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As consumer awareness of the environmental and health impacts of excessive meat consumption grows, so does
interest in plant-based meat substitutes. High-moisture extrusion of protein isolates is an emerging method for
producing anisotropic, meat-like structures. However, sensory differences in texture remain a challenge. This
study investigates the formation of protein networks in pea protein isolate (PPI) meat substitutes when the pH is
adjusted, in a range of pH 3.3 to 11.1, using either hydrochloric acid or sodium hydroxide, or when canola oil
and pectin-based microgel particles (MGP) are added. Network formation was investigated using a closed cavity
rheometer, and meat substitutes were produced using a laboratory-scale extruder. Both acidic and alkaline pH
adjustments affected the protein network formation. Under acidic conditions, the network is mainly strength-
ened. Under alkaline conditions, disulfide bond formation was accelerated. The anisotropic, meat-like structure
disappeared under acidic conditions, but a slight increase in pH resulted in more pronounced fibrous structures.
The addition of oil (¢poi,max = 3.3 Wt%) decelerated the formation of disulfide bonds but did not affect the
formation of fibrous structures in the extrudates. MGP did not seem to influence network formation; the structure
of the meat substitute remained unchanged. These results demonstrate that the texture of plant-based meat
substitutes produced by high-moisture extrusion can be effectively altered by pH modulation and that network
formation investigation can indicate structural changes.

1. Introduction

High-moisture extrusion is an established process for the production
of meat substitutes. In this process, plant proteins are mixed with liquid
formulations, subjected to thermal and mechanical stress, and subse-
quently pushed through a cooling die (Akdogan, 1999; Areas, 1992;
Cheftel et al., 1992). The fibrous, anisotropic structure is formed in the
die adapter and the cooling die, which are intended to imitate the
structure of muscle meat (Beniwal et al., 2021; Wittek et al., 2021).
Despite the growing availability of meat substitutes, there are still sig-
nificant sensory differences between meat and its alternatives. Texture is
particularly important for meat substitutes because it influences how
consumers perceive and accept them (Baig et al., 2025). Consequently,
there is a growing interest in methods that allow for the specific mod-
ulation of texture.

Several hypotheses have been proposed regarding the structuring of
meat substitutes (van der Sman & van der Goot, 2023). However, it

should be noted that structuring meat substitutes requires a deformable
protein network (McClements, 2024; van der Sman & van der Goot,
2023). Therefore, it is logical to create specific structures by modi-
fying the formation of the protein network. For the modification of
protein networks, there are also several methods available. In this paper,
we focus on the modulation of the pH and on the addition of oil and
pectin-based microgel particles.

A change in pH by adding acids and alkalis, influences the protein-
protein interactions, thus influences the network formation directly,
and in turn changes the final structure of the protein matrix (Gobes et al.,
2025; Li et al., 2026; Nisov et al., 2022). While increased aggregation
occurs in the region of the isoelectric point (IEP) due to van-der-Waals
forces and hydrophobic effects, a pH shift above the IEP leads to elec-
trostatic repulsion between similarly charged molecules (Totasaus et al.,
2002). This reduces the aggregation and thus the cross-linking density of
the protein network. These relationships were demonstrated for dry
extruded pea protein isolate (IEP ~ 4.3-4.9) (Muhialdin & Ubbink,
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2023): with increasing pH (from 5.0 to 9.0), the hardness of the extru-
dates decreased significantly. It was also observed that soy protein
isolate exhibits stronger non-covalent cross-linking closer to the IEP,
which is associated with increased complex viscosity (Ellwanger et al.,
2024).

In addition to non-covalent bonds, covalent disulfide bonds also in-
fluence the formation of the protein network (Schmid et al., 2022).
Studies on extruded wheat gluten (IEP = 7.0) show that the pH has a
regulating function: under acidic conditions (pH < 5.5), an increased
number of free thiol groups was found, which was associated with
reduced network formation by disulfide bonds. With increasing pH,
disulfide bonds increased and led to increased structural integrity.
However, a further increase in pH beyond pH 7 showed no additional
effect (Langstraat et al., 2015; Nisov et al., 2022). For extrudates pro-
duced with oat protein, it was shown that under alkaline conditions (pH
= 7.0-9.0) significantly stronger networks are formed than under
neutral or acidic conditions, which was attributed to the increased for-
mation of disulfide bonds (Nieto-Nieto et al., 2015).

The addition of oil and pectin-based microgel particles to the
network formation process can be considered as a type of filler addition.
This process can be described using the Chen and Dickinson model. The
fillers can act as active fillers by being integrated into the protein
network via specific interactions and contributing to a strengthening of
the network. Conversely, fillers can act as inactive fillers by having no
chemical affinity to the formed network. They are surrounded by the
network, yet they do not interact with it. Therefore, they can be
considered a disturbance to the network, weakening the structure (Chen
& Dickinson, 1999).

For the addition of canola oil to pea and soy protein isolate extru-
dates, it has been stated that canola oil acts as an inactive filler and
reduces network strength (Saavedra 1. et al., 2023). However, the pro-
tein content, which directly influences the protein network, has not been
kept constant. Additionally, the rheological properties were measured
for structured extrudates, but not for the forming network. The influence
of rapeseed oil on the rheological properties and gluten polymerization
of gluten doughs used for meat substitutes has been investigated
(Opaluwa et al., 2024). It has been shown that oil reduces network
strength and polymerization kinetics. However, in this study, the protein
content was also not kept constant.

The addition of pectin-based microgel particles to meat substitutes
has not yet been investigated. However, MGP have been added to high-
protein pea gels (¢ppp; = 12 wt%) (Martin et al., 2025). It has been shown
that MGP act as inactive fillers, which weaken the resulting protein
network.

To investigate the effects of pH modulation, oil addition, and
microgel particle addition on the network formation of pea protein-
based meat substitutes, temperature sweeps were performed using a
closed cavity rheometer. Different pea protein doughs were used, with
the addition of hydrochloric acid (HCl), sodium hydroxide (NaOH),
canola oil, and pectin-based microgel particles (MGP). To examine how
altered network formation impacts the structure of meat substitutes,
extrusion trials were conducted on a laboratory-scale extruder under
constant extrusion conditions. The resulting extrudates were visually
inspected and mechanically characterized by hardness measurements to
obtain additional information on the strength and macrostructure of the
formed protein network. Additionally, buffer tests investigating the
protein-protein interactions were performed for the extrudates and
doughs with pH modulation.

A decrease in pH was expected to result in more protein aggregation
and stronger networks, as well as less pronounced meat-like structures.
An increase in pH was expected to result in greater electrostatic repul-
sion and a higher number of disulfide bonds. Therefore, no prediction
was made regarding the resulting meat-like structure. It was expected
that oil and MGP would act as inactive fillers, resulting in weaker pro-
tein networks and looser structures that enhance the formation of meat-
like structures.
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This study should reveal how meat substitutes can be structured by
modifying network formation using pH modulation, oil, and MGP as
fillers. This would provide a toolbox for creation of anistropic structures.
Moreover, investigating how structure formation can be indicated
would accelerate formulation engineering and simplify product
development.

2. Materials and methods
2.1. Materials

Pea protein isolate (PISANE M9) from yellow peas was obtained from
COSUCRA Group Warcoing S.A. (Warcoing, Belgium). According to the
manufacturer, the protein content in the PPI was >86%, the fat content
<9% while the water content was <7%. Low methylester sugar beet
pectin was provided by Herbstreith & Fox GmbH & Co. KG (Neuenbiirg,
Germany). The pectin exhibited a degree of esterification of 39%, a
degree of acetylation of 5%, and a galacturonic acid content of 65%,
according to the manufacturer. Canola oil was obtained from Bernhard
Schell GmbH (Lichtenau, Germany). The hydrochloric acid utilized in
this study was procured from Thermo Fisher Scientific Inc. (Karlsruhe,
Germany). The following reagents were obtained from Carl Roth GmbH
+ Co. (Karlsruhe, Germany): acetone, dithiothreitol (DTT), bovine
serum albumin (BSA), calcium chloride dihydrate (CaCly), urea, potas-
sium chloride (KCl), sodium chloride (NaCl), sodium dihydrogen phos-
phate dihydrate (NaH3PO,), disodium hydrogen phosphate dehydrate
(NagHPOy), sodium dodecyl sulfate (SDS), and sodium hydroxide. All
chemicals were obtained in analytical grade.

2.2. Protein solubility

The PPI was dried for 72 h at 30 °C and 10 mbar in a Memmert V0101
vacuum drying oven (Memmert GmbH + Co. KG, Schwabach, Ger-
many). To determine protein solubility, 30 mg of the dried PPI was
suspended in 30 mL of Milli Q water. The pH was adjusted with NaOH
and HCI using an edge HI2020 02 pH meter (HANNAH Instruments,
Vohringen, Germany). The samples were then incubated for 1 h at 25 °C
and 200 rpm on an SM 30 circular shaker (Edmund Biihler GmbH,
Bodelshausen, Germany). The insoluble components were separated by
centrifugation at 4301 RCF (4250 rpm) and 25 °C for 50 min in an
Eppendorf 5920 R benchtop centrifuge (Eppendorf SE, Hamburg, Ger-
many). A Quick Start Bradford Protein Assay Reagent (Bio Rad Labo-
ratories GmbH, Munich, Germany) was used for the quantitative
determination of protein solubility. The absorbance was then measured
at 595 nm using an Evolution 201 UV Vis spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, USA). The protein concentration was
calculated by calibration with BSA as standard protein. Two sample sets
were prepared for each condition and measured three times each. Pro-
tein solubility SL was calculated using eq. (1), where cg corresponds to
the concentration of dissolved protein in the supernatant (in BSA
equivalent) and c; corresponds to the theoretical total concentration of
the protein used. For ¢, a protein content of 86% was assumed based on
the product specification of the raw material supplier.

SL = ¢ 100% )}

C

2.3. Determination of the isoelectric point

The isoelectric point was determined by suspending 30 mg of PPI in
30 mL of a 1 mM KCl solution, followed by the same pH adjustment,
incubation and separation process as in section 2.2. The zeta potential
was measured using a nanoPartica SZ 100 particle analyzer (Horiba
Scientific, Kyoto, Japan). Two samples were prepared for each condi-
tion, with ten measurements performed on each.
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2.4. Preparation of the liquid phases

The addition of acid, alkaline, oil and pectin-based MGP was done via
the liquid phase. The liquid phase is needed both for the production of the
doughs for the network formation investigation and for the extrusion tri-
als. All formulations were designed so that the total protein content would
remain constant in the dough and extrudate at the end, because this
content is largely responsible for forming the protein network.

2.4.1. Preparation of microgel particle suspensions

The procedure for preparing the MGP suspensions is based on
established methods described in previous studies (Martin et al., 2025;
Saavedra Isusi et al., 2021). The MGP were produced via a top-down
approach combining ionic gelation and high-pressure homogenization.
First, a 2 wt% pectin solution was prepared by dissolving 2 g pectin in
98 g demineralized water at 70 °C under stirring and subsequently
cooling the solution to room temperature.

For MGP preparation, the pectin solution was added at a 1:1 volume
ratio to a 40 mM CaClz solution under dispersion using an ULTRA
TURRAX T 25 digital dispersing rod (IKA Werke GmbH & CO. KG,
Staufen, Germany) at 13000 rpm. After complete addition, dispersion
was continued for 3 min under the same conditions. The resulting 50 wt
% MGP suspension was used for further dilution.

The 5 wt% and 10 wt% MGP suspensions were homogenized twice at
621 bar and 25 °C using a Shear Jet HL 60 V2 high-pressure homoge-
nizer (Dyhydromatics LLC, Maynard, Massachusetts, USA). The 3 wt%
MGP suspension was prepared by diluting the homogenized 5 wt%
suspension with demineralized water. The hydrodynamic diameter of
the MGP in all suspensions was 0.81 + 0.06 pm.

2.4.2. Production of oil-in-water emulsions

A 5 wt% PPI suspension was dispersed with an ULTRA TURRAX T 25
digital dispersing rod (IKA Werke GmbH & CO. KG, Staufen, Germany)
at a relative centrifugal acceleration of 1635 RCF (15,000 rpm) for 30 s
while 6 wt% of canola oil was added. It was then pre-emulsified for
another 30 s under the same conditions. The resulting emulsion was
homogenized once at 9 kpsi (621 bar) and 25 °C using a Shear Jet HL 60
V2 high-pressure homogenizer (Dyhydromatics LLC, Maynard, Massa-
chusetts, USA). The 4 wt% and 2 wt% emulsions were prepared by
diluting the homogenized 6 wt% emulsions. The mean Sauter diameter
of all O/W-emulsions was 0.24 + 0.01 pm and the volumetric size dis-
tribution can be found in Fig. 10 in the supplementary material. The
resulting compositions of the O/W-emulsions are given in Table 1.

2.5. Network formation investigation by a temperature sweep

2.5.1. Dough preparation

Doughs with a protein content of 45 wt% and a liquid formulation
content of 55 wt% were produced. The water content of the PPI was not
considered. The liquid formulations are described in section 2.4. As
reference to all liquid formulations, a dough was prepared with dem-
ineralized water. Dough samples of 200 g were prepared in a Thermomix
TM31 (Vorwerk SE & Co. KG, Wuppertal, Germany). To do this, PPI was
first weighed, and the corresponding liquid formulation was added at
stirring speed 1 within 10 s. The mixture was then mixed clockwise for
30 s and another 30 s counter-clockwise at stirring speed 5. The doughs
were then vacuum-sealed and stored in a refrigerator at 4 °C for 24 h.
The compositions of the doughs can be found in Table 2.

Table 1
Composition of oil-in-water-emulsions.
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Table 2
Composition of the pea protein isolate doughs and extrudates.

PPI / wt% Water / wt% MGP / wt% Canola oil / wt%
45.0 55.0 0.0 0.0
45.0 53.4 1.6 0.0
45.0 52.3 2.7 0.0
45.0 49.5 5.5 0.0
45.0 53.9 0.0 1.1
45.0 52.8 0.0 2.2
45.0 51.7 0.0 3.3

2.5.2. Temperature sweep

The network formation of the protein doughs produced was inves-
tigated with a closed cavity rheometer (RPA Flex, TA Instruments Inc.,
New Castle, DE, USA). Temperature sweeps were performed from 40 °C
to 160 °C at a constant heating rate (dT-dt™H of 5 K-min~'. An ampli-
tude y of 5% and a frequency f of 1 Hz were used, to ensure a stable
signal-to-noise ratio within the linear viscoelastic range. For each con-
dition, the measurements were performed three times.

2.6. Extrusion processing for producing meat substitutes

Extrusion tests were performed using a Process 11 Hygienic twin-
screw extruder (Thermo Fisher Scientific Inc., Karlsruhe, Germany)
equipped with a cooling die. The cooling die had a dimension of H x W
x L: 4 x 19 x 125 mm and was tempered to 30°C using a Presto Plus LH
47 cooling circulation thermostat (Julabo GmbH, Seelbach, Germany).
The PPI was fed into the first barrel element of the extruder via a
DDSR20 twin-screw feeder (Brabender Technology GmbH, Duisburg,
Germany). The liquid phase was fed into the third barrel element using a
Masterflex L/S peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA).
The liquid formulations described in section 2.4 were used for the liquid
dosing. The screw had a diameter of 11 mm with a length-to-diameter
ratio (L/D) of 40 and the screw configuration comprised two kneading
blocks, one behind the liquid feed port and one close to the die adapter.
A drawing of the screw configuration can be found in the work of Per-
nice et al. (Pernice et al., 2025). The screw speed was set to 600 rpm for
all experiments. The mass flow of the protein, the mass flow of the liquid
formulations, and the temperature profile of the barrel elements are
shown in Table 3.

After leaving the cooling die, the extrudates were vacuum-sealed and
stored in a freezer at —24 °C. As demonstrated in the study by Nieuwland
et al. (Nieuwland et al., 2023), the process of freezing extrudates does
not alter their anisotropic, meat-like structure. The resulting composi-
tions of the extrudates with the respective addition of MGP suspensions
and O/W-emulsions are shown in Table 2.

2.7. pH-measurements

The pH value was determined using a modified method according to
(MeiBner, 2016). For this purpose, an extraction mixture was prepared
at a ratio of 5:95 (v/v) from acetone (5 vol%) and demineralized water
(95 vol%). To prepare the samples, 5 g of dough (section 2.5.1) or
extrudates (section 2.6) were placed in a mortar, 50 mL of the acetone-
water mixture was added, and then ground. The suspension was then
transferred to a snap lid jar and dispersed for 30 s with an ULTRA
TURRAX T 25 digital dispersing rod (IKA Werke GmbH & CO. KG,
Staufen, Germany) at 7 RCF (1000 rpm). The pH value of the

Table 3
Mass flow of the protein powder and the liquid phase, as well as the temperature
profile of the barrel elements.

Canola oil / wt% Pea Protein Isolat / wt% Water / wt%

6.0 5.0 89.0
4.0 3.3 92.7
2.0 1.7 96.3

nip my, Ty T3 T4 Ts Te T; Ts Tadapter
/ / / / / /°C  /°C  /°C /°C /°C
kgh! kg-h™! °C °C °C

0.23 0.28 25 50 90 100 140 140 140 30
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Fig. 1. Preparation of the extrudates for visualisation of the macrostructure. (A) View of the unprepared extrudate from above. (B) Longitudinal section along the

flow direction. (C) Torn sample after lateral incision.

suspensions was determined using an edge HI2020 02 pH meter
(HANNAH Instruments, Vohringen, Germany). Three suspensions were
prepared and measured once for each condition.

2.8. Sample visualisation

The macrostructure was visualized using three approaches, as shown
in Fig. 1: (A), the extrudate was photographed from above. (B), the
extrudate was cut open along the center of the flow direction and
unfolded to reveal the internal structure in a longitudinal section. (C),
the extrudate was cut along the narrow side surfaces and then torn open
in the flow direction to assess the meat-like structure inside.

2.9. Texture profile analysis (TPA)

A mechanical texture analysis of the extrudates was performed using
TPA on a HAAKE MARS 60 rheometer (Thermo Scientific GmbH,
Karlsruhe, Germany). A plate-plate system with a diameter of 35 mm
was used. For sample preparation, cylindrical samples with a diameter
of 6 mm were punched out from the middle of the extrudates. The
samples were compressed twice at 22 °C to 50% of their original height.
The test speed was 0.25 mm-s~, with a defined waiting time of 2 s
between the two compressions. Three samples were prepared for each
extrudate and measured once. The peak maximum force at first
compression was taken as the hardness.

2.10. Degree of aggregation

The protein doughs produced in section 2.5 and the extrudates from
section 2.6 were dried for 24 h at 50 °C in a UT 60 drying oven (Heraeus
Holding GmbH, Hanau, Germany). These were then milled using a
KOENIC KCH 2021 mill (Imtron GmbH, Ingolstadt, Germany) and sieved
(280 pm mesh) to achieve a particle size of <280 pm. The resulting
powders were dried for 72 h at 30 °C and 10 mbar in a Memmert VO101
vacuum drying oven (Memmert GmbH + Co. KG, Schwabach, Ger-
many). To investigate protein-protein interactions, the dried and ground
samples were suspended in three different phosphate buffer systems.
The three buffers contained 0.132 M NasHPO4 and 0.068 M NaH5PO4,
which were used to buffer the pH of 6.9. Buffer 1 (PBS 1) was a phos-
phate buffer to which 0.05 M NaCl was added and was used to extract
proteins in their initial state. Buffer 2 (PBS 2) contained 0.0173 M SDS,
8 M urea, and 0.05 M NaCl. These chemicals enabled the dissociation or
inhibition of electrostatic interactions, hydrogen bonds, and hydro-
phobic interactions. Buffer 3 (PBS 3) was based on the composition of
PBS 2 and additionally contained 0.01 M DTT to cleave disulfide bonds.
For analysis, 20 mg of each sample was suspended in 20 mL of the
corresponding buffer. The samples were then incubated for 2 h at 25 °C
and 200 rpm on an SM 30 circular shaker (Edmund Biihler GmbH,

Bodelshausen, Germany). After incubation, insoluble protein fractions
were separated by centrifugation at 4301 RCF (4250 rpm) and 25 °C for
50 min in a 5920 R benchtop centrifuge (Eppendorf SE, Hamburg,
Germany). A Pierce 660 nm Protein Assay Reagent (Thermo Fisher
Scientific Inc., Waltham, USA) was used for the quantitative determi-
nation of the dissolved proteins. To ensure compatibility with ionic
detergents, this was supplemented with the corresponding compatibility
reagent for ionic detergents for the Pierce 660 nm Protein Assay Reagent
(ThermoFisher Scientific Inc., Waltham, USA). 10 pL of the supernatant
was pipetted into a microtiter plate and mixed with 150 pL of the protein
assay. The absorbance was then measured at 660 nm in an Infinite M200
PRO microplate reader (Tecan Trading AG, Mannedorf, Switzerland).
The protein solubility SL was determined according to eq. (1) in section
2.2. The protein concentration was calculated by calibration with BSA as
standard protein for each buffer. For the quantitative evaluation of
protein-protein interactions, the differences in protein solubility be-
tween the different buffer systems were used as a measure of the
respective degree of aggregation. A modified method according to
Grafenhahn was used (Grafenhahn & Beyrer, 2025). The degree of ag-
gregation due to non-covalent bonds Dy nc—pg Was determined according
to eq. (2) as the difference in protein solubility between PBS 2 and PBS 1.
The degree of aggregation due to covalent disulfide bonds Dy s_g was
determined according to eq. (3) as the difference between PBS 3 and
PBS 2.

Danc—s=SLpss2 —SLpps1 |Aggregation through non — covalent bonds

(2)

Dys_p=SLpps3—SLpps> |Aggregation through covalent disulfide bonds
3

2.11. Statistical analysis

The statistical analysis of the data was conducted using one-way
analysis of variance (ANOVA), with a Tukey test employed as a post
hoc analysis. Statistical significance was considered as a threshold of p
< 0.05. The statistical analysis and calculation of mean values and
standard deviations were conducted using Origin Pro 2023 software
(Origin Lab Corp., Northampton, Massachusetts, USA).

3. Results and discussion
3.1. Solubility and surface charge of pea protein isolate

The functional properties of proteins, such as solubility, vary
depending on the commercially available protein source and the pro-
cessing history (Ebert et al., 2020; Schumacher et al., 2025). Therefore,
the solubility of the PPI was determined as a function of pH. Since sol-
ubility also depends on the surface charge of proteins, zeta potential
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Fig. 2. Protein solubility SL (A) and zeta potential ¢ (B) of the pea protein isolate are used as a function of pH value.

measurements were performed in the same pH range (Grossmann &
McClements, 2023). Fig. 2 shows the protein solubility SL (A) and the
zeta potential { (B) of the PPI as a function of pH.

Protein solubility (Fig. 2 A) exhibits a characteristic dependence on
the pH. At a pH of 4, solubility is at its lowest. As the pH value deviates
from 4, solubility increases and reaches a maximum at pH 11.

This behavior is consistent with the zeta potential results (Fig. 2 B),
which reflect the surface charge and electrostatic interactions of the
proteins. At pH 4, the zeta potential is close to zero (2.35 £+ 1.97 mV)
corresponding to the IEP of the PPI (Grossmann & McClements, 2023).
At the IEP, electrostatic repulsion between protein molecules is mini-
mized, allowing hydrophobic and van-der-Waals interactions to domi-
nate and promoting aggregation, which results in low solubility
(Tokmakov et al., 2021).

At pH values below and above the IEP, the magnitude of the zeta
potential increases, indicating greater net positive or negative surface
charge. The resulting electrostatic repulsion between similarly charged
protein molecules inhibits aggregation and enhances solubility
(Grossmann & McClements, 2023; Kishore et al., 2012). The particular
high solubility at pH 11 may additionally be attributed to partial protein
unfolding under alkaline conditions, which further promotes protein-
water interactions (Lagrain et al., 2010).

3.2. Influence of pH, oil incorporation, and pectin-based microgel
particles on protein network formation

Temperature sweeps were performed to obtain information on the
network formation and the resulting network strength of the PPI doughs
under extrusion-relevant temperatures. Fig. 3 shows the magnitude of
the complex shear modulus (|G"|) as a function of temperature (T) for the
doughs prepared with different liquid formulations.

Fig. 3 A shows the influence of acid addition, Fig. 3 B shows the
influence of alkali addition, Fig. 3 C the influence of oil incorporation,
and Fig. 3 D shows the influence of pectin-based MGP. In all figures, the
addition of pure water to the PPI (gray dots) is given as a reference. For
pure water addition, |G*| decreases steadily over the investigated tem-
perature range. This decrease can be attributed to both increased mo-
lecular mobility of the protein molecules and thermally induced
degradation reactions, which are expected for PPI from temperatures of
around 140 °C (Emin et al., 2017; Liu et al., 2025; Opaluwa et al., 2024;
Wittek et al., 2020).

The addition of acid leads to a vertical shift to higher values of |G"|.
For example, at 100 °C, it increases from 25 kPa at pH 7.4 to 54 kPa at
pH 5.3, 118 kPa at pH 4.4, and 149 kPa at pH 3.4. The increase in |G"| at

a pH of 5.3 and 4.4 can be correlated with the approximation to the IEP
(pH 4), which results in reduced electrostatic repulsion between the
proteins and favors aggregation (see Fig. 2 B) (Grossmann &
McClements, 2023). These results are consistent with results from soy
protein isolate doughs, which formed more non-covalent bonds with a
pH shift towards IEP (Ellwanger et al., 2024).

Interestingly, the dough with a pH of 3.4 shows the highest value of
|G*|, even though the pH is below the IEP. Below the IEP, increased
electrostatic repulsion is expected, which reduces the formation of
intermolecular interactions and thus network strength (Grossmann &
McClements, 2023). It is assumed that acid-induced denaturation ex-
poses hydrophobic groups and enables additional intermolecular in-
teractions, thereby leading to a strengthening of the protein network
(Foegeding et al., 1995; Muzammil et al., 1999).

The addition of alkali, as shown in Fig. 3 B results in curves of |G'|
that differ from the pure water curve mainly between 60 °C and 120 °C
for pH 8.7 and 9.9, and in a pronounced vertical shift at pH 11.1. At pH
8.7 and 9.9, the curves show an altered temperature dependence, with a
smaller initial decrease of |G"| and a faster final decrease of |G"| until the
curves coincide again at 120 °C. This altered temperature dependency at
pH 8.7 and 9.9 could be correlated with changes in disulfide bond for-
mation. Disulfide bond formation is expected to be favored under
alkaline conditions and more disulfide bonds lead to a stronger network
(Muhialdin & Ubbink, 2023; Pietsch et al., 2017; Scheraga et al., 1962).
However, at temperatures above 120 °C, the curves converge again,
indicating that disulfide bond formation is complete. Thus, at pH 8.7 and
9.9, disulfide bond formation is expected to have a faster kinetic than
when only water is added, which could be explained by enhancing the
reactivity of thiol groups under alkaline conditions (Muhialdin &
Ubbink, 2023). The PPI dough with a pH value of 11.1 shows a
similar temperature-dependent |G| compared to the dough with a pH
value of 9.9. However, |G'| is shifted vertically to higher |G*| over the
entire temperature range. Under alkaline conditions, it has been shown
that disulfide bonds can also be formed at room temperature (Monahan
et al.,, 1995). This cross-linking can contribute to structure formation
even before thermally induced processes start. In addition, the protein
structure can unfold under strongly alkaline conditions, making reactive
groups accessible and enabling intermolecular interactions (Muzammil
et al., 1999).

With increasing oil content, as shown in Fig. 3 C, |G| decreases faster
than in the pure water sample in the temperature range between 60 °C
and 120 °C. As the curves converge at 120 °C, these results can be
correlated with disulfide bond formation. Although alkaline conditions
seem to favor disulfide bond formation, the addition of oil appears to
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Fig. 3. Change in complex shear modulus |G*| as a function of temperature T for doughs made from pea protein isolate with added hydrochloric acid (A), added
sodium hydroxide (B), different oil concentrations (C), and different MGP concentrations (D).

decelerate disulfide bond formation.

No significant differences were found for |G*| with the addition of
different MGP concentrations. Accordingly, the formation and strength
of the protein network are not influenced by the addition of MGP,
indicating that MGP acts neither as an active nor an inactive filler.
Furthermore, no thermo-reversible behavior of the MGP was observed,
as no differences in rheological behavior between the reference and
MGP-containing samples were detected over the entire temperature
range, including at the initial temperature of the temperature sweeps.

Based on the network formation results, the addition of acids under
all investigated conditions may promote the formation of denser and
stronger protein networks. Accordingly, these networks could exhibit
increased mechanical stability during extrusion, which may potentially
result in less structured extrudates.

For alkaline conditions (excluding pH 11.1) and the addition of oil, it
is not possible to make a clear prediction. While the curves below 60 °C
and above 120 °C largely correspond to the reference curves, typical
extrusion conditions are found mainly in the intermediate temperature
range. Due to the unknown time-temperature profiles in the extruder
and the associated reaction kinetics, especially with regard to disulfide
bond formation and its influence on structuring, the resulting network
behavior cannot be clearly predicted. At pH 11.1, similar to the addition
of acids, the results suggest the formation of a stronger protein network.
Accordingly, the network may be more difficult to deform during
extrusion, potentially resulting in reduced structure formation. For the
addition of pectin-based MGP, no significant changes in the extrudate
structure are expected.

3.3. Influence of acid, alkali, oil, and pectin-based microgel particle
addition on the structure and mechanical properties of meat substitutes

To investigate how different network formation behaviors under
extrusion conditions influence structure formation, the described for-
mulations were extruded under constant extrusion parameters. The
typical control parameters, temperature at the die adapter, pressure at
the die adapter and torque of the motor varied only slightly (128-132
°C, 3-10 bar, 6-8%), and did not indicate any systematic changes in
thermomechanical processing conditions.

The macrostructure of the extrudates was evaluated by a visual
analysis. Fig. 4 shows macroscopic images of the extrudates with pH
reduction with hydrochloric acid.

The extrudate, exhibiting a native pH value of 7.4, has a yellowish
color and a smooth surface (view A). In the cross-sectional images (view
B), fibrous, anisotropic structures can be identified, which are aligned
along the laminar flow profile in the extruder (view C). Upon the
addition of acid, the extrudates exhibited a lighter coloration on the
outer surface (view A). The cross-sectional images (views B and C) show
less pronounced anisotropic, fibrous structures. This observation is
consistent with previous studies, according to which meat-like struc-
tures in soy protein isolate were less pronounced at a pH value of 5.8 and
were no longer detectable when the pH was further reduced (Ellwanger
et al., 2024). The temperature sweep in the closed cavity rheometer
showed that a reduction in pH leads to a strengthening of the protein
network (Chapter 3.2.). This may suggest that under extrusion condi-
tions, the deformation and shear forces acting in the cooling die and die
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Sample ViewA

ViewB ViewC

Water
(pH=7.4+0.1)

0.4 M HCI
(PH=4.910.1)

0.6 M HCI
(PH=4.0£0.0)

1.0 M HCI
(pH = 3.1£0.0)

Fig. 4. Macroscopic images of the extrudates at different pH values, adjusted by adding defined concentrations of hydrochloric acid. The samples are shown in three
views: (A) view from above, (B) longitudinal section along the flow direction, and (C) sample torn open along the flow direction after lateral incision.

adapter of the extruder were insufficient to sufficiently deform the
stronger protein network, preventing the formation of pronounced
macroscopic structures.

Fig. 5 shows macroscopic images of the extrudates depending on the
pH increased with sodium hydroxide.

The addition of 0.1 M NaOH results in an extrudate with a pH value
of 8.8 that is indistinguishable in outer appearance from the extrudate
with a native pH value of 7.4 (view A). However, the cross-sectional
images show a more pronounced formation of anisotropic, meat-like
structures (view B), which are aligned along the laminar flow profile
(view C). The temperature sweeps (Chapter 3.2) showed a change in
disulfide bond formation between 60 °C and 120 °C. Assuming the same
time-temperature profile under constant extrusion conditions, this sug-
gests that the formation of a larger number of disulfide bonds could lead

to a more pronounced anisotropic structure. The extrudate with a pH
value of 10.0 has a darker color (view A). In the cross-sectional images,
anisotropic, meat-like structures are visible (view B), but not oriented
along the laminar flow profile (view C). The temperature sweeps in the
CCR (Chapter 3.2) showed that disulfide bond formation was altered.
Thus, this change in structure could be attributed either to insufficient
shear and elongational forces resulting from a stronger protein network,
or to a change in the structure formation mechanism caused by altered
cross-linking behavior.

The extrudate with a pH value of 10.9 shows a noticeably dark color
(view A). One potential explanation for the color change is the alkaline-
induced hydrolysis of protein chains, which releases aromatic amino
acids (Csapd et al., 1997; Schwass & Finley, 1984). It is assumed that
tyrosine and tryptophan, in particular, could contribute to the formation

Sample View A ViewB ViewC

Water P S
(PH=7.4+0.1) > G2 s
0.1 M NaOH x —— S
(PH=88:01) (. o X o M oh il | .
0.2 M NaOH )

(PH=10.010.2)

o NN F SN i :
R g v ) ) }

0.5 M NaOH
(pH = 10.9£0.1)

Fig. 5. Macroscopic images of the extrudates at different pH values, adjusted by adding defined concentrations of sodium hydroxide. The samples are shown in three
views: (A) view from above, (B) longitudinal section along the flow direction, and (C) sample torn open along the flow direction after lateral incision.
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of colored reaction products under strongly alkaline conditions. The
observations described for the extrudate with a pH value of 10.0 can also
be observed here, but in an even more pronounced form. Anisotropic
structures are visible (view B), but there is no orientation along the flow
profile (view C). The temperature sweeps in the CCR (Chapter 3.2)
showed increased network strength across the entire temperature range
in this context.

Hardness tests were additionally performed to investigate the me-
chanical properties of the structured extrudates. Fig. 6 shows the
dependence of hardness on pH. As expected from the network formation
experiments, decreasing the pH resulted in harder extrudates, which is
assumed to be caused by increased protein—protein interactions closer to
the isoelectric point.

Interestingly, the hardness of the structured extrudates produced
under alkaline conditions differed only slightly from the sample at pH
7.4, with a significant decrease in hardness observed only at pH 8.8.
Overall, this decrease was small compared to the pronounced increase in
hardness observed at lower pH values. Based on the network formation
behavior under alkaline conditions, harder extrudates might have been
expected, as additional disulfide bond formation under constant extru-
sion conditions may have resulted in stronger protein networks.
Furthermore, at pH 10.9, the network formation experiments showed a
shift towards higher |G"| values, which could suggest increased network
strength under these conditions. However, this was not reflected in the
hardness of the resulting structured extrudates. One potential explana-
tion for these findings could be that the hardness measurements were
influenced by differences in macroscopic structure formation.

The results suggest that adjusting the pH value can be used to spe-
cifically modify protein network formation and, consequently, the for-
mation of anisotropic, meat-like structures, as has also been
demonstrated for pH-modified soy protein concentrates used as meat
substitutes (Kuijpers et al., 2025). It appears that there is a pH value at
which structuring meat-like products is favored, reflecting a balance
between electrostatic interactions and aggregation effects, as additional
bonding mechanisms such as disulfide bonds or acid-induced in-
teractions may influence anisotropic structure formation. This is further
investigated in the chapter 3.4 by analysing protein—protein interactions
in the extruded samples.

Fig. 7 shows macroscopic images of the extrudates produced with
different canola oil contents.

The outer appearance (view A) shows a comparable appearance to all
extrudates without any notable differences. In the cross-sectional

40 1 1 1 1 1 1 1
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Fig. 6. Mechanical texture parameter of texture profile analysis: hardness as a
function of pH value.
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images, meat-like, anisotropic structures are visible in all formulations
(view B), which are aligned along the flow profile in the extruder (view
C). Visually, there are no discernible differences in the structural prop-
erties of these materials when comparing the extrudates.

The hardness investigation of extrudates with oil addition is shown
in the supplementary material in Fig. 11 A. In general, oil addition led to
a small decrease in hardness. However, with increasing oil content, the
hardness increased again. A potential explanation could be that, at
higher oil contents, less water was available for incorporation into the
protein network. Nevertheless, these observations suggest that the
structure-forming effect was maintained even at higher oil contents.
Thus, potentially reduced disulfide bond formation did not appear to
negatively affect the formation of fibrous structures. Additionally,
neither the macroscopic structure of the extrudates nor the observed
hardness changes indicate that the oil acted as an active filler within the
protein network. Reasons for these findings, in contrast to literature,
could be due to the constant protein content, the low oil concentration
added or its incorporation as an emulsion.

Fig. 8 shows macroscopic images of the extrudates produced with
different MGP contents.

In the external view (view A), all extrudates exhibit a comparable
appearance, with no discernible differences. In the cross-sectional im-
ages, meat-like, anisotropic structures can be identified in all formula-
tions (view B), which are aligned along the laminar flow profile in the
cooling die (view C). No differences in the characteristics of these
structures are apparent between the extrudates. The hardness of the
extrudates was decreasing slightly with MGP addition, as can be seen in
the supplementary material in Fig. 11 B. Accordingly, the MGP did not
appear to act as active fillers within the protein network, and the for-
mation of anisotropic, fibrous structures was not influenced, as expected
from the results of the closed cavity rheometer. This may be due to
structural transformation of the MGP under thermomechanical stresses
during extrusion, potentially leading to altered pectin integration and
water release. However, as MGP consist predominantly of water, the
overall water content across samples remains largely unchanged and the
low pectin concentration likely limits any impact on structuring. In
contrast to previous observations in yogurt-type PPI gels at lower pro-
tein concentrations (Martin et al., 2025), where MGP showed a struc-
turing effect, this effect could not be reproduced at the higher protein
levels investigated here. This suggests that either higher MGP concen-
trations or more stable particles that withstand processing conditions
may be required.

3.4. Degree of aggregation

The extrudates with the addition of acid and alkali have shown
macroscopic changes in their structural appearance, and it has been
argued that the formation of non-covalent, and covalent disulfide bonds
could be the cause. Therefore, the protein-protein interactions of these
extrudates and the untreated protein doughs have been investigated.
Fig. 9 presents the degree of aggregation (Dp) in the untreated doughs
(A) and extrudates (B) as a function of pH value.

The analysis of the doughs (Fig. 9 A) showed that, at a native pH
value of 7.4, the protein aggregates are predominantly stabilized by non-
covalent bonds. As expected, a shift in pH towards the IEP leads to an
increase in non-covalent bonds, as the electrostatic repulsion between
protein molecules decreases, favoring van der Waals forces and hydro-
phobic effects (Grossmann & McClements, 2023; Totosaus et al., 2002).
For pH-reduced doughs, the contribution of disulfide bonds to the sta-
bilization of the aggregates is reduced. In the alkaline doughs, aggre-
gation via non-covalent bonds is reduced from a pH value of 9.9 and
11.1. Additionally, at a pH value of 11.1 an increase in disulfide bonds
can be observed.

The extrudates (Fig. 9 B) show less aggregation via non-covalent
bonds and increased stabilization via disulfide bonds compared to the
pH value for corresponding doughs, except for the extrudate at pH value
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Fig. 7. Macroscopic images of the extrudates with different oil contents. The samples are shown in three views: (A) top view, (B) longitudinal section along the flow

direction, and (C) sample torn open along the flow direction.
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Fig. 8. Macroscopic images of the extrudates with different microgel particle contents. The samples are shown in three views: (A) top view, (B) longitudinal section

along the flow direction, and (C) sample torn open along the flow direction.

of 10.9. The thermal and mechanical treatment that takes place during
extrusion can break heat-sensitive, non-covalent bonds and lead to the
unfolding of protein chains and exposure of functional groups (Beniwal
et al., 2021; Harper, 2019). This can result in the formation of new di-
sulfide bonds, which contribute to the stabilization and cross-linking of
the protein aggregates (Areas, 1992). As with doughs, a shift in pH to-
wards the IEP leads to an increase in non-covalent bonds, while disulfide
bonds systematically decrease. In the alkaline extrudates, a decrease in
non-covalent bonds can be observed. At the same time, the stabilization
of the aggregates via disulfide bonds increases, except a pH value of
10.9. Interestingly, at a pH value of 10.9, a significant decrease in both
non-covalent and disulfide bonds can be observed.

The findings of the network formation of the doughs (Chapter 3.2) as
well as the visual and mechanical examinations of the extrudates
(Chapter 3.3) can be supported by the results of the protein-protein in-
teractions. The increased network strength of the acidic doughs
observed in the temperature sweeps can be attributed to enhanced non-
covalent aggregation when approaching the IEP. Under constant
extrusion conditions, this stronger protein network is less deformable,
resulting in less pronounced macroscopic structure and the formation of
a harder extrudate (Ellwanger et al., 2024).

The altered disulfide bond formation found for the alkaline doughs in
the screening tests between 60 °C and 120 °C can be found again in an
increase in stabilization via disulfide bonds for the extrudates at a pH
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Fig. 9. Degree of aggregation Da of protein aggregates in the raw material (A) and extrudate (B) as a function of pH value.

value of 8.8 and a pH value of 10.0. If constant processing conditions
yield an equivalent time temperature profile across samples, the
observed increase in disulfide bonds can be attributed solely to an
accelerated disulfide bond formation. The increased network strength of
the alkaline dough with a pH value of 11.1 in the temperature sweeps is
expected to result from the formation of disulfide bonds at room tem-
perature. Interestingly, the degree of aggregation decreases after
extrusion at a pH of 10.9, which could indicate that the protein forms
covalent bonds that are not stabilized via disulfide bonds. A possible
explanation could be the formation of lysinoalanine cross-links under
alkaline and thermally induced conditions (Koyama et al., 2020; Wu
et al., 2025). Since the extraction approach used in this study only dif-
ferentiates between non-covalent interactions and disulfide-bond-
stabilized aggregates, the formation of covalent lysinoalanine bonds
could not be determined.

Overall, the results indicate that a lower extent of non-covalent in-
teractions combined with a higher degree of disulfide bonding could be
beneficial for structuring, although the sample at pH 10 represents an
exception as it shows high disulfide bonding but comparatively weaker
structuring. This relationship should be further validated in other pro-
tein systems such as soy or wheat gluten.

4. Conclusions

This study aimed to investigate the network formation and the
resulting influence on structure formation in pea protein-based meat
substitutes when the pH is modified or oil or microgel particles are
added.

A shift in pH towards the IEP (pH = 4) resulted in less pronounced
anisotropic structures and harder extrudates, which could be attributed
to increased aggregation via non-covalent bonds. Temperature sweeps
in the CCR indicated stronger protein networks under extrusion-relevant
temperatures, which may have limited deformation and texturing dur-
ing extrusion.

In the alkaline range, aggregation via disulfide bonds increased,
while aggregation via non-covalent bonds decreased. At pH 8.7,
enhanced formation of anisotropic structures was observed, whereas
further increasing the pH resulted in macroscopic structures that were
no longer aligned in the flow direction.

Neither canola oil emulsions nor pectin-based MGP affected the
formation of anisotropic structures within the investigated concentra-
tion range. Although slight changes in disulfide bond formation were
observed with oil addition, the effect appeared too small to influence
structure formation.

Overall, the results suggest that pH shifting can be used to modify
structure formation during high-moisture extrusion, whereas oil and

10

pectin-based MGP addition at the investigated concentrations was
insufficient to induce structural changes. Future studies should investi-
gate potential interactions between multiple additives, as these may
provide further insight into structure formation mechanisms as well as
the targeted formation of structures. The temperature sweep method
furthermore proved effective in indicating changes in network forma-
tion and structure generation compared to the reference sample.
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