higher degree of 
simulation (Prabha et al., 2021; Zhang, Zhao, et al., 2023). Therefore, 
the production of PBMAs by high moisture extrusion technology will be 
more in line with the food industry development trend. PBMAs have 
similar taste, texture, and nutritional value to animal meats (Nakagawa 
et al., 2024). Compared with the animal meat, PBMAs can save land and 
water resources, and has a lower carbon footprint (Choudhury et al., 
2020). In addition, PBMAs are also able to meet the needs of vegetarian 
and religious activists (Nam et al., 2024). Furthermore, PBMAs have the 
potential to provide a more sustainable and environmentally friendly 

source of protein (Singh et al., 2021). Consequently, the pursuit of novel 
PBMAs has emerged as a prevalent research focus within the food 
industry.

Myofibrillar protein (MP) is the main structural component of meat, 
which plays an important role in maintaining the overall quality, juici
ness and flavor of meat during processing and consumption. PBMAs has 
a fiber structure similar to MP. This structure helps provide the chewi
ness and mouthfeel that are characteristic of traditional meat. At pre
sent, the plant proteins that can produce PBMAs by high-moisture 
extrusion technology mainly include soybean protein isolate (SPI) 
(Schreuders et al., 2019; L. Yang et al., 2023), wheat gluten protein 
(WG) (Sun et al., 2024; Zhang, Yang, et al., 2023), pea protein (Zhu 
et al., 2021), peanut protein (Zhang, Yang, et al., 2023) etc. Among 
them, SPI has the advantages of low price, easy access, balanced amino 
acid composition and high bioavailability (Cofrades et al., 2023; Tian, 
Sun, et al., 2023), and is gradually becoming the leading raw material 
for PBMAs (Shaghaghian et al., 2022). In addition, SPI, having served as 
a high-quality source of protein, had the functions of enhancing im
munity and controlling blood sugar. Although the current technology for 
producing PBMAs is mature, its high production cost has hindered its 
popularization. To further reduce production costs, we found that some 
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cheaper defatted soybean powder (DSP) could be added to the produc
tion of PBMAs. However, we found that the texture of PBMAs made of 
SPI and DSP is poor, which cannot meet the requirements of consumers 
for its fiber structure. Previous studies have found that adding a certain 
proportion of WG to soybean protein concentrate can improve the 
texture and fiber characteristics of PBMAs (Chiang et al., 2019). A recent 
study found that adding WG into pea protein can improve the textural 
properties and fiber structure of PBMAs (Zhao et al., 2024). The reason is 
that pea protein and WG, two thermodynamically incompatible com
ponents, can prevent the horizontal aggregation of protein and are 
beneficial to the longitudinal arrangement to form fiber structure 
(Grabowska et al., 2016; Zhao et al., 2024). This means that WG can be 
an effective ingredient to improve the textural properties and fiber 
structure of PBMAs, making them more suitable for food applications. 
Inspired by this study, we believe that the combination of WG and SPI 
will be the key point to improve the structure and properties of SPI-WG- 
DSP PBMAs.

Although the improvement of soy protein-based PBMAs by WG has 
been reported, the focus is mainly on binary mixed systems. However, 
there is still a gap in research on improving the texture and fiber 
structure of PBMAs prepared by SPI-WG-DSP ternary system by adjust
ing the ratio of SPI to WG. Therefore, in this study, SPI and WG are 
mixed in different proportions (SPI: WG = 5:7, 6:6, 7:5, 8:4, 9:3, 10:2, 
11:1). The addition proportion of DSP is determined according to our 
pre-experimental results. PBMAs was prepared by high moisture extru
sion. The hardness and chewiness of PBMAs were measured by texture 
analyzer. The changes of fiber structure of PBMAs were observed by 
scanning electron microscope (SEM). The rheological characterization 
of PBMAs was carried out to deeply understand the structural formation 
and physical and chemical changes during extrusion processing. In order 
to deeply understand the interaction between SPI and WG, the second
ary structure, thermodynamic properties and intermolecular interaction 
force of PBMAs were analyzed. The results of this study can be used to 
develop more efficient production methods for PBMAs, as well as the 
optimization of its application in the food industry.

2. Materials and methods

2.1. Materials

SPI、DSP and WG were provided by Yuwang Group (Shandong 
Province, China). SPI contains around 85.0 % protein, 12.5 % carbo
hydrate, 1.0 % fat, and 3.0 % moisture. DSP contains around 65.0 % 
protein, 26.5 % carbohydrate, 0.6 % fat, and 6.5 % moisture. WG con
tains around 83.5 % protein, 3.5 % moisture, 10.5 % carbohydrate, and 
1.5 % fat. Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China) 
and Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) provided 
other chemicals and reagents.

2.2. PBMAs preparation

PBMAs were prepared using a modified method based on previous 
research (Hou et al., 2023). According to Table 1, mix SPI, WG and DSP 

evenly, with the total dry basis accounting for 50 % (w/w) and moisture 
content accounting for 50 % (w/w). PBMAs was prepared by DS56-III 
twin-screw extruder (Jinan Saixin Machinery Co., Ltd., China) through 
high moisture extrusion experiment. The feed rate was set at 12.0 kg/h, 
the screw speed was adjusted to 300 r/min, and the temperatures of the 
various modules of the extruder were maintained at 60, 80, 120, 150, 
and 170 ◦C respectively. Meanwhile, the cooling zone was kept below 
50 ◦C through the circulation of running water. PBMAs samples were cut 
into strips with a width of 20 cm and a length of 30 cm. And PBMAs was 
stored in a refrigerator at − 20 ◦C for subsequent analysis.

2.3. Texture properties

By improving the previous research methods, the detection method 
for samples textural properties was determined (Hou et al., 2023). 
PBMAs samples were fixed on the platform, and the textural profile of 
PBMAs were analyzed by Brookfield CT3 texture analyzer (Brookfield, 
USA). TPA mode was selected for testing, with probe descending speed 
of 2 mm/s, testing speed of 0.5 mm/s and rising speed of 2 mm/s, and 
compressed to 50 % of its original thickness.

2.4. Color measurement

Having improved upon the previous research methods, the detection 
method for samples of color was determined (Deng et al., 2023). Utilized 
the NR60CP+ hand-held colorimeter (Shenzhen Sanenshi Technology 
Co., Ltd., China) to detect the color change of PBMAs, and record the 
values of L*, a* and b*. Where L* stands for the brightness of color, a* 
stands for redness and b* stands for yellowness. The measurements were 
repeated three times and the average values were used to calculate the 
color change. The values were compared with the initial values to 
determine the amount of color change. Calculate the total color differ
ence (ΔE) by the following formula: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
Lsample − Lstandard*

)2
+
(
asample − astandard*

)2
+
(
bsample − bstandard*

)2
√

(1) 

2.5. Scanning electron microscopy (SEM)

According to our previous method (Y. Tian et al., 2024), the micro
structure of the sample was observed by scanning electron microscope 
(SEM, Hitachi Manufacturing Co., Ltd., Japan). Micrographs were pho
tographed at magnification levels of × 500, × 1000, and × 1500, 
respectively.

2.6. Low-field nuclear magnetic resonance (LF-NMR) measurements

The LF-NMR detection of PBMAs was based on previous research 
methods and was carried out after appropriate modifications had been 
made (Kang & Ma, 2023). In order to confirm the relaxation measure
ments of the sample, an LF-NMR analyzer (NMI20-030 V-I, Niumag Inc., 
China) was used. With 3000 ms waiting time, 0.10 ms echo time, and 6 
scans, the Carr-Purcell-Meiboom-Gill (CPMG) sequences were used to 
investigate spin-spin relaxation time (T2). Measured relaxation times 
were converted to corresponding relaxation signal components.

2.7. Measurements of rheological properties

The determination method of rheological properties was determined 
by improving our previous method (Tian et al., 2022). Specifically, the 
rheometer MCR 101 (Anton Paar, Austria) with parallel plates with a 
diameter of 50 mm was used to measure the rheology. Before mea
surement, stress scanning is carried out to determine the linear visco
elastic region. Shear stress, shear rate and apparent viscosity were also 
measured.

Table 1 
Formulation of PBMAs.

Samples Formulations

SPI WG DSP

SPI:WG = 5:7 5 7 6
SPI:WG = 6:6 6 6 6
SPI:WG = 7:5 7 5 6
SPI:WG = 8:4 8 4 6
SPI:WG = 9:3 9 3 6
SPI:WG = 10:2 10 2 6
SPI:WG = 11:1 11 1 6
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2.8. FT-IR measurements

The FT-IR detection of PBMAs was based on previous research 
methods and was carried out after appropriate modifications had been 
made (Tian et al., 2022). To observe the FT-IR spectra of the samples, a 
Fourier transform infrared spectrometer (PerkinElmer, Shelton, USA) 
was used. From 400 to 4000 cm− 1, the samples were scanned eight times 
at full speed.

2.9. Thermal properties measurements

The determination method of thermal properties was determined by 
improving our previous method (Y. Tian et al., 2024). The thermal 
characteristics of PBMAs were investigated using a different scanning 
calorimeter (DSC25, TA Instruments, America). In an aluminum cruci
ble, 4 mg of sample was accurately weighed, sealed, and heated from 
30 ◦C at a heating rate of 20 ◦C per minute to 160 ◦C.

2.10. Protein intermolecular interaction force measurements

Protein solubility of PBMAs was measured by previous research 
methods, with minor modifications to evaluate the protein-protein 
interaction (J. Zhang et al., 2019; Zhao et al., 2024). Initially, pre
pared the following four solvents: (1) 0.1 mol/L phosphate buffer so
lution (PBS) at pH 7.4, (2) 8 mol/L urea dissolved in the phosphate 
buffer solution (designated as PU), (3) 2 % (v/v) β-mercaptoethanol 
(β-Me) added to the phosphate buffer solution (PM), and (4) 1.5 % (w/v) 

sodium dodecyl sulfate (SDS) mixed into the phosphate buffer solution 
(PS).

Next, the PBMAs were subjected to freeze-drying, followed by 
grinding and sieving through a 100-mesh sieve. This process was 
repeated to ensure consistency. Then, 100 mg of the PBMAs powder was 
thoroughly mixed with 10 mL of each of the prepared solvents. After 
ensuring uniform mixing, the samples were shaken for 12 h. Subse
quently, they were centrifuged at 10,000g for 15 min. The total protein 
content in the sample was determined by the Kjeldahl method, and the 
protein content in the supernatant was determined by the Lowery 
method. Based on these measurements, the protein solubility was 
calculated using the following formula: 

Solubility(%) =
S1

S0
*100 (2) 

where S0 represents the protein content of the supernatant and S1 rep
resents the total protein of the original sample. According to the solu
bility difference of PBMAs in different solvents, various chemical 
crosslinking bonds are calculated.

2.11. Statistical analysis

All analyses were conducted using IBM SPSS 21.0 (IBM Corporation, 
USA). A one-way ANOVA was used to compare each dependent variable 
between groups. To analyze the differences between individual means, 
Duncan's multiple range test was used (p < 0.05). Each experiment was 
conducted at least three times, and the results were expressed as mean 

Fig. 1. Effect of the SPI to WG ratio on the texture properties of the PBMAs. Different letters indicate significant differences (p < 0.05).
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± standard deviation.

3. Results and discussion

3.1. Texture properties analysis

Textural analysis measures the physical properties of the meat 
analogue, such as the hardness, gumminess, chewiness, and springiness, 
which are important indicators of its quality (Chen et al., 2022). The 
effect of the SPI and WG ratio on the texture properties of PBMAs was 
shown in Fig. 1. In Fig. 1 (A), (B), and (C), it was demonstrated that there 
was a linear increase in the hardness, chewiness, and gumminess of the 
PBMAs sample as the SPI ratio was progressively augmented. This shows 
that adding SPI will make PBMAs harder. At the same time, the 
springiness of PBMAs decreased with the increase of SPI ratio. When the 
SPI ratio was high (SPI: WG = 10:2 and 11:1), it was observed that there 
was insufficient WG to serve as the skeletal structure within PBMAs, 
leading to inadequate fiber bonding. This finding was similar to previous 
studies (Hou et al., 2023; Zhang et al., 2022). However, it was found that 
excessive SPI led to overly high hardness and chewiness in the extruded 
PBMAs. This, in turn, diminished the taste experience of the PBMAs and 
ultimately had a negative impact on the overall taste of the products. 
When the ratio of SPI to WG was 7:5, 6:6, and 5:7, it was observed that 
the PBMAs exhibited excessively low levels of hardness, chewiness, and 
gumminess. The PBMAs with inadequate hardness lacked sufficient 
chewing sensation, thereby impacting the eating experience negatively. 
Moreover, these foods with low hardness were often more prone to 
external factors such as extrusion and deformation, which had increased 
the difficulty and cost involved in the processes of storage and trans
portation. When the ratio of SPI to WG was set at 9:3 and 8:4, it was 
observed that the PBMAs demonstrated moderate levels of hardness, 
chewiness, and gumminess. This moderate texture proved advantageous 
for the further development and utilization of these products. This 
moderate texture was preferred by consumers because it provided a 
pleasant balance between hardness and chewiness.

3.2. Color analysis

Color plays an important role in PBMAs products, and it also affects 
consumers' acceptance of them (He et al., 2020). The color parameters of 
PBMAs, which had different SPI and WG ratios, were presented in 
Table 2. From Table 2, it was evident that with the increase in WG 
content, the L* and b* values of PBMAs generally exhibited an 
increasing trend. Specifically, when the ratio of SPI to WG was 11:1, the 
minimum L* value was recorded as 41.60 ± 0.82, whereas at a ratio of 
5:7, the maximum L* value reached 66.21 ± 1.13. This observation 
indicated that WG enhanced the brightness of PBMAs (Tian, Ren, et al., 

2023). Furthermore, as the WG content increased, the values of a* and 
ΔE decreased notably. At an SPI to WG ratio of 11:1, the maximum ΔE 
value was found to be 16.31 ± 0.82. However, with a greater proportion 
of WG, the ΔE value generally followed a downward trend, suggesting 
that incorporating more WG led to lighter-colored extrudates. Previous 
studies had found that the Maillard reaction was the main factor 
affecting the color of meat analogues, which formed protein-sugar ad
ducts and highly colored insoluble polymers called melanoids during 
extrusion cooking (Zhang, Zhao, et al., 2023). In this study, a higher 
proportion of WG significantly increased the whiteness of PBMAs, which 
may have been due to the lower sugar content of WG compared with SPI. 
This discovery is similar to the previous research results (Zhao et al., 
2024). Generally, consumers' acceptance of PBMAs with darker colors is 
low (Zhao et al., 2024). Consequently, it was more advantageous for 
product promotion to improve the whiteness of PBMAs by incorporating 
an appropriate proportion of WG.

3.3. Microstructure analysis

Microstructure observation played a pivotal role in the past studies of 
meat analogues, aiding researchers in understanding their composition 
and distinct characteristics (Dekkers et al., 2018). Fig. 2 shows the effect 
of SPI to WG ratio on the microstructure of PBMAs. As Fig. 2 shows, 
when the ratio of soy protein isolate (SPI) to wheat gluten (WG) was 
11:1 or 10:2, cracks were observed on the surface of the PBMAs, and no 
distinct fibrous structure was apparent. When the ratio of SPI to WG was 
9:3, the surface of the PBMAs exhibited a prominent fibrous structure 
aligned along the extrusion direction, and this distribution was uniform 
and orderly. However, as the proportion of WG increased, the fiber 
structure of the PBMAs became thicker, and the degree of orderliness 
decreased. Ultimately, when the ratio of SPI to WG reached 6:6 or 5:7, 
no discernible fibrous structure was observed on the surface of the 
PBMAs. This phenomenon could be attributed to the optimal ratio of SPI 
to WG being 9:3, which effectively prevented protein aggregation and 
facilitated protein rearrangement to form a fibrous structure (Hou et al., 
2023). Nevertheless, an excessive amount of WG (SPI:WG ratios of 6:6 
and 5:7) interfered with protein recombination, thereby compromising 
the fiber structure of the PBMAs. This finding resonates with the ob
servations made by Zhao et al. (Zhao et al., 2024), who posited that 
excessive WG led to a viscous extrudate characterized by a markedly 
weaker chewy texture, impeding the alignment of protein fibers along 
the extrusion direction. In summary, the most favorable SPI to WG ratio 
was found to be 9:3, resulting in PBMAs that displayed a pronounced 
fibrous structure. Fiber structure and texture are the most important 
properties of PBMAs. In this study, the ratio of SPI to WG is 9:3, which is 
the best ratio for preparing PBMAs. A small amount of WG (SPI: WG =
11:1 and 10:2) has no significant effect on improving the fibrous 
structure of PBMAs, while excessive WG (SPI: WG = 6:6 and 5:7) hinders 
fiber formation.

3.4. Water distribution analysis

LF-NMR is an important index to characterize the distribution and 
migration of water in meat analogs (Kaysen et al., 2022). As a measure of 
water molecules' mobility, T2 is the time needed to excite a spin-spin 
proton to exchange energy with adjacent protons (Hou et al., 2023; 
Qin et al., 2022). As shown in Fig. 3, the effect of the SPI to WG ratio on 
the T2 relaxation time distribution curve of the PBMAs. With the in
crease in degrees of freedom, the peak states can be divided into T2b and 
T21 (bound water), T22 (immobilized water) and T23 (free water). 
Table 3 shows the proportion of T2 distributions. With the ratio of SPI to 
WG changing from 11: 1 to 5: 7, the proportion of P21 increased from 
8.02 ± 0.35 to 16.13 ± 0.43. This indicated that, as the content of WG 
increased, the binding capacity of the PBMAs samples to water mole
cules also rose (Hou et al., 2023). In addition, P22 accounted for the 
highest proportion, and with the increase of WG content, the proportion 

Table 2 
Effect of SPI and WG compound ratio on PBMAs color value.

Samples L* a* b* ΔE

SPI:WG = 5:7 66.21 ±
1.13a

7.56 ± 0.88c 26.21 ±
0.51a

11.19 ±
0.80c

SPI:WG = 6:6 47.44 ±
0.46b

11.29 ±
0.08ab

22.70 ±
0.29b

10.77 ±
0.37c

SPI:WG = 7:5 44.32 ±
1.44c

12.11 ±
0.39a

22.31 ±
1.29bc

13.82 ±
1.21b

SPI:WG = 8:4 45.74 ±
0.48bc

11.63 ±
0.26a

20.83 ±
0.62cd

12.06 ±
0.37bc

SPI:WG = 9:3 46.66 ±
0.42bc

10.57 ±
0.23b

20.43 ±
1.01cd

11.20 ±
0.43c

SPI:WG =
10:2

45.00 ±
2.64c

11.40 ±
0.68ab

20.83 ±
1.16d

12.93 ±
2.55bc

SPI:WG =
11:1

41.60 ±
0.82d

12.08 ±
0.30a

18.50 ±
0.25e

16.31 ±
0.82a

Note: Results are expressed as mean value ± standard deviation. Different 
lowercase letter in the same column means significant differences (p < 0.05).
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of P22 decreased from 91.25 ± 1.16 to 82.40 ± 0.23. Accordingly, P22 is 
the main form of water molecules in PBMAs, and WG can promote the 
transformation of bound water into immobilized water and free water 
(Hou et al., 2023). With the increase of the proportion of WG, the pro
portion of P23 increased from 0.73 ± 0.11 to 1.47 ± 0.35. Generally 
speaking, the different proportions of SPI and WG will affect the water 
distribution of PBMAs (Guo et al., 2020). Understanding the T2 distri
butions in PBMAs is crucial for optimizing their texture and hydration 

properties. By analyzing the different forms of water within the samples, 
researchers can tailor the SPI to WG ratios to achieve desired moisture 
levels and stability. This information is vital for improving the quality 
and consumer acceptance of meat analogues.

3.5. Rheological properties analysis

Rheological properties can be used to describe the fluidity and vis
cosity of meat analogues under different conditions, and can also reflect 
the interaction mechanism between different components (Tian et al., 
2024). The storage modulus (G') and loss modulus (G") of PBMAs with 
different SPI and WG ratios are shown in Fig. 4(A) and (B). With the 
increase of vibration frequency, both G' and G" increase, and the value of 
G' is much higher than G", which indicates that the elasticity of samples 
is dominant (Tian et al., 2022). This also indicates that in the linear 
viscoelastic range, the change of frequency will not destroy the structure 
of PBMAs (Hou et al., 2023). When the ratio of SPI to WG changed from 
11: 1 to 9: 3, with the increase of WG content, G' and G" increased, and 
the ratio of WG continued to increase, and G' and G" began to decline. 
This shows that the interaction between SPI and WG in a proper pro
portion (SPI: WG = 9:3) can strengthen the fiber structure of PBMAs, 
while excessive WG (SPI: WG = 6:6 and 5:7) will hinder the formation of 
fiber structure. This phenomenon can be explained by SEM in Fig. 2.

Fig. 4(C) shows the apparent viscosity change of PBMAs. The vis
cosity of PBMAs decreases with the increase of shear rate, which in
dicates that PBMAs has shear thinning characteristics (Hou et al., 2023). 
It was linked to protein interactions destruction during shearing (Zhao 
et al., 2024). The shearing process disrupted the interactions between 
proteins, preventing them from forming the fiber structures. This led to a 
decrease in the protein's stability. When the ratio of SPI to WG is 9: 3, the 
viscosity of PBMAs is the highest, which shows that the molecular 
interaction between SPI and WG is the strongest under this ratio. 
Generally, the increase of viscosity is usually beneficial to the formation 
of fibrous structure, because high viscosity causes the pressure of 
extruder to increase, so that protein network structure can be extended 
to form fibrous structure (Hou et al., 2023). PBMAs that possessed high 
viscosity had the potential to be highly advantageous in the food in
dustry, particularly for the creation of meat analogs and plant-based 
protein products, as their fibrous structure closely replicated that of 
animal meat. Furthermore, these PBMAs might find applications in the 
development of specialized dietary products for individuals requiring 
high-protein intake (Del Bo' et al., 2024).

3.6. FT-IR analysis

Studies have confirmed that FT-IR is a method to measure the 

Fig. 2. Effect of the SPI to WG ratio on the microstructure of the PBMAs.

Fig. 3. Effect of the SPI to WG ratio on the T2 relaxation time distribution 
curve of the PBMAs.

Table 3 
Effect of the SPI and WG compound ratio on the T2 relaxation time of the 
PBMAs.

Samples P21(%) P22(%) P23(%)

SPI:WG = 5:7 16.13 ± 0.43a 82.40 ± 0.23e 1.47 ± 0.35a

SPI:WG = 6:6 16.10 ± 0.51a 82.43 ± 0.18e 1.45 ± 0.29a

SPI:WG = 7:5 14.47 ± 0.30b 84.06 ± 0.39d 1.47 ± 0.42a

SPI:WG = 8:4 13.51 ± 0.48c 85.27 ± 0.57c 1.22 ± 0.22ab

SPI:WG = 9:3 12.73 ± 0.42d 86.00 ± 0.65c 1.26 ± 0.21ab

SPI:WG = 10:2 9.84 ± 0.71e 89.25 ± 0.61b 0.91 ± 0.16bc

SPI:WG = 11:1 8.02 ± 0.35f 91.25 ± 1.16a 0.73 ± 0.11c

Note: Results are expressed as mean value ± standard deviation. Different 
lowercase letter in the same column means significant differences (p < 0.05).
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vibration state of protein chemical bonds, which can be used to study the 
secondary structure of proteins (S. Yang et al., 2022). The secondary 
structure information of protein is mainly in the amide I band 
(1700–1600 cm− 1) of FT-IR spectrum. In this study, the secondary 
structure of protein was obtained by deconvolution of amide I band by 
second derivative fitting, and the proportion of protein secondary 

structure was expressed by the percentage of each designated peak area 
to the total area of amide I band. FT-IR spectra of PBMAs with different 
SPI and WG ratios are shown in Fig. 5, and the contents of different 
secondary structures are shown in Table 4. It can be seen from Table 4
that when the ratio of SPI to WG changes from 11: 1 to 9: 3, the α-helix 
content decreases from 24.53 ± 0.76 to 16.63 ± 1.65, and the β-sheet 

Fig. 4. Effect of the SPI to WG ratio on the rheological properties of PBMAs. A is the G' diagrams of the PBMAs; B is the G" diagrams of the PBMAs; C is the viscosity 
diagrams of the PBMAs.

Fig. 5. Effect of the SPI to WG ratio on the FTIR (A), DSC thermogram (B), and the intermolecular force of the PBMAs.
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content increases from 38.33 ± 0.96 to 42.08 ± 0.53. This shows that 
increasing the proportion of WG properly can promote the trans
formation from α-helix to β-sheet, which is beneficial to protein aggre
gation and fiber structure formation (Hou et al., 2023; Zhao et al., 2024). 
When the ratio of SPI to WG changed from 9: 3 to 5: 7, with the increase 
of WG ratio, the α-helix content increased from 16.63 ± 1.65 to 34.47 ±
0.79, and the β-sheet content decreased from 42.08 ± 0.53 to 38.33 ±
0.96. This shows that excessive WG is not conducive to enhancing the 
stability and fiber structure of PBMAs (Zhao et al., 2024). In summary, a 
moderate increase in WG content promotes the transformation from 
α-helix to β-sheet, which is beneficial for protein aggregation and fiber 
structure formation. However, when the WG content becomes excessive, 
it leads to a further decrease in β-sheet content and an increase in α-helix 
content, ultimately destabilizing the PBMA structure. Therefore, it is 
crucial to balance the WG ratio to optimize the structural integrity and 
functionality of PBMAs.

3.7. Thermal properties analysis

DSC can be used to detect the thermal stability of meat analogues, 
and then to judge the structural and protein conformational changes 
(Hou et al., 2023). The influence of SPI and WG in different proportions 
on the thermal stability of PBMAs shown in Fig. 5 (B). As can be seen 
from the Figure, an obvious bimodal phenomenon is observed in the DSC 
curve of PBMAs. This shows that SPI, WG and DSP have interactions, 
which may lead to the thermal behavior of DSC curve different from that 
of single substance. In addition, the appearance of double peaks may 
also be related to the fact that PBMAs contains a certain proportion of 
DSP. The composition of DSP is complex and its molecular weight is 
widely distributed, which may lead to multiple peaks in DSC curve. 
When the ratio of SPI to WG changes from 11: 1 to 9: 3, with the increase 
of WG content, the thermal denaturation temperature of PBMAs de
creases from 126.96 ◦C to 123.05 ◦C, which indicates that the energy 
required for hydrogen bond breaking between PBMAs molecules de
creases during heating (Singh et al., 2021; J. Zhang et al., 2017). When 
the ratio of SPI to WG changes from 9:3 to 5:7, with the increase in WG 
content, the thermal denaturation temperature of PBMAs increases. This 
may be due to the more intense chemical bonding caused by excessive 
WG, which also leads to unclear fiber structure. The results show that the 
change of SPI and WG ratio will affect the thermal stability of PBMAs. 
This finding suggests that adjusting the SPI and WG ratios can be used to 
fine-tune the thermal properties of PBMAs for specific applications.

3.8. Protein intermolecular interaction force analysis

By analyzing the solubility difference of protein in different reagents, 

the interaction between protein molecules can be analyzed (Zhao et al., 
2024). The principle is that four different reagents can break different 
types of intermolecular chemical bonds to dissolve protein, thus deter
mining the importance of each specific chemical bond (Tian, Ren, et al., 
2023; Zhao et al., 2024). The results of the interaction force of PBMAs 
are shown in Table 5. It can be seen from Table 5 that disulfide bonds 
between protein molecules are dominant, followed by ionic bonds and 
hydrogen bonds, and the content of hydrophobic bonds is the lowest in 
all PBMAs samples. When the ratio of SPI to WG changes from 11: 1 to 5: 
7, with the increase of WG content, the role of hydrogen bonding is 
gradually enhanced. Hydrogen bond is the main force to keep bound 
water and fixed water (Lv et al., 2023). This phenomenon shows that the 
addition of WG can effectively enhance the binding ability of PBMAs 
with water. With the increase of WG content, the hydrophobic bond 
content decreases, which may be because SPI has stronger hydrophobic 
effect than WG (Zhao et al., 2024). With the increase of WG content, the 
disulfide bond first increases and then decreases. When the ratio of SPI 
to WG is 9: 3, the disulfide bond content is the highest, which is 86.12 ±
0.17. A disulfide bond is an important chemical bond between protein 
molecules. Its formation contributes to the interaction between protein 
molecules, thus promoting the formation of fiber structures. In the 
preparation process of PBMAs, with the increase of intermolecular di
sulfide bonds in protein, protein molecules are easier to connect with 
each other and form a continuous fiber network. Previous studies have 
also found that the content of disulfide bonds in extrudates can reach the 
highest level by adding appropriate proportion of WG (Zhang et al., 
2022). From the microstructure of the sample (Fig. 2), when the ratio of 
SPI to WG is 9: 3, PBMAs have the best fiber structure, which indicates 
that fiber structure formation is related to disulfide bonds (Zhao et al., 
2024). Previous studies have reported that disulfide bonds play a very 
important role in maintaining the structural integrity of meat analogues 
and forming fibrous structures (Liu & Hsieh, 2008). The presence of 
disulfide bonds significantly influences the texture of PBMAs by 
contributing to the formation of a fibrous structure. This fibrous struc
ture is essential for mimicking the texture of meat analogues, providing 
the characteristic chewiness and mouthfeel. Therefore, optimizing the 
ratio of SPI to WG to enhance disulfide bond formation can improve the 
textural quality of PBMAs.

4. Conclusion

In summary, this work successfully proves that the fiber structure 
and texture properties of PBMAs can be improved by adjusting the ratio 
of SPI to WG. Upon investigation, it was discovered that a 9:3 ratio of SPI 
to WG yielded PBMAs with an optimal fiber structure, exhibiting a well- 

Table 4 
Effect of SPI and WG compound ratio on the secondary structures of PBMAs.

Samples α-helix (%) β-sheet (%) β-turn (%) Random coil 
(%)

SPI:WG = 5:7 34.47 ±
0.79a

34.68 ±
0.38d

15.37 ±
0.50c

15.48 ± 0.95e

SPI:WG = 6:6 31.09 ±
1.18b

36.64 ±
0.66c

16.3 ± 0.98c 15.97 ± 0.75de

SPI:WG = 7:5 27.08 ±
0.54c

36.78 ±
0.73c

18.82 ±
0.30b

17.32 ± 0.82cd

SPI:WG = 8:4 23.08 ±
0.82d

37.95 ±
0.60b

19.65 ±
0.54b

19.32 ± 1.09ab

SPI:WG = 9:3 16.63 ±
1.65f

42.08 ±
0.53a

21.27 ±
0.79a

19.82 ± 0.37a

SPI:WG =
10:2

20.50 ±
0.85e

38.47 ±
0.54b

22.06 ±
1.30a

18.97 ±
1.20abc

SPI:WG =
11:1

24.53 ±
0.76d

38.33 ±
0.96b

19.21 ±
0.94b

17.93 ± 0.97bc

Note: Results are expressed as mean value ± standard deviation. Different 
lowercase letter in the same column means significant differences (p < 0.05).

Table 5 
Effect of SPI and WG compound ratio on the protein intermolecular interaction 
force of PBMAs.

Samples Ionic 
bond/%

Hydrogen 
bond/%

Disulfide 
bond/%

Hydrophobic 
bond/%

SPI:WG =
5:7

6.34 ±
0.09b

6.97 ± 0.08a 85.18 ±
0.27bc

1.51 ± 0.05c

SPI:WG =
6:6

6.27 ±
0.18b

6.74 ± 0.06b 85.48 ±
0.28b

1.51 ± 0.07c

SPI:WG =
7:5

6.36 ±
0.05b

6.38 ± 0.07c 85.59 ±
0.30b

1.68 ± 0.02bc

SPI:WG =
8:4

6.32 ±
0.12b

6.32 ± 0.11cd 85.59 ±
0.24b

1.76 ± 0.09bc

SPI:WG =
9:3

5.72 ±
0.06d

6.31 ± 0.13cd 86.12 ±
0.17a

1.85 ± 0.17b

SPI:WG =
10:2

6.08 ±
0.08c

6.20 ± 0.05d 85.79 ±
0.30ab

1.93 ± 0.20ab

SPI:WG =
11:1

7.05 ±
0.11a

6.19 ± 0.09d 84.65 ± 0.19c 2.10 ± 0.17a

Note: Results are expressed as mean value ± standard deviation. Different 
lowercase letter in the same column means significant differences (p < 0.05).
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balanced combination of chroma, hardness, chewiness, and elasticity. 
Furthermore, rheological analysis revealed a correlation between the 
improved viscosity of PBMAs and the reinforcement of their fiber 
structure. FT-IR spectroscopy findings indicated that an appropriate 
blend of SPI and WG facilitates the transition of protein secondary 
structure from α-helix to β-sheet, thereby enhancing both the fiber ar
chitecture and protein stability of PBMAs. Notably, our study also 
confirmed that the primary intermolecular force contributing to the 
structure of PBMAs is disulfide bonds, and the strengthening of the fiber 
structure is intimately tied to an increase in these bonds. The results 
show that when the ratio of SPI to WG is 9: 3, the prepared PBMAs has 
the best fiber structure and moderate texture. In the future, PBMAs with 
excellent texture and fiber can gradually replace animal meat, providing 
consumers with healthy and convenient choices.
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