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Abstract

High-moisture extrusion of plant proteins can produce meat analogues with fibrous structures
and improved nutritional profiles, but replicating the meat-like texture and optimising protein
digestibility remains challenging. This study investigated the effects of three proteolytic
enzymes, Alcalase® (AL), Protana® Prime (PP), and Flavourzyme® (FL), added at varying
concentrations (0, 0.5, 1, 2.5 and 5% w/w) on soy—pea protein-based meat analogues
produced through high-moisture co-extrusion. Physicochemical and textural properties
(hardness, chewiness, springiness, and degree of texturisation) were assessed alongside
protein solubility, molecular weight distribution, and in vitro digestibility. Results indicated
that low-to-moderate enzyme concentrations (0.5-1% w/w) slightly reduced hardness and
chewiness while improving the fibrous structure, particularly in samples treated with FL and
PP. In contrast, higher enzyme concentrations, especially with AL, induced extensive
hydrolysis, resulting in fragmented extrudates and a diminished textural quality. Analysis of
gastric and intestinal digesta revealed that all enzyme treatments increased soluble protein
levels and the release of free amino acids compared to untreated controls. However, the
specific profiles depended on enzyme selectivity. Notably, PP tended to generate higher
amounts of free arginine, while AL excelled at releasing smaller peptide fragments. These
findings highlight the potential to tailor textural attributes and nutritional quality in soy—pea
meat analogues by selecting specific enzymes and controlling their addition, thereby paving
the way for more meat-like products with enhanced protein digestibility and amino acid

bioavailability.
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1. Introduction

Driven by the demand for healthier, more sustainable, and ethically sourced foods, meat
analogues made from alternative proteins are rapidly gaining popularity (Sadowski, Talwar,
Fischer, & Merritt, 2024). While offering a promising alternative to animal meat, replicating
its complex texture and sensory appeal remains a major challenge. High-moisture extrusion
is an advanced method for creating analogues with delicate, fibrous structures that are not
achievable with low-moisture extrusion (Lee, Kim, Jeong, Choi, & Han, 2023). However, the
process often results in products lacking the desired mouthfeel when compared to meat. This
is largely due to the intense shear and heat involved, which can degrade proteins and
negatively affect both texture and nutritional quality (Sa, Moreno, & Carciofi, 2020).
Consequently, innovative food processing techniques are crucial for enhancing the quality of

high-moisture meat analogues (HMMA).

The positive impact of extrusion on in vitro protein digestion has been well documented, with
numerous studies reporting increased digestibility, highlighting its potential to enhance the
nutritional value of plant-based protein products (Cutroneo, Prandi, Pellegrini, Sforza, &

Tedeschi, 2024; Nadeesha Dilrukshi, Torrico, Brennan, & Brennan, 2022; Rathod & Annapure,



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

2016; Zhang, Liu, Ying, Sanguansri, & Augustin, 2017). The high temperatures and mechanical
forces of the extrusion process, which produce extrudates, are reported to be an effective
way to reduce anti-nutrient factors, such as phytic acid and trypsin inhibitors, and improve
protein digestibility (Orozco-Angelino, Espinosa-Ramirez, & Serna-Saldivar, 2023). However,
despite the efforts, the digestibility of meat remains superior to that of plant-based meat. In
addition, the amino acid composition was affected by extrusion conditions such as moisture,
pressure, temperature and other parameters, affecting specific amino acids like methionine
and lysine (Alonso, Grant, Dewey, & Marzo, 2000; Hua et al., 2023; Nadeesha Dilrukshi et al.,

2022).

Soy protein has been the primary focus of research on HMMA (Dou et al., 2022; Woo Choi,
Ryoo, Hahn, & Choi, 2023). This is due to the desirable properties such as gelation and its
ability to form an interlaced and fibrous matrix well (Schreuders et al., 2019). Concurrently,
pea protein has emerged as a soy protein replacement, as peas have fewer genetically
modified-related issues and are considered hypoallergenic, both of which are primary
concerns for soy protein. However, structuring using pea protein for HMMA is complicated,
as it has a lower gelling ability than soy protein (Schreuders et al., 2019). Combining multiple
ingredients to harness their individual advantages has long been a focus in food science and
technology. However, limited research has explored the use of multi-plant protein blends in
the production of HMMA. Many studies use either soy (Dou et al., 2022; Woo Choi et al., 2023)
or pea protein (Taghian Dinani, van der Harst, Boom, & van der Goot, 2023; Xia, Xue, Xue,
Jiang, & Li, 2022) as their main protein source. There has been little Investigation into creating
HMMA from a blend of soy and pea proteins until recently, where blending two protein

sources can have positive effect on quality characteristics (Hua et al., 2023; Lee et al., 2023).
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Enzymatic hydrolysis is a promising technique for modifying the functionality of plant proteins
and enhancing their digestibility, thereby improving nutritional value. Alcalase® (AL),
Flavourzyme® (FL), and Protana Prime® (PP) were selected in this study due to their well-
established and mechanistically distinct proteolytic activities, allowing for a comparative
assessment of their individual effects when incorporated during high-moisture extrusion. AL
is a broad-specificity endopeptidase derived from Bacillus licheniformis, known for efficiently
cleaving internal peptide bonds, particularly at hydrophobic residues, resulting in rapid
protein breakdown and increased peptide solubility and digestibility (Hwang et al., 2025; Li et
al., 2025; Vogelsang-O’Dwyer et al., 2023) FL, produced by Aspergillus oryzae, contains both
endo- and exopeptidase activities, notably aminopeptidases and carboxypeptidases, enabling
internal cleavage while also removing terminal residues to improve flavour and reduce
bitterness (ldowu & Benjakul, 2019; Wang et al., 2025; Zhang et al., 2022) PP is a proprietary
exopeptidase blend designed to liberate free amino acids from peptide termini through the
actions of aminopeptidases and carboxypeptidases, thereby enhancing palatability and
nutritional value through amino acid enrichment (Lépez-Martinez, Toldrd, & Mora, 2024;
Sapatinha et al., 2025; Zhang et al., 2022). These enzymes were selected to investigate how
different proteolytic mechanisms, endopeptidase-only (AL), mixed endo/ exo (FL), and
exopeptidase-only (PP), influence the physicochemical, structural, and nutritional properties
of HMMA when applied independently during the co-extrusion process, and how they affect
the digestibility of these extrudates. Recent research by Dent, Campanella and Maleky (2023)
suggests that enzymatic hydrolysis of soy and chickpea protein can form insoluble aggregates
suitable for texturising meat analogues. However, the impact of enzymatic hydrolysis on

specific amino acids in HMMA, particularly when combined with extrusion, remains largely
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unexplored. This study aims to investigate the effects of enzymatic modification during
extrusion on the physicochemical, textural and nutritional (protein digestibility) properties of
HMMA. This study provides a novel insight into the combined effects of enzymatic hydrolysis

and extrusion.

The influence of three enzymes added at various concentrations during high-moisture
extrusion of a blend of soy and pea protein on HMMA properties was investigated. AL
(endopeptidase), Protana® Prime (PP, exopeptidase), and FL (a blend of endo and
exopeptidase) were utilised to modify plant proteins. We hypothesised that enzymatic
hydrolysis would enhance HMMA texture and nutritional quality by further increasing protein

digestibility and specific amino acid accessibility.

2. Materials and methods

2.1 Materials

Soy protein concentrate (Solae Alpha® 8, USA; protein: 62.56 + 0.13%) and pea protein isolate
(NUTRALYS® F85M, France; protein: 79.01 £ 0.01%) were purchased from Connell Caldic Sdn.
Bhd. (Malaysia) and Roquette Asia Pacific Pte Ltd (Singapore), respectively (Hua et al., 2023).
Enzymes such as Flavourzyme® 500 MG (FL, batch: HP202599), Protana® Prime (PP, batch:
QLNQO003) and Alcalase® 2.4 L FG (AL, batch: PLN05562) were given by Novozymes. Porcine
pepsin (P7012), porcine pancreatin (P7545) and porcine bile extract (B8631) were purchased
from Sigma-Aldrich, Singapore. Ultrapure water purified using Milli-Q equipment (Millipore
Corporation, Massachusetts, USA) was used. All other reagents and chemicals used were of

analytical grade.
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2.2 High-moisture extrusion of meat analogues

High-moisture meat analogues (HMMA) were produced using a laboratory, co-rotating,
smooth barrel, and intermeshing twin screw extruder (Process 16 Hygienic, Thermo Fisher
Scientific, Karlsruhe, Germany), with a screw diameter of 16 mm and length-diameter ratio of
40:1. From feed to exit, the extrusion screw profile comprised of: 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 consisted of a feeding zone and seven temperature-
controlled zones that could be heated by an electric cartridge system and cooled by
circulating water. The end of the extruder is equipped with a long die measuring 83 x 49 x

188 mm (W x H x L), with water at 80°C serving as the cooling medium.

The formulation of HMMA comprised 62.05% w/w soy protein concentrate (SPC) and 37.95%
w/w pea protein isolate (PPI) in dry weight, with the protein and total amino acid profiles of
these plant proteins previously reported by Hua et al. (2023). Dry materials were fed into the
extruder at a feed rate of 1.72 kg/h using a gravimeter feeder (Brabender Technology GmbH,
Duisburg, Germany). At the same time, 1% w/w salt solution and enzymes of different
concentrations were administered into the second barrel with a peristaltic pump (Masterflex
L/S, Vernon Hills, IL, USA) via an inlet port at 2.28 kg/h to achieve a moisture content (MC) of
60% w/w (wet basis) in the extruded product. Enzymes were added to the salt solution at
concentrations of 0, 0.5, 1, 2.5 and 5% w/w. The temperature profile of the barrel was set at
40, 60, 80, 100, 100, 120, 120 and 120°C while the screw speed was fixed at 400 rpm. The

resulting meat analogues are henceforth referred to as MANE (no enzymes added), MAF
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(Flavourzyme®), MAP (Protana® Prime), and MAA (Alcalase®). For protein digestibility, unless
stated otherwise, extruded samples were ground using a knife miller (GM 200, Retsch

Grindomix, Germany) at 4000 rpm for 10 sec before further analysis.

2.3Physicochemical properties

Protein content was determined using Dumas combustion with an automated protein
analyser (Dumatherm® N Pro, Gerhardt GmbH, Germany). The protein content was calculated

with a nitrogen conversion factor of 6.25 for all samples.

The air-oven method was used to determine the moisture content (MC) of all samples. Five
grams of samples were shredded, weighed into numbered pans and dried in an oven (111 Eco
Line, Venticell, Germany) at 105°C for 24 hours. The weight of each pan and sample was

recorded after cooling in a desiccator for an hour.

A benchtop pH meter (SevenCompact™ pH/ lon S220, Mettler-Toledo, Switzerland) was used
to measure the pH of all samples as described by Chiang, Loveday, Hardacre and Parker
(2019b). The pH values were recorded after blending the samples using a high-shear mixer
(T25 digital Ultra Turrax®, IKA, Germany) at 12,000 rpm, with ultrapure water at 20% w/w

concentration for one minute.

2.4X-ray computed tomography (XCT)

The samples were prepared and visualised using X-ray computed tomography accordingly to

Ong et al. (2025). Samples were chemically fixated in a solution containing 0.1 M phosphate
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buffer (pH 7.2) with 2% formaldehyde and 3% glutaraldehyde (electron microscopy grade) for
at least 8 hours, as described by Chiang et al. (2021). 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 mounted onto a carbon fibre fixture and scanned using a
computed tomography scanner (X TH 225 st, Nikon, Japan). 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 were 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 ImageJ (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. This process allowed
the isolation of pores to calculate the total pore percentage (porosity), as previously

described by Ong et al. (2025).

2.5Textural analysis

The textual properties of the meat analogues were determined via a two-bite test using a

texture analyser (TA.XT Plus, Stable Micro Systems, UK), as described by Chiang et al. (2019b).

9
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Meat analogues were first cut into small pieces of 15 x 15 mm. Each sample was compressed
at 1 mm/sec with a P/75 probe to 50% of its original thickness for the first bite and returned
to its original position for 5 sec before being compressed again at 1 mm/sec to 50% of the
first compressed thickness for the second bite. The hardness, springiness and chewiness of

the HMMA were recorded from the TPA curves.

The second analysis was performed with a cutting test to assess the formation of fibrous
structures. Samples of 15 x 15 mm were cut at a speed of 1 mm/sec with a craft knife adapter
(A/CKB) to 75% of their original thickness. Relative to the outflow direction of the extruder,
both longitudinal (lengthwise) and transverse (crosswise) cutting strengths were determined.
At least six separate measurements were taken for each sample for both the TPA and cutting

force tests.

2.6Protein solubility analysis

Four extraction solutions were prepared to target specific bonds: (1) P (Phosphate Buffer (PB);
0.1 M phosphate buffer consisting of KH,PO4 and K;HPO4 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). A sample of 0.5 g was treated with
10 ml of the designated extraction solution. The mixture was agitated for 30 min at 400 rpm
on a shaker (LSE™, Corning, Slovenia) to facilitate initial interaction breakdown. High shear
homogenisation at 12,000 rpm for 30 sec was employed to further disrupt protein-protein
interactions. The suspension was then centrifuged at 2580xg for 10 min at 25°C to separate

the soluble and insoluble components. The supernatant, containing the solubilised proteins,

10
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was transferred and centrifuged again at 10,000xg for 10 min at 25°C to remove any

remaining insoluble material.

Protein concentration in the supernatant was determined using a Bradford assay performed
on a cell imaging multi-mode reader (Cytation 5, BioTek, USA) at an absorbance of 595 nm.
Briefly, 5 pl of the supernatant was mixed with 250 ul Bradford reagent in a 96-well plate. BSA
powder served as the standard for the assay. Protein solubility was expressed as a percentage,
reflecting the amount of protein solubilised by each specific extraction solution compared to

the total protein content in the original sample.

2.7In vitro digestion and protein analysis

The in vitro digestion protocol used in this study followed the harmonised INFOGEST 2.0
protocol, which uses an in vitro static digestion model (Brodkorb et al., 2019). Electrolyte
stock solutions were prepared for each digestion phase, and enzymatic activities were
measured according to the assays described in the protocol. All sample digestions were
performed with blanks containing 5 g of ultrapure water. Each food set and corresponding

enzyme blanks were digested in triplicate to ensure representative results.

2.7.1 Oral Phase

Grounded extrudates (5 g) in 50 ml centrifuge tubes were mixed with 5 ml of simulated

salivary fluid (SSF) at 37°C for 2 min. The addition of a-amylase was omitted in this phase.

2.7.2 Gastric phase

11
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For the gastric phase, the oral bolus was mixed with SGF-containing porcine pepsin (2000
U/ml of digesta); pH was adjusted to 3.0 + 0.1 and incubated at 37°C for 120 min on a rotary
wheel at 40 rpm (Bibby Scientific™ Stuart™ Rotator SB3, UK). Gastric digestion was terminated
by increasing the pH to 7.0 with 5 M NaOH to inactivate pepsin. Samples collected at this
phase had their digestion terminated at pH 8.0 with 5M NaOH to inactivate pepsin instead.
The addition of RGE lipase was omitted in this phase because lipids were not the primary
focus of investigation. Digested HMMA collected at the gastric phase were labelled as MAF-

G (FL, Gastric), MAP-G (PP, Gastric), and MAA-G (AL, Gastric).

2.7.3 Intestinal phase

For the intestinal phase, at the end of 120 min of gastric digestion, the digesta was mixed with
SIF comprising porcine pancreatin (100 U trypsin activity/ml of digesta) and porcine bile
extract (10 mM final concentration), with pH adjusted to 7.0 £+ 0.1 and was incubated and
agitated under conditions similar to the gastric phase. Intestinal digestion was stopped by
adding Pefabloc’SC (5 mM final concentration). The digesta samples were centrifuged at
13000xg (fixed angle 35° rotor) for 15 min before the supernatant and residue were separated
and stored at -80°C for further analysis. Digested HMMA collected at the intestinal phase

were labelled as MAF-I (FL, Intestinal), MAP-I (PP, Intestinal), and MAA-I (AL, Intestinal).

2.7.4 Soluble protein quantification by Bradford assay

Prior to the Bradford assay, the supernatant of the gastric and intestinal digesta was filtered

through a 0.45 um polyethersulfone (PES) syringe filter. The quantification of soluble proteins

12
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in the supernatants was conducted utilising the Bradford protein assay as described in Section

2.6.

2.7.5 Free amino groups quantification by o-phthaldialdehyde (OPA) assay

Prior to the o-phthaldialdehyde (OPA) assay, the supernatant of the gastric and intestinal
digesta was filtered through a 0.45 um polyethersulfone (PES) syringe filter. The amount of
small peptides (approximately <6 kDa) and free amino groups released after in vitro digestion
were quantified by the OPA assay according to Torcello-Gémez et al. (2020) with
modifications. 166 pul of 5% w/v trichloroacetic acid was added to 100 pl of digesta filtrate and
centrifuged at 10,000xg for 30 min. This was done to remove the longer peptides and prevent
interference in the analysis. A standard curve was determined using L-serine at different
concentrations. 200 ul of freshly prepared OPA working reagent was added to 10 pul of either
L-serine standard, supernatant or digestion blank. Using a 96-well UV-transparent
polystyrene plate, triplicate absorbance measurements were read at 340 nm in a microplate
reader (BioTek Cytation 5, Agilent Technologies, California, USA) after incubation for 15 min

at room temperature in a dark environment.

2.7.6 Molecular weight distribution

SDS-PAGE analysis was performed on undigested as well as digested gastric and intestinal
samples in accordance with the method detailed by Lin et al. (2022) with modifications. For
the processing of undigested samples, a portion of the ground sample (10 mg) was combined
with 1 ml of buffer solution containing (0.5 M Tris, 2.0% SDS, 0.03% DTT, pH 6.8). To facilitate

the separation of the protein subunits in the undigested samples, a reducing agent (500 mM

13
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dithiothreitol, NUuPAGE™ Sample Reducing Agent from Thermo Fisher Scientific, Waltham,
USA) was added. The mixture was gently agitated for three hours at room temperature.
Conversely, the digesta samples did not undergo this treatment involving the reducing agent.
Instead, the digesta samples were briefly heated at 95°C for 5 min, combined with the same
buffer solution in an equal 1:1 (v/v) ratio. The resulting mixture was then gently agitated at
room temperature for three hours and subsequently heated at 95°C for an additional 5 min
and cooled. Prior to loading, samples were additionally diluted at a 1:2 and 1:4 volume ratio

for undigested and gastric samples, respectively.

Equal volumes (10 ul) of prepared solution were loaded onto precast gels (NuPAGE 10% Bis-
Tris Midi Gel polyacrylamide, Thermo Fisher Scientific, Carlsbad, USA). A molecular weight
marker (PageRuler Plus Pre-Stained Protein Ladders (10-250 kDa), Thermo Fisher Scientific,
Waltham, USA) was loaded on each gel. After loading, the electrophoresis was performed
using a SureLock™ Tandem Midi Gel system (Thermo Fisher Scientific, Carlsbad, USA) at 120
V for 70 min. The gels were stained with InstantBlue™ Protein Stain (Sigma Aldrich, Singapore)
for 40 min (Kang, Gho, Suh, & Kang, 2002). Images were captured with an iBright™ FL1500

Imaging System (Invitrogen™, Life Technologies Holdings, Singapore).

2.7.7 Free amino acid composition

Free amino acids were determined using an L-8900 amino acid analyser (Hitachi, Japan)
according to the method described by Lin et al. (2022), with modifications. Briefly, the
supernatant of the in vitro digested HMMA was mixed with 5% sulfosalicylic acid in a ratio of

4:1 (v/v, supernatant:sulfosalicylic acid) to precipitate the proteins. The sample mixture was

14
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centrifuged at 13,000xg for 30 min. The supernatant was extracted and filtered through 0.22

um filters before HPLC analysis.

2.8Data 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 RStudio 2023.12.1 (PBC, Boston, Massachusetts, USA).

3. Results and discussion

3.1Physicochemical properties

The protein content, moisture content (MC), and pH of the HMMA (both with and without
enzymes added during extrusion) were evaluated (Table 1). The MC for all HMMA samples
ranged between 54.43 + 0.39% and 57.76 + 0.53% (results not shown), as the extrusion
processing conditions remained constant throughout. The working pH and temperature range
for Flavourzyme® (FL), Protana® Prime (PP), and Alcalase® (AL) were pH 4-8, pH 6-7, pH 6.5-
10, and 30-65°C, 20-60°C, and 60-75°C, respectively, based on the specification listed by the
manufacturer. It was expected that there would be changes in the pH and protein content of
the HMMA after extrusion, as these enzymes could function optimally in the first two zones

of the extrusion process based on the barrel cooking temperature profile used.

15



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

Based on cleavage site specificity, proteases can be categorised as endo- or exopeptidases
(Vogelsang-O’Dwyer, Sahin, Arendt, & Zannini, 2022). Endopeptidases cleave internal peptide
bonds, producing peptides of varying lengths (Tacias-Pascacio et al., 2020). AL is a serine
endopeptidase that primarily cleaves internal peptide bonds within the polypeptide chain,
typically at the carboxyl side of large hydrophobic amino acids such as phenylalanine and
tyrosine, leading to the generation of smaller peptides (Rawlings, Barrett, & Bateman, 2012).
In contrast, exopeptidases like PP primarily act on the terminal ends of peptides to release
single amino acids, commonly leucine, alanine, and arginine, or short fragments, such as
dipeptides or tripeptides (Nandan & Nampoothiri, 2020). FL cleaves internal peptide bonds,
including at sites with glutamic acid or tyrosine, while its exopeptidase activity liberates N-
terminal amino acids like glutamine, leucine, and phenylalanine, enabling a more extensive
and synergistic hydrolysis (Berends, Appel, Eisele, Rabe, & Fischer, 2014; Gu et al., 2022).
These distinct mechanisms of protein breakdown likely contributed to the observed

differences in the physicochemical properties of the resulting HMMA.

The protein content of the HMMA generally showed little or no significant difference (Table
1). However, it was observed that the protein content of MAA decreased as the enzyme
concentration increased, accompanied by changes in the physical appearance of HMMA, as
shown in Figure 1. Intact HMMA was only observed at lower enzyme levels, while the highest
concentration (i.e., 5% w/w) resulted in fragmented extrudates. Enzymatic hydrolysis of
proteins resulted in proteolysis, leading to a subsequent decrease in protein molecular weight
(Razavizadeh, Alencikiene, Vaiciulyte-Funk, Ertbjerg, & Salaseviciene, 2022). This reduction
lowered the viscosity of the slurry, leading to decreased shear stress during extrusion (Wittek,

Walther, Karbstein, & Emin, 2021). Given the critical role of viscosity in the physical and
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chemical transformations within the extruder barrel, the changes in viscosity likely

contributed to the observed decrease in protein content in MAA.

A decrease in the pH of HMMA with increasing enzyme concentration (Table 1) was also likely
attributed to protein hydrolysis. This process releases amino groups, altering the pH of the
food matrix depending on the specific protein and protease involved (Camacho, Gonzélez-
Tello, Pdez-Duenas, Guadix, & Guadix, 2001). This phenomenon aligned with Chiang, Eyres,
Silcock, Hardacre and Parker (2019a), who attributed the pH decrease in beef bone
hydrolysates to proton exchange between deionised carboxyl and amino groups during

enzymatic hydrolysis.

[Insert Table 1]

3.2Visual images, macrostructures and porosity

Figure 1 shows the internal structure of HMMA with and without enzyme addition at 1% and
5% w/w. These concentrations were selected to effectively represent the initial onset and the
maximal impact of enzymatic effects on the HMMA structure, respectively. Visually, no
significant structural differences were observed between MANE, MAF-1% and MAP-1%, while
MAA-1% displayed markedly smaller and thinner fibres. At 5% w/w enzyme concentration,
both MAF and MAP exhibited slightly finer fibres compared to their 1% counterparts,
suggesting an enzyme-mediated texturisation effect (Dai & An, 2024). However, MAA-5%
produced fragmented extrudate (Figure 1) due to a phenomenon known as ‘flashing’, where
rapid water vaporisation upon extrusion causes product disintegration (Schmid, Farahnaky,

Adhikari, & Torley, 2022).
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In addition to visual analysis, X-ray computed tomography (XCT) was employed to
characterise the HMMA internal structure (Figure 1). Pores appeared as black spaces within
the white protein-dense matrix. MANE exhibited a porosity of 10.5 + 0.3%, characterised by
thin black spaces. MAP-1% demonstrated increased porosity (13.6 + 0.2%) with numerous
larger pores. Conversely, MAF-1% showed reduced porosity (5.6 £ 0.8%), indicating a denser
structure with fewer pores. MAA-1% displayed the lowest porosity (1.8 £ 0.3%), which also
signifies a highly dense material. Both MAF-5% and MAP-5% exhibited low porosities (5.6 +
0.5% and 4.9 + 0.3%, respectively), suggesting a loss of porous structure at higher enzyme
concentrations. These findings indicate that enzyme concentration has a significant influence
on HMMA structure, particularly between 1% and 5%. Porosity could not be calculated for
MAA-5% due to sample fragmentation caused by flashing during extrusion, which likely

affected the distribution of water-rich components within the matrix.

[Insert Figure 1]

3.3 Textural properties

The hardness, springiness, chewiness, and degree of texturisation (DT) of all HMMA samples
are shown in Table 1. The hardness, springiness, and chewiness of all enzyme-treated HMMA
were significantly lower than those of MANE. For MAF, MAP, and MAA samples, the hardness
and chewiness decreased markedly at 0.5% w/w enzyme concentration, followed by a slight
increase at 1% w/w before declining further at 2.5% and 5% w/w. No significant difference
was observed in springiness for all samples except for MAA, which decreased significantly at

2.5 and 5% w/w concentrations.
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Enzymatic hydrolysis alters the functional properties of proteins through structural
modifications (Wouters, Rombouts, Fierens, Brijs, & Delcour, 2016). This process reduces
molecular weight, increases hydrophobicity, and releases ionisable groups, impacting
properties like gelation, water/ fat-holding capacity, and emulsification. Extrusion intensifies
these effects due to heat and shear (Zhou, Liu, & Feng, 2017). Table 1 shows improved DT for
MAF-1% and MAP-1%, indicating enhanced HMMA structure. However, at higher enzyme
concentrations (>2.5% w/w), textural properties (hardness, springiness, chewiness, and DT)

were reduced, suggesting an optimal enzyme dose between 1% and 2.5%.

The textural properties of MAA at 2.5% and 5% w/w enzyme concentrations were further
reduced due to extensive protein hydrolysis. AL, as an endopeptidase, cleaves proteins in the
middle of the amino acid chains (Rawlings et al., 2012), generating larger peptides compared
to exopeptidases (Tacias-Pascacio et al., 2020). However, endopeptidases can cleave proteins
regardless of the terminal peptide linkages, which provides a bigger range of cleaving sites.
As a result, the proteolysis of proteins in MAA may have been more extensive, leading to a
greater reduction in the molecular weight of the proteins compared to other enzymes.
Smaller peptides impair protein gelling due to reduced molecular weight and increased
charged groups (Zhu, Yang, & Chen, 2024). Gelation is crucial for extrusion-based
texturisation, contributing to the formation of anisotropic structures in meat analogues
(Webb, Dogan, Li, & Alavi, 2023; Zhang et al., 2022). Thus, the reduced gelling capacity of AL-
hydrolysed proteins likely contributed to the poorer textural properties of MAA at higher

enzyme concentrations.
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3.4 Chemical bond elucidation

[Insert Figure 2]

The effects of different enzymes on the amount of protein solubilised from HMMA were
assessed using four extracting solutions: phosphate buffer (P), disulfide bond-disrupting (PD),
hydrogen bond-disrupting (PU), and hydrophobic interaction-disrupting (PS) solutions (Figure
2). The highest protein solubility was consistently observed under urea treatment (PU),
indicating that hydrogen bonds play a dominant role in the formation and stabilisation of the
HMMA structure (Chiang et al., 2019b). However, enzyme treatment did not significantly alter
this stabilisation pattern. While minor solubility changes were observed with some enzymes
under DTT (PD) and SDS (PS) extractions, these variations were considerably less pronounced

than those observed with urea.

Under DTT (PD) extraction, MAF-1% exhibited a slight decrease in solubility, whereas MAP-1%
showed a corresponding increase. These contrasting trends can be attributed to the differing
proteolytic mechanisms of the enzymes applied during extrusion. PP, composed
predominantly of exopeptidases, cleaves amino acids from the N- and C-termini of the
peptides while largely preserving the core protein structure. This limited proteolysis may
expose previously buried cysteine residues, thereby increasing the availability of free
sulfhydryl (-SH) groups. During high moisture extrusion, these exposed thiols can readily
oxidise to form disulfide bonds, leading to increased protein aggregation that is then
effectively disrupted by DTT, resulting in the increased solubility observed in MAP-1%. (Guo,
Zhao, Yang, Li, & Yu, 2022; Hilsebusch, Heyn, Amft, & Schwarz, 2025). In contrast, FL exhibits

both endo- and exopeptidase activities and has been shown to generate shorter peptides
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through extensive internal cleavage, resulting in fragmented peptides that have diminished
capacity for peptide-peptide alighnment and crosslinking (Carrera-Alvarado, Toldra, & Mora,
2023; Lépez-Martinez et al., 2024). This mechanism may explain the decreased insolubility of
MAF-1% under DTT, where fragmented peptides do not readily reform extensive disulfide
bonds during extrusion, yielding an extrudate with reduced aggregation and higher DTT-
soluble protein (Ji et al., 2023). These findings suggest that the type of proteolysis, terminal-
specific vs. internal cleavage, not only influences protein solubility but also modulates the

formation and stability of disulfide-linked aggregates during HMMA texturisation.

A significantly higher amount of protein was solubilised from MAA compared to other
samples using the hydrophobic interaction-disrupting (PS) solution. This aligns with studies
reporting increased surface hydrophobicity following AL treatment. Wang, Cheng, Wang and
Yang (2022) reported an initial increase in hydrophobicity after 1 min of treatment, followed
by a reduced increase with longer durations. Shahbal, Jing, Bhandari, Dayananda and Prakash
(2023) also reported increased hydrophobicity in hemp protein, emphasising the role of
protein type and structure in Al's ability to expose hydrophobic groups. However, an
imbalance of hydrophobic interactions, without sufficient hydrophilic counterparts, can
negatively impact texturisation (Zhang et al., 2023). AL is a subtilisin-type serine protease that
preferentially cleaves peptide bonds after large hydrophobic amino acid residues, such as
leucine and phenylalanine, exposing these regions, which then interact and aggregate during
extrusion, strengthening hydrophobic interactions and reducing solubility under PS
conditions (Khushairay, Ayub, & Babji, 2014; Nourmohammadi, SadeghiMahoonak, Alami, &
Ghorbani, 2017; Tacias-Pascacio et al., 2020). The effective cleavage by AL exposed previously

buried hydrophobic regions within the protein structure. These regions then aggregated to
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minimise contact with water, resulting in increased hydrophobic interactions between
protein molecules, which compromised the texture, as seen in Section 3.3 (Khushairay et al.,

2014).

3.5 Protein digestibility

3.5.1 Soluble protein quantification by Bradford assay

[Insert Figure 3]

Figure 3 illustrates the soluble protein content in HMMA digesta after in vitro gastric and
intestinal digestion. Significant concentration-dependent effects were observed in gastric
digesta within each enzyme type, but not in intestinal digesta. In gastric digesta, MAF-5%
exhibited significantly higher soluble protein compared to lower FL concentrations, while

MAP-0.5% showed significantly lower soluble protein than higher PP concentrations.

Comparing enzymes at the same concentration, MAF-G exhibited the highest soluble protein,
while MAP-G had the lowest amount after gastric digestion. This reflects broader internal
cleavage by FL than the more limited terminal activity of PP (see Sections 3.3 and 3.4), which
influenced pepsin accessibility (Lopez-Martinez et al., 2024; Pismag, Polo, Hoyos, Bravo, &

Roa, 2024; Santos-Sanchez et al., 2024; Wang et al., 2017).

In the intestinal phase, soluble protein levels converged across samples, consistent with the

broad proteolytic activity of pancreatic enzymes that degrade peptides regardless of initial
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treatment (Brodkorb et al., 2019; Minekus et al., 2014). Similar normalisation trends have

been reported for plant-based proteins after complete in vitro digestion (Luz et al., 2024).

3.5.2 Free amino groups quantification by OPA assay

[Insert Figure 4]

Figure 4 shows the quantification and comparison of free amino groups across different
enzyme types and concentrations in digested HMMA. The enzyme type had minimal impact
on the release of free amino groups and small peptides. Following gastric digestion, no
significant differences were detected across any enzyme types or concentrations. However,
an exception was found in MAP-G at 5% w/w, which exhibited a significantly lower release of
amino groups compared to MAA-G. The lower amino group release in MAP-G may result from
peptide reaggregation during extrusion, reducing pepsin accessibility. In contrast, MAA-G
yielded more fragments available for hydrolysis, consistent with its stronger cleavage activity

(see Section 3.3).

Consistent with earlier findings, endopeptidases (AL, FL) generated more peptides than the
exopeptidase (PP) (Ceuleers et al., 2016; van der Velden & Hulsmann, 1999). This agrees with
previous studies reporting higher hydrolysis with AL and FL than with PP (Carrera-Alvarado,

Toldra, & Mora, 2024).

Hydrolysis duration influences peptide and amino group release. AL has been shown to

achieve higher hydrolysis than FL at shorter dwell times (<100-120 min) (Dent et al., 2023;
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Meinlschmidt, Sussmann, Schweiggert-Weisz, & Eisner, 2016), while FL may outperform AL
with longer durations (Singh, Paul, & Goel, 2024). Since enzymes were co-extruded rather
than applied for controlled durations, residence time in the barrel likely determined the

observed AL-FL trends.

Overall, intestinal digestion minimised treatment differences, mirroring soluble protein
results. This reinforces the conclusion that pancreatic enzymes largely override structural

variations introduced during extrusion.

3.5.3 Molecular weight distribution

[Insert Figure 5]

Figure 5 reveals the molecular weight distributions of undigested HMMA, gastric and
intestinal digesta of HMMA, specifically HMMA with no enzymes added and HMMA co-
extruded with FL, PP, and AL. Undigested MANE displayed faint bands corresponding to native
subunits of soy and pea proteins (He, Liu, Zhao, Wang, & Chen, 2014). MANE also displayed a
higher intensity in the background between 10-25 kDa compared to the enzyme-treated
samples (MAF, MAP, and MAA). This might be due to low-molecular-weight proteins, such as
Bowman-Birk inhibitors (~8-10 kDa) and other protease inhibitors. In addition, protein
aggregation during extrusion can cause peptide fragments to become more dye reactive as
well, suggesting that the use of enzymes reduces this aggregation within the peptide band

(Kennedy, 1998; Wang, 2005).
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Undigested MAF exhibited a broad range of peptide sizes, demonstrating that combined exo
and endopeptidase activities produce diverse fragments (Rong et al., 2013). Undigested MAP
primarily displayed molecular-weight bands between 25 and 70 kDa, suggesting that
exopeptidase activity, which sequentially removes amino acids from peptide ends, leads to
the generation of smaller peptides over time (Adler-Nissen, 1986). As amino acids average in
length from 75 to 135 Da, they cannot be identified in Figure 5a due to the method's lower
limits. Undigested MAA showed similar peptide bands to those of undigested MAF, but with
more intense lower peptide bands around 10— 15 kDa. This reflects the action of
endopeptidase, yielding larger peptide fragments (Zhu, Zhou, & Qian, 2006). These
observations can also be due to FL and AL having produced a higher degree of hydrolysis than

PP.

The differences between the enzymes at a 1% concentration were minimal, and more
pronounced variations in the molecular weight distribution were observed at a 5%
concentration. To supplement this, the molecular weight distribution at a 5% concentration
was added for comparison, as shown in Figure 5b. At 5% enzyme concentration, more intense
and differentiated bands were observed across samples, indicating higher hydrolysis. MAF
and MAP at the 5% enzyme concentration showed more intense peptide bands with the same
distribution as those at 1%, suggesting higher hydrolysis activity with higher enzyme
concentration. This is evidenced by the more intense unmigrated peptide bands, larger than
190 kDa (i.e., at the edge of the separation gel), compared to those with enzyme addition at
5%, suggesting that there were more large peptides with 1% enzyme addition. MAA-5%
exhibited distinct bands around 50 kDa, suggesting accumulation of specific peptide

fragments due to AL’s cleavage preference. The presence of a stronger peptide intensity
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compared to 1% could indicate the strong and preferential endopeptidase action in AL,

resulting in the formation of larger peptides around that size (Rao, Bajaj, & Mann, 2020).

The molecular weight distribution of the gastric digesta of digested MANE, MAF, MAP and
MAA was illustrated in Figure 5c. MANE exhibited a lighter lane background and fewer
peptide bands during the gastric phase compared to MAF, MAA, and MAP. This is likely due
to large peptide fractions that were not cleaved (>190 kDa), unlike those that were
enzymatically treated, which showed intense backgrounds and dark peptide bands. It is also
reported that plant-based meat analogues are more resistant to digestion within the gastric
phase (Chen et al., 2022). MAF and MAA exhibited less intense background lanes, whereas
MAP showed higher background intensity between 25 and 80 kDa, likely from uncleaved
peptide cores resisting pepsin digestion. These findings reinforce earlier results showing
reduced digestibility in PP-treated samples during the gastric phase. This underscores the
importance of the intestinal phase for comprehensive peptide fragmentation, as clearer
bands were observed during this phase, where bile salts and higher pH enhance protein
unfolding and enzyme accessibility (Minekus et al., 2014). Studies by Egger et al. (2017) and
Dupont et al. (2010) also indicate that significant protein degradation predominantly occurs

during the intestinal phase, emphasising its critical role in digestion.

The molecular weight distribution of the intestinal digesta of digested MANE, MAF, MAP and
MAA was also illustrated in Figure 5c¢. No significance in terms of background or peptide bands
intensity can be observed for all samples post-intestinal digestion. These bands were largely

normalised, consistent with the homogenising effects of pancreatic enzymes. Extensive
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proteolysis across all samples led to minimal differences in final peptide profiles, as also

observed in free amino group and FAA measurements.

3.5.4 Free amino acids

[Insert Table 2]

The release of free amino acid (FAA) after in vitro protein digestion of HMMA co-extruded
with 1% w/w enzymes is shown in Table 2. All enzyme treatments significantly enhanced FAA
release compared to MANE. However, differences between enzymes were minor, except for
proline and arginine. Despite these variations, the overall release of total FAA, indispensable
FAA, and dispensable FAA did not differ significantly between enzyme types. This convergence
is consistent with the extensive hydrolytic capacity of intestinal digestive enzymes, which tend
to normalise digestion outcomes across treatments (Mulet-Cabero et al., 2020; Xin, Zhao, Tian,
& Li, 2023). The SDS-PAGE results (Figure 5) corroborate this, showing normalised peptide
band patterns after intestinal digestion, despite having different intensities in the undigested

and gastric-digested samples.

The addition of enzymes resulted in considerable protein hydrolysis, releasing an increased
amount of FAA, with leucine, lysine, and phenylalanine showing the highest levels among
indispensable FAA (Table 2). Legume proteins are generally higher in leucine and
phenylalanine but deficient in sulfur-containing amino acids such as cysteine and methionine
(Day, 2013; Herreman, Nommensen, Pennings, & Laus, 2020; Hua et al., 2023), a pattern that

was also evident across all digesta.
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Among individual amino acids, MAF showed significantly higher proline release than MAP and
MAA, while arginine release was notably higher in MAP compared to MAA. The distinct
release patterns of proline among the enzymes are highly indicative of their specific cleavage
preferences. Specifically, exopeptidases like PP are known to be less effective at cleaving
peptide bonds adjacent to proline residues (Kumar & Takagi, 1999), leading to their minimal
impact on proline release. AL exhibits limited capacity to hydrolyse bonds immediately
preceding or following proline (Gupta, Beg, & Lorenz, 2002). The prolyl endopeptidases in FL
possess a broader specificity and are highly efficient at cleaving peptide bonds involving
proline (Maeda et al., 2016; Zhang et al., 2023). This unique enzymatic characteristic of FL
directly explains the significantly higher release of proline from HMMA observed in Table 2,
in contrast to the unchanged proline levels seen with MAP and MAA. The significant disparity
in basic-type FAA release, particularly for arginine, between MAP (PP-treated) and MAA (AL-
treated) is a direct consequence of their distinct enzyme specificities and preferred cleavage

sites, which has been discussed in section 3.1.

Overall, enzyme-assisted extrusion enhanced FAA release compared to untreated controls,
but the final profiles were largely equalised by intestinal digestion. This suggests that while
enzyme choice can shape early digestion kinetics (e.g., proline or arginine release), the
ultimate amino acid availability is primarily governed by the strong proteolytic action of

intestinal digestive enzymes.
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4. Conclusion

This study demonstrates how targeted enzymatic modification can be harnessed to improve
the textural and nutritional properties of soy-pea-based HMMA. Lower enzyme
concentrations supported the formation of desirable fibrous structures and moderately
reduced hardness and chewiness. Enzymes containing both endo- and exopeptidase activities
(FL) or exopeptidase activity (PP) proved beneficial in refining texture without substantial loss
of product integrity. However, very high enzyme levels, most notably with AL, led to over-
hydrolysis, fragmentation, and poorer textural quality. In vitro digestion results showed that
each enzyme significantly increased both soluble protein and FAA release, albeit with
different peptide and amino acid profiles. These enzymatic pathways can thus be strategically
deployed to achieve specific goals, from improving mouthfeel to enhancing digestibility or
boosting essential amino acid content. Future research could optimise residence time and
explore sequential or combination treatments, thereby further refining the interplay between
structure formation, protein functionality, and overall palatability in meat analogues.
Ultimately, this enzymatic approach offers a versatile toolkit for product developers aiming
to bridge the sensory and nutritional gaps between plant-derived and conventional animal-

based proteins.
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Tables

Table 1 Physicochemical and textural properties of high-moisture meat analogues treated with different enzymes during extrusion.

Enzyme Concentration Physicochemical properties Textural properties
(% w/w) Protein content (%) pH Hardness (N) Springiness Chewiness (N) Degree of
texturisation
No enzyme (MANE) 0 35.27+0.39% 7.3240.05 % 198.91+18.36° 0.92+0.02° 140.32+20.51°2 1.18 + 0.08 ¢
Flavourzyme®, FL 0.5 32.18 £0.99 «e 7.44+0.01%® 161.51 +16.17 ™ 0.89+0.03° 108.38 + 15.23 ¢ 1.37+0.27 3%
(MAF) 1.0 32.89 + (.29 3bcde 7.42 £0.01 ¢ 169.44 +11.36 0.91+0.01° 114.77 £8.23° 1.52+0.21°
25 33.12 £ 0.67 2« 7.18+0.02f 158.83 £3.57 ¢ 0.88 £0.04 * 99.94 +7.41°% 1.37+0.172°
5.0 33.13+0.71 % 6.96+0.02" 159.36 + 14.33 ¥ 0.85+0.04 * 90.04 +6.63 ¢ 1.24+0.102°
Protana® Prime, PP 0.5 30.29+1.32°¢ 7.47 +0.02° 156.68 + 8.45 ¢ 0.91+0.06° 104.95 +9.77 bede 1.24+0.32°%
(MAP) 1.0 32.36+0.25 e 7.38 £0.02 b« 182.68 +17.35% 0.88+0.05*® 121.53+13.80 % 1.34+0.17%°
25 32.56 + 0.40 bede 7.41+0.01 ¢ 168.68 + 8.87 ™ 0.89+0.02% 112.01+6.16° 1.09 +0.17 b*
5.0 32.94 + (.17 3bcde 7.35+0.01 < 170.02 +£8.32 ¢ 0.90+0.05° 113.72£16.22° 1.06 + 0.06 **
Alcalase®, AL 0.5 35.64+0.02° 7.41+£0.04 ¢ 162.94 +12.67 0.88 £0.02 * 103.94 £9.80 ** 1.41+0.29°2
(MAA) 1.0 33.73 £ 0.05 7.30+0.04°¢ 179.60 + 17.85 ¢ 0.87+0.02%® 111.91 £ 13.57 5 1.05 +0.09 b*




2.5 32.61+0.20 bede 7.16 £0.04f 91.99 + 7.906 ¢ 0.78+0.08° 35.91+5.90¢ 0.87+0.13°¢

5.0 30.56 +2.63 % 7.08 £0.038 74.08 +4.39¢ 0.64+0.14°¢ 21.58+7.74¢ 0.84 £0.08 ¢

Data are presented as the mean and standard deviation of three replicates. Values bearing different lowercase letters on each column were

significantly different (p<0.05) according to Tukey’s post-hoc test.



Table 2 Free amino acid released from digested HMMA co-extruded with 1% w/w enzyme

concentrations (i.e., no enzyme added (MANE), Flavourzyme® (MAF), Protana® Prime (MAP)

and Alcalase® (MAF)).

Free amino Concentration (mg/g protein)

acid MANE MAF-1% MAP-1% MAA-1%
Indispensable AA (IAA)

Histidine 1.03+0.06° 8.12+0.28° 7.82+0.59° 6.79 +0.58 °
Isoleucine 3.31+£0.13° 14.72 +0.51° 14.13 +1.05° 12.07 +1.04°
Leucine 12.12+0.42°" 41.56+1.43° 41.20+3.02° 35.62 £3.09°
Lysine 10.98 +0.42 ¢ 36.97 £1.28% 40.27 +3.01° 32.83+282°
Methionine 1.79+0.06° 8.03+0.28° 8.41+0.61° 6.96 + 0.60 °
Phenylalanine 11.45+0.37°" 35.40+£1.22° 38.99+2.80° 31.77£2.77°
Threonine 1.16 +0.08° 9.36+0.33° 8.88+0.70° 7.68 £ 0.65°
Valine 2.86+0.13° 14.49 +0.50° 13.91+1.06° 11.92+1.02°
Total IAA 4470+ 1.68° 168.65 + 5.83 2 173.61+12.84° | 145.64+12.56°
Dispensable AA (DAA)

Alanine 1.62+0.10° 10.33+0.36° 9.84+0.78° 8.49+0.71°
Arginine 23.65+0.84°¢ 4550+ 1.58 * 54.41+4.10° 41.99+3.57°
Aspartic acid 0.49+0.05° 3.88+0.14° 4.12+0.35° 3.33+£0.27°
Cysteine* 3.79+0.15° 13.93+0.48° 14.84 +1.11° 12.37+1.06°
Glutamic acid 2.96+0.20° 18.52 +0.65® 17.74 £ 1.44° 15.10+1.26®
Glycine 0.85+0.10° 8.60+0.31° 9.13+0.78° 7.96 +0.65 °
Proline 1.05+0.08° 1.49+0.05° 0.76 +0.05° 0.97 +0.08 *
Serine 0.84+0.08° 7.82+£0.28° 7.18 +0.60° 6.24+0.51°
Tyrosine* 3.39+0.19° 15.08 +0.53 ® 17.24 +1.37° 15.99 + 1.88 2




Total DAA

38.65+1.79°

125.17 +4.37°

135.25 +10.58 ®

112.43+4.19°

Total FAA

83.34+3.47°

293.82 £10.20°

308.86 + 23.43 °

286.99 +22.12 °

* Cysteine & Tyrosine are conditionally indispensable.

Data are presented as the mean and standard deviation. Values bearing different lowercase letters

on each column were significantly different (p<0.05) according to Tukey’s post-hoc test.
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Figure 1 Visual and X-ray computed tomography (XCT) images of the longitude cross-section of high-moisture meat analogues treated with
different enzymes and concentrations and their porosity expressed as (mean + standard deviation); no enzyme added (MANE), Flavourzyme® at

1 and 5% w/w (MAF), Protana® Prime at 1 and 5% w/w (MAP), and Alcalase® at 1 and 5% w/w (MAA).
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Figure 2 Protein solubilised with different extracting solutions for HMMA co-extruded with

increasing enzyme concentrations (i.e., no enzyme added (MANE), Flavourzyme® (MAF),

Protana® Prime (MAP) and Alcalase® (MAF) at 1% w/w) during extrusion. Data are presented

as the mean of triplicate, and error bars are the standard deviation. Different alphabets (a, b,

c¢) within each extracting solution are significantly different from each other (p<0.05).
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Figure 3 Soluble protein in (a) gastric digesta and (b) intestinal digesta of HMMA co-extruded
with increasing enzyme (0.5, 1, 2.5 and 5%) concentrations (i.e., no enzyme added (MANE),
Flavourzyme® (MAF), Protana® Prime (MAP) and Alcalase® (MAF)). Data are presented as the
mean of triplicate, and error bars are the standard deviation. Different alphabets (a, b, c)
within each enzyme concentration are significantly different from each other (p<0.05, using

Tukey’s post hoc test).
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Figure 4 Small peptides (approximately <6 kDa) and free amino groups in the (a) gastric
digesta and (b) intestinal digesta of HMMA co-extruded with increasing enzyme (0.5, 1, 2.5
and 5%) concentrations (i.e., no enzyme added (MANE), Flavourzyme® (MAF), Protana® Prime
(MAP) and Alcalase® (MAF)). Data are presented as the mean of triplicate, and error bars are
the standard deviation. Different alphabets (a, b, c) within each enzyme concentration are

significantly different from each other (p<0.05, using Tukey’s post hoc test).
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Figure 5 SDS-PAGE showing the protein profile of (a) undigested HMMA at 1% enzyme concentration, (b) undigested HMMA at 5% enzyme
concentration, and (c) digested HMMA with blank markers. 5a — Lane 1: protein molecular weight marker (kDa); Lane 2 — 5: undigested HMMA
(MANE, MAF-1%, MAP-1%, MAA-1%, respectively). 5b — Lane 1: protein molecular weight marker (kDa); Lane 2 — 4: undigested HMMA (MAF-
5%, MAP-5%, MAA-5%, respectively). 5¢c — Lane 1 & 12: protein molecular weight marker (kDa); Lane 2 - 6: gastric digesta of HMMA (MANE,

MAF-1%, MAP-1%, MAA-1%, gastric blank, respectively); Lane 7 - 11: intestinal digesta of HMMA (MANE, MAF-1%, MAP-1%, MAA-1%, intestinal

blank, respectively).



Highlights

Low-to-moderate enzyme concentrations (0.5-1% w/w) improved texture of HMMA.
e High enzyme concentrations negatively impacted texture of HMMA.

¢ Enzyme treatments significantly increased protein digestibility of HMMA.

e Enzyme type altered protein solubility and yielded unique peptide profiles.

¢ Enzyme type influenced the free amino acid profile of HMMA.
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