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Abstract

Plant proteins are known to contain lesser amounts of essential amino acids than animal
proteins. This study explored using high-moisture extrusion to create six plant-based mixed
protein matrices (MPM) at 50% and 60% moisture content to mimic the amino acid profile of
chicken breast meat. X-ray computed tomography and textural analysis were employed to
evaluate the structural and textural properties of these extruded MPM. Results revealed that
extruded MPM containing 50% rice protein exhibited the highest hardness. Extruded MPM
formulated with soy and pea proteins demonstrated the highest degree of texturisation at
55% moisture content, and soy and chickpea proteins at 60%. Chemical bond elucidation and
Fourier-transform infrared spectroscopy revealed hydrogen bonds and B-sheets as the
dominant forces stabilising the protein structure across all extruded MPM, regardless of the
specific plant protein source. Additionally, the purine content of extruded MPM was lower
compared to existing commercial vegetarian products. These findings underscore the
potential of MPM derived from various plant protein combinations to produce meat
analogues with a range of structural and textural attributes. This approach presents promising

opportunities for tailoring MPM to meet the diverse preferences of consumers.

Keywords:

High-moisture meat analogues, mixed plant proteins, extrusion, imaging, texture, chemical
bonds, purines

Abbreviations: MPM; mixed protein matrices, XCT; x-ray computed tomography, MC;

moisture content, DT; degree of texturisation
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1. Introduction

The increasing concern for environmental sustainability and personal health is driving a
significant shift towards plant-based diets (Kotodziejczak et al., 2022). However, many
consumers hesitate to completely replace meat due to perceived shortcomings in plant-based
alternatives. These concerns often include imbalanced amino acid profiles and taste and
texture discrepancies (Schmid et al., 2022). Therefore, it is crucial to develop plant-based
meat analogues that closely resemble their animal meat counterparts in terms of taste,

texture, and nutritional value to promote a reduction in meat consumption.

Extrusion processing has been the primary method for plant-based meat production since the
1960s, with proteins and starches forming the core ingredients (Osen et al., 2014).
Traditionally, extruded plant-based meat analogues are categorised based on their water
contents: low (10—40%) and high (40—-70%) moisture. However, recent research has focused
on commercialising high moisture extrusion (HME) due to its ability to create textures more
akin to meat (Schmid et al., 2022). During HME, the product is forced through a cooling die,
facilitating the formation of fibres that contribute to a meat-like texture. Several factors
influence this texture development, including the protein source and the interactions

between proteins and other ingredients within the formulation (Chen et al., 2017).

Soy protein has been the dominant choice in plant-based meat production due to its
nutritional value and functional properties. Soy protein has also been used to enhance cereal-
based foods due to its well-balanced amino acid profile compared to most other plant
proteins (Li et al., 2005). However, soy, as well as other plant proteins, generally have a lower

nutritional quality than meat proteins due to limitations in specific essential amino acids,
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particularly methionine and lysine (van Vliet et al., 2015; Gorissen et al., 2018). While studies
have identified combinations of different protein sources to achieve a balanced amino acid
profile of plant-based foods (Woolf et al., 2011; Dimina et al., 2022), their impact on the
texture and structural attributes of plant-based meats remains unexplored. This gap
highlights the need for further research to fully understand how these protein matrices can
be optimised to enhance overall product quality (e.g., texture). Beyond the nutritional
shortcomings of single protein sources, their specific techno-functional properties may
impose challenges for structuring. For example, the structuring of pea protein can be
challenging due to its weaker gelling capacity and heat-induced gelation than that of soy
protein isolates (Schreuders et al., 2019). On the other hand, some soy-based meat analogues
have been reported to contain elevated levels of dietary purines, potentially posing health

risks for individuals with hyperuricemia (Havlik et al., 2010).

In our previous study, Hua et al. (2023) reported the use of mathematical optimisation on the
blending of various protein ingredients, including wheat gluten, chickpea, pea, mung bean,
and rice. Six formulations of mixed protein matrices (MPM) were obtained, which were
designed to mimic the amino acid profile of chicken breast meat. In this continuation study,
the limitations in current plant-based meat analogues are addressed by developing MPM with
enhanced amino acid profiles. The structural, textural, chemical and nutritional properties of

these extruded MPM were comprehensively evaluated.
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2. Materials and methods

2.1 Materials

High-moisture mixed protein matrices (MPM) produced from the previous study by Hua et al.
(2023) used various plant proteins from multiple commercial sources. These included Wilmar
International Ltd (WILCON; soy protein concentrate — brand 1) and Connell Caldic Malaysia
Sdn Bhd (ALPHA® 8; soy protein concentrate — brand 2), which, as detailed in (Hua et al., 2023),
exhibited differences in their protein contents and amino acid profiles. The study also
incorporated pea protein isolate (NUTRALYS® F85M; Roquette Singapore), chickpea protein
concentrate (B 75%; Nutraonly Nutrition Inc., China), mung bean protein isolate (Munptein™;
ETprotein, China), wheat gluten (BeneoPro VWG 75) and rice protein isolate (RemyPro N85)
(Beneo Asia-Pacific Pte Ltd.). The comprehensive protein and amino acid profiles of all these
ingredients, including variations between the two SPCs, have been reported previously (Hua
et al., 2023). Bovine serum albumin (BSA) powder, potassium dihydrogen orthophosphate,
di-potassium hydrogen orthophosphate, sodium dodecyl! sulphate (SDS), 1,4-dithiothreitol
(DTT), urea, and Bradford reagent were bought from Sigma-Aldrich, Singapore. Formaldehyde
and glutaraldehyde were purchased from Electron Microscopy Science, USA. Adenine,
guanine, hypoxanthine, uric acid, xanthine, hypoxathine-13C,,*°N, uric acid-'3C,*>Ns, xanthine-
13C,1>N, standards were purchased from Axil Scientific Pte Ltd (Singapore). Ultrapure water
was purified using Milli-Q equipment (Millipore Corporation, Massachusetts, USA). All other

reagents and chemicals used were of analytical grade.



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

2.2 High-moisture extrusion

A laboratory, co-rotating and intermeshing twin screw extruder (Process 16 Hygienic, Thermo
Fisher Scientific, Germany) with a screw diameter of 16 mm, a smooth barrel and a length-
diameter ratio of 40:1 was used for the extrusion experiments. The formulations of MPM
employed in this study were derived from the mathematical optimisation process described
by Hua et al. (2023). Table 1 presents the specific combinations of plant proteins used in each
formulation. The extrusion screw profile comprised of (from feed to exit): fifteen 16 mm feed
screws (240 mm); twelve 4 mm mixing elements (48 mm); eight 16 mm feed screws (128 mm);
ten 4 mm mixing elements (40 mm); ten 16 mm forward screws (160 mm); and one 24 mm
discharge element (24 mm). The barrel was segmented into the feeding zone, and seven
temperature-controlled zones heated by an electric cartridge system and cooled with water.
A long die with dimensions of 83 x 49 x 188 mm (W x H x L) and an opening of 28 x 6 mm (W
x H) was used. Water at 80°C as a cooling medium was attached at the end of the extruder.
Dry materials were fed into the extruder using a gravimetric feeder (Brabender Technology
GmbH, Duisburg, Germany) at a feed rate of 1.8 kg/h. Simultaneously, a 1% (w/w) salt solution
was injected via a peristaltic pump (Masterflex L/S, Vernon Hills, USA) into the second barrel
at different flow rates for various formulations. This aimed to achieve a final moisture content
(MC) of approximately 55% or 60% (wet basis) in the MPM. The screw speed was maintained
at 400 rpm, and the barrel temperature profile was set at 40, 60, 80, 100, 120, 120, 140, and
140°C in the eight zones from feed to die. The extruded MPM were named using a format of
"formulation-moisture content" (e.g., F1-55 indicates the sample containing formulation F1
from Table 1 with MC of 55% w/w). Sample F6-60 was not collected due to extrusion
difficulties (i.e., flashing) likely caused by the high MC that potentially affected the flow

behaviour inside the extruder.
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[Insert Table 1]

2.3 Physicochemical analysis

Protein content: The protein content of extruded MPM was determined using an automated
Dumas protein analyser (Dumatherm® N Pro, Gerhardt GmbH, Germany). For each analysis,
100 mg of samples were used, and a nitrogen conversion factor of 5.7 for wheat gluten and

6.25 for all other plant proteins (Jones, 1931).

Moisture content: Moisture content was determined in an air oven. Numbered pans and lids
were weighed prior to the analysis, and 2 g of samples were weighed into the pans. The
samples were then placed into an oven (111 Eco Linem Venticell, Germany) at 105 °C for 24
h and cooled in a desiccator for an hour after. Subsequently, the weight of the samples was

recorded.

2.4 X-ray computed tomography (XCT)

The samples were prepared according to Nieuwland et al. (2023) for visualisation using X-ray
computed tomography. However, due to the suboptimal freezing conditions required to keep
the sample frozen during the scanning, the samples were partially thawed, hindering the
observation of lamella. To overcome this, the samples were chemically fixed instead of just
freeze-drying (Zhao & Takhar, 2017) to remove water without altering their structure,
enabling clear visualisation of density differences. Chemical fixation was carried out in a

solution containing 0.1 M phosphate buffer (pH 7.2) with 2% formaldehyde and 3%
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glutaraldehyde (electron microscopy grade) for at least 8 hours, as described by Chiang et al.
(2019). After fixation, samples were dehydrated through a graded series of ethanol solutions,
up to 100% ethanol, to remove water. Subsequently, the samples were frozen and freeze-

dried at -80°C and 0.01 mbar for 72 hours.

The dried samples were then visualised with X-ray computed tomography according to Tham
et al. (2024) with modifications. Samples were mounted onto a carbon fibre fixture and
scanned using a computed tomography scanner (X TH 225 st, Nikon, Japan) as shown in
Supplementary Materials — Figure S1. The scan parameters were set at 170 kV beam energy,
15 W of power (corresponding to an approximate spot size of 0.015 mm), and no beam
hardening filter was used. Each image was captured twice to reduce noise with a low exposure
of 0.7 sec and a high detector gain of 24 dB. A total of 1000 frames were captured over a full
360° of rotation. The data was reconstructed using CTPro software (version 1.1.1-b). The voxel
size achieved in this scan was a high resolution of 0.04 mm. Following reconstruction, slices
were manually aligned using VGStudio (version 2023.4, Volume Graphics, Germany). Three-
centred representative reconstructed slices (longitudinal view) were chosen for further
analysis using Imagel) (version 1.54h, National Institutes of Health, U.S). The images were
subjected to thresholding to distinguish pores (dark) from the material (light). The image was
then inverted, and a particle filter was applied to exclude features smaller than 300 pixels,
likely representing background noise (Figure 1). This process allowed the isolation of pores to

calculate the total pore percentage.

[Insert Figure 1]
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2.5 Textural analysis

2.5.1 Textural Profile Analysis (TPA)

The textural properties of the samples were determined using a textural analyser (TA.XT Plus,
Stable Micro Systems, UK) with a two-bite test method adapted from Chiang et al. (2019).
Samples (15 x 15 mm, length x width) were subjected to compression with a P/75 probe at a
speed of 1 mm/s. The first bite compressed the sample to 50% of its original thickness,
followed by a 5-sec relaxation period where the probe returned to its starting position. The
second bite then compressed the sample again to 50% of the thickness achieved in the first
compression. Hardness and chewiness were measured from the resulting force-displacement

curves generated during this two-bite test.

2.5.2 Cutting force

A cutting test was performed to assess the fibrous structure formation within the samples
(Chiang et al., 2019). Each sample (15 x 15 mm, length x width) was cut using a craft knife
adapter (A/CKB) at a speed of 1 mm/s. The cutting depth was set to 75% of the original sample
thickness. This analysis evaluated the force required to cut through the samples in two
directions: longitudinal/ lengthwise (parallel to the outflow direction of the extruder) and

transverse/ crosswise (perpendicular to the outflow direction of the extruder).

2.6 Protein solubility analysis

Protein solubility was assessed to understand the influence of different chemical bonds on
protein interactions within the samples. The method employed was adapted from Wang et

al. (2018). Four extraction solutions were prepared to target specific bonds: (1) P (PB; 0.1 M
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phosphate buffer consisting of KH,PO4 and K2HPO4 with a pH of 7.5, native state protein), (2)
PU (PB + 8 M Urea; hydrogen bonds), (3) PD (PB + 0.05 M DTT; disulphide bonds), and (4) PS

(1.5 g/100 ml SDS, hydrophobic interactions).

For each sample, 0.5 g was treated with 10 ml of an extraction solution. The mixture was
agitated on a shaker (LSE™, Corning, Slovenia) at 400 rpm for 30 min. This was followed by
high shear homogenisation at 12,000 rpm for 30 sec to disrupt protein-protein interactions
further. After another 30-min agitation, the suspension was centrifuged at 2580xg for 10 min
at 25°C. The supernatant, containing solubilised proteins, was transferred to an Eppendorf
tube and centrifuged again at a higher speed (9300xg for 10 min at 25°C) to remove any
remaining insoluble material. Protein concentration in the resulting supernatants was
determined using a Bradford assay performed on a cell imaging multi-mode reader (Cytation
5, BioTek, USA) at 595 nm. Briefly, 5 ul of the supernatant was mixed with 250 pl Bradford
reagent in a 96-well plate. BSA powder served as the standard for the assay. Protein solubility
was calculated as the percentage of protein solubilised by the specific extraction solution

compared to the total protein content in the original sample.

2.7 Secondary structures

The secondary structure of the samples was determined using Fourier transform infrared
spectroscopy (Nicolet iS50, Thermo Fisher Scientific, USA) with attenuated total reflectance
sampling (ATR-FTIR) according to the method described by Wang et al. (2022c). Extrudates
were sliced into a thickness of 2 mm and placed onto the diamond surface of the ATR cell

before each scan. Samples were scanned 64 times at a resolution of 4 cm™ across a

10
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wavenumber range of 4000 — 500 cm™. The infrared spectrum of the protein secondary
structures was captured within the amide | band (1700 — 1600 cm™) using the OMNIC
software (Nicolet Co., USA). Following data acquisition, Gaussian deconvolution was applied
to separate overlapping peaks within the amide | band. Water was used as a baseline before
measuring all samples, and was subtracted from the sample spectrum to correct for any
interference caused by water. The relative proportions of each secondary structure were then

determined based on the integrated area of the corresponding subpeaks.

2.8 Purine analysis

Purine analysis was performed for selected extruded MPM with 55% MC to quantify adenine,
guanine, hypoxanthine, uric acid, and xanthine levels. To ensure homogeneity, samples were
blended with ultrapure water at a 1:2 w/w ratio using a high-speed shearer (12,000 rpm, 1
min) to create a slurry. From the slurry, 100 mg was mixed with 2 ml of 3 M sulphuric acid and
incubated at 100°C for 1 hour to extract the purines. The extract was then neutralised with 2
ml of 6 M sodium hydroxide. Before sample injection, the neutralised extracts were diluted
20-fold for adenine and guanine analysis and 2-fold for hypoxanthine, uric acid, and xanthine
analysis. The concentration of internal standards (hypoxathine-13C5,%°N, uric acid-13C,'°Ns,
xanthine-13C,>N;) was 50 ng/ml after dilution. Individual purine stock solutions were
prepared in water (for adenine, hypoxanthine and hypoxathine-*3C,,'°N) or 10% v/v of 0.1 M
sodium hydroxide (for guanine, xanthine, uric acid, and corresponding internal standards),

and working standards were prepared from dilutions of stocks with 0.1% v/v formic acid.

A Shimadzu Prominence LC-20AD system (Kyoto, Japan) coupled with a Shimadzu triple

guadrupole mass spectrometer (LCMS-8050) equipped with an electrospray ionisation (ESI)

11
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source was used to analyse purine content. The autosampler (SIL-30AC) and column oven
(CTO-20A) were maintained at 4°C and 30°C, respectively. The purines were separated by
mobile phases consisting of 0.1% v/v formic acid (solvent A) and 50% v/v methanol (solvent
B) delivered at 0.4 ml/min. The gradient elution programme was as follows: 2% B (0—2 min),
15% B (2-3 min), 15-50% B (3—10 min), 50-98% B (10-10.1 min), 98% B (10.1-13 min), 98—
2% B (13—13.1 min), and 2% B (13.1-17 min). The ESI source parameters were: nebulising gas
flow of 2.5 L/min, heating gas flow of 20 L/min, interface temperature of 350°C, desolvation
temperature of 150°C, and heat block temperature of 400°C. Purines were detected in
multiple reaction monitoring (MRM) modes using optimised transitions established through
flow injection analysis of individual standards and referencing literature (Lendoiro et al., 2012;

Ge et al., 2016; Monostori et al., 2019; Muguruma et al., 2020).

2.9 Data analysis

All measurements were performed in triplicate, and results are reported as mean values +
standard deviation (SD). Statistical analysis was performed using Minitab 17 software
(Minitab Inc., USA). One-way analysis of variance (ANOVA) with Tukey's post-hoc test for
pairwise comparisons (p<0.05) was used to assess significant differences between samples.

Data visualisation was performed using Origin 2020 software (OriginLab Corp, USA).

3. Results and discussion

3.1 Physicochemical properties

The protein and moisture content of extruded MPM at 55% MC and 60% MC were present in

Table 2. An increase in moisture content led to reduced protein content due to the higher

12
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amount of water being fed into the extruder, diluting the protein content (with a fixed feed
rate of 1.8 kg/h). F4 and F6 exhibited the highest protein contents, potentially attributed to
the higher amount of protein ingredients used, which typically have protein contents
exceeding 80% (Supplementary Materials — Table S1). The results also indicated that with the
exception of F1-60, the extruded MPM showed higher protein content compared to the
cooked chicken breast (28.94 + 0.25%), as reported by Chiang et al. (2021). Conversely, the
moisture content of the extruded MPM was lower than that of cooked chicken breast (71.46

+0.32%).

The measured moisture content of extruded MPM at 55% MC and 60% MC varied, which
aligned with the finding of Zahari et al. (2020), who observed a similar discrepancy between
target and actual moisture content in meat analogues. Varying water feed flow rates (i.e.,
1.92 to 2.55 kg/h) during extrusion were likely responsible for this deviation. Different protein
combinations with varying water-holding capacity (WHC) can also impact the overall moisture

content of extruded MPM (Godschalk-Broers et al., 2022).

[Insert Table 2]

3.2 Macrostructure

3.2.1 Cross-sectional view

The colourimetric (L*a*b*) values for the exterior surface of extruded MPM at 55% MC were
reported in our previous study (Hua et al., 2023). Figure 2 visually depicts the internal
structure of the extruded MPM at different MCs. Cross-sectional views revealed that all

formulations, except for F2 (differentiated by CPC), exhibited a more prominent fibrous

13
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structure at 55% MC compared to 60% MC. We hypothesised that in F2 at 55% MC,
hydrophobic proteins limited chickpea starch gelatinisation and hindered fibre formation,
whereas 60% MCimproved gelatinisation and fibre development (Scott & Awika, 2023). These
fibrous structures, however, consisted of thinner strands than those observed in cooked
chicken breast (Chiang et al., 2021). This observation aligns with previous research by Zhang
et al. (2020), who reported a decrease in anisotropy in pea protein extrudates with increasing
MC. In a study by Guo et al. (2020), it was also found that an increase in MC from 60% to 90%
resulted in the disappearance of layered structures in meat analogues made with soy protein
and wheat gluten. This was due to the increased fluidity of the material, which lowered the

shear strength and pressure exerted onto the material.

The type of protein used plays a role in fibre formation within the extruded MPM. A study by
Schreuders et al. (2019) compared texturised PPI-WG and SPI-WG blends using a high-
temperature conical shear cell. The findings showed that PPI-WG produced weak gels with
small fibres at 110°C, while SPI-WG exhibited fibrous morphology across all temperatures.
This indicates that PPI-WG blends produced meat analogues with smaller and thinner fibres.
This aligns with the observations in Figure 2, where extruded MPM containing PPl and WG
(F5 and F6) displayed thin, well-defined fibres as compared to the other formulations.
Conversely, MPM containing SPC and WG (F1 and F2) exhibited thick fibres that were densely

packed together.

[Insert Figure 2]
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3.2.2 Porosity

During extrusion, air bubbles play a pivotal role in the formation of fibrous structures and
anisotropic properties (Taghian Dinani et al., 2023). While visual assessment is a common
practice, its subjective and qualitative nature can limit its effectiveness (Ranasinghesagara et
al., 2005). To address this, X-ray computed tomography (XCT) was conducted to provide
guantitative information regarding the internal structure of extruded MPM, including the
porosity. Although fibrous networks were observed on the fresh extruded MPM, the XCT scan
revealed a homogenous density distribution in the partially thawed sample (image not
shown), similar to findings by Nieuwland et al. (2023). In XCT images on samples which were
chemically fixated (Figure 2), darker regions represent areas with lower density (pores), while
brighter regions indicate areas with higher density (protein-rich regions). The freeze-drying
process following chemical fixation removes water, transforming water-rich regions into air

pockets, as confirmed by the presence of pores (Wittek et al., 2021).

Analysis of the morphology revealed that most extruded MPM exhibited anisotropic or
lamella structures, particularly those processed at 55% MC (Figure 2). During extrusion, the
temperature gradient within the cooling channel resulted in the preferential solidification of
the melt mixture near the cooled metallic surface, which in turn created a viscosity gradient
within the extrudate. As a result, Hagen-Poiseuille flow, characterised by a parabolic velocity
profile, was observed along the extrusion direction (Figure 2). This flow pattern contributed
to the formation of the anisotropic V-shaped structures observed in the extrudates (Lee et al.,
2023). The different plant protein combinations resulted in distinct morphologies, as shown
in Figure 2. In multiphase systems, proteins exhibit varying degrees of hydrophilicity (Wittek

et al.,, 2021). This variation directly influences the water distribution and rheological
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properties of individual phases within the MPM, ultimately leading to differences in the
development of the final morphology. However, due to the complexity of the XCT images,
guantifying the wedge length and lamella thickness was not feasible. Instead, porosity
analysis was conducted to assess the structural properties of the MPM. It was hypothesised
that pore development occurred at the cooling die exit due to the release of pressure upon
exit, enabling the growth of steam bubbles from the high melt temperatures (170 to 185°C)

(van der Sman & van der Goot, 2023).

XCT images revealed that MC significantly influenced the porosity of extruded MPM (Table 2).
Increasing MC from 55% to 60% resulted in a decrease in porosity for F2, F3, and F5. This
observation aligns with the visual assessment of XCT images (Figure 2), where MPM at 60%
MC displayed fewer dark areas indicating pores. However, F1 and F4 exhibited contrasting
trends. While F1 showed no significant change in porosity, F4 displayed an increase in porosity
with increased MC. This difference was attributed to the varying water-holding capacities of
the protein ingredients used (Lee et al., 2022b). RPI, the major source of protein in F4 (at
50%), had the second lowest WAC (1.78 g water/ g protein) amongst all other proteins. This
translates to a lower ability of F4 to bind water during extrusion, resulting in a higher amount
of free water within the extrudate structure, exhibiting larger air pockets and higher porosity
(Figure 2). When the MC of F4 increased further from 55% to 60%, more free water was
present within the extrudate structure, leading to an increase in porosity observed in Table

2.

The XCT images did not fully capture the visually observed fibres in F1 and F5 at both MC

levels, and in F3-60 (Figure 2). This observation aligns with findings by De Angelis et al. (2023),
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who showed that visually evident fibres in meat analogues extruded at 125 and 145°C at 40%
MC were not adequately visualised using XCT. During extrusion, high temperatures and water
evaporation contribute to the formation of air pockets within the material, impacting the final
product properties (Dekkers et al., 2018). As XCT relies on differences in material densities for
image generation, it may struggle to distinguish between components with similar densities,
such as the protein biopolymers in the extruded MPM (Schreuders et al., 2021). The air
pockets, possessing notably different densities compared to the protein material, were
readily detected by XCT (Figure 2). Conversely, the protein biopolymers, with densities similar
to the surrounding matrix, remained indistinguishable, leading to the absence of
anisotropicity in the XCT images. This phenomenon aligns with the observations reported by

Schreuders et al. (2021) for SPI and pectin gels.

3.3 Texture properties

3.3.1 Hardness

The textural properties of extruded MPM, including hardness, chewiness, and springiness,
were evaluated (Table 2). Due to the absence of significant differences (p=0.147), the
springiness results for the extruded MPM are not shown. Since all samples were processed
under identical extrusion parameters besides MC, the observed variations in hardness and
chewiness can be primarily attributed to the different plant protein compositions of the MPM

formulations.

Given the positive correlation between hardness and chewiness (a function of hardness)
(Mateen & Singh, 2023), the chewiness results were not discussed in detail. The hardness of

the extruded MPM decreased as MC increased from 55% to 60% (Table 2). Increasing the
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water content in the extruder reduced die pressure, leading to fewer cross-linking reactions
between protein molecules (Snel et al., 2024). This resulted in incomplete protein
texturisation (Lin et al., 2000). Additionally, protein molecules require the exposure and
alignment of reactive sites for new intermolecular linkages to form (Schmid et al., 2022).
Increasing MC reduced protein concentration in the mixture, lowering the number of
potential reactive sites for cross-linking. Hence, the extruded MPM at 60% MC were softer
than those at 55% MC. These findings align with previous research suggesting that an increase
in MC can disrupt the formation of rigid protein networks, resulting in softer-textured
extrudates (Ferawati et al., 2021). However, despite the decrease in hardness with increased
MC, the hardness of extruded MPM remained considerably higher than that of cooked
chicken breast (40.53 — 55.01 N), which was reported by Chiang et al. (2019) and Chiang et al.
(2021). The harder texture of extruded MPM compared to cooked chicken breast could be
likely attributed to protein denaturation and aggregation caused by the high temperatures
and intense shear forces experienced during extrusion. The extrusion process leads to a more

structured and interconnected protein network, which contributes to the increased hardness.

When comparing extruded MPM within the same MC, F4, containing a higher proportion of
RPI, exhibited the highest hardness (Table 2). This might be attributed to the lower water
absorption capacity (WAC) of RPI compared to SPC (Zhao et al., 2020), which is also shown in
Supplementary Material - Table S2. The low WAC was due to the presence of water-insoluble
glutelin in RPI, which is crucial for water interaction (Lee et al., 2022b). While WAC is a
complex property influenced by various factors, direct comparisons between plant protein

sources can be challenging due to the variations in units used by different researchers (Jarpa-
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Parra, 2018). The precise mechanism by which native protein WAC impacts the properties of

textured proteins remains an area of ongoing investigation (Webb et al., 2023).

In addition, the gelling properties of protein sources can influence the texture properties of
extruded MPM. Proteins with higher minimum gelation concentrations exhibit poorer gelling
properties. Lower viscosity, shorter residence times in the extruder barrel, and reduced
mechanical and thermal energy input can all contribute to this, limiting the formation of
strong protein networks (Lee et al., 2022a). F5-60, with a higher proportion of PPI, displayed
one of the lowest hardness compared to other extruded MPM (Table 2). This aligns with the
known limited gelling capacity of PPI, which forms weaker and less elastic gels than SPI (Shand
et al., 2007). The selection of raw materials, as exemplified by the higher PPI content in F5

and F6, can significantly impact the textural properties of the extruded MPM.

3.3.2 Degree of texturisation

The degree of texturisation (DT) reflects the anisotropy of the extruded MPM, with higher
values indicating a more pronounced longitudinal fibrous structure resembling animal muscle
fibres (Lee et al., 2023). DT is calculated as the ratio of transverse cutting strength to
longitudinal cutting strength. Values lower or close to 1 suggest a weak or absent fibrous
texture (Osen et al., 2014). As mentioned by van der Sman and van der Goot (2023), the
lamella structures of extrudates may be influenced by an interaction between a syneresis
process and the presence of a second biopolymer phase. In this study, two or more protein
sources were used, which indicates that such interactions may be present during the

structuring process of the MPM. This is also shown in the results in Table 2, whereby all

19



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

extruded MPM exhibited DT values greater than 1, indicating the presence of well-developed

fibrous structures.

MC influences the interaction between protein and water molecules during extrusion. This
would alter the microstructure, water distribution, and secondary structures within the
extrudates (Xia et al., 2023). Generally, a decrease in DT is observed with an increase in MC
from 55 to 60% (Table 2). However, F2 displayed a reduction in hardness and chewiness but
an increased DT with increasing MC instead. This observation could be attributed to the
presence of chickpea protein (CPC), which is the primary protein source in F2, and was absent
in other formulations. Wang et al. (2022a) highlighted that the textural properties of
extrudates are influenced by the composition of starch and proteins in the ingredients. As the
CPC used in this study contained ~13% starches based on the manufacturer’s specification
(Supplementary Material — Table S1), it could have explained the observed trends in the

textural properties of F2.

F5-55 had the highest DT (Table 2), seemingly contradicting the absence of fibres in the
corresponding XCT image (Figure 2). As discussed earlier, the limitation of XCT in
distinguishing protein biopolymers with similar densities to the matrix likely explains this
discrepancy. While XCT may not have captured the fibres, the high DT of F5-55 aligns well
with the presence of thin, well-defined fibres observed visually in Figure 2. This suggests that
these fibres, although not visualised by XCT, contributed substantially to the high DT.
Furthermore, all DT values in this study were above 1, indicating a texturised structure for all
extruded MPM. This aligns with the visual observation in Figure 2, where all extruded MPM

display fibrous structures. This suggests that the XCT images were only accurate in predicting
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the amount of air bubbles (i.e., porosity) present within extruded MPM, but not in capturing

the fibrous networks.

3.4 Chemical bond elucidation by selective solubilisation

Protein solubility analysis was performed to elucidate different classes of intermolecular
bonds (i.e., disulphide bonds, hydrogen bonds, and hydrophobic interactions) present within
the extruded MPM at 55% MC. Phosphate buffer (PB), known to disrupt proteins in their
native state (Liu & Hsieh, 2008), extracted the lowest amount of protein from all extruded
MPM. This phenomenon is attributed to the denaturation and aggregation of proteins during
the high-temperature and high-shear environment of the extrusion process (Chiang et al.,
2019). When DTT, urea, or SDS were mixed with PB, the amount of protein extracted from
the extruded MPM increased. This indicated the presence of more than one type of chemical
bond within the aggregated proteins in extruded MPM. Similar to the findings reported by
Chiang et al. (2021), the highest protein extraction was achieved using PU, suggesting a
predominance of hydrogen bonds. Disulphide bonds and hydrophobic interactions,
associated with PD and PS, respectively, followed in protein extraction efficiency, indicating
their relatively lower impact on the aggregated protein structure. Given the overlapping
solubilisation properties of the extraction solutions and the potential for redundancy in
information, the analyses involving more than two buffers were not conducted, as they may

not provide significant additional insights.

[Insert Figure 3]
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As highlighted by Chiang et al. (2019) and Zhang et al. (2022), disulphide bonds are the
primary force driving the formation of fibrous structures in extruded meat analogues. The
amount of protein extracted by PD closely correlated with the DT of extruded MPM (Table 2),
except for F5-55. F6-55 exhibited the lowest DT and, correspondingly, the lowest level of
protein solubility in PD (Figure 3), suggesting a lower content of disulphide bonds. This aligns
with Chiang et al. (2019), who observed that extrusion of SPC/WG composites with lower
amounts of WG resulted in reduced disulphide linkages, lower DT, and poorer fibrous
structure. Given that SPC contains fewer sulphur-containing amino acids (AA) compared to
WG (Mariotti, 2017), it was evident that a lower content of these AA resulted in reduced fibre
formation. The presence of MBPI, known to be deficient in sulphur-containing AA (Brishti et
al., 2021), likely contributed to the lower DT and protein solubility in F6-55 (Supplementary

Materials — Table S3).

Non-covalent interactions like hydrogen bonds and hydrophobic interactions are often
reported to play a more significant role than disulphide bonds in stabilising the rigid protein
structures of meat analogues (Osen et al., 2015; Chiang et al., 2019). F5-55 displayed the
highest PU solubility among the extruded MPM (Figure 3). This suggests a higher hydrogen
bond content compared to other formulations and aligns with the finding that PPI exhibited
higher extractable PU proteins than SPI (Wang et al., 2022b). This could also explain the
greater protein solubility in PU for F5-55 compared to F1-55 (Figure 3), which contained 92%

SPC and no PPI.
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3.5 Secondary structures

FTIR analysis was performed on extruded MPM at 55% MC to investigate their secondary
structures, where the spectra are shown in Supplementary Materials — Figure S2. The amide
| region (1600-1700 cm™), corresponding to C=0 stretching vibrations, was analysed to
identify functional and structural groups associated with protein secondary structures (Table
3). This region typically reveals peaks associated with B-sheets (1615-1637 cm™), random coils
(1637-1645 cm™), a-helices (1646-1664 cm?), and B-turns (1664-1681 cm™) (Peng et al., 2021).
No significant differences in the wavenumber positions of the absorption bands were
observed among the extruded MPM across any of the protein secondary structure bands
(data not shown). This suggests that the extrusion conditions used in this study did not

significantly alter the overall secondary structure profile of the proteins.

[Insert Table 3]

FTIR analysis of extruded MPM revealed insights into their secondary structures (Table 3).
Extruded MPM generally exhibited a similar trend, with B-sheets being the most prevalent
conformation, followed by random coils, a-helices, and B-turns. Notably, B-sheet and random
coil structures together constituted over 70% of the total secondary structures, indicating
their dominance in the protein network. Extrusion is known to promote the conversion of a-
helix structures to B-sheets in plant proteins (Wang et al., 2024). This phenomenon likely

contributed to the high prevalence of B-sheets observed in extruded MPM.
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B-sheet structures typically form when proteins unfold and aggregate, resulting in a more
rigid and less flexible structure (Guo et al., 2020; Peng et al., 2022). Random coil represents a
loose and disordered region of a protein where it results from the disruption of secondary
structures (B-sheet and a-helix) during extrusion, leading to a softer or more flexible texture.
A high proportion of B-sheets and random coils contribute to a firmer and chewier or softer
and tender texture, respectively. However, the B-sheet and random coil contents in our study
did not directly correlate with the hardness or chewiness of extruded MPM. F1-55 and F5-55
exhibited the highest B-sheet contents (Table 3) but did not display the highest hardness or
chewiness (Table 2). This suggests that other factors, such as the intermolecular bonds
present within the protein structures, have a more significant influence on the textural

properties of extruded MPM.

The helix-to-coil ratio identifies the conformational state and intermolecular interactions
within the protein matrices. A higher helix-to-coil ratio indicates that the protein structure
has retained a substantial amount of its native a-helical conformation (Lu et al., 2023). As the
extrusion conditions for each extruded MPM were kept constant throughout, the degree of
protein denaturation can be attributed to the protein combinations rather than the extrusion
process. F1-55 exhibited the highest helix-to-coil ratio (Table 3), which was attributed to the

high a-helices and low random coils of SPC (Mao et al., 2024).

3.6 Purine content

[Insert Table 4]
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Beyond structure and texture, nutritional assessment is key for plant-based meat analogues.
While our previous study by Hua et al. (2023) delved into the amino acid composition of
extruded MPM, a holistic nutritional evaluation (i.e., purine content) remains imperative.
Purines, involved in vital processes, are metabolised to uric acid (Maiuolo et al., 2016); high
levels can cause hyperuricemia and gout (Kaneko et al., 2014; Vedder et al., 2019). While
meats are known purine sources, legumes also contribute (Vedder et al., 2019). Hence, this

study analysed purine content in selected extruded MPM, as shown in Table 4.

Among the analysed formulations, F4-55 exhibited the highest levels of adenine and guanine,
while F6-55 contained the most xanthine, hypoxanthine, and uric acid (Table 4). Despite the
predominant presence of RPI in F4, its low-purine nature as a whole grain contributed
minimally to the overall purine content. Conversely, the inclusion of MBPI in F4 may have
contributed to its elevated adenine and guanine levels. In F6, the presence of PPl and MBPI
could have influenced the higher concentrations of xanthine, hypoxanthine, and uric acid.
This aligns with the findings of Lontoc et al. (1993), who reported higher levels of guanine and
xanthine in legumes like green mung beans and peas. The total purine content in F1 (SPC and
WG) exceeded that of commercial meat alternatives analysed by Havlik et al. (2010). Although
the specific proportion of soy and wheat proteins in those meat alternatives was not specified,
the comparison highlights the potential variability in purine content among plant-based meat
analogues. Moreover, factors such as agricultural origins and extraction processing methods
may affect the composition and purine content of different plant proteins (Veldazquez-

Martinez et al., 2022).
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Therefore, findings from this study suggest that the specific ratios of these plant protein
combinations, rather than their mere presence, influence the overall purine content in the
extruded MPM. Our analysis revealed that the purine content of the extruded MPM was
lower than that reported for livestock and poultry (> 100 mg/ 100 g) (Hou et al., 2021). While
this level is generally considered safe for most individuals, it might be valuable to determine
the impact of the consumption of these extruded MPM on blood uric acid levels and its

associated risk for individuals with hyperuricemia in future in-vivo clinical studies.

4. Conclusion

Extruded MPM designed to mimic the amino acid profile of chicken breast meat were
successfully developed in this study using various protein combinations. Extrusion at 55% and
60% MC resulted in MPM with distinct structural, textural, chemical, and nutritional
properties. Higher protein contents (31.82 - 41.61%) of MPM correlated with lower moisture
contents (51.18 - 53.93%), which were influenced by factors such as feed flow rates and
protein source-specific water-holding capacities. Our MPM had higher protein but lower
moisture than cooked chicken breast (28.94% and 71.46%, respectively). MPM exhibited
anisotropic structures with porosity ranging from 1.05% to 23.54%, influenced by protein
combinations and moisture content, which also affected hardness (105.34 - 281.26 N) and
chewiness (80.30 - 210.41 N), both of which were generally higher than those of cooked
chicken breast (40.53 - 55.01 N and 17.80 - 18.84 N). Secondary structure (B-sheet: 48.12 -
53.35%; random coil: 22.96 - 29.41%) showed no direct correlation with hardness or
chewiness. Purine content varied among protein combinations, with F4 and F6 exhibiting
elevated levels. Future research should focus on optimising MPM to further enhance their

textural and structural properties for a closer resemblance to cooked chicken breast.
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Tables

Table 1 Formulation and moisture content (%) of mixed protein matrices used for extrusion.

Sample Moisture Plant protein (%) !
content (%) SPC-1 SPC-2 WG PPI MBPI CPC RPI
55
F1 - 92.11 7.89 - - - -
60
55
F2 - 44,92 7.32 - - 47.76 -
60
55
F3 62.05 - - 37.95 - - -
60
55
F4 34.70 - - - 13.58 - 51.72
60
55
F5 - 39.89 10.00 | 50.11 - - -
60
F6 55 - - 10.00 | 66.81 23.19 - -

! Abbreviation: SPC-1, soy protein concentrate (brand 1); SPC-2, soy protein concentrate
(brand 2); WG, wheat gluten; PPI, pea protein isolate; MBPI, mung bean protein isolate; CPC,

chickpea protein concentrate; RPI, rice protein isolate.



Table 2 Physicochemical (protein and moisture content), porosity, textural (hardness, chewiness and degree of texturisation) properties of

extruded mixed protein matrices.

Sample Protein (%) Moisture (%) Porosity (%) Hardness (N) Chewiness (N) Degree of texturisation
F1-55 33.02+0.06 52.51+1.08¢ 3.63+0.20¢ 202.57 +21.68 ¢ 140.88 + 15.73 b¢ 1.32 +0.10 b«
F2-55 31.82 +0.25¢" 53.93 +1.73 bcd 15.95+2.21° 154.23 +6.13 % 111.92 +4.619% 1.38 £ 0.12 b«
F3-55 36.73+0.72°¢ 51.18 +1.06 ¢ 19.05+0.783 | 212.69+18.69° 153.14 +15.50° 1.49 +0.19 2
F4-55 38.78+0.05° 52.02+0.76 ¢ 16.97 +0.26 ° 281.26+17.52° 210.41 +14.10° 1.24+0.23
F5-55 34.90+0.31¢ 53.51+0.68 < 417 +0.13 % 175.20 + 6.78 « 127.82+6.51« 1.72+0.26°
F6-55 41.61+0.58° 51.51+0.62¢ 19.29+0.813° | 159.19 + 16.24 % 117.12 £ 12.50 % 1.07+£0.11¢
F1-60 26.39+0.251 60.57+2.232 241+0.10¢ 147.67 £ 12.75¢ 102.42 +£11.34¢ 1.26 +0.06 @
F2-60 30.56+0.22 " 56.86 +0.74 ° 9.55+0.18°¢ 138.65 +10.50 ¢ 96.43 +7.90 °f 1.67 £0.40
F3-60 31.52+0.56" 56.11 +0.52 b¢ 9.29+1.37¢« 157.15 + 9.58 % 114.90 +3.79 % 1.11 +£0.07 ¢
F4-60 34.56+0.37 % 55.88 +1.13 b¢ 23.54+5.133 | 179.54+11.68 < 129.16 + 10.50 < 1.27 £0.09 «
F5-60 33.91+0.45 ¢ 54.20 +0.27 b« 1.05+0.07 ¢ 105.34 +15.52f 80.30+11.73f 1.43 +0.15 2bd
F6-60 NA NA NA NA NA NA




p-value 0.000 0.000 0.000 0.000 0.000 0.000

F-value 219.20 18.66 280.66 63.76 58.32 7.20

! Data are presented as the mean and standard deviation of three replicates.

Values bearing different lowercase letters under the same column were significantly different (p<0.05) according to Tukey’s post hoc test.



Table 3 Relative proportion of the secondary structures of the extruded mixed protein matrices (MPM; F1 to F6) at the moisture content of 55%

w/w.
Sample Relative content (%) !
B-sheets Random caoil a-helix B-turns Helix/coil

F1-55 53.00 + 3.63% 22.96 + 2.68°¢ 18.09 + 1.80° 5.95+0.31°¢ 0.79+0.12°
F2-55 48.12 +1.01°¢ 29.37 £ 0.61° 15.19 + 0.45° 7.32+0.13a° 0.52 +0.01°
F3-55 48.64 + 0.77%¢ 29.01 +0.48%° 14.77 +0.09° 7.59+0.22% 0.51+0.01°
F4-55 48.67 + 0.47%"¢ 28.69 +0.36%° 16.16 + 0.72% 6.47 +0.82°¢ 0.56 +0.03°
F5-55 53.35+1.62° 25.70 +0.99%° 14.03 +1.23 6.92 +0.73 0.55+0.03°
F6-55 48.51 +0.75%¢ 29.41+0.43° 13.63 + 0.49° 8.45+0.21° 0.46 +0.01°
p-value 0.006 0.000 0.001 0.001 0.000
F-value 5.84 13.77 8.28 9.81 14.95

! Data are presented as the mean and standard deviation of three replicates.

Values bearing different lowercase letters under the same column were significantly different (p<0.05) according to Tukey’s post hoc test.




Table 4 Concentration of purines (i.e., adenine, guanine, xanthine, uric acid, and hypoxanthine) present in the selected extruded mixed protein

matrices (MPM; F1 to F6)

Sample Concentration (mg/ 100 g) *
Adenine Guanine Xanthine Hypoxanthine Uric acid

F1-55 66.28 +2.43° 74.66+1.30° 1.29+£0.03° 0.68+0.10° 0.03+0.01°
F2-55 45.35+3.33° 53.91+4.03° 1.01+0.03° 0.65+0.06° 0.03+0.01°
F3-55 71.82 £3.29b¢ 79.62 +1.41°¢ 1.65+0.02°¢ 0.81+0.12° 0.07+0.02°
F4-55 80.31+7.65°¢ 101.47 +8.01¢ 2.78+0.22¢ 1.64 +0.16° 0.09+0.02°
F5-55 69.58 + 1.56 ¢ 80.17 £+ 1.79 ¢ 1.98 +0.06 ¢ 0.86+0.06° 0.12+0.032°
F6-55 76.52 +1.96 ¢ 89.57+2.47°¢ 3.55+0.04f 2.10+0.38° 0.22+0.07°
p-value 0.000 0.000 0.000 0.000 0.000
F-value 29.37 48.45 298.51 32.77 10.53

! Data are presented as the mean and standard deviation of three replicates.

Values bearing different lowercase letters under the same column were significantly different (p<0.05) according to Tukey’s post hoc test.
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Figure 2 Visual appearance and X-ray computed tomography (XCT) images of the longitudinal cross-section of the extruded mixed protein

matrices (MPM; F1 to F6) at 55% and 60% w/w moisture content. A shallow incision parallel to the flow direction was made to allow the breaking

of the extrudates.
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Figure 3 The amount of solubilised protein from selected extruded mixed protein matrices
(MPM; F1 to F6 at the moisture content of 55% w/w), induced by different extracting solvents
P (native state), PD (disulphide bonds), PU (hydrogen bonds), and PS (hydrophobic
interactions). Data are presented as the mean and standard deviation of three
replicates. Overall one-way ANOVA was found to be significant (p<0.05). Values bearing
different lowercase letters under the same extraction solutions (e.g., PB, PD, PU, or PS) were

significantly different according to Tukey’s post hoc test.



Highlights

e Six mixed protein matrices (MPM) combinations extruded at 55% and 60% moisture.
e  X-ray computed tomography assessed the MPM's macrostructure and porosity.

e Hydrogen bonds and B-sheets dominated the MPM’s structure.

e The purine content of MPM was lower than that of commercial vegetarian products.
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