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Effect of pH and temperature on fibrous structure formation of plant 
proteins during high-moisture extrusion processing 
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A R T I C L E  I N F O   

Keywords: 
Plant proteins 
Fibrous structure 
Protein alignment 
Extrusion 
Meat alternative 
pH shift 
Disulphide bond formation 

A B S T R A C T   

This study investigated the effect of pH on fibrous structure formation (protein alignment) during high-moisture 
extrusion processing of gluten, rice protein, as well as pea protein concentrate, and isolate. The pH of the raw 
material was shifted to 5 and 7 in water suspension with an acid or base and freeze-dried, after which, con-
ductivity, solubility, water-holding capacity, particle size, and pH were measured. The pH-shifted raw materials 
were extruded at various temperatures (95–160 ◦C) and the extrudates were analysed for protein alignment 
(macro and microstructure), tensile strength, free thiol groups, and cooking properties. In general, all raw ma-
terials generated fibrous structure at lower temperatures (115–140 ◦C) at pH 7 than at pH 5 (135–160 ◦C). 
Higher pH and temperature values led to an increased tensile strength and pronounced protein alignment. No 
such unambiguous link could be observed between the raw material properties and enhanced structure forma-
tion. This study showed that the structure formation of the extrudate can be positively influenced by increasing 
the pH of the raw material, which facilitates the plant protein structuring into appealing meat analogue products.   

1. Introduction 

The market potential of plant-based meat analogues has continu-
ously increased due to the growing consumer and industry interest to-
wards sustainable alternatives for meat products (Asgar et al., 2010; Lee 
et al., 2020; Sadler, 2004). Recently, this has triggered significant sci-
entific research interest on structuring processes that are able to produce 
fibrous meat-like structures from plant or other alternative proteins 
(Dekkers et al., 2018). High-moisture extrusion processing (HMEP) has 
shown enormous potential for this purpose and is already commercially 
applied in the food industry. HMEP involves four main phases: feeding, 
mixing, melting and alignment in a long cooling die; it is during this 
processing that the protein undergoes chemical and structural changes 
induced by high temperature, pressure, and shearing forces (Zhang 
et al., 2019). The key element in HMEP is the cooling die that enables the 
formation of a layered meat-like structure as the hot protein mass in-
teracts with cooled die walls (temperature gradients) and induces ve-
locity gradients (Sandoval Murillo et al., 2019). 

The meat analogue market and research are mainly dominated by 
gluten, soy, and pea protein-based products due to their excellent 

structure formation ability (Chiang et al., 2019; Krintiras et al., 2015; 
Kumar et al., 2017; Lee et al., 2020; Osen et al., 2014). Furthermore, 
these raw materials are often highly concentrated isolates with protein 
contents varying between 83 and 93 % (Chen et al., 2011; Osen et al., 
2014; Pietsch et al., 2017). Protein concentrates (<60%), especially 
those obtained by energy-efficient dry fractionation technology, would 
be more sustainable options (Lie-Piang et al., 2021; Vogelsang-o’Dwyer 
et al., 2020) as the protein is less concentrated and the process requires 
no water or harsh chemicals (Schutyser et al., 2015). However, using the 
concentrate alone in HMEP has been limited due to their poor structure 
formation ability. A deeper understanding of protein chemistry behind 
the structure formation during HMEP is needed to enable the production 
of acceptable meat analogues from protein concentrates and plant-based 
protein sources other than gluten, soy, or pea isolates. 

Disulphide bonds have been identified as the main protein–protein 
interactions responsible for the rigid and fibrous structure formation 
during HMEP, while non-covalent interactions, such as hydrophobic and 
hydrogen bonding, have shown a less significant role (Liu & Hsieh, 
2008; Osen et al., 2015). Furthermore, no other covalent interactions (e. 
g. peptide bonds) have been identified to form or break during HMEP. It 

Abbreviations: HMEP, high-moisture extrusion processing; RP, rice protein; WG, wheat gluten; PPI, pea protein isolate; PPC, pea protein concentrate; WHC, water- 
holding capacity. 
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is known that the reactivity of disulphide bond formation increases with 
an increasing pH as has been shown in gelation studies with whey and 
oats (Monahan et al., 1995; Nieto-Nieto et al., 2015). In addition, it is 
widely known that the pH greatly affects protein solubility (Day, 2013; 
Wouters et al., 2016), water-holding capacity (WHC) and particle size 
distribution (Peng et al., 2020); all of which are often studied regarding 
the meat-like structure formation. However, to the best of our knowl-
edge, only one study has reported any results related to the effect of pH 
on fibrous structure formation during HMEP (Noguchi, 1989). Noguchi 
(1989) reported that a change in pH conditions affected the tensile 
strength of soy protein-based extrudates; however, without any further 
exploration or explanation of the matter. 

The current study is based on the hypothesis that plant proteins have 
different structure formation abilities under varying pH conditions, 
which affects both protein fibrillation and structure formation during 
HMEP. Therefore, this study aimed to investigate the effect of pH on 
structure formation ability of gluten, pea, and rice proteins in acidic and 
neutral conditions during HMEP. Until now, almost all studies have been 
conducted at the native pH of the raw material. As the majority of the 
HMEP studies have concentrated on protein isolates, another target was 
to learn if the structure formation ability of pea protein concentrate 
improves in certain pH conditions. Furthermore, protein solubility, 
conductivity, particle-size distribution and WHC in different pH condi-
tions were mirrored to the extrudate properties including macrostruc-
ture, microstructure, tensile strength, free thiol groups and cooking 
yield. 

2. Materials and methods 

2.1. Characteristics of the raw materials 

2.1.1. Raw materials and their modification by pH shift 
Pea protein concentrate (PPC) (Vestkorn, Norway), pea protein 

isolate (PPI) (Nutralys F85M, Roquette, France), rice protein isolate (RP) 
(Remypro 80 N+, Beneo, Germany) and isolated wheat gluten (WG) 
(Beneo, Germany) were provided by the producers. The raw materials 
were studied at their native pH, as well as at pH 5, and pH 7. The pH- 
shifted raw materials were prepared at room temperature as 20% 
powder-water suspensions by shifting the pH to 5 or 7 under constant 
stirring for 2 h, followed by immediate freeze-drying. The pH-shifting 
was conducted with 6 M and 1 M HCl or NaOH of analytical grade. In 
addition, a freeze-dried control sample was prepared in its native pH 
conditions (without pH-shift). Control samples were prepared to verify 
that the freeze-drying is not inducing the changes in fibrous structure 
formation. After freeze-drying, the RP, PPC and PPI samples were 
homogenised in kitchen cutter for 60 s. However, due to large aggre-
gates (3–5 mm) that remained unbroken in kitchen cutter, WG samples 
were ground in a lab-scale centrifugal mill (Retsch, Germany) with 0.5 
mm sieve at 12 000 rpm. 

2.1.2. Chemical composition 
The protein content was analysed with a Kjeldahl autoanalyser (Foss 

Tecator Ab, Sweden) following the AOAC method 2001.11 (Thiex et al., 
2002; AOAC, 2002). The measured nitrogen content was converted to 
crude protein using a conversion factor of 6.25. Total starch content, 
including non-resistant starch and resistant starch, was determined ac-
cording to the AOAC 20020.02 method using a Megazyme© resistant 
starch assay kit (K-RSTAR 08/18). Total lipid content was analysed as 
the sum of individual fatty acids according to the esterification method 
reported by Glaser, Demmelmair and Koletzko (2010), and following the 
gas chromatography-mass spectrometry method (Agilent 7890 GC 
coupled to a 5975C MSD, HP-FFAP column) with slight modifications 
described in Nisov, Aisala et al. (2020). Moisture and ash contents were 
gravimetrically analysed. Moisture content was measured by drying the 
samples at 105 ◦C for 24 h. Ash content was measured after combusting 
each raw material in a muffle furnace (model N11, Nabertherm GmbH, 

Lilienthal/Bremen, Germany) at 550 ◦C for 41 h (including heating and 
cooling phases). All analyses were conducted at least as duplicates and 
Table 1 summarises the chemical composition of the raw materials. 

2.1.3. Particle size 
Particle size distributions of RP, PPI and PPC raw materials and pH 

shifted powders were determined by laser diffraction using a Malvern 
Mastersizer 3000 with a Hydro LV liquid dispersion unit (Malvern In-
struments, Worcestershire, UK). Reverse osmosis (RO) water was used as 
the sample carrier with the measurement range being set to 0.005–5 
000 µm; the measurements were run at varying mixing speeds optimised 
for each raw material. Samples were stirred for 20 min at room tem-
perature before the measurement. Particle size distributions of WG raw 
material and pH shifted powders were measured in an Aero S dry 
dispersion unit due to its tendency to form large gluten aggregates in 
water dispersion. The same measurement range (0.005–5 000 µm) was 
used as in the liquid module. Particle size distributions were calculated 
using the Fraunhofer approximation. The samples were analysed in 
duplicate with five parallel measurements during each run. 

2.1.4. Solubility, pH, and conductivity 
The protein solubility, pH, and conductivity were analysed from MQ- 

water based suspensions with 5% (w/w, as is) powder concentration. 
The suspension was mixed with a magnetic stirrer for 15 min; then, its 
pH (ProfiLine pH 3310, WTW, Germany) and conductivity (MeterLab, 
CDM210 conductivity meter, radiometer Copenhagen, Denmark) were 
recorded. The suspension was centrifuged for 10 min at 10 000 × g at 
20 ◦C and the supernatant was analysed for protein content using the 
Kjeldahl method described above. Protein solubility was calculated as 
the ratio of the protein content in the supernatant to the protein content 
in the original suspension. 

2.1.5. Water-holding capacity 
The WHC was analysed in triplicate similarly to Nisov, Ercili-Cura 

and Nordlund (2020) with slight modifications. The protein raw mate-
rial was accurately weighed (0.5 g) and mixed with MQ-water (4.5 g). 
The samples were mixed with a vortex mixer for 30 s at 0 min, 5 min, and 
10 min time intervals, then subsequently centrifuged at 750 × g for 15 
min at 20 ◦C. Then, the supernatant was separated by pouring and 
drained for 30 s. The dry matter content of the supernatant was conse-
quently analysed to subtract the soluble protein content from the initial 
sample weight. The WHC was calculated as the percentage of water gain 
after centrifugation according to the following equation. 

WHC =
amountofabsorbedwater(g)

initialsampleweigth(g)
∙100% (1)  

2.2. High-moisture extrusion processing 

High-moisture extrudates were produced with a co-rotating twin- 
screw extruder (Process 11 Hygienic, Thermo Scientific, Karlsruhe, 
Germany) equipped with a long slit cooling die with dimensions of 5 ×
20 × 250 mm (H × W × L) (Fig. 1A). The screw diameter and length 
were 11 mm and 440 mm (barrel L:D, 40:1), respectively. 

The extrudates (Fig. 1B) were produced at three different 

Table 1 
Chemical composition of the native (unmodified) raw materials (As is %).  

Sample Protein Starch Lipids Ash Moisture 

PPC 48.5 ± 0.1 6.1 ± 0.2 2.5 ± 0.0 5.7 ± 0.2 7.2 ± 0.1 
PPI 74.4 ± 0.0 0.4 ± 0.1 4.6 ± 0.1 3.8 ± 0.1 6.6 ± 0.0 
RP 72.0 ± 0.2 9.2 ± 0.9 2.4 ± 0.0 1.0 ± 0.0 7.4 ± 0.1 
WG 73.1 ± 0.2 9.4 ± 0.5 4.1 ± 0.1 1.0 ± 0.2 7.8 ± 0.1 

PPC = pea protein concentrate, PPI = pea protein isolate, RP = rice protein, WG 
= wheat gluten. 
The remaining composition is expected to originate from carbohydrates. 

A. Nisov et al.                                                                                                                                                                                                                                   



Food Research International 156 (2022) 111089

3

temperatures at pH 5 and 7 (Table 1). The pH conditions were chosen 
based on preliminary testing in a way that they would differ enough 
from each other, but would be relevant for food applications. The target 
melt temperatures at both pH conditions were 95, 140, and 160 ◦C for 
RP, WG, and PPC; and 95, 115, and 135 ◦C for PPI. Extrusion temper-
atures for PPI differ from other raw materials due its ability to form 
fibrous structure at lower temperatures. The aim was to keep the 
extrusion parameters (temperature profile, flour feed, water feed and 
screw speed) as constant as possible; however, to ensure a stable process, 
some of the parameters needed to be optimised for certain samples 
(Table 2). 

2.3. Characteristics of the extrudates 

2.3.1. Macrostructure and microstructure 
The macrostructure of the extrudates was illustrated as digital im-

ages obtained by a mobile integrated camera. The microstructure of the 
extrudates was analysed using confocal laser-scanning microscopy 
(CLSM) equipment, consisting of a Zeiss LSM 710 (Zeiss, Jena, Germany) 
attached to a Zeiss Axio Imager.Z2 microscope according to Nisov, 
Aisala, et al. (2020). Briefly, the extrudates were cut at a 45◦ angle to the 
flow direction (Fig. 1B). Proteins were stained using Acid Fuchsin (BDH 
Chemicals Ltd., Poole, Dorset, UK) and examined on a microscope slide. 
For excitation of Acid Fuchsin, a HeNe laser line of 543 nm was used, 
and the emission collected at 548–703 nm. The final CLSM micrographs 
were assembled as maximum intensity projections in which the protein 
appears red. Representative images of each sample were selected for this 

Fig. 1. A) A simplified schematic drawing of the twin-screw extruder used in the current study showing its heating zones and the long slit cooling die. B) An 
illustration of a high-moisture extrudate with aligned and fibrous protein structure. 

Table 2 
Optimised process parameters for rice protein (RP), wheat gluten (WG), pea protein concentrate (PPC) and pea protein isolate (PPI) during high-moisture extrusion 
processing at different pH and temperature conditions.  

Raw 
material 

pH Melt T 
(◦C) 

Temperature profile from feeder 
to die (◦C) 

Cooling die T 
(◦C) 

Flour feed 
(g/h) 

Water feed 
(mL/h) 

Screw speed 
(rpm) 

Torque 
(Nm) 

Pressure at die 
(bar) 

RP 5 95 100–100-110–110-100–80-70–60 30 280 313 350 1.4 38   
140 143–145-160–160-140–80-70–60 30 280 313 350 1.3–1.6 31–32   
160 164–165-170–170-140–80-70–60 30 280 313 350 1.9–2.2 44–62  

7 95 100–105-110–110-90–80-70–60 30 250 303 300 1.3 30   
140 142–145-160–160-140–80-70–60 30 280 313 350 2.1–1.9 48–66   
160 162–165-170–170-140–80-70–60 30 280 313 350 1.8–2.1 68–83 

WG 5 95 97–110-110–100-90–80-70–60 45 250 274 250 0.8 7–8   
140 145–150-150–110-90–80-70–60 45 250 274 250 0.8 8   
160 170–180-180–130-90–80-70–60 45 250 274 250 0.8 3–11  

7 95 97–110-110–100-90–80-70–60 45 190 254 200 0.8 8   
140 145–150-150–110-90–80-70–60 45 180 194 250 0.8–1.2 10–37   
160 168–180-180–130-90–80-70–60 45 180 194 250 0.7–0.8 8–9 

PPC 5 95 96–108-108–110-90–80-70–60 30 280 284 300 1.5–1.6 36–46   
140 143–158-160–130-90–80-70–60 30 250 254 300 1.2–1.3 23–31   
160 168–170-170–140-90–80-70–60 30 50 254 300 0.9–1.0 11–14  

7 95 97–108-108–110-90–80-70–60 30 280 284 300 1.4 32–38   
140 146–155-155–130-90–80-70–60 30 250 254 300 1.0 14–16   
160 168–175-170–140-90–80-70–60 30 250 254 300 0.9 12–14 

PPI 5 95 98–95–95–95-90–80-70–60 30 280 314 300 1.2–1.4 31–40   
115 118–130-130–100-90–80-70–60 30 200 264 200 0.9–1.0 21–22   
135 137–159-160–130-100–80-70–60 30 190 254 200 1.3 36–39  

7 95 98–95–95–95-90–80-70–60 30 280 313 300 1.2 31–38   
115 117–125-125–1115-90–80-70–60 30 280 313 200 1.3–1.4 35–42   
135 136–159-160–130-100–80-70–60 30 190 254 200 0.6 5–6  
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publication. 

2.3.2. Mechanical properties 
The tensile strength of the extrudates were analysed according to 

Nisov, Aisala, et al. (2020). Briefly, the samples were thawed and 
tempered to 23 ◦C (50% RH), then cut into a regular shape of 30 × 15 ×
5 mm (L × W × H). Tensile strength (kPa) was measured from six par-
allel samples using a Lloyd LS5 material testing machine (Ametek, USA) 
with a static load cell of 1000 N and a test speed of 2 mm/min. 

2.3.3. Cooking yield 
Cooking yield (%) was analysed according to Palanisamy et al. 

(2018) with slight modifications. Extrudates were thawed and cut into 3 
cm long pieces and cooked in water at 80 ◦C for 20 min. After cooking, 
the samples were drained for 10 min to remove excess water. The 
cooking yield was calculated as a ratio of the extrudate mass after 
cooking (ma) to its mass before cooking (mb) according to the following 
equation. 

Cookingyield =
ma

mb
∙100% (2)  

2.3.4. Thiol groups 
The amount of free thiol groups was measured according to Thermo 

scientific instructions (22582) for Ellman’s reagent (5.5′-dithiobis-(2- 
nitrobenzoic acid)) with slight modifications described in Nisov, Aisala, 
et al. (2020). Briefly, the extrudates were freeze-dried (Alpha 1–4- 
LSCbasic, Christ, Germany) and milled in a lab-scale ball-mill (MM301 
Mixer Mill, Retsch, Germany). The pH shifted powders were similarly 
milled after which all milled samples (60 mg) were suspended in reac-
tion buffer A (sodium phosphate buffer, pH 8) or B (with 8.0 M addition 
of urea) to analyse free thiols groups before (buffer A) and after (buffer 
B) degradation of non-covalent protein interactions, specifically 
hydrogen bonds (Liu & Hsieh, 2008). Aliquots of 50 µl of Ellman’s stock 
solution (4 mg in 1 mL of reaction buffer A or B), 2.5 mL of reaction 
buffer A or B and 250 µl of sample suspension were mixed and incubated 
for 15 min. The suspensions were centrifuged at 10 000 × g for 10 min 
and the absorbance was measured from the supernatant at 412 nm. The 
amount of free thiol groups was quantified according to a cysteine 
standard curve with a concentration range of 0.0–1.5 mM. Three parallel 
samples were analysed with reaction buffers A and B. 

2.4. Statistical analysis 

One-way ANOVA was applied for statistical analysis using the SPSS 
version 26 (IBM Corp., Atmonk, NY, USA) software. F-test or the robust 
Brown-Forsythe test were used for ANOVA depending on the equiva-
lence of variance, and Tukey’s HSD or Tamhane’s T2 were used as a post 
hoc tests. The limit for statistical significance was set at p < 0.05. The 
statistical differences between different pH conditions were analysed 
within each raw material separately. 

3. Results 

3.1. Macrostructure and microstructure of the extrudates 

All samples showed distinct macro (visual appearance) and micro-
structures at different extrusion temperatures and pH conditions 
(Fig. 2). The extrudates showed fibrous (meat-like) structure formation 
under lower extrusion temperatures at pH 7 (115–140 ◦C) than at pH 5 
(135–160 ◦C). The appearance of RP, PPC and WG extrudates at pH 5/ 
160 ◦C resembled the appearance of the extrudates at pH 7/140 ◦C 
rather than the appearance of their pH 7/160 ◦C counterparts. PPI 
extrudates followed the same trend, but they started to form fibrous 
structure already at 115 ◦C at pH 7 and at 135 ◦C at pH 5. RP, PPC and 
PPI samples showed tough and rubbery structures with smooth surface 

at the highest studied temperatures (135–160 ◦C) at pH 7. For these 
rubbery extrudates, macrostructural features of protein alignment were 
only visible after tearing the sample in the longitudinal direction. Osen 
et al. (2014) have previously reported a similar effect that HMEP of 
different PPIs at temperatures as high as 160 ◦C led to intensive protein 
entanglement and compact structure where the individual fibre-like 
orientation was observed only upon tearing. In the current study, none 
of the extrudates showed fibrous structure formation at 95 ◦C. Instead, 
they showed a doughy or dry appearance possibly due to a lack of 
disulphide bond mediated cross-linking at low temperatures; thus, the 
microstructure of these extrudates was not studied. 

The protein alignment, analysed by microscopy, became more 
intense as a function of increasing pH and temperature regardless of the 
raw material (Fig. 2). The microstructures of RP, PPC and PPI samples 
were well in line with the visual appearances showing clear protein 
network formation and alignment in the direction of extrusion flow. RP 
and PPC pH 5/140 ◦C showed clustered and aggregated microstructure 
without any clear protein alignment, whereas at pH 5/160 ◦C protein 
alignment was visible. At pH 7, the alignment was stronger and got even 
more pronounced when the temperature was increased from 140 ◦C to 
160 ◦C and resembled the microstructure of a boiled chicken breast 
reported by Chiang et al. (2019). A similar trend was also observed for 
PPI samples that showed the poorest protein orientation at pH 5/115 ◦C 
and the most visible protein alignment at pH 7/135 ◦C. Although, the 
fibrous structure formation of WG samples was apparent in the macro-
structure images it was difficult to detect clear microstructural differ-
ences. Nevertheless, the trend was similar to RP with clustered and less 
orientated structure at low pH and temperature with an increasing 
tendency to fibrous structure formation at higher pH and extrusion 
temperatures. 

3.2. Tensile strength of the extrudates 

HMEP is known to induce anisotropic meat-like fibrous structures; 
thus, tensile strength is expected to be higher in one direction than in the 
other (Nisov, Aisala, et al., 2020; Schreuders et al., 2019). Thus, the 
tensile strength was measured both in cross-sectional (C) and longitu-
dinal (L) directions of the extrudates (Fig. 2). RP extrudates exhibited 
the highest tensile strength values (L: 212 and C: 276 kPa) at the highest 
tested pH and temperature values (pH 7, 160 ◦C) showing hard and 
rubbery macrostructure (Fig. 2). At pH 5, the structure was still incon-
sistent when the temperature was increased to 140 ◦C and resulted in 
low tensile strength values (C: 23 and L: 12 kPa). However, as pH was 
shifted to 7 (140 ◦C), the extrudates showed notably stronger structure 
(C: 169 and L: 161 kPa). Although the tensile strength values at pH 5 
increased at 160 ◦C, the structure was still stronger at pH 7 
(140–160 ◦C). 

Tensile strength results of PPC extrudates followed a similar trend to 
RP with lower overall values, which can be partly explained by the lower 
protein content of the PCC (49%) raw material when compared to RP 
(72%). PPC extrudates exhibited the highest tensile strength values (L: 
128 and C: 140 kPa) at pH 7/160 ◦C showing compact and rubber-like 
macrostructure (Fig. 2). The lowest tensile strength values for PPC 
extrudates were detected at both pH conditions at 95 ◦C (L: 16–36 and C: 
27–48 kPa) followed by the extrudates produced at pH 5/140 ◦C (L: 19 
and C: 54 kPa). By increasing the pH to 7, PPC extrudate at 140 ◦C 
showed increased tensile strength values of L: 66 kPa and C:101 kPa. At 
pH 5/160 ◦C, the cross-sectional and longitudinal tensile strengths 
increased to 115 kPa 45 kPa, respectively. 

Similarly to RP and PPC extrudates, the PPI exhibited the highest 
tensile strength (L: 150 and 76 kPa) at the highest studied pH and 
temperature conditions (pH 7/ 135 ◦C). The structure at these conditions 
also showed the rubber-like and compact macrostructure with a smooth 
surface and intensive protein orientation in micro-scale (Fig. 2). At pH 
5/135 ◦C, PPI showed less rubbery structure with considerably lower 
tensile strength values in the longitudinal direction (16 kPa) than in 
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Fig. 2. Macro and microstructure of the studied extrudates at different pH conditions and temperatures and their tensile strength (TS) values in longitudinal (L) and 
cross-sectional (C) directions. RP = rice protein, WG = vital wheat gluten, PPC = pea protein concentrate and PPI = pea protein isolate. Different letters (a, b, c and d) 
indicate significant differences between different samples (p < 0.05) for each raw materials separately. 
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cross-sectional direction (90 kPa). At pH 7/115 ◦C, PPI displayed 
extremely layered and tender meat-like structure that was easy to tear 
apart in all directions (Fig. 2) leading to considerably low tensile 
strength values in both directions (L: 13 kPa and C: 29 kPa). Equivalent 
trend was observed for WG extrudates produced at 140–160 ◦C at both 
pH conditions showing tensile strength values of L:3–13 and C:8–14 kPa. 
The rest of the PPI extrudates (pH 5/95–115 ◦C and pH 7/95 ◦C) showed 
similar tensile strengths values to PPI pH 7/115 ◦C extrudates, however, 
due to an opposite reason; they displayed weak and aggregated struc-
tures without any signs of fibrousness (Fig. 2). The highest tensile 
strength values (15.1–20.1 kPa) for WG extrudates were detected at 
95 ◦C due to their doughy and elastic structures that resisted instru-
mental tearing. Despite the higher tensile strengths at lower extrusion 
temperatures, macrostructures of the WG extrudates showed a clear 
trend for intensifying fibrous structure formation with increasing pH 
and temperature values. 

3.3. Cooking yield of extrudates 

Table 3 shows the cooking yield values of RP, WG, PPC, and PPI 
extrudates at 95–160 ◦C at two different pH conditions (5 and 7). PPC pH 
5, RP pH 5, and RP pH 7 extrudates produced at 95 ◦C degraded during 
the cooking resulting in cooking yield values below 100% (loss of dry 
matter during cooking). Otherwise, all extrudates showed cooking yield 
values between 113 and 247% with very few statistical differences 
within the studied sample sets (different raw materials as one set). 
Despite the lack of statistical evidence, the RP, PPC, and PPI extrudates 
showed a clear trend of having slightly lower cooking yield values at pH 
7 and WG showed an opposite trend with higher cooking yield values at 
pH 5. 

3.4. Characteristics of raw materials in relation to extrudate quality 

Table 4 shows the pH, conductivity, solubility and WHC of the raw 
materials (RP, WG, PPC, and PPI) at their native pH and after control 
treatment as well as at pH 5 and pH 7. No significant change in con-
ductivity values was detected between the native and freeze-dried 
control samples; however, the further the pH was shifted from the 
native pH, the more the conductivity values increased. Protein solubility 
in water was investigated in this study to monitor its relation to fibrous 
structure formation during HMEP (Table 4). RP, PPC, PPI, and WG 
showed solubility values of 1.5, 24.3, 4.9, and 58.3% at pH 5 whereas at 
pH 7 they showed values of 3.1, 88.7, 17.7, and 4.2%, respectively. WHC 
results correlated with the solubility showing higher values at pH 7 for 
RP, PPC, and PPI (267, 280, and 453%) than at pH 5 (257, 250, and 345 
%). On the contrary, WG showed notably higher WHC at pH 5 (425%) 

than at pH 7 (264%). 
A control treatment without pH shifting was performed to analyse 

the effect of freeze-drying on particle-size distribution (Fig. 3). Freeze- 
drying notably increased the particle size of PPI and WG but had a 
minor effect on particle-size distributions of PPC and RP. After pH- 
shifting to pH 5, the particle size of PPC increased notably when 
compared to the pH 7, native (pH 6.5), and control (pH 6.5) samples. An 
opposite trend was observed for PPI that had an increased average 
particle size when pH was shifted from the native state (7.9) to 7. A 
slight increase in particle size of RP and WG was detected at pH 5 when 
compared to pH 7. PPI samples showed decreasing WHC and average 
particle-size when pH was shifted towards acidic conditions. However, 
no such correlation could be detected with other raw materials. 

3.5. Free thiol groups before and after extrusion processing 

In general, the amount of free thiol groups (Fig. 4) was higher with 
non-reducing buffer (0.46–8.29 µmol/g) than with reducing buffer 
(0.69–10.31 µmol/g). This indicated that to some extent, hydrophobic 
interactions were present before and after extrusion at all pH and tem-
perature conditions. Since the trend remained the same regardless of the 
buffer used, from now on, only the results with non-reducing buffer 
(NaP) are discussed. Prior to extrusion, PPC raw material showed a 
notably higher amount of free thiol groups (NaP) at both pH conditions 
(5/7) prior to extrusion processing (7.9/7.6 µmol/g) when compared to 
RP (0.8/0.7 µmol/g), WG (0.9/0.9 µmol/g) and PPI (0.5/0.5 µmol/g). 
This indicated that PPC proteins were less aggregated, and more in their 
native state after being produced by mild dry fractionation method, 
whereas the other proteins were wet-extracted, which is known to 
denature and aggregate the proteins during the extraction phase. PPC 
extrudates were the only ones showing a decreasing trend in free thiol 
groups from 7.7/8.3 to 4.7/6.0 µmol/g at both pH conditions (5/7) as a 
function of increasing extrusion temperature. RP and WG showed a 
decreasing trend only until 95 ◦C, from which, the amount of free thiol 
groups at both pH conditions (5/7) increased with an increasing 
extrusion temperature from 0.6/0.5 to 2.5/3.5 µmol/g and from 0.6/0.7 
to 1.9/1.1 µmol/g, respectively. PPI samples behaved differently than 
PPC, RP and WG samples, as the amount of free thiol groups at both pH 
conditions (5/7) first increased to 1.3/1.3 µmol/g at 95 ◦C, and then 
decreased to 0.7/0.9 µmol/g at 115 ◦C and finally increased again to 
0.9/1.5 µmol/g at 135 ◦C. At higher extrusion temperatures (140–160 ◦C 
and 115–135 ◦C), RP, PPC, and PPI extrudates showed a higher amount 

Table 3 
Cooking yield of rice protein (RP), wheat gluten (WG), and pea protein 
concentrate (PPC) extrudates produced at 95 ◦C, 140 ◦C, and 160 ◦C as well as 
cooking yield of pea protein isolate (PPI) extrudates produced at 95 ◦C, 115 ◦C, 
and 135 ◦C. Different letters (a, b and c) indicate significant differences between 
different samples (p < 0.05) for each raw materials separately.  

Sample Cooking yield (%)  

95 ◦C 140 ◦C 160 ◦C 

RP pH 5 67b 147a 146a 

RP pH 7 53b 135a 129a 

WG pH 5 113a 151a 141a 

WG pH 7 119a 166a n.d. 
PPC pH 5 90b 147a 138a 

PPC pH 7 133ab 138a 131ab  

95 ◦C 115 ◦C 135 ◦C 

PPI pH 5 207ab 247a 153bc 

PPI pH 7 145c 140c 147bc 

n.d. = not detectable. 

Table 4 
Raw material properties (pH, conductivity, solubility and water-holding ca-
pacity (WHC) of rice protein (RP), wheat gluten (WG), pea protein concentrate 
(PPC) and pea protein isolate (PPI) at native, control and shifted pH conditions. 
Native pH is the original pH of the flour and control pH is the pH after soaking 
and freeze-drying the native flour for the same time period as the pH shifted 
powders. Different letters (a, b and c) indicate significant differences between 
different samples (p < 0.05) for each raw materials separately.  

Sample  pH Conductivity mS/m Solubility % WHC % 

RP native 4.5c 0.4b 1.6b 241b  

control 4.5c 0.4b 1.5b 253ab  

shifted 4.9b 0.5b 1.5b 257ab  

shifted 7.0a 1.2a 3.1a 267a 

WG native 6.0b 0.3c 7.3c 174b  

control 6.0c 0.3c 8.2b 277b  

shifted 4.9d 0.5b 58.3a 425b  

shifted 6.8a 0.4a 4.2d 264a 

PPC native 6.5b 1.9b 64.8b 249a  

control 6.5b 2.0b 69.4b 282a  

shifted 5.2c 2.7a 24.3c 250a  

shifted 7.2a 2.2b 88.7a 280a 

PPI native 7.9a 1.5c 25.6a 492a  

control 8.0a 1.6bc 22.3ab 473a  

shifted 5.4b 2.4a 4.9c 345b  

shifted 7.2a 1.8b 17.7b 453ab  
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of free thiol groups at pH 7. On the contrary, WG showed higher amount 
of free thiol groups at pH 5. 

4. Discussion 

4.1. Main factors influencing fibrous structure formation 

The current study investigated the fibrous structure formation of four 
different raw materials (RP, WG, PPC, PPI) during HMEP at two 
different pH conditions (5 and 7). The isoelectric point of the raw ma-
terials varied; WG showed the isoelectric point to be at pH 7, and the 
three other raw materials (RP, PPC, PPI) at pH 5. As is known, pro-
tein–protein interactions increase near the isoelectric point, which leads 
to poor water-solubility due to more protein-water interactions being 
required for solubilisation. Protein solubility follows a U-shaped curve 
as a function of pH and is near zero at its isoelectric point (Wouters et al., 
2016). The main finding in this study was that regardless of the iso-
electric point, all raw materials exhibited an enhanced fibrous structure 
formation and protein alignment only at pH 7. 

At pH 5, a higher extrusion temperature was needed to achieve the 
same level of fibrous structure as at pH 7, which was clearly seen in the 
macro and microscopy images. This finding is noteworthy as the studied 
pH dependent raw material properties (solubility and WHC) followed 
the specific U-shape principle related to the isoelectric point. In other 
words, the studied property was the lowest at its isoelectric point and 
increased as the pH was decreased or increased. For instance, WG 
showed higher solubility values at pH 5 than at pH 7 (isoelectric point of 
WG), whereas the other raw materials showed the lowest solubility 
values at their isoelectric point (pH 5) and increased towards pH 7. This 

difference in the behaviour of the raw materials proved that the pH shift 
towards neutral pH conditions was the most important factor when 
considering fibrous structure formation, as it increases only at higher pH 
conditions regardless of the isoelectric point. 

Although it has been previously demonstrated that the fibrous 
structure formation and protein alignment increases as a function of 
increasing extrusion temperatures (Osen et al., 2014; Palanisamy, 
Franke, et al., 2019) no literature was found focusing on microstructural 
changes as a function of pH during HMEP. The current study clearly 
showed that the fibrous structure formation and protein alignment is 
strongly connected to pH conditions. On the other hand, it has been 
stated that disulphide bond formation is the most important interaction 
when considering the fibrous structure formation (Liu & Hsieh, 2008; 
Osen et al., 2015). Furthermore, according to Rajpal and Arvan (2013) 
one of the key factors influencing the disulphide bond formation is the 
pH of the local environment with increasing reactivity at higher pH and 
limiting reactivity at lower pH conditions. Thus, the current study pro-
poses that the increased reactivity of disulphide bond formation at 
higher pH conditions explains the lower extrusion temperatures 
required for enhanced protein alignment and fibrous structure forma-
tion. A similar finding regarding disulphide bond-mediated polymeri-
sation at different temperatures and pH conditions was presented by 
Monahan, German and Kinsella (1995) for whey protein gels. They re-
ported that at pH 9 and 11, the polymerisation already occurred at room 
temperature; while at pH 3, 5, and 7, it occurred only after heating the 
protein to 85, 75 and 70 ◦C, respectively. Similar to the current study, 
this showed that disulphide bond-mediated protein polymerisation 
needs elevated temperatures under lower pH conditions. 

Regarding the high-moisture extrudate properties, the higher tensile 

Fig. 3. Volume-based particle-size distributions of A) rice protein (RP), B) wheat gluten (WG), C) pea protein concentrate (PPC), and D) pea protein isolate (PPI) in 
unmodified state (native), after control treatment (no pH shift) and after pH shift to 5 and 7. 
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strength values with more rigid structures have been already previously 
linked to an increasing extrusion temperature (Noguchi, 1989; Osen 
et al., 2014; Schreuders et al., 2019), which was in line with the findings 
in the current study. However, to the best of our knowledge, only one 
study has previously reported data related to the tensile strength values 
of extrudates at different pH conditions (Noguchi, 1989). Our study 
reflected the findings of Noguchi (1989), who reported that the tensile 
strength of defatted soy flour extrudates increased in both cross- 
sectional and longitudinal directions along with the pH-shift from 
acidic to neutral conditions. However, no explanation for this was pro-
vided nor was it studied further. Based on the findings in the present 
study, the increased reactivity of disulphide bond formation at elevated 
pH conditions (Rajpal & Arvan, 2013) is most probably the reason 
behind the stronger tensile strength at higher pH conditions. 

4.2. Role of raw material characteristics on reflecting performance during 
high-moisture extrusion processing 

4.2.1. Free thiol groups 
Disulphide bonding is the main mechanism when considering fibrous 

structure formation (Liu & Hsieh, 2008; Osen et al., 2015). Thus, to 
monitor disulphide bond formation, this study investigated the changes 
in free thiol groups before and after HMEP. It was assumed that if the 
amount of free thiol groups decreased during the extrusion processing, 
disulphide bonds would have been formed. However, it was discovered 
that the interpretation of these results is difficult, as during HMEP, a 
sharp increase in temperature disrupts intramolecular disulphide bonds 
and simultaneously allows the formation of new intermolecular disul-
phide bonds (Zhang et al., 2019). Although the changes in free thiol 
groups at different temperatures provide valuable information about the 
behaviour of the studied proteins during the extrusion processing, it 

does not allow us to investigate the number of disulphide bonds formed 
or disrupted nor whether they were intra or intermolecular bonds. At 
higher extrusion temperatures (115–160 ◦C), the amount of free thiol 
groups was always lower in its isoelectric point (pH 7 for WG and pH 5 
for other raw materials). Nevertheless, as all raw materials, regardless of 
the isoelectric point, formed a more intense fibrous structure at pH 7, it 
can be postulated that the amount of free thiol groups at different pH 
conditions is less relevant than the increased reactivity of disulphide 
bonding at higher pH conditions. 

4.2.2. Protein solubility and conductivity 
As was expected, the solubility results in the current study were in 

line with the previously detected isoelectric points reported by Liu et al. 
(2011), Klost & Drusch (2019), Osen et al. (2014), and Kong et al. (2007) 
for rice (pH 5), PPC (near pH 5), PPI (pH 5) and WG (near 7), respec-
tively. Protein solubility is known to be pH-dependent and is generally a 
prerequisite for several functional properties, such as gelation, foaming, 
and emulsifying as well as water and oil-holding capacity (Wouters 
et al., 2016). However, its relation to fibrous structure formation has 
been poorly reported although it is quite commonly known that a high 
protein solubility is often disadvantageous in HMEP. Actually, one study 
related to fibrous structure formation by shear cell technology has re-
ported that high protein solubility can indeed be disadvantageous for 
anisotropic structure formation, and that it is more favourable to target 
intermediate protein solubility (Geerts et al., 2018). Nevertheless, in the 
current study all the raw materials formed a stronger protein network 
and more intensive protein alignment at pH 7, which indicated that 
protein solubility is not the overriding factor when considering the 
anisotropic structure formation during HMEP. Rather, in this context, 
the stronger structure formation is associated with the increased pH of 
the raw materials. 

Fig. 4. Amount of free thiol groups of rice protein, wheat gluten, pea protein concentrate and pea protein isolate powders (RM) at pH 5 and 7 as well as their 
extrudates produced at 95–160 ◦C. NaP denotes for non-reducing sample buffer and NaP + U denotes for reducing sample buffer (urea added). Different letters (a, b, 
c, d, e, and f) indicate significant differences (p < 0.05) within NaP and NaP + U sample groups for each raw materials separately. 
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Conductivity of the samples was assessed to understand the effect of 
salt formation on structure formation. Regardless of the sample, con-
ductivity increased when pH was shifted from native state towards pH 5 
or 7 indicating an increased salt concentration. Although the conduc-
tivity varied, all raw materials showed more intensive structure forma-
tion and protein orientation at pH 7, suggesting that the salt formation 
had negligible impact on structure formation during HMEP. 

4.2.3. Water-holding capacity, cooking yield, and particle size 
All raw materials showed the lowest WHC at their isoelectric points; 

however, they all showed enhanced fibrous structure formation only at 
pH 7. Thus, no direct correlation was found in connection to fibrous 
structure formation during HMEP. This is similar to Osen et al. (2014)’s 
work that found no correlation between fibrous structure formation and 
the WHC of three different PPI samples during HMEP. They reported 
that the extrudate structures remained the same although the functional 
properties varied with varying thermal properties. On the other hand, 
Geerts et al. (2018) studied the relationship between WHC and fibrous 
structure formation during shear cell technology after varying toasting 
temperatures (50–200 ◦C) of soy proteins. They found that toasting at 
150 ◦C increased the WHC of soy proteins while the solubility decreased, 
which complemented fibrous structure formation (Geerts et al., 2018). 
Although the changes in the WHC of the soy raw material had an effect 
on fibrous structure formation, in the current study the increased reac-
tivity of disulphide bond formation at higher pH conditions was the 
predominant factor. 

Cooking yield measures the water uptake of an extrudate during 
cooking in water and can predict certain sensory parameters of the 
product, such as juiciness and firmness (Palanisamy et al., 2018; Pala-
nisamy, Töpfl, et al., 2019). The authors reported that the cooking yield 
values were reduced with carrageenan addition, causing the extrudate 
structure to become more compact. They associated the compact protein 
network with a lack of free space for water to penetrate the sample, thus 
resulting in lower cooking yield values. In the current study, the cooking 
yield values at different pH conditions were statistically similar; how-
ever, there was a clear trend of following the isoelectric behaviour of the 
raw materials as all extrudates showed higher values at their isoelectric 
points. Based on the theory of Palanisamy et al. (2018), this indicated 
that the protein structure was less compact at the isoelectric point 
leaving more space for the water to penetrate between the molecules. 

Peng et al. (2020) reported varying particle-size distributions for soy 
protein flours at different pH conditions. The average particle size 
indirectly correlated with the solubility values becoming notably lower 
at pH 3.5, 6.5, and 7.5, as well as higher near the isoelectric point of the 
raw material (pH 4.5 and 5.5). Similar findings were detected in this 
study for RP and PPC, whereas PPI showed a considerably larger average 
particle size at further from its isoelectric point (pH 7). The higher 
average particle-size of PPI can be linked to the notably higher WHC at 
pH 7 as the PPI particles were most likely swelling in the water during 
the measurement. In addition, the solubility of the raw material affects 
the particle-size distributions due to the light-scattering method not 
detecting soluble particles. However, it is most likely that the particle- 
size distributions in this study were not directly linked to the fibrous 
structure formation as has been previously suggested by Osen et al. 
(2014). They saw that all PPI samples with varying particle-size distri-
butions resulted in similar extrudate structures and no correlation was 
found between extruder responses and particle size, although the energy 
input of different samples varied considerably (Osen et al., 2014). 

5. Conclusions 

As was hypothesised, this study showed that protein alignment and 
fibrous structure formation during HMEP can be enhanced by increasing 
the pH of the raw material. Three raw materials were studied with iso-
electric points at pH 7 (RP, PPI, PPC) and one raw material with the 
isoelectric point at pH 5 (WG). This allowed us to realise that although 

many raw material characteristics (solubility and WHC) could be 
directly linked to pH conditions in a way that the properties were better 
at pH conditions other than the isoelectric point, the fibrous structure 
formation was enhanced always at pH 7. Thus, it can be concluded that 
in the current study the enhanced fibrous structure formation at pH 7 
was mainly linked to the fact that disulphide bond formation is known to 
be more reactive at higher pH conditions. However, this does not mean 
that the studied raw material characteristics (solubility, WHC, conduc-
tivity and particle size) would not be important when comparing 
different raw materials to each other or when altering the raw material 
properties by other methods than pH-shifting. These findings related to 
the importance of higher pH conditions during HMEP for successful 
structure formation are especially important when designing the pro-
duction conditions of wet-extracted plant-based ingredients. Further-
more, the findings show that the protein concentrates, typically lacking 
the fibrous structure formation ability in HMEP, can be modified to be 
functional for meat alternative applications. As a conclusion, this study 
facilitates the decision-making for industry when considering the 
modification methods for commercial protein-rich ingredients targeted 
for meat alternative applications. 
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Honkapää, K. (2020). Comparison of Whole and Gutted Baltic Herring as a Raw 
Material for Restructured Fish Product Produced by High-Moisture Extrusion 
Cooking. Foods, 9, 1541. https://doi.org/10.3390/foods9111541 

Nisov, A., Ercili-Cura, D., & Nordlund, E. (2020). Limited hydrolysis of rice endosperm 
protein for improved techno-functional properties. Food Chemistry, 302, Article 
125274. https://doi.org/10.1016/j.foodchem.2019.125274 

Noguchi, A. (1989). Extrusion cooking of high-moisture protein foods, Extrusion cooking 
(pp. 343–370). 

Osen, R., Toelstede, S., Eisner, P., & Schweiggert-Weisz, U. (2015). Effect of high 
moisture extrusion cooking on protein-protein interactions of pea (Pisum sativum L.) 
protein isolates. International Journal of Food Science and Technology, 50, 1390–1396. 
https://doi.org/10.1111/ijfs.12783 

Osen, R., Toelstede, S., Wild, F., Eisner, P., & Schweiggert-Weisz, U. (2014). High 
moisture extrusion cooking of pea protein isolates: Raw material characteristics, 
extruder responses, and texture properties. Journal of Food Engineering, 127, 67–74. 
https://doi.org/10.1016/j.jfoodeng.2013.11.023 

Palanisamy, M., Franke, K., Berger, R. G., Heinz, V., & Töpfl, S. (2019). High moisture 
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