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A B S T R A C T

Rapid expansion of animal meat production raises environmental, welfare, biodiversity, and health concerns. 
Plant-based meat alternatives offer promise in mitigating these issues. Texturized vegetable proteins are key 
substitutes created through extrusion processing. Our study utilized a pilot-scale twin-screw extruder to texturize 
raw materials with varying proportions of cold-swelling proteins and heat-swelling proteins. Characterization 
revealed significant physicochemical and functional changes after extrusion texturization. Results indicated a 
decrease in α-helix structure accompanied by an increase in β-sheet content after extrusion, suggesting significant 
conformational changes in protein structures. Solubility tests conducted with different extracting buffers high-
lighted disulfide bonds as the primary force maintaining fibrous structure integrity. Extrusion resulted in 
decreased concentration of free amino and sulfhydryl groups, reduced surface hydrophobicity, fluctuating di-
gestibility, water and oil holding capacities, diminished emulsifying and foaming properties, and increased least 
gelation concentration. Overall, extrusion induced diverse changes in properties, enhancing the suitability of 
fibrous structures as meat alternatives.

1. Introduction

Animal-based proteins are favored in the food markets due to their 
desirable taste, complete amino acid composition, and good function-
alities for high-quality food production (Ozturk & Hamaker, 2023). 
However, meat products have significant impact on the anthropogenic 
environment. Their production processes require substantial water and 
land resources and contribute to elevated greenhouse gas emissions. 
Ethical concerns regarding the slaughter of animals have also prompted 
many consumers to opt for non-animal protein sources (McClements & 
Grossmann, 2021). Additionally, the transportation of meat products 
presents challenges due to their perishable nature, necessitating cold 
environments. During this supply chain, they are susceptible to being 
disrupted or affected by diseases like swine flu and avian flu (Ozturk & 
Hamaker, 2023). Besides, some studies have shown that several human 
diseases such as obesity, type 2 diabetes, cardiovascular disease, stroke, 
and colorectal cancer have a relationship with the red meat diet (Willett 
et al., 2019) and the high fat content of meat is also associated with a 
high-risk factor for human health (Zhang, Zhao, et al., 2022). 
Animal-based proteins also exhibit lower production efficiency 
compared to alternative protein sources. As a result, consumer 

preferences are increasingly shifting toward protein sources that are 
more environmentally sustainable, economically viable, ethically 
acceptable, and healthy. Meat alternatives, including plant-based, 
cell-based (cultured meat), fermentation-based (mycoprotein) (Souza 
Filho et al., 2019), algae-based, and insect-based sources, have emerged 
as viable options.

Animal proteins possess a unique muscle structure that is absent in 
plant-based proteins, making it challenging to achieve a comparable 
mouthfeel, texture, and sensory characteristics. Various special pro-
cessing techniques, such as extrusion, shear-structuring (shear cell), 3D 
printing, electrospinning, and freeze-structuring, can be employed to 
create fibrous anisotropic structures (Ozturk & Hamaker, 2023). Shear 
cell technology is a relatively new method but with relatively lower 
processing capacity compared to other methods (Ozturk & Hamaker, 
2023). 3D printing involves layering a paste-like mixture of protein 
powder, water, and additives to form a structure. However, it is limited 
to thermoplastic formulations with fewer ingredients and is more suit-
able for liquid-like materials because it lacks the shear force to handle 
solid-like materials (McClements & Grossmann, 2022). Electrospinning 
uses electricity to create micro- and nano-scale fibers, but faces chal-
lenges with plant proteins, which often have a globular structure that 
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resists spinning (Nieuwland et al., 2014). Freeze structuring mimics the 
texture of meat by freezing a protein emulsion and removing ice crystals 
to form a porous fibrous structure. However, this technology requires 
additional steps, such as freeze drying or cross-linking, to stabilize the 
structure (Ozturk & Hamaker, 2023). Among these, extrusion technol-
ogy is the most mature and extensively studied method for producing 
meat analogues, with research dating back to the late 1980s and early 
1990s. It offers several advantages, including low processing costs, 
continuous production, efficient energy utilization, and high output 
(Zhang et al., 2023). Additionally, this technique is compatible with a 
wide range of protein materials, and the resulting products typically 
require minimal additional processing.

According to the differences in moisture content, the extrusion 
method can be divided into two types: low-moisture extrusion and high- 
moisture extrusion. Low-moisture extrusion, conducted at moisture 
levels of 30–40%, produces texturized vegetable proteins (TVP), which 
require rehydration or further processing before use, but have a longer 
shelf life). High-moisture extrusion, performed at moisture levels of 
about 60–65%, yields high moisture meat analogues (HMMA) with a 
meat-like texture that can be used without further hydration needs but 
have a shorter shelf-life due to their high moisture content (Akdogan, 
1999; Webb et al., 2023a, 2023b). Zhang and Ryu (2023) compared pea 
protein isolate extruded under high (HMMA) and low (TVP) moisture 
conditions. HMMA showed superior physical and textural properties, 
including integrity and texture profiles, with significant differences in 
disulfide bond content between the extrudates.

Moreover, significant differences in the physicochemical and func-
tional properties of protein samples are evident when comparing their 
states before and after the extrusion process. Gao et al. (2023) investi-
gated wheat germ protein as a raw material and observed that extrusion 
led to a reduction in free sulfhydryl groups and surface hydrophobicity 
of the proteins. Conversely, protein solubility, emulsification capacity, 
and digestibility improved. Similarly, Zhang et al. (2022) studied the 
combined extrusion of soybean protein and wheat gluten under 
high-moisture conditions. Their findings indicated an increase in β-sheet 
structure and enhanced rehydration properties of the extrudates. 
Consistent with these results, Meng et al. (2022) reported a decrease in 
surface hydrophobicity and an increase in β-sheet content in proteins 
subjected to extrusion.

In addition to processing techniques, the selection of appropriate raw 
materials is crucial for extrusion. Soybean proteins have long been 
favored due to their balanced amino acid composition and widespread 
consumer acceptance (Sui et al., 2021). Pea proteins are gaining atten-
tion for their cost-effectiveness, lack of allergens, non-genetically 
modified nature, and cholesterol-free properties (Liu et al., 2020; 
McCarthy et al., 2016). Wheat gluten, a coproduct of wheat starch 
isolation, offers favorable viscoelastic and thermal coagulation 

characteristics (Zhang, Zhao, et al., 2022). The advantages of several 
other protein sources are summarized in Table 1. These proteins possess 
unique functionalities and can be categorized into cold-swelling proteins 
(CS) and heat-swelling proteins (HS) based on their different water ab-
sorption capacity, viscosity peak time, and least gelation concentration 
(LGC). Specifically, proteins exhibiting a high WAI (>4.0 g/g), rapid 
viscosity peak formation (<4 min), and less LGC were classified as CS, 
while those demonstrating different characteristics were referred to as 
HS (Flory et al., 2023).

In our previous study, we utilized samples with varying CS ratio to 
determine which formulation would result in improved texture and 
enhance the quality and sensory attributes of plant-based meat. We 
observed that after the low-moisture extrusion process, samples with 
higher CS ratios exhibited a greater tendency for crosslinking, leading to 
a porous internal structure with reduced layering. Conversely, samples 
with lower CS ratios resulted in a denser, more stratified extrudate 
structure (Flory et al., 2023). However, the exact reasons behind this 
phenomenon remain unclear. To investigate the underlying mechanism, 
we conducted further experiments focused on protein property analysis.

Therefore, in this study, analyses of both raw materials and resulting 
extruded products were performed to elucidate the underlying mecha-
nisms involved in extrusion texturization. The analyses included as-
sessments of protein secondary structure, solubility, free amino content, 
free sulfhydryl content, surface hydrophobicity, in vitro protein di-
gestibility (IVPD), water holding capacity (WHC), oil holding capacity 
(OHC), emulsifying activity index (EAI), emulsifying stability index 
(ESI), foaming capacity (FC), and LGC. Our objective is to comprehend 
changes in physicochemical properties and functionalities of the plant 
proteins during extrusion and provide fundamental insights into the 
effects of CS/HS ratio and extrusion processes on protein structures.

2. Materials and methods

2.1. Materials

The samples used in this study remained the same as those detailed in 
the research conducted by Flory et al. (2023), comprising six treatments 
with varying cold-swelling protein ratios: 0% CS, 30% CS, 40% CS, 50% 
CS, 60% CS, and 90% CS. These samples consisted of blends of soybean 
protein isolate (SPI), two variants of soybean protein concentrate (Arcon 
F and Arcon S SPC), soybean flour, pea protein isolate (PPI), and wheat 
gluten (Gluten). Based on the report from Flory et al. (2023), the SPI, 
SPC Arcon S type, and PPI could be identified as CS proteins, while SPC 
Arcon F type and Gluten were classified as HS proteins. Although sam-
ples with varying cold swelling ratios utilized different protein in-
gredients, the overall protein content across all samples remained 
relatively consistent (around 71.48%). Both individual ingredients and 
the resulting raw-material blends, as well as the texturized proteins from 
the treatments, were utilized in the subsequent experiments. The protein 
samples mentioned were all ground into fine powder using a coffee 
grinder and subsequently stored in a refrigerator at 4 ◦C for later use. 
Trypsin from porcine pancreas (13,000–20,000 BAEE units/mg protein), 
ɑ-chymotrypsin from bovine pancreas (≥40 units/mg protein), and 
protease from Streptomyces griseus (≥3.5 units/mg protein) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Urea, dithiothreitol 
(DTT), sodium dodecyl sulfate (SDS), thiourea, 3-[(3-cholamidopropyl) 
dimethylammonio]-1-propanesulfonate (CHAPS), sodium phosphate 
dibasic, sodium dihydrogen phosphate anhydrous, bovine serum albu-
min (BSA), sodium dioxide (NaOH), hydrochloric acid (HCl), Coomassie 
Brilliant blue G 250, methylene blue, tris(hydroxymethyl)amino-
methane (Tris), glycine, ethylenediaminetetraacetic acid (EDTA), 5, 
5′-dithiobis(2-nitrobenzoic acid), β-mercaptoethanol, trichloroacetic 
acid (TCA), and leucine were also purchased from Sigma-Aldrich. 
Phosphoric acid, chloroform, and 2,4,6-trintrobenzenesulfonic acid 
were purchased from Fisher Scientific (Waltham, MA, USA).

Table 1 
Different protein sources and their advantages.

Protein 
sources

Advantages References

Soybean 
protein

Contains all amino acids essential to human 
nutrition, with less saturated fat and no 
cholesterol

Xiao (2008)

Pea protein Contains high levels of lysine, a good source 
of bioactive peptides, low allergenicity

Shanthakumar et al. 
(2022)

Wheat 
gluten

High content of Gln and hydroxyl amino 
acids (ca 10%), good viscoelastic property

Zhang, Zhao, et al. 
(2022)

Rice protein High lysine content of glutelin, 
hypoallergenic, higher nutrition quality

Amagliani et al. 
(2017)

Mung bean 
protein

High essential amino acid content (such as 
leucine, lysine and phenylalanine/ 
tyrosine), high protein digestibility

Zhu et al. (2018)

Lupin 
protein

Contains a significant content of lysine and 
other essential amino acids, bioactive 
peptides

Lemus-Conejo et al. 
(2023)
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2.2. FTIR spectroscopy

FTIR spectroscopy, a method for analyzing the secondary structure of 
proteins, was conducted using a PerkinElmer Spectrum 400 FT-IR/ 
FTNIR Spectrometer (PerkinElmer, Inc., Waltham, MA, USA) equipped 
with an attenuated total reflectance cell (ATR) accessory. The samples 
were kept on diamond crystal and were secured tightly with a clamp for 
the analysis. Each sample underwent 64 scans within the range of 
400–4000 cm− 1, with a 4 cm− 1 interval. The relative areas of the amide I 
region (1600–1700 cm− 1) were determined using OriginPro 2016 soft-
ware (OriginLab, Inc., Northampton, MA, USA) (Gao et al., 2023). The 
determination of α-helix, β-sheet, β-turn, and random coil structures in 
the protein secondary structure with the distribution ratio were quan-
tified using the method described by Kong and Yu (2007).

2.3. Solubility

The protein solubility was determined using different extracting 
buffers to indirectly analyze the protein-protein interactions, following 
the method from Liu and Hsieh (2008) with modifications. 200 mg 
sample was mixed with 10 mL of each extractant and shaken for 2 h 
(300 rpm) at room temperature. The supernatant was obtained by 
centrifugation at 8000g for 15 min. The protein content in the super-
natant was quantified using the Bradford assay (Kielkopf et al., 2020). 
The extractants include: (1) Isoelectric focus buffer (IEF): 8M urea and 
50 mM dithiothreitol (DTT) and 2% (w/v) sodium dodecyl sulfate (SDS) 
+ 2M thiourea +2% (w/v) 3-[(3-Cholamidopropyl) 
dimethylammonio]-1-propanesulfonate (CHAPS) in phosphate buffer 
(U + D + S + T + C + P); (2) IEF w/o Urea: 50 mM DTT and 2% (w/v) 
SDS + 2M thiourea +2% (w/v) CHAPS in phosphate buffer (D + S + T +
C + P); (3) IEF w/o DTT: 8M urea and 2% (w/v) SDS + 2M thiourea 
+2% (w/v) CHAPS in phosphate buffer (U + S + T + C + P); (4) IEF w/o 
Urea and DTT: 2% (w/v) SDS + 2M thiourea +2% (w/v) CHAPS in 
phosphate buffer (S + T + C + P); (5) IEF w/o Thiourea, SDS, and 
CHAPS: 8M urea and 50 mM DTT in phosphate buffer (U + D + P); (6) 
PB:100 mM phosphate buffer, pH 7.5 (P). Protein solubility was assessed 
by comparing the protein content in the supernatant to that of the 
samples, presenting it as a ratio.

2.4. Determination of free amino groups

The amount of free amino groups indicates the degree of hydrolysis 
in samples and helps identify the formation of covalent bonds during the 
extrusion process. The method outlined by Groβmann et al. (2021) was 
used to determine free amino content with some modifications. 0.5 mL 
of a sample solution, with a concentration of 4 mg/mL and dissolved in a 
1% (w/v) SDS solution, was combined with 4 mL of 0.2125 M phosphate 
buffer (pH 8.2, the mixture of 4.5 mL 0.2125 M NaH2PO4 and 100 mL 
0.2125 M Na2HPO4) and 4 mL of 0.1% (v/v) 2,4,6-trinitrobenzene sul-
fonic acid (TNBS). This suspension was then incubated in a 50 ◦C water 
bath at 200 rpm for 1 h in darkness. Following the hour-long reaction, 8 
mL of 0.1 N HCl was introduced to the solution, which was then stored at 
room temperature for 30 min. The resulting supernatant was obtained 
by centrifugation at 8000g for 10 min, and its absorbance was measured 
using a double beam spectrometer (VWR UV-6300PC, Radnor, PA, USA) 
at 340 nm. Additionally, L-leucine solutions were prepared following the 
same procedure, but with varying concentrations (ranging from 0 to 2.4 
mM), to establish a standard curve.

2.5. Determination of free sulfhydryl groups and surface hydrophobicity

The study of inter- and intramolecular sulfhydryl groups change is 
important for identifying the structural changes caused by extrusion 
process. The determination of free sulfhydryl content followed the 
method described by Hao et al. (2022). A 75 mg sample was dispersed in 
10 mL of Tris-Gly-urea buffer (containing 0.086 mol/L Tris, 0.09 mol/L 

glycine, 0.004 mol/L EDTA, and 8 mol/L urea) and shaken overnight. 
For free sulfhydryl content determination, 1 mL sample was mixed with 
4 mL Tris-Gly buffer and 0.05 mL Ellman’s reagent (4 mg/mL), shaken 
for 15 min in the dark, centrifuged (8000×g, 8 min), and absorbance 
measured at 412 nm. Blanks were used for correction. For total sulfhy-
dryl content determination, 1 mL sample was mixed with 4 mL Tris-Gly 
buffer and 0.05 mL β-mercaptoethanol, shaken for 1 h, and precipitated 
with 10 mL 12% TCA. The precipitate was washed, resuspended in 10 
mL Tris-Gly buffer, and reacted with 0.04 mL Ellman’s reagent for 15 
min. After centrifugation, absorbance at 412 nm was measured. The 
equation used for calculating was as follows: 

SH content (μM SH / g)=
73.53 × A412 × D

C
(1) 

Disulfide bonds content (μM / g)= (Total SH content − Free SH content) /2
(2) 

Where A412 was the final absorbance at 412 nm; D was the dilution 
factor (5 was used in free sulfhydryl content determination and 10 was 
used in total sulfhydryl content determination); C was the sample con-
centration (mg/mL); 73.53 was derived from 106/(1.36 × 104) where 
1.36 × 104 was the molar absorptivity of Ellman’ reagent and 106 was 
for conversions from the molar basis to the μM/mL basis and from mg 
sample to g sample.

The determination of surface hydrophobicity (H0) provides insight 
into the hydrophobic interactions within samples, which play an 
important role in the formation and stabilization of protein structures. In 
this study, H0 was measured using SDS binding method, in accordance 
with the approach detailed by Tang et al. (2021). Protein sample (10 
mg) was mixed with 40 mL of 0.1 mmol/L SDS buffer for 1 h, then 
dialyzed in distilled water for 48 h using SnakeSkin™ tubing (MW 
cut-off: 3.5 kDa). The dialyzed solution volume was recorded, and 10 mL 
was mixed with 25 mL of chloroform and 5 mL of methylene blue (24 
mg/L). After shaking for 5 min, the mixture was centrifuged at 2500×g 
for 15 min. The absorbance of the lower layer was measured at 655 nm 
using a UV–Vis spectrometer. SDS concentration was quantified using a 
standard curve to estimate surface hydrophobicity based on SDS 
binding.

2.6. In vitro protein digestibility

Protein digestibility, used to assess potential bioavailability and 
protein quality, was determined according to the method from Martí-
nez-Velasco et al. (2018) with some modifications. A 30 mL sample 
solution containing 6.25 mg of protein per milliliter was prepared, fol-
lowed by adjustment of the pH to 8.00 (±0.02) using 1 M HCl and/or 
NaOH. Simultaneously, a multienzyme solution was prepared consisting 
of 1.6 mg trypsin, 3.1 mg α-chymotrypsin, and 1.3 mg protease per 
milliliter of distilled water. The pH of the enzyme solution was similarly 
adjusted and maintained at 8.00 (±0.02). After mixing 3 mL of the 
enzyme solution with the sample at 37 ◦C for 10 min, the pH drop was 
recorded using a pH meter. The equation was based on the literature of 
Tinus et al. (2012): 

Protein digestibility%= 65.66 + 18.10 × ΔpH10 min (3) 

where ΔpH10min was the change of pH in 10 min from the initial pH 8.0.

2.7. Functional properties

The water and oil holding capacity were quantified following the 
approach detailed by Espinosa-Ramírez and Serna-Saldívar (2016) with 
modifications. For water holding capacity determination, 0.25 g of the 
sample (W0) was combined with 7.5 mL of distilled water in a 15 mL 
centrifuge tube (W2) and shaken for 30 min at 300 rpm. After centri-
fugation at 4500g for 15 min, the tube was inverted for 5 min to drain 
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water residues, and the final weight was recorded (W1). Water holding 
capacity was calculated using the formula: 

WHC (g water / g protein)=
W1 − W2 − W0

W0
(4) 

Similarly, for oil holding capacity determination, a 0.25 g sample 
(O0) was mixed with 7.5 mL of soybean oil in a 15 mL centrifuge tube 
(O2). After shaking, centrifugation, and inversion to drain the oil, the 
final precipitate weight was recorded (O1). The oil holding capacity was 
calculated as same: 

OHC (g oil / g protein)=
O1 − O2 − O0

O0
(5) 

The determination of both emulsifying capacity was conducted in 
accordance with a turbidimetric method detailed by Espinosa-Ramírez 
and Serna-Saldívar (2016) with some modifications. The procedure 
involved adding 0.25 g of samples to 25 mL of 100 mM phosphate buffer 
(pH = 7) and stirring until a uniform solution was achieved. Next, 25% 
(v/v) soybean oil was dispersed into the solution, followed by homog-
enization using homogenizer (Polytron PT 2500 E, Kinematica AG, 
Switzerland) at 14,000 rpm for 1 min at room temperature. After ho-
mogenization, 50 μL of the solution was mixed with 2.95 mL of 0.1% 
(w/v) SDS buffer and vortexed. The absorbance of the diluted emulsion 
was then measured at 500 nm (A0) and again after 10 min (A10). The 
Emulsification Activity Index (EAI) and Emulsion Stability Index (ESI) 
were subsequently calculated using the following formulas: 

T=2.303 ×
A0

L
× D (6) 

EAI
(
m2 / g

)
=

2 × T
φ × C × 1000

(7) 

ESI (min)=
A0

A0 − A10
× t (8) 

where T is the turbidity of emulsion, A is the absorbance at 500 nm, D is 
dilution factor, L is the path length of light (m), φ is the oil volume 
fraction, C is the protein concentration in the dispersion (mg/mL), t is 
10 min.

Proteins serve as stabilizers at gas-liquid interfaces, forming foams 
that are crucial for the texture and appearance of various products. The 
foaming capacity (FC), which is the main parameter measured in this 
experiment, is commonly expressed as the ratio of the foam volume to 
the original protein suspension volume (%). FC is typically related to the 
solubility of protein in water. Foaming stability (FS) refers to the 
retention of FC over time, with stability measured as the FC values at 
different time points. The FC and FS of samples were assessed using the 
protocol described by Shen et al. (2021). Gelation occurs when proteins 
denature, unfold, and aggregate to form a three-dimensional network 
that traps water and other components, which is also important for food 
applications. The least gelation concentration (LGC) is the minimum 
protein concentration (%) required to form a stable gel. The LGC of the 
samples was determined using the method described by Shen and Li 
(2021).

2.8. Statistical analysis

The experiments were performed in at least duplicate, and the results 
were presented as mean values ± standard deviations (SD). Statistical 
analysis was carried out using IBM SPSS Statistics software (version 
27.0.1., Armonk, NY, USA). One-way analysis of variance (ANOVA) was 
conducted, followed by Tukey’s test for multiple comparisons to 
compare means. Statistical significance was determined at P < 0.05. 
Principal Component Analysis (PCA) was conducted using OriginPro 
2016 software (OriginLab, Inc., Northampton, MA, USA) to analyze the 
relationships among different properties and samples (raw ingredients, 

raw material blends, and TVPs).

3. Results and discussion

3.1. Protein secondary structure

Protein secondary structure was determined using Fourier Transform 
Infrared (FTIR). In FTIR spectroscopy, various functional groups present 
within analyzed samples exhibit unique absorption patterns at distinct 
wavelengths, resulting in characteristic peaks in the spectrum. The 
amide I band, spanning from 1600 to 1700 cm− 1, is particularly infor-
mative as it reflects the structural arrangement of protein components, 
primarily associated with the C=O stretch vibration, and is highly sen-
sitive to changes in secondary structure (Gao et al., 2023). Hence, our 
study focused solely on analyzing this specific band. Quantification of 
changes in secondary structure was performed by assessing the peak 
areas of each fitted sub-peak within the amide I band. Table 1 presents 
the distribution of α-helix, β-sheet, β-turn, and random coil structures in 
the protein secondary structure. The distribution ratio was quantified 
using the method described by Kong and Yu (2007). Distinct absorption 
peak wavelengths are associated with each of these structural elements: 
α-helix (1654-1658 cm− 1, 1660-1666 cm− 1), β-sheet (1623-1629 cm− 1, 
1631-1643 cm− 1, 1689-1698 cm− 1), β-turn (1666-1668 cm− 1, 
1674-1687 cm− 1), and random coil structure (1646-1650 cm− 1). These 
specific wavelengths facilitate the identification and quantification of 
different protein secondary structures, providing valuable insights into 
structural alterations induced by sample formulation and extrusion 
texturization.

In Table 2, a varied trend in α-helix content was observed with 
increasing CS levels in raw-material blends. Samples with 0% CS (R) and 
40% CS (R) exhibited notably higher α-helix content (33.20% and 
39.86%, respectively), surpassing other raw samples significantly (P <
0.05). This phenomenon can be attributed to the higher proportion of 
wheat gluten present in these two samples compared to others. By 
combining the findings from Table S1 in the supplementary material, it 
becomes apparent that wheat gluten displayed the highest α-helix con-
tent among the proteins (46.82%). The α-helix structure, owing to its 

Table 2 
Protein secondary structures from FTIR.

Samples Protein secondary structure ratio %

α-Helix β-Sheet β-Turn Random coil

0% CS(R) 33.20 ± 3.09b 60.67 ± 3.32cd 6.13 ±
0.23bcd

0.00 ± 0.00e

30% CS 
(R)

27.65 ± 0.00cd 57.51 ± 0.00de 3.24 ± 0.00d 11.60 ± 0.00d

40% CS 
(R)

39.86 ± 2.56a 57.13 ± 1.38de 3.01 ± 1.19d 0.00 ± 0.00e

50% CS 
(R)

22.45 ± 0.49de 63.58 ± 0.50bc 3.26 ± 0.23d 10.72 ± 0.21d

60% CS 
(R)

23.05 ± 0.92de 51.23 ± 0.05f 6.79 ± 0.31bc 18.93 ± 1.18b

90% CS 
(R)

25.98 ±
4.82cde

57.74 ± 0.90de 5.86 ±
3.72bcd

10.42 ± 0.20d

0% CS(T) 22.95 ± 1.03de 71.84 ± 0.11a 5.21 ±
0.91bcd

0.00 ± 0.00e

30% CS(T) 20.52 ± 1.27e 71.86 ± 1.15a 7.62 ± 0.11b 0.00 ± 0.00e

40% CS(T) 11.40 ± 0.20f 57.91 ± 0.90de 5.43 ±
0.24bcd

25.26 ± 0.94a

50% CS(T) 25.81 ±
3.20cde

55.18 ± 0.39e 3.64 ± 0.09d 15.37 ± 2.90c

60% CS(T) 23.87 ± 1.72de 62.14 ± 3.06bc 13.98 ±
1.33a

0.00 ± 0.00e

90% CS(T) 30.26 ± 3.34bc 65.56 ± 2.21b 4.19 ± 1.12cd 0.00 ± 0.00e

Note: Results are expressed as mean ± SD (n = 2). Different letters indicate 
significant differences in the same column (P < 0.05). CS means cold-swelling 
protein, (R) means the raw-material blends, and (T) means the texturized pro-
teins or extrudates.
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extensive hydrogen-bonding network, offers an advantage in non-polar 
solvents, which correlates with the low solubility of wheat gluten in 
most research (Gao et al., 2023). Furthermore, the predominant protein 
secondary structure in the raw material blends was the β-sheet structure. 
Analysis from Table S1 revealed that, apart from wheat gluten, nearly all 
raw ingredients exhibited a substantial proportion of β-sheet structure. 
In the research conducted by Zhang, Zhao, et al. (2022), native PPI 
demonstrated a high content of β-sheet structure at 48.33%. Similarly, Li 
et al. (2023) illustrated that various types of SPI predominantly 
possessed a β-sheet structure (ranging from 37.80% to 42.56%). This 
finding was also corroborated by Meng et al. (2022). Additionally, the 
content of β-sheet and β-turn structures remained relatively stable across 
different levels of CS. Notably, 60% CS (R) sample exhibited a significant 
increase (P < 0.05) in random coil content compared to other CS levels, 
possibly due to its variation in ingredient composition.

After extrusion texturization, there was an increase in the content of 
β-sheet and β-turn structures in samples compared to the raw material 
blends, while the content of α-helix and random coil structures fluctu-
ated. Initially, α-helix content decreased in samples with 0%–40% CS 
(T), but then exhibited a non-significant increase in samples with 50%– 
90% CS (T). The most significant reduction was observed in 40% CS (T) 
(decreased by 28.46%, P < 0.05). This decline could be attributed to the 
intense shear and thermal stresses experienced during extrusion, leading 
to protein unfolding and reorientation. However, the increase in α-helix 
content in samples containing higher levels of cold-swelling proteins 
suggests that there may be less alteration in protein structure after 
extrusion texturization. This observation is consistent with most previ-
ous studies, where the α-helix structure either decreased or did not 
undergo significant changes after extrusion, even when samples were 
composed of different protein sources (Gao et al., 2023; Li et al., 2023; 
Meng et al., 2022; Zhang, Zhao, et al., 2022).

The majority of protein secondary structure in the texturized protein 
samples were also comprised β-sheet structures, accounting for around 
55.18%–71.86%. This prevalence of β-sheet structures may be attributed 
to their stability in aggregates (Zhang, Zhao, et al., 2022). After the 
extrusion process, there was a significant increase in β-sheet content, 
although some samples exhibited slight decreases (e.g., 50% CS (T)) or 
remained relatively stable (e.g., 40% CS (T)). Under the extreme con-
ditions of extrusion texturization, irreversible protein denaturation 
occurred, leading to the transition from α-helix to β-sheet structure (Gao 
et al., 2023). Zhang, Zhao, et al. (2022) demonstrated that the α-helix 
structure decreased while the β-sheet structure underwent a significant 
increase after extrusion, suggesting the stretching of polypeptide chains 
to promote the formation of an ordered fibrous structure. However, the 
relationship between the content of α-helix or β-sheet structure and the 
quality of fibrous end products remains unclear. Notably, the 60% CS (T) 
displayed a significant increase in β-turn content after extrusion 
(7.19%), indicating the formation of more flexible protein structures. 
Additionally, the 40% CS (T) exhibited a significant increase in random 
coil structures post-extrusion, suggesting a transformation from ordered 
to disordered structures induced by the extrusion process.

The changes in protein secondary structures during the extrusion 
process can provide valuable insights into changes in protein function-
alities. For instance, Othmeni et al. (2024) investigated the relationship 
between protein secondary structure and foaming properties of pea 
protein. Their findings showed that α-helix structure might negatively 
affect the foaming expansion while the increase of β-sheet and random 
coil structures might improve the foaming stability. Similarly, Bai et al. 
(2016) revealed the relationship between protein secondary structure, 
solubility, and digestibility. They found a positive relationship between 
α-helix and random coil with protein solubility and digestibility but a 
negative relationship between β-sheet and these properties. However, 
the solubility, protein digestibility, and foaming properties observed in 
our extruded samples were not fully consistent with the results above, 
which may be due to the difference in protein source and processing 
conditions.

3.2. Solubility

An important physicochemical property that influences many other 
functions of proteins is their solubility. Protein solubility plays a critical 
role during food production, storage, and consumption (Grossmann & 
McClements, 2023). However, most texturized samples often exhibit 
extremely low solubility in water, necessitating an investigation into the 
bonds or interactions that predominantly influence solubility. To 
address this, we employed multiple solvents containing various func-
tional reagents to disrupt non-covalent or covalent bonds and enhance 
the solubility of the samples. This approach allowed us to identify the 
bonds formed during the extrusion texturization process that contribute 
most to the observed low solubility. Several solvents were utilized to 
dissolve the six texturized samples: phosphate buffer to extract proteins 
in their native state, can possibly disrupt the electrostatic interaction, 
urea to disrupt hydrogen bonding, and SDS, CHAPS, and thiourea for 
breaking down hydrophobic interactions (Liu & Hsieh, 2008) (Table 3). 
Additionally, DTT was employed to cleave disulfide bonds. The solubi-
lity results of the extrudates with increasing CS ratio are shown in Fig. 1.

According to Flory et al. (2023), the protein solubility of the raw 
material blends with different CS ratios ranged from 20.04% to 46.20% 
in water. But after extrusion texturization, the solubility of the textur-
ized proteins in phosphate buffer (native state) notably decreased, with 
values ranging only from 0.64% to 1.74%. However, upon the addition 
of various chemical buffers, their solubility dramatically increased, 
changing from average 1.05% (in PB) to 80.93% (in IEF buffer). This 
phenomenon indicates that many chemical bonds or interactions were 
formed in proteins during extrusion texturization, resulting in aggregate 
formation. The IEF buffer, containing all the reactive agents, achieved 
the highest solubility for these samples, ranging from 70.72% to 
88.95%. Remarkably, the 0% CS (T) exhibited the highest solubility 
(88.95%), which gradually decreased with increasing CS ratios. This 
trend suggests that higher cold swelling ratios may contribute to 
reduced solubility, possibly due to differences in protein structure al-
terations during extrusion.

When urea was excluded from the solvent, solubility decreased 
across all CS levels compared to the solubility of samples in IEF buffer. 
This decline underscores the importance of hydrogen bonding in 
maintaining protein aggregates. With the increase of CS ratios, re-
ductions fluctuated, with the extrudates with 0% CS and 40% CS pre-
senting relatively lower reductions (13.96% and 12.22%) compared to 
other extrudates. However, the extrudate with 50% CS experienced the 
highest decrease (31.92%). These differences were not only caused by 
the extrusion process but also by the variation in formulations of sam-
ples with different cold swelling ratios.

Excluding DTT, the reducing agent, from the solvent, resulted in a 
more significant decrease on solubility (P < 0.05). On average, solubility 
decreased by approximately 60.08%, indicating a strong response to 

Table 3 
Effect of extracting solutions on protein interactions.

Extracting solution The specific interactions that are disrupted by reagents

Disulfide 
bonding

Hydrogen 
bonding

Hydrophobic 
interaction

Isoelectric focus buffer 
(IEF)

✓ ✓ ✓

IEF w/o urea ✓  ✓
IEF w/o DTT  ✓ ✓
IEF w/o urea and DTT   ✓
IEF w/o thiourea, SDS, 

and CHAPS
✓ ✓ 

PB   

Note: IEF buffer: isoelectric focus buffer, contains all the reagents including 
urea, DTT, SDS, thiourea, CHAPS, and phosphate buffer; DTT: dithiothreitol; 
SDS: sodium dodecyl sulfate; CHAPS: 3-[(3-cholamidopropyl) 
dimethylammonio]-1-propanesulfonate; PB: phosphate buffer.
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disulfide bond disruption. Notably, the solubility of the texturized 
samples with 0% and 40% CS experienced drops of 72.24% and 72.88%, 
respectively, while the decrease in other samples was around 50%. This 
phenomenon may also be attributed to differences in their formulation, 
as only these two samples contained wheat gluten, which is rich in di-
sulfide bonds (Table S3), as confirmed by the test of free -SH group 
determination (Table 2). Conversely, PPI and SPI (or SPC) may have 
more non-covalent bond sites and a greater tendency to form hydrogen 
bonding.

The combination of excluding both urea and DTT (IEF w/o Urea & 
DTT) further reduced solubility across all CS levels, suggesting syner-
gistic effects of disrupting both hydrogen and disulfide bonds. The 
extrudate with 0% CS experienced the most decrease, with an 81.29% 
reduction, followed by the extrudate with 40% CS experienced 72.88% 
reduction. This phenomenon confirms the reason explained above.

Excluding SDS, thiourea, and CHAPS (IEF w/o SDS, thiourea & 
CHAPS) led to a moderate reduction in solubility across CS levels, 
decreasing by 33.52% compared to the solubility in IEF buffer alone, 
indicating the role of hydrophobic interactions in protein solubility. 
Interestingly, the reduction in solubility observed in IEF w/o SDS, 
thiourea & CHAPS buffer was higher than that in IEF w/o Urea buffer, 
suggesting that hydrophobic interactions may contribute more to pro-
tein aggregation during extrusion texturization compared to hydrogen 
bonding. But both hydrophobic interactions and hydrogen bonding have 
the function to remain constant during extrusion (Liu & Hsieh, 2008). 
From the results above, we can infer a sequence of driving forces for 
different covalent or non-covalent bonds during extrusion texturization: 
disulfide bond > hydrophobic interaction > hydrogen bonding. The 
most important chemical bond which may maintain the integrity and 
fibrous of the extrudates was disulfide bond, affecting solubility the 
most. However, other studies employing similar methods with slight 
modifications to determine the solubility of extrudates have reported 
different findings. Zhang and Ryu (2023) found out that the most critical 
force driving aggregation in texturized PPI samples was hydrophobic 
interactions, followed by disulfide bonds. Zhang, Zhao, et al. (2022), 
investigating a soybean protein and wheat gluten blend under 
high-moisture extrusion, and Osen et al. (2015), studying PPI under 

high-moisture extrusion, identified hydrogen bonding as the dominant 
interaction during the extrusion process, with disulfide bonding playing 
a secondary role. The differences in these studied may be attributed to 
the sample composition or the conditions of extrusion processing, such 
as temperature and moisture levels.

3.3. Determination of free amino groups

The free amino content of samples serves as a crucial indicator of 
their nutritional value and functionality in food products, offering 
insight into the Maillard reaction initiation and peptide bonds forma-
tion, and other chemical linkages formation involving -NH2 during 
extrusion. The results of the amount of free amino groups in samples are 
presented in Table 4.

Within raw material blends, there was a clear increasing trend in free 
amino content with increased CS ratios, ranging from 3.47 to 6.90 
mmol/g protein. This trend suggests that cold swelling proteins facilitate 
the exposure of free amino groups from protein matrices, possibly due to 
their more native stage and higher initial free amino content in the 
original ingredients (Table S2). Specifically, the free amino groups in the 
50% CS (R) and 90% CS (R) samples were significantly (P < 0.05) higher 
than in other samples. This difference may be attributed to variations in 
sample formulation, notably, these two samples were the only ones that 
included PPI in their formulations, which had the highest free amino 
content among all the raw ingredients.

After extrusion texturization, there was a significant decrease in free 
amino content compared to raw material blends (P < 0.05). This 
reduction could be attributed to thermal degradation, Maillard reactions 
(which occur between amino groups and reducing sugars), or other 
processing-induced transformations leading to the loss of free amino 
groups and their conversion into other compounds. During extrusion 
processing, concomitant processes such as protein denaturation, starch 
dextrinization, lipid oxidation, cellulose degradation, the Maillard 

Fig. 1. Protein solubility in different tailored buffers. Note: Different letters 
indicate significant differences in solubility from the same buffer (P < 0.05). CS 
means cold-swelling protein and (T) means the texturized proteins or extru-
dates. IEF buffer: isoelectric focus buffer, contains all the reagents including 
urea, DTT, SDS, thiourea, CHAPS, and phosphate buffer; DTT: dithiothreitol; 
SDS: sodium dodecyl sulfate; CHAPS: 3-[(3-cholamidopropyl) 
dimethylammonio]-1-propanesulfonate; PB: phosphate buffer.

Table 4 
Protein free amino content, free sulfhydryl content, surface hydrophobicity, and 
in vitro protein digestibility (IVPD).

Samples Free amino 
content 
(mmol/g 
protein)

Free 
sulfhydryl 
content 
(μmol/g 
protein)

Surface 
hydrophobicity 
(μg SDS/mg 
protein)

IVPD (%)

0% CS 
(R)

3.47 ± 0.05g 2.21 ±
0.10de

59.73 ± 1.96c 85.21 ± 0.26g

30% CS 
(R)

4.68 ± 0.02e 2.66 ±
0.12bcd

64.14 ± 1.20b 87.38 ± 0.26e

40% CS 
(R)

4.88 ± 0.02d 2.61 ±
0.02cd

64.28 ± 0.35b 87.47 ± 0.13e

50% CS 
(R)

5.53 ± 0.03b 3.12 ±
0.24ab

54.83 ± 0.97d 89.37 ± 0.26c

60% CS 
(R)

5.29 ± 0.05c 2.83 ±
0.03abc

69.05 ± 1.67a 88.83 ± 0.26d

90% CS 
(R)

6.90 ± 0.05a 3.24 ± 0.04a 57.27 ± 0.55cd 91.18 ± 0.51a

0% CS 
(T)

1.75 ± 0.02i 2.03 ± 0.02e 35.80 ± 1.72g 86.11 ± 0.00f

30% CS 
(T)

3.11 ± 0.05h 1.99 ± 0.03e 38.41 ± 1.35g 89.64 ± 0.13c

40% CS 
(T)

1.67 ± 0.03i 2.06 ± 0.06e 37.14 ± 1.44g 86.20 ± 0.13f

50% CS 
(T)

3.90 ± 0.05f 2.03 ± 0.14e 42.22 ± 0.83f 90.37 ± 0.13b

60% CS 
(T)

3.19 ± 0.03h 1.96 ± 0.03e 42.00 ± 0.14f 89.46 ± 0.13c

90% CS 
(T)

3.85 ± 0.06f 1.32 ± 0.04f 49.10 ± 1.29e 89.82 ± 0.13c

Note: Results are expressed as mean ± SD (n = 2). Different letters indicate 
significant differences in the same column (P < 0.05). CS means cold-swelling 
protein, (R) means the raw-material blends, and (T) means the texturized pro-
teins or extrudates.
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reaction, and water redistribution collectively influence the final prod-
uct’s attributes, encompassing its color, flavor (Zhang et al., 2019).

Notably, the extrudates with 0% CS and 40% CS exhibited the lowest 
free amino content compared to other texturized samples. This differ-
ence may also be attributed to the distinct formulation of these two 
samples, as they were the only ones with the addition of wheat gluten, 
which contained the lowest free amino content (3.07 mmol/g protein) 
among the ingredients. Conversely, the free amino content showed no 
significant difference between native PPI and extrudates in the study 
conducted by Osen et al. (2015), suggesting that the reactions involving 
free amino group was not evident.

In the study of Ding et al. (2019), they used transglutaminase to form 
isopeptide bonds within protein structure to increase the cross-linking 
and significantly decrease the amount of free amino groups in pro-
teins. They observed that with increasing transglutaminase concentra-
tion, which decreased free amino group concentration, both emulsifying 
and foaming capacity were improved obviously, but a careful balance of 
cross-linking formation was required to obtain good emulsion and foam 
stability. However, in our study, the decrease of free amino groups did 
not lead to better emulsifying or foaming properties, which may be 
because multiple factors interact in complex ways to affect protein 
functionality.

3.4. Determination of free sulfhydryl groups

The free sulfhydryl content of proteins is a vital parameter that re-
flects the extent of disulfide bond formation and protein structural 
changes, which can imply the denaturation degree of protein structure. 
In this study, the free sulfhydryl content of samples was examined and 
presented in Table 4. The free sulfhydryl content exhibited a moderate 
increase trend with varying CS levels in raw material blends, indicating 
increased accessibility of sulfhydryl groups when samples contained a 
larger proportion of cold-swelling proteins. As shown in Table S3, the 
cold-swelling proteins (SPI, SPC (Arcon S), and PPI) had a higher free 
sulfhydryl content, which also corroborates the results above. Notably, 
90% CS (R) exhibited the highest free sulfhydryl content (3.24 μmol/g 
protein) followed by 50% CS (R) (3.12 μmol/g protein), which may 
result from the high SPI content in these two samples.

After extrusion, the values of the sulfhydryl content were all 
decreased significantly from the average 2.78 μmol/g protein to 1.90 
μmol/g protein (P < 0.05). Particularly, the extrudate with 90% cold 
swelling ratio experienced the most significant decrease, dropping to 
1.32 μmol/g protein after extrusion. The mechanical shear forces during 
extrusion can cause physical disruption to proteins, exposing sulfhydryl 
groups. Subsequently, the high temperatures involved in extrusion can 
lead to the oxidation of sulfhydryl groups, resulting in their conversion 
to disulfide bonds, which aligns with the inference drawn from the 
solubility test (Mosibo et al., 2022). This oxidative process can decrease 
the concentration of free sulfhydryl groups in the sample. Comparative 
results can also be observed in previous studies that used wheat gluten or 
a combination of PPI, SPI, gluten, and corn starch as raw ingredients 
(Gao et al., 2023; Zhang & Ryu, 2023). Conversely, samples comprised 
of SPI, PPI, or even oat protein concentrate only, after the extrusion 
process, showed an increase in free sulfhydryl content (Li et al., 2023; 
Pöri et al., 2022; Zhang, Zhao, et al., 2022). These differences may be 
attributed to the variation in raw materials and different extrusion 
conditions. Since under certain conditions, the extrusion process can 
break down disulfide bonds and unfold the protein structure in the 
samples. In addition, extrudates with the increasing CS levels demon-
strated a decrease in free sulfhydryl content, indicating that different 
cold swelling ratios in samples can be affected differently by the thermal 
process.

Changes in the amount of disulfide bonds and free sulfhydryl groups 
will also affect the protein functionalities. Yang et al. (2023) demon-
strated the ultrasound coupled with weak alkali treatment effectively 
cleaved disulfide bonds, releasing more free sulfhydryl groups in protein 

samples, which enhanced their emulsifying properties. However, Oth-
meni et al. (2024) reported that the increase in disulfide bond content 
improved the foaming properties of protein samples. These findings 
highlight that specific structural modifications of proteins need to be 
targeted to their future application.

3.5. Surface hydrophobicity

Surface hydrophobicity is a key parameter that reflects changes in 
protein conformation and structure. It also significantly influences the 
interfacial behavior of proteins, including emulsifying and foaming 
properties. The surface hydrophobicity results are exhibited in Table 4. 
The surface hydrophobicity of raw material blends exhibited a mixed 
pattern with varying CS levels with an average of 61.55 μg SDS/mg 
protein. Notably, 60% CS (R) demonstrated the highest surface hydro-
phobicity of 69.05 μg SDS/mg protein, indicating its higher exposure of 
hydrophobic regions on the protein surface. The ingredients for 60% CS 
(R) also had a relatively high surface hydrophobicity ranged from 53.28 
to 77.65 μg SDS/mg protein, as shown in Table S2. However, the surface 
hydrophobicity of the samples with 50% and 90% CS only had an 
average value of 56.05 μg SDS/mg protein. This phenomenon may result 
from the inclusion of pea protein isolate in their formulation, which had 
the lowest surface hydrophobicity of 50.69 μg SDS/mg protein among 
the raw ingredients.

After extrusion texturization, the surface hydrophobicity of samples 
showed a significant decrease compared to pre-extrusion samples (from 
61.55 to 40.78 μg SDS/mg protein, P < 0.05). This decrease may be due 
to the temperature and shearing forces inside the extrusion process that 
led to the denaturation and aggregation of proteins. As proteins aggre-
gate, the hydrophobic components may become buried deeper within 
the protein structure driven by hydrophobic interactions, resulting in 
lower hydrophobicity. Additionally, saccharides can combine with the 
protein samples after the extrusion process, resulting in an increase in 
hydrophilic groups, which may also affect the surface hydrophobicity of 
extrudates (Cheng et al., 2022). These results are consistent with those 
obtained in the study by Gao et al. (2023), where the surface hydro-
phobicity of wheat gluten samples all experienced a dramatic decrease 
after extrusion, even under different extrusion conditions. Similar re-
sults were observed in the study by Meng et al. (2022). Additionally, 
extrudates with higher CS levels demonstrated a slight increase in sur-
face hydrophobicity, ranging from 35.80 to 49.80 μg SDS/mg protein, 
suggesting that variations in protein formulations may affect protein 
aggregation or structural rearrangement during extrusion. The 0% CS 
(T) may experience a more extensive protein modification and aggre-
gation under the extrusion condition.

3.6. In vitro protein digestibility

In vitro protein digestibility (IVPD) is a critical parameter for 
assessing the nutritional quality and bioavailability of protein-rich 
foods. In this study, we used three different enzymes to hydrolyze the 
samples, simulating the digestion process under conditions resembling 
the intestinal environment. In Table 4, raw material blends with higher 
cold swelling ratios demonstrated higher IVPD, ranging from 85.21% to 
91.18%, indicating enhanced protein digestibility with increasing cold 
swelling ratio. This trend suggests that the CS proteins have better native 
structures and higher accessibility of proteolytic enzymes to peptide 
bonds, thereby promoting protein digestion.

After extrusion texturization, the IVPD of samples showed moderate 
changes compared to raw material blends. The majority of the samples 
became more digestible after extrusion process, except for 40% CS (T) 
and 90% CS (T) samples, which decreased to 86.20% and 89.82%, 
respectively. In addition, the extrudate with 50% CS exhibited the 
highest IVPD post-extrusion (90.37%), indicating the potential syner-
gistic effects of sample formulation and extrusion on protein 
digestibility.
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The observed increase in digestibility can be attributed to protein 
denaturation induced by the extrusion process, which can expose 
(through unfolding) reactive sites to digestive proteases. Additionally, 
the moisture and thermal conditions in the extruder may lead to starch 
gelatinization, allowing the release of proteins from the protein-starch 
matrix, potentially enhancing protein digestibility. Moreover, extru-
sion may degrade anti-nutrients that affect protein digestibility, facili-
tating better enzyme access to substrates (Omosebi et al., 2018). The 
studies by Gao et al. (2023) and Omosebi et al. (2018), which employed 
similar methods to determine IVPD in wheat gluten and soybean protein 
samples before and after extrusion process, support the notion that the 
extrusion enhances enzyme accessibility by exposing active sites that 
were previously embedded within the three-dimensional protein struc-
ture of the raw materials, thereby increasing the digestibility of the 
extrudates. However, the extrusion process may also lead to protein 
aggregation and form a crosslinked protein matrix, inhibiting the 
enzymatic access to protein structure. In addition, the significant 
reduction in water solubility of the samples may limit enzyme-protein 
interactions, potentially decreasing protein digestibility.

3.7. Functional properties

3.7.1. Water and oil holding capacity
The behavior of extruded products in aqueous environments is 

elucidated by their hydration properties, with the water holding ca-
pacity (WHC) being a key factor. The porosity and cell size of samples 
can be inferred from the value of WHC (Lin et al., 2002). The oil holding 
capacity (OHC) measures the amount of fat that can be absorbed per 
gram of protein, showing the affinity of samples for lipid. Both high 
WHC and high OHC contribute to maintaining the juiciness, tenderness, 
and mouthfeel of food. However, WHC is more commonly used to 
evaluate high-moisture foods, whereas high OHC is typically used to 
assess batters, binders in emulsion-based comminuted meat products, or 
plant-based alternatives (Day et al., 2022). The results were collected in 
Table 5.

The WHC of raw materials demonstrated an increasing trend from 
1.62 g water/g protein to 4.69 g water/g protein, except for 50% CS (R) 
containing only 2.32 g water/g protein. This variation may be attributed 
to the significantly lower WHC of its ingredients like SPC (F) and PPI 
(Table S4). These WHC results of raw ingredients align with findings 
from Webb et al.(2023a, 2023b) and indicate that the protein structure 
or subunits of ingredients can result in different functionalities, thereby 
affecting WHC values. After extrusion, samples with a cold-swelling 
protein proportion above 30% showed a decrease in WHC. This sug-
gests that samples with a lower proportion of cold-swelling proteins may 
experience an increase in air cells and porosity after extrusion. The 
extrusion process induces the unfolding proteins, leading to the expo-
sure of additional hydrophilic groups, thereby facilitating potential in-
teractions with water molecules (Mosibo et al., 2022). However, 

samples with higher levels of cold-swelling proteins may not benefit as 
much from the extrusion process and may even cause the destruction of 
the sponge-like structure already present in their raw materials. 
Different protein sources may undergo varied changes in structure when 
subjected to the extrusion process. Conversely, some samples showed 
higher WHC compared to raw materials in previous research (Samard 
and Ryu, 2019). The extrudate with 90% (R) showed the most signifi-
cant decrease in WHC after extrusion, suggesting a more severe modi-
fication. This result aligns with findings by Samard and Ryu (2019) and 
Zhang and Ryu (2023), indicating that extrudates with higher PPI con-
tent may lead to lower WHC values due to a less sponge-like structure 
after extrusion, hindering water absorption, and the reduction in WHC 
was found to increase the springiness and chewiness of the samples. 
Similarly, the findings from Webb et al. (2023b) showed a consistent 
relationship between WHC values and texture analysis data, demon-
strating that the decrease in WHC of samples led to increased hardness 
and chewiness. This parameter change may result in a firmer and denser 
texture in the final meat analogues.

All samples exhibited relatively lower oil holding capacity compared 
to the values of water holding capacity. The OHC of raw material blends 
showed a slight increasing tendency from 0.82 g oil/g protein to 0.96 g 
oil/g protein with increasing CS%, except for 50% CS (R) with only 0.59 
g oil/g protein. This observation may be attributed to the formulation of 
this sample, where PPI also had the lowest OHC value, suggesting a 
reduced presence of non-polar amino acids (Table S4). After extrusion 
texturization, the OHC values of majority of extrudates significantly 
increased, while 40% CS (T) and 60% CS (T) showed a slight decrease 
compared to the raw material blends (P < 0.05). These results may arise 
from the dissociation of proteins, which expose non-polar amino acid 
side chains to a greater extent, facilitating interactions with oil mole-
cules (Mosibo et al., 2022). In addition, the porous microstructures of 
extrudates may better trap oil droplets, increasing OHC. The TVP sam-
ples with higher WHC are suitable for adding into foods such as soups or 
gravies, which require high water retention, while those with higher 
OHC are better used for sausages, salad dressings, or meat extenders 
(Samard & Ryu, 2019).

3.7.2. Emulsifying properties
Emulsifying properties encompass both the ability to form droplets 

during homogenization and, once the emulsion is formed, their ability to 
maintain stability and resist changes over time (Chen et al., 2011). The 
emulsifying activity index (EAI) and emulsifying stability index (ESI) are 
crucial parameters that determine the emulsifying properties of pro-
teins, influencing the applicability of samples in various food and in-
dustrial applications. In Table 5, the EAI of raw materials had a 
fluctuating trend ranging from 8.44 m2/g to 11.41 m2/g. Notably, the 
sample with 50% CS had the highest EAI (11.41 m2/g) followed by the 
sample with 30% CS (10.82 m2/g). However, the EAI values decreased 
after the extrusion process, ranging from 1.59 m2/g to 6.50 m2/g, 

Table 5 
Water holding capacity (WHC), oil holding capacity (OHC), emulsifying properties, and leas gelation concentration (LGC).

Samples WHC (g water/g material) OHC (g oil/g material) EAI (m2/g) ESI (min) LGC (%)

0% CS(R) 1.62 ± 0.01i 0.82 ± 0.00f 8.44 ± 0.13d 15.99 ± 0.43g 18d

30% CS(R) 2.77 ± 0.03e 0.85 ± 0.00ef 10.82 ± 0.26b 19.10 ± 0.94f 20b

40% CS(R) 3.23 ± 0.12c 0.94 ± 0.01c 10.05 ± 0.26c 20.47 ± 0.18d 20b

50% CS(R) 2.32 ± 0.03g 0.59 ± 0.02g 11.41 ± 0.05a 21.77 ± 0.88ef 17e

60% CS(R) 3.65 ± 0.03b 0.96 ± 0.01c 9.72 ± 0.02c 22.84 ± 0.80e 17e

90% CS(R) 4.69 ± 0.02a 0.93 ± 0.05cd 10.01 ± 0.47c 21.34 ± 0.64ef 18d

0% CS(T) 2.55 ± 0.03f 0.89 ± 0.04de 1.59 ± 0.02i 58.81 ± 2.27a 19c

30% CS(T) 3.01 ± 0.01d 1.04 ± 0.00b 6.50 ± 0.10e 14.78 ± 0.58g 20b

40% CS(T) 2.76 ± 0.01e 0.84 ± 0.00f 1.84 ± 0.20i 40.60 ± 0.11b 20b

50% CS(T) 1.98 ± 0.02h 1.03 ± 0.00b 3.73 ± 0.18g 32.92 ± 0.91d >20a

60% CS(T) 2.98 ± 0.02d 0.89 ± 0.00d 4.54 ± 0.45f 21.19 ± 2.00ef >20a

90% CS(T) 2.97 ± 0.02d 1.19 ± 0.00a 2.75 ± 0.10h 36.18 ± 2.07c 19c

Note: Results are expressed as mean ± SD (n = 2). Different letters indicate significant differences in the same column (P < 0.05). CS means cold-swelling protein, (R) 
means the raw-material blends, and (T) means the texturized proteins or extrudates, EAI means emulsifying activity index and ESI means emulsifying stability index.

R. Xiao et al.                                                                                                                                                                                                                                     Food Hydrocolloids 163 (2025) 111119 

8 



indicating the poor emulsion ability of extrudates. The sample with 30% 
CS had the highest EAI among the texturized samples (6.50 m2/g). The 
formation of protein aggregates during the extrusion process led to the 
low solubility of the extrudates, resulting in their poor emulsion ability. 
The proteins may not dissolve well in water, making it difficult for them 
to act as effective emulsifiers. This result contrasts with previous studies 
where some samples exhibited better emulsification ability after extru-
sion (Gao et al., 2023; Zhang, Zhao, et al., 2022). The differences may 
stem from variations in sample formulation or different extrusion con-
ditions used.

The ESI of raw materials had a slight increase trend based on the 
gradient of cold swelling ratio, ranging from 15.99 min to 22.84 min, 
while the ESI of extrudates exhibited a decreasing trend from 58.81 min 
to 32.92 min except for 30% CS (T) and 60% CS (T), which had the 
lowest values of 14.78 min and 21.19 min, respectively. Interestingly, 
after extrusion, the ESI increased in most samples except for 30% CS (T) 
and 60% CS (T), which were the only two containing only soybean 
protein and flour in their formulation. This result aligns with the study 
by Gao et al. (2023).

3.7.3. Foaming properties
Foam formation can provide a range of unique textures, which are 

characteristic of many foods, including cakes, bread, ice cream, and 
confectionery products (Foegeding et al., 2006). The foaming capacity 
(FC) of both raw materials and extrudates was evaluated to assess their 
suitability for various food applications. FC was measured at the 0-min 
mark when the foam was initially made (Fig. 2 and Fig. S1 in the sup-
plementary material). The FC of raw materials ranged from relatively 
high, ranging from 81.67% to 100.50%, with 40% CS (R) showing the 
highest FC value. After a 90-min period, only 0% CS (R) and 40% CS (R) 
experienced the most significant decrease of around 20%, while 50% CS 
(R) and 90% CS (R) maintained the highest FC at 75%. This result un-
derscores the good foaming capacity of PPI.

After extrusion process, the FC of extrudates dropped dramatically to 
the average of 10.86%, with 30% CS (T) and 60% CS (T) showing 
relatively higher values (20.00% and 26.67%, respectively). However, 
after only a 30 min period, the FC of 30% CS and 60% CS decreased to 
0%, while other samples still retained some foam. After another 15 min, 
only 0% CS (T) and 30% CS (T) had a FC of 1.67%, but by the 60-min 
mark, all extrudates had lost their foam. Good solubility is a decisive 
condition for good foaming capacity. The irreversible thermal dena-
turation of proteins during the extrusion process resulted in a dramatic 
decrease in sample solubility, leading to the low FC of the extrudates. 

This finding aligns with the study by Gao et al. (2023), which also 
observed similar changes in FC after extrusion. Materials with a higher 
FC are advantageous in certain food production processes. For instance, 
aerated or foamed products, such as liquids (e.g., beer, sparkling wine, 
carbonated soft drinks, coffee drinks), semi-solids (e.g., ice cream, 
whipped cream, aerated desserts), and solids (e.g., bread, cake, break-
fast cereals, aerated chocolate bars), are favored in the human diet due 
to their appealing appearance and distinctive sensory qualities 
(Amagliani et al., 2021).

3.7.4. Least gelation concentration
Least gelation concentration is one of the most commonly used pa-

rameters to measure gelling ability. Proteins with a lower LGC exhibit 
greater gelling ability. The LGC of raw materials was from 17% to 20%, 
with 30% CS (R) and 40% CS (R) exhibiting the highest values, indi-
cating their poor ability to form a gel. Samples with a higher proportion 
of CS proteins demonstrated better gelation ability. Among the raw in-
gredients, CS proteins also displayed low LGC values (Table S4), 
consistent with findings from studies by Webb et al. (2023a, 2023b) and 
Flory et al. (2023). After the extrusion process, the texturized samples 
either had larger LGC values or maintained similar values compared to 
the raw materials, ranging from 19% to above 20% (Table 5). This 
phenomenon may be attributed to the extrusion process leading to the 
formation of a large proportion of protein aggregates, resulting in folded 
protein structures. These folded structures were less conducive to 
absorbing water and trapping it to form a gel-like product. Notably, both 
50% CS (T) and 60% CS (T) exhibited the largest LGC values, both 
exceeding 20%.

3.7.5. Principal component analysis
Principal component analysis was conducted to elucidate the re-

lationships between diverse physicochemical and functional properties 
and the samples. The analysis revealed that the first (PC1) and second 
(PC2) principal components collectively explained 55.71% of the total 
variance in the dataset. In the PCA plot (Fig. 3.), samples forming 
clusters denote associated characteristics, while those positioned 
distantly indicate distinct features. Notably, most TVPs and raw material 
blends were separated primarily along PC1, whereas differentiation 
based on lower (0%–40% CS) and higher (50%–90% CS) cold-swelling 
protein ratios occurred along PC2, illustrating sample disparities. 0% 
CS (R), 30% CS (R), 40% CS (R), PPI, and wheat gluten demonstrated 
positive associations with foaming capacity, in vitro protein digestibility, 
and β-turn structure. However, wheat gluten exhibited weaker 

Fig. 2. Foaming properties of raw materials and texturized proteins. Note: A: (R) means the raw-material blends, B: (T) means the texturized proteins or extrudates. 
CS means cold-swelling protein.
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associations with the analyzed properties compared to other samples. 
Conversely, raw material blends with higher cold-swelling protein ratios 
(50%–90%), SPI, SPC (Arcon S), and soy flour had a positive correlation 
with random coil structure, water holding capacity, free sulfhydryl 
content, free amino content, emulsifying activity index, and surface 
hydrophobicity. SPC (Arcon F) and most TVP samples were positively 
associated with β-sheet structure, emulsifying stability index, and least 
gelation concentration, whereas weaker connections were observed for 
0% CS (T) and 40% CS (T). This phenomenon demonstrates that the 
extrusion process induced changes in the protein structure of TVP 
samples, resulting in different properties.

4. Conclusions

In conclusion, this study investigated physicochemical properties of 
texturized protein samples with different cold swelling ratios before and 
after extrusion. Higher CS ratios in raw material blends correlated with 
elevated amino content, sulfhydryl content, digestibility, WHC, and ESI, 
indicating the higher water affinity of cold-swelling proteins.

Extrusion induced significant structural and functional changes. 
Protein secondary structures shifted, with α-helix content decreasing 
and β-sheet content increasing. Solubility decreased largely in the native 
state, driven by disulfide bond formation, contributing to stable fibrous 
structures. Reductions in free amino and sulfhydryl contents indicated 
cross-linking and Maillard reactions, while surface hydrophobicity and 
digestibility varied with CS ratios. Functional properties such as emul-
sification and foaming were reduced due to denaturation and aggrega-
tion, and the gelation ability of extrudates was limited.

These findings highlight the impact of high-temperature, high-shear 
extrusion on protein structure and functionality, offering valuable in-
sights into protein-protein interactions and the mechanisms of texturi-
zation. While this study focused on functional property changes, further 
exploration of molecular mechanisms using advanced tools like molec-
ular modeling is recommended. Additionally, varying extrusion 

parameters such as moisture levels, temperature, and screw speeds 
could provide a more comprehensive understanding of their effects on 
protein behavior. These insights are critical for optimizing extrusion 
processes and developing tailored applications for texturized vegetable 
proteins in diverse industries.
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