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Preface

This Special Issue Reprint examines sustainable protein sources that help meet the growing global
need for high quality dietary protein while minimizing environmental issues. The Reprint shows the
methods used to extract proteins from sustainable, renewable sources, which include plant materials,
microalgae, fungi, and microbial biomass. Researchers investigate how structural elements of proteins
interact with their functional properties which develop through different processing techniques and
modification methods.

The Reprint unites recent scientific discoveries that enable better protein functionality through
improved digestibility, bioavailability, and the safety of protein products for food applications. The
collected works highlight emerging extraction methods, novel hybrid and conjugated protein systems,
and applications in areas such as food formulation, meat analogs, and functional foods. The Reprint
presents research in protein science that applies to usable research to develop sustainable protein
ingredients that provide nutritional benefits.

The Reprint exists because researchers need to acquire diverse protein sources, which can help them
develop new food products in scientific research. The included studies show current research directions
while presenting results that help both universities and businesses create future developments.

This Reprint is addressed to researchers, food scientists, technologists, and industry professionals

working in protein chemistry, food processing, product development, and sustainable food systems.

Armin Mirzapour-Kouhdasht and Jen-Yi Huang
Guest Editors
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Editorial
Sustainable Protein Sources: Extraction, Structural
Characterization, and Functional Properties

Armin Mirzapour-Kouhdasht 1* and Jen-Yi Huang !/

1 Department of Food Science and Technology, The Ohio State University, Columbus, OH 43210, USA;
huang.6338@osu.edu

Department of Food, Agricultural, and Biological Engineering, The Ohio State University,
Columbus, OH 43210, USA

*  Correspondence: mirzapourkouhdasht.1@osu.edu

The worldwide demand for dietary protein has risen, while environmental problems
and sustainability issues with traditional animal protein production methods have in-
creased, accelerating research efforts to explore sustainable protein sources and alternative
protein sources. The Special Issue “Sustainable Protein Sources: Extraction, Structural
Characterization and Functional Properties” presents recent research developments that
provide solutions to essential protein extraction methods, protein structural understanding,
and food system functional performance issues (Contributions 1-8).

Sustainable protein extraction methods face a prominent developmental hurdle to
overcome before they can be put into use by researchers, who are developing extraction
methods to provide the highest possible yields of protein while still preserving nutritional
and functional values. The Special Issue provides several papers describing novel processes
to extract and process materials using some of the following methods: enzymatic-assisted
extraction, mechanical disruption techniques, extrusion-based processing, and optimized
alkaline solubilization. The results presented reveal that customized extraction techniques
will produce optimal results, while reducing the amount of energy required for production,
therefore allowing for the development of more environmentally friendly and more viable
protein manufacturing processes (Contributions 1-4).

In addition to extraction, it is also critical to understand how proteins are structured so
that they will perform satisfactorily once added to a food product. The studies in this Spe-
cial Issue utilize advanced techniques to further characterize physicochemical properties
to understand how processing, fractionating, and /or modifying proteins will alter their
conformational properties and intermolecular interactions. The findings from these studies
collectively indicate that changes to protein secondary and tertiary structures fundamen-
tally impact the protein’s performance characteristics, such as solubility, emulsification
capacity, foam stability, and gelation (Contributions 3, 6 and 7).

In addition to techno-functional performance, nutritional quality and biological effects
must also be actively considered for sustainable protein adoption. Several articles published
in this Special Issue examine digestibility, bioavailability, and bioactivity of sustainable
proteins and evaluate potential safety concerns (e.g., allergenicity, cytotoxicity). Strategies
(e.g., germination, enzymatic hydrolysis, conjugation, protein blending) that enhance
digestibility /nutritional quality, while reducing undesirable biological effects, have been
identified in these studies, reinforcing the need for evaluating nutrition/safety during
the protein creation pipeline (Contributions 2, 5 and 7). Various studies have produced
comparable outcomes on different alternative protein sources, highlighting the impact of the
processing method used to produce these proteins on their digestibility and health benefits.

Foods 2026, 15, 1357 https://doi.org/10.3390/foods15081357
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Such examples of protein processing methods are ultrasound-assisted extraction, enzyme
hydrolysis, and protein—phenol conjugation. Evidence supports the improved digestibility
of and reduced antinutritional factors in protein from plants as a consequence of using
these processing methods [1-4]. Studies performed using insect-based protein sources
and pseudocereal protein sources demonstrate similar results of increased nutritional
quality and functional characteristics as a result of using germination and protein blending
methods [5-8]. Collectively, these findings on alternative proteins identify the necessity
of conducting an integrated evaluation of the proteins’ nutritional and safety aspects in
conjunction with the techno-functional characteristics of the completed product throughout
the entire production process of sustainable sources of protein.

The different sources of protein from multiple areas that are investigated within the
studies printed in this Special Issue demonstrate the wide-ranging scope of the present
sustainability sciences of protein research program. The studies consist of plant proteins,
microalgal proteins, fungus-derived proteins, and hybrid systems utilizing proteins from
various sources. Many of the studies review the application of these proteins in complex
food matrices, including meat alternatives or analogues, protein blends, and structured
food systems, highlighting the future potential of using these sustainable protein sources
as a replacement for or complement to traditional protein sources in future food products
(Contributions 3, 4 and 8).

There are still significant gaps in knowledge; however, this Special Issue documents
substantial progress in research on sustainable proteins. Future research will need to fo-
cus on developing processing technologies that are environmentally sustainable, scalable,
and low-cost, in addition to creating validated methodologies for characterizing proteins
and evaluating protein functionality. In addition, there needs to be more focus on link-
ing macroscopic and microscopic food properties to consumer attributes. Furthermore,
integrating sustainable proteins into new food technology, such as advanced formulation
methods and structured food design, presents an excellent future research opportunity
(Contributions 6-8).

Opverall, this Special Issue has provided a thorough review of new advances in sustain-
able protein research, which includes extracting technologies, the structural characterization
of proteins, their functional performance, and the nutritional aspects. Therefore, the con-
solidation of the advances presented in this Special Issue will create a more thorough
understanding of how to best develop and use sustainable proteins within food systems.
We hope this Special Issue will serve as an important resource and inspiration for continued
cross-disciplinary research focused on the development of sustainable protein solutions
that will help build a resilient and secure global food supply.

Author Contributions: Conceptualization, A.M.-K. and ].-Y.H.; writing—original draft preparation,
AM.-K. and J.-Y.H,; review and editing A.M.-K. and J.-Y.H. All authors have read and agreed to the
published version of the manuscript.
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Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflicts of interest.
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Article

Formation and Characterization of Mycelium-Potato Protein
Hybrid Materials for Application in Meat Analogs or
Substitutes

Ramdattu Santhapur, Disha Jayakumar and David Julian McClements *

Department of Food Science, University of Massachusetts, Amherst, MA 01003, USA;
rsanthapur@umass.edu (R.S.); djayakumar@umass.edu (D.].)
* Correspondence: mcclements@foodsci.umass.edu; Tel.: +1-413-545-2275

Abstract: There is increasing interest in the development of meat analogs due to growing concerns
about the environmental, ethical, and health impacts of livestock production and consumption.
Among non-meat protein sources, mycoproteins derived from fungal fermentation are emerging
as promising meat alternatives because of their natural fibrous structure, high nutritional content,
and low environmental impact. However, their poor gelling properties limit their application in
creating meat analogs. This study investigated the potential of creating meat analogs by combining
mycoprotein (MCP), a mycelium-based protein, with potato protein (PP), a plant-based protein,
to create hybrid products with meat-like structures and textures. The PP-MCP composites were
evaluated for their physicochemical, rheological, textural, and microstructural properties using
electrophoresis, differential scanning calorimetry, dynamic shear rheology, texture profile analysis,
confocal fluorescence microscopy, and scanning electron microscopy analyses. The PP-MCP hybrid
gels were stronger and had more fibrous structures than simple PP gels, which was mainly attributed
to the presence of hyphae fibers in mycelia. Dynamic shear rheology showed that the PP-MCP
hybrids formed irreversible heat-set gels with a setting temperature of around 70 °C during heating,
which was attributed to the unfolding and aggregation of the potato proteins. Confocal and electron
microscopy analyses showed that the hybrid gels contained a network of mycelia fibers embedded
within a potato protein matrix. The hardness of the PP-MCP composites could be increased by raising
the potato protein content. These findings suggest that PP-MCP composites may be useful for the
development of meat analogs with more meat-like structures and textures.

Keywords: potato protein; mycelium; biopolymer composites; alternative proteins; hybrid products

1. Introduction

Alternative protein sources are increasingly being used to formulate foods to mitigate
the adverse environmental impacts associated with the production of animal proteins, espe-
cially meat [1]. At around 14-18% of the total, livestock production is a major contributor to
global greenhouse gas emissions (GHGs). Deforestation for grazing pasture, fertilizer use
for feed crops, and methane from ruminant digestion have been reported to be the main
causes of GHGs in this sector [2-4]. Animal husbandry also utilizes considerable amounts
of land and water, which exacerbates biodiversity loss and environmental degradation.
Switching to alternative protein sources could greatly reduce these impacts, slowing climate
change and advancing global sustainability [5,6]. Researchers have reported that substitut-
ing conventional meat products for plant-based, mycoprotein, or cultured meat products
could reduce agricultural GHG emissions by over 50% by 2050 in high-consumption ar-
eas [7,8]. Alternative protein sources also have the potential to improve public health
by reducing the risks of diet-related diseases that have been linked to excessive meat
intake, such as cancer and cardiovascular disease [9,10]. Thus, alternative proteins have

Foods 2024, 13, 4109. https://doi.org/10.3390/foods13244109 4 https://www.mdpi.com/journal/foods
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considerable potential for reaching global climate goals and promoting human health. Nev-
ertheless, there are advantages and disadvantages associated with each individual kind of
alternative protein source for formulating meat analogs and substitutes. For example, plant
proteins are relatively abundant and affordable, but it is often challenging to accurately
mimic the fibrous structure of real meat products using them, which reduces consumer
acceptance [11,12]. In contrast, mycoproteins can better mimic the fibrous structure of
meat products, but they are more difficult to produce affordably on a large scale and they
cannot form strong gels when used alone [13]. Consequently, it is beneficial to create hybrid
products that combine the benefits of these two alternative protein sources.

Mycoproteins are becoming popular for formulating meat analogs or substitutes
because of their high protein content, positive health benefits, and low environmental
impact [14]. This source of alternative proteins is usually produced in bioreactors by
fungal fermentation, and then isolated and purified before being converted into meat
substitutes [15,16]. Compared to animal proteins, mycoprotein has a far smaller carbon
footprint and uses less energy and water. Indeed, the carbon footprint of mycoprotein is
around ten times lower than that of beef and four times lower than that of chicken. A recent
environmental and nutritional life cycle analysis of different protein-rich food sources
found that global warming potential, water use, land use, and pollution were much less
for mycoprotein than for beef, appreciably less than for chicken, and appreciably more
than for plant proteins (tofu) [17]. The higher impact of mycoprotein-based products on
the environment than plant protein-based ones has been attributed to the relatively high
amounts of energy and raw materials required to run the bioreactors used to generate the
mycelia [17]. Mycoprotein-based food products are rich in proteins, dietary fibers, vitamins,
and minerals, and low in fat, which may lead to nutritional and health benefits [15]. Indeed,
consumption of mycoproteins has been reported to stimulate the insulin response, promote
digestive health, increase satiety, reduce cholesterol levels, and modulate blood sugar
levels [15,16,18]. Consequently, mycelium-based food products have great potential to
contribute to the world’s growing protein requirements [18].

Plant proteins are another important alternative protein source used to formulate
meat analogs and substitutes [19-21]. Potato protein is a non-allergenic source of plant pro-
teins [22]. Potatoes typically have a relatively low total protein content (1 to 2%). However,
there are large quantities of protein-rich wastewater produced by the potato processing
industry that can be converted into a value-added nutritional and functional ingredients for
application in foods and other products [23]. The proteins isolated from potatoes are mainly
comprised of patatin (35-40%) and protease inhibitors (30—40%) [22]. Potato proteins are
considered to be a good nutritional source of proteins because they contain all the essential
amino acids required to maintain human health and wellbeing [24,25]. Moreover, potato
proteins can form strong heat-set gels because the protein molecules are typically in a native
state in commercial ingredients [22,26,27], which is often not the case for more common
commercial plant protein ingredients, such as those isolated from soybeans or peas [28,29].

In our previous study, we examined the possibility of creating hybrid products by
combining mushrooms with either whey proteins [30] or potato proteins [31]. These
studies showed that the introduction of the mushroom extracts into the protein gels created
hybrid products that had a more fibrous structure than the original protein gels. However,
the presence of the mushroom extracts could either increase or decrease the mechanical
strength of the protein gels, depending on the system. Consequently, more research is
needed to determine the factors that impact the structural and mechanical properties of
hybrid products formed from different sources of alternative proteins. In the current
study, we examined the properties of hybrid food products containing mycoproteins and
potato proteins. The mycoproteins were selected because of their ability to create fibrous
structures and their good nutritional profile, while the potato proteins were selected because
of their ability to form firm heat-set gels and their high protein content. In particular, we
examined how the appearance, rheology, texture, and microstructure of these hybrid
products depended on their composition. It should be noted that other researchers have
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recently examined the impact of mineral ions on the properties of mycelium—potato protein
hybrids formulated from a different kind of mycelium, i.e., Fusarium venenatum [32]. The
results of this study suggested that electrostatic interactions played a key role in the
formation and properties of these hybrids.

The information obtained in our study may be useful for creating more sustainable
alternatives to meat products.

2. Materials and Methods
2.1. Materials

Mycelium was generously provided by the Better Meat Co. (Sacramento, CA, USA).
Potato protein (“PP200,” Solanic®200) was kindly supplied by Royal Avebe (Veendam,
The Netherlands). The company specified that the powdered potato protein ingredient
contained 90.5% protein, 7.0% water, 2.9% salt, less than 0.2% carbohydrates, and less
than 0.1 g fat (w/w). Sodium chloride (NaCl) was obtained from the Sigma-Aldrich Co.
(St. Louis, MO, USA).

2.2. Mycoprotein Preparation

The mycoprotein samples were initially provided by the manufacturer in the form
of dried pellets. Proximate analysis of these mycoprotein samples was carried out using
standard AOAC methods, as described in our previous study on mushrooms [31]. The
mycoprotein pellets were then converted into a fine powder using a food processor operated
at 6000 rpm for 90 s. This powder was then sieved through a 20 mm mesh to achieve a
uniform particle size. Moreover, sieving removed any large insoluble aggregates that might
have sedimented during the preparation of the gels, thereby leading to inhomogeneous
samples and inconsistent results. The powder was then hydrated in deionized water for 4 h
before being blended into a paste using a meat blender. These samples were then utilized
to prepare the hybrid products used for the rheological, textural, and microstructural tests.

2.3. Preparation of Mycoprotein—Potato Protein Hybrids

Potato protein (PP) and mycoprotein (MCP) powders were blended together in var-
ious ratios and then dispersed in double-distilled water. The mixtures were then stirred
overnight at 350 rpm using a magnetic stirrer to ensure proper hydration and dispersion.
A series of test samples was then prepared based on their ability to form heat-set gels: (i)
potato protein samples: 5%, 10%, and 15% PP; (ii) mycoprotein samples: 15% MCP; and (iii)
hybrid samples: 15% MCP with either 10% or 15% PP. Some dispersions were analyzed
directly for zeta potential, differential scanning calorimetry, and dynamic shear rheology,
while others were converted into heat-set gels by heating then in a water bath at 90 °C for
30 min and then used for texture profile and microscopy analyses. The PP and MCP con-
centrations used in this study were selected with the aim of creating final hybrid products
with a protein level, texture, and structure somewhat similar to that found in real meat.

2.4. Zeta Potential Analysis

Microelectrophoresis (Zetasizer Nano ZS, Malvern Instruments, Malvern, Worces-
tershire, UK) was used to characterize the electrical properties of the potato protein, my-
coprotein, and hybrid samples. This method is based on measuring the direction and
speed of movement of molecules or particles within an oscillating applied electric field [33].
First, dispersions of 0.1% (w/v) of PP and/or MCP were prepared with pH values ranging
from 3 to 8. The zeta-potential values of these dispersions were then measured using the
microelectrophoresis instrument. The samples” pH was adjusted to the required value
using stock solutions of HCl and NaOH. At least four measurements were taken for every
data point, and the average was calculated.
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2.5. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to identify and characterize any
thermal transitions of the constituents in the different samples during heating. Protein and
mycoprotein dispersions (50-70 mg) were put into high volume aluminum pans, precisely
weighed, and then hermetically sealed to avoid evaporation losses during the measurement
process. Following equilibration to 25 °C, the sample cells were heated from 25 to 100 °C
at a rate of 3 °C/min using the DSC apparatus (DSC25, TA Instruments, New Castle, DE,
USA), as previously mentioned [30]. The heat flow (W/g) versus temperature (°C) profile
of the samples was recorded as they were heated.

2.6. Dynamic Shear Rheology Analysis

Initially, PP, MCP and/or hybrid dispersions (pH 7.0, 100 mM NaCl) were prepared by
dispersing the powdered ingredients in double distilled water and then stirring overnight
at 350 rpm at room temperature. The rheological properties of these different samples
were then analyzed under a dynamic shear rheometer (HR20, TA Instruments, New Castle,
DE, USA). Around 1.0 to 1.5 mL of the unheated test sample was placed on a parallel
plate (40.00 mm, stainless steel, crosshatched, Peltier plate) sample cell. The upper plate
was then lowered onto the sample. The edges of the sample were then covered with
mineral oil and a solvent trap was placed on top of the sample to reduce any evaporation
during heating [34]. All analyses were performed using a gap of 1000 pm between the
parallel plates.

e  Temperature ramp: The samples were initially held at 25 °C for five minutes after
being placed on the measuring cell. The rheological tests were then performed while
the samples were heated at a rate of 6 °C per minute from 25 to 90 °C. After the
samples reached 90 °C, they were maintained there for 20 min before being cooled
to 25 °C at 6 °C/min. The samples were then kept at this temperature for another
ten minutes. For these experiments, a frequency of 1.0 Hz and a strain of 0.1%
were employed.

e  Frequency sweep: After the temperature sweep was completed, a frequency sweep
was performed, which involved measuring the dynamic shear modulus at 25 °C as a
function of oscillation frequency (0.1-100 rad/s). A relatively small strain amplitude
(0.1%) was employed during these tests to be within the linear viscoelastic region.

e  Strain sweep: After the frequency sweep was completed, a strain sweep was carried
out on the samples, which involved increasing the strain from 0.01 to 1000% at a fixed
temperature of 25 °C and frequency of 1 Hz.

2.7. Texture Profile Analysis

Initially, powdered PP and/or MCP were dispersed in double-distilled water and
then stirred overnight at 350 rpm at room temperature (pH 7.0, 100 mM NaCl). These
dispersions were then poured into a glass flask, which was then heated for 30 min at 90 °C
in a water bath before being cooled for two hours in an ice tray. The resulting gelled samples
were then removed from the glass flasks and cut into cubes (1 x 1 x 1 cm?). The textural
characteristics of the gelled samples were then measured using an instrumental texture
analyzer (TA-XT2, Stable Micro System, Surrey, UK) using single and double compression
tests [35]:

e  Single compression test: A single compression test was used to determine the Young's
modulus and fracture characteristics of the samples, which was performed using a
cylindrical probe (P/50, 50 mm stainless cylinder). The operating parameters used
were based on those reported in a previous study: final target strain of 90%, and pre-
test, test, and post-test speeds of 2, 1, and 10 mm/s, respectively [30]. The resultant
stress—strain profiles were used to compute the Young’s modulus, fracture stress, and
fracture strain.

e Double compression test: A two-cycle compression/decompression program was used
to ascertain the texture profile analysis (TPA) parameters of the samples. The fol-
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lowing test parameters were used for these tests: final target strain was 50%, and
pre-test, test, and post-test speeds were all set at 2 mm/s. The two different com-
pression/decompression cycles were separated by 5 s. These experiments were also
conducted using a cylindrical probe (P/50, 50 mm stainless cylinder) [30]. The gener-
ated force-distance profiles were used to calculate the samples” hardness, resilience,
cohesion, springiness, gumminess, and chewiness, which was carried out by the com-
puter software. The meaning of these terms, as well as criticisms of their limitations,
have been given elsewhere [36].

2.8. Microstructure Analysis

CLSM: A confocal laser scanning microscope (CLSM) equipped with a 10x eye piece
lens and a 40x objective lens (Nikon d-Eclipse C1 80i, Nikon, Melville, NY, USA) was
used to determine the microstructure of the hybrid gels. Gel samples were placed on a
glass slide after being cut into thin slices (0.2 mm) using a sharp knife. The samples were
then stained using dyes specific to polysaccharides, lipids, and proteins: calcofluor white
(1 mg/mL in ethanol) for polysaccharides, Nile red (1 mg/mL in water) for lipids, and
FITC (1 mg/mL in ethanol) for proteins [31]. After adding one or two drops of these dyes
to the samples, the mixtures were incubated for one to two minutes. A paper tissue was
then used to remove any extra dye without affecting the sample. After that, the samples
were examined under a microscope and covered with a glass cover slip. The instrument
software was used to gather, store, and analyze the digital images (NIS-Elements 4.2,
Nikon, Melville, NY, USA).

SEM: The microstructures of all the samples were also analyzed using a scanning elec-
tron microscope (SEM, JCM-6000 NeoScope, JEOL, Tokyo, Japan). The samples were first
cut into 5 mm3 cubes and then dehydrated using a freeze drier for 3 days [37]. Following
that, gold was sputter-coated onto the samples (Cressington 108Auto; Redding, CA, USA).
The microstructure of the samples was then investigated under low vacuum conditions
using an accelerating voltage of 10 kV.

2.9. Statistical Analysis

Apart from the dynamic shear rheology measurements, which were carried out in
duplicate, all the other experiments were carried out in triplicate using newly prepared in-
dependent samples. Microsoft Excel (version 2405 (Build 17628.20144) was used to compute
the means and standard deviations of this data. R-program software (R version 4.3.1) was
used to execute an ANOVA (post hoc Tukey HSD test) to identify significant differences
between samples (p < 0.05). It was assumed that the experimental data followed a normal
distribution around the mean for the statistical analysis.

3. Results and Discussions
3.1. MCP Proximate Analysis

The proximate analysis of the MCPs showed that they contained 35.3-50.4% protein,
2.86% fat, 6.48 moisture, and 5.78% ash. This relatively wide range of protein contents
is given because mycoproteins contain appreciable amounts of chitin, which contains
nitrogen. Consequently, the nitrogen content (8%) measured by the Dumas method is
influenced by both the protein and the chitin content of the mycoprotein. For this reason,
the protein content was calculated based on conversion factors reported in previous studies
for fungal proteins, which ranged from 4.38 [38] to 6.25 [39].

3.2. Electrical Characteristics

The pH of hybrid samples is important because it determines the electrical characteris-
tics of the proteins and other components in the MCP and PP ingredients, which impacts
their electrostatic interactions with each other. Previous studies have shown that electro-
static interactions play an important role in mycoprotein-plant protein hybrids [32,40]. For
this reason, the zeta-potential values of the potato protein and mycoprotein dispersions
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were measured as a function of pH to provide some insights into their electrical charac-
teristics (Figure 1). Potato proteins had an isoelectric point around pH 5, with the surface
potential becoming increasingly negative at higher pH levels and increasingly positive
at lower pH values. The change in zeta potential from positive, to zero, to negative as
the pH was raised can be attributed to progressive conversion of the -NH3;* and -COOH
groups into -NH; and -COO™ groups, respectively [41]. Around the isoelectric point, the
electrostatic repulsion between the potato protein molecules is expected to be relatively
weak and therefore insufficient to prevent their aggregation.
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Figure 1. Impact of pH on the zeta potential of 0.1% (w/v) MCP, 0.1% (w/v) MCP + PP (1:1) and 0.1%
(w/v) PP dispersions.

The zeta-potential versus pH profile of the mycoproteins followed a similar trend
to the potato proteins. The charge changed from highly positive at low pH to highly
negative at high pH, with an isoelectric point around pH 4. This isoelectric point agrees
with that reported for fungal proteins in other studies [42]. Mycoproteins are known to
be assembled from biopolymers that can carry charge, such as proteins and chitin [43].
The pH-dependence of the zeta potential of the mycoprotein dispersions is consistent with
the presence of proteins at their surfaces, however, the amino groups on chitin may also
have made some contribution to their positive charge at low pH values. This effect might
partly account for the fact that the mycoproteins had a lower isoelectric point than the
potato proteins.

The change in zeta potential with pH for the mixed PP + MCP system followed a
similar pattern to the pure PP and pure MCP systems. Indeed, for most pH values the zeta-
potential of the mixed system was between than of the two pure systems. The isoelectric
point of the mixed system was around pH 4.7, which was between that of the pure PP
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(pH 4.9) and pure MCP (pH 4.0) systems. At pH values between the isoelectric points of the
potato protein and mycoprotein systems (i.e., pH 4.0 to 4.9), the PP and MCP have opposite
charges, which could promote their aggregation through increased electrostatic attraction.

In the remainder of this study, we only prepared samples at pH 7, since this is close to
the pH of most meat products. In principle, however, it may be possible to create different
structures and textures by varying the pH of the hybrid products, but this was beyond the
scope of the current work.

3.3. Appearance of the Samples

Information about the pH-dependence of the aggregation of the different samples was
obtained by taking digital photographs of them (Figure 2). The potato protein solutions
were relatively clear at pH values far from their isoelectric point (pH 2, 3, 7, and 8),
but turbid near their isoelectric point (especially pH 5), which is indicative of protein
aggregation due to a reduction in electrostatic repulsion. The mycoprotein dispersions
appeared turbid at all pH values, which can be attributed to light scattering by the small
insoluble MCP fragments they contained. Moreover, a white precipitate formed at the
bottom of these samples after a few hours of storage (Figure 2), which can be attributed to
sedimentation of the MCP fragments caused by their relatively large size and higher density
than water. The mixed MCP + PP dispersions contained precipitates at all pH values, which
can mainly be attributed to the presence of the insoluble mycoprotein particles.

Figure 2. pH-dependence of the aggregation of the 0.1% (w/v) of MCP, 0.1% (w/v) PP and 0.1% (w/v)
1:1 MCP + PP samples.

3.4. Differential Scanning Calorimetry

The presence of any thermal transitions in the potato protein and mycoprotein disper-
sions was assessed using differential scanning calorimetry (DSC) analysis at pH 7. This pH
is well above the isoelectric point of the potato proteins and mycoproteins, and so there
should be a relatively strong electrostatic repulsion between them, which should reduce
extensive protein aggregation [31]. The DSC thermograms for potato protein dispersions
displayed a single, distinct endothermic peak upon heating, which is indicative of the
thermal denaturation of the globular proteins [22,37]. The denaturation temperature (Ty)
of the potato proteins exhibited a slight dependence on concentration, with a T4 of 65.80 °C
and 65.53 °C at PP concentrations of 10% and 15%, respectively (Figure 3). This result agrees
with that reported in our previous studies for potato proteins [31]. The MCP dispersions
did not exhibit any thermal transitions during heating, which may have been because the
proteins had already been denatured during the manufacturing processes used to prepare
the powdered mycoproteins. Moreover, some of the proteins in the MCP are embedded
within cell walls containing chitin, which may increase their thermal stability [44,45].

10
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Figure 3. Differential scanning calorimetry profile of 15 wt% potato protein (PP) and 15 wt% myco-
protein (MCP) during heating from 25 to 100 °C with at 3 °C/min having denaturation temperature
(Tq) of 65.53 °C indicated with arrow.

3.5. Shear Rheology Analysis

Dynamic shear rheology was used to provide information about the impact of hybrid
composition on their rheological properties.

3.5.1. Temperature-Sweep Test

Initially, the temperature-dependence of the dynamic shear rheology of the potato
protein and/or mycoprotein samples was determined. The storage modulus (G’) and
loss modulus (G”) of these samples were measured as they were heated from 25 to 90 °C,
held at this temperature, and then cooled to 25 °C. The rheology of 15% PP, 15% MCP,
and 15% PP + 15% MCP hybrid samples are shown in Figure 4. Similar general trends
were followed for samples containing 10% PP, 15% MCP, and 10% PP + 15% MCP but the
shear modulus values were considerably lower. Notably, the samples containing 5% PP,
15% MCP or their hybrids did not form a gel or only formed a very weak gel that was
easily disrupted.

For the samples containing 15% PP, the storage and loss moduli of the potato protein
solutions were initially relatively low at 25 °C, which suggests that the proteins did not
form a strong gel before heating (Figure 4a). This was probably because of the relatively
strong electrostatic repulsion between the negatively charged protein molecules. When
the temperature was raised, there was a slight decrease in the G’ and G” values up to
around 40 °C, which may have been due to dissociation of weak aggregates formed by
the potato proteins at ambient temperature. Presumably, these aggregates formed due

11
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to the presence of some weak hydrophobic or hydrogen bonding between the protein
molecules at lower temperatures. However, when the temperature was raised further, there
was a modest increase in the shear moduli up to about 50 °C, followed by a steeper rise
above about 60-70 °C, which can be ascribed to thermal denaturation and aggregation
of the potato proteins leading to the formation of a 3D protein network with elastic-like
properties [22]. Upon cooling from 90 to 25 °C, both G’ and G” increased appreciably,
indicating the formation of irreversible heat-set gels. The observed increase in gel strength
during cooling can be attributed to strengthening of the hydrogen bonding within the
protein matrix at lower temperatures [31].
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Figure 4. Temperature sweep results of (a) 15% potato protein (PP); (b) 15% mycoprotein (MCP);
and (c) 15% MCP and 15% PP. The storage (G') and loss (G”) moduli of the samples were measured
as they were heated from 25 to 90 °C, held at 90 °C, and then cooled from 90 to 10 °C (strain = 0.1,
frequency = 1 Hz). The red arrows show heating, while the blue arrows show cooling. For most
temperatures, G’ > G for all samples, indicating they were predominantly elastic-like materials.

For the 15% MCP sample, both G’ and G” were initially relatively high at 25 °C,
which was consistent with the observed paste-like properties of these samples. There was
a slight decrease in shear moduli when the samples were heated and a slight increase
when they were cooled (Figure 4b). However, there was not a dramatic change in the
shear rheology of the samples during either cooling or heating, suggesting there were no

distinct thermal transitions, which is consistent with the DSC measurements (Figure 3).

Notably, G’ remained higher than G” during heating and cooling, indicating that they
were predominantly elastic-like materials. Nevertheless, they were very soft solids, which
were unsuitable for creating meat substitutes or analogs on their own. The reasons that the
mycoproteins could not form strong gels may have been because the proteins were already
denatured prior to heating or because they were trapped inside mycelium fibers and so
they could not form a 3D network [40,46,47].

The mycoproteins are rich in proteins, dietary fibers, and micronutrients, and they
naturally have a fibrous structure. These attributes are important to create meat analogs
with good nutritional properties. However, the poor gelling properties of the mycoproteins
limits their application for this purpose. Consequently, we examined the possibility of
increasing the gel strength of mycoprotein-rich samples by blending them with potato
proteins. The hybrid samples (15% PP + 15% MCP) initially had relatively high G’ and
G values at 25 °C, which can mainly be attributed to the presence of the mycoproteins
(Figure 4c). During heating, there was an initial softening of the hybrid hydrogels, which
can be attributed to weakening of the hydrogen bonding between molecules at higher
temperatures. However, when they were heated above about 60-70 °C there was a steep rise

in gel strength, which can be attributed to unfolding and aggregation of the potato proteins.

The gel strength then increased when the samples were cooled from 90 to 25 °C, which can
be associated with strengthening of the hydrogen bonds between the biopolymers at lower
temperatures. Notably, the final gel strength was higher for the hybrid samples than for
the pure potato protein samples, which indicated that the addition of the mycoproteins
strengthened the gels. It is possible that the fibers in the mycoproteins acted as active

12
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fillers, which are known to increase the elastic modulus of composite gels [30]. It should
be noted that the final shear modulus (G’) of the hybrid samples after heating and cooling
was quite similar to that reported for real cooked chicken under similar conditions [34].
Consequently, the hybrid products may have textural attributes that can match those of
real meat products.

3.5.2. Frequency-Sweep Test

After the completion of the temperature-sweep test, a frequency-sweep test was
performed to provide some insights into the dynamic properties of the hydrogels. For
all the samples, there was a slight increase in the G’ and G” values as the frequency was
raised from 0.1 to 100 rad /s (Figure 5). This increase can be attributed to the fact that the
biopolymers within the different hydrogels need a certain amount of time to rearrange
themselves when an external shear stress is applied. At lower frequencies, the biopolymers
have enough time to relax, but at higher frequencies, they do not, which leads to a more
rigid and viscous material [37,48]. As expected, the magnitude of the shear modulus
increased with increasing protein concentration in the PP samples. Moreover, the shear
modulus of the hybrid samples was greater than that of the individual components with
the corresponding PP concentration, which indicated that the presence of the mycoproteins
again strengthened the potato protein gels. This effect may have been because some of the
components within the MCP acted as active fillers that interacted with the surrounding
protein network through attractive molecular interactions. For instance, MCP contains
fibrous hyphae that are rich in 3-glucan and chitin [43,49,50], which could form electrostatic,
hydrophobic, and hydrogen bonds with the potato proteins [32].
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Figure 5. Frequency sweep results of 15% potato protein (PP), 15% mycoprotein (MCP), and 15%
mycoprotein-15% potato protein (15% MCP + 15% PP) hybrid gels. The storage modulus (G') and
loss modulus (G”) of the samples were measured as the frequency was increased at a strain of

0.1% and 25 °C. For all frequencies, G’ > G” for all samples, indicating they were predominantly
elastic-like materials.

Some insights into the nature of the hydrogels formed can be obtained by analyzing
the dependence of the shear modulus on frequency [31,51]. The experimental data can be
fit to a power law model:

log G’ =2'log w + K

13



Foods 2024, 13, 4109

Here, w is the oscillation frequency, 2’ is a constant related to the frequency-dependence
of the shear modulus, and K is a constant related to the strength of the molecular interac-
tions. The constant z’ represents the slope of a log-log plot of G’ versus w. Gels can be
classified into different types depending on the z’ value: covalent gels if z’ = 0; physical
gels if z/ > 0; and viscous gels if z/ < 1. The goodness of fit is evaluated from the coefficient
of determination (R?).

The parameters obtained by fitting the power-law model to the experimental data are
reported in Table 1. In our experiments, R?> was higher than 0.99 for all the samples, indicat-
ing a good fit of the model to the data. All our samples could be categorized as physical gels
because the z’ values were > 0. The most likely origin of the physical crosslinks between the
biopolymer molecules in the different samples is hydrophobic, hydrogen, and electrostatic
bonding [32,52]. The K values (6.74 to 11.26) of the gels depended on their composition,
which suggests that the overall strength of the molecular interactions in them depended
on the types of biopolymers present. Hydrophobic interactions will have occurred be-
tween non-polar groups on the surfaces of the proteins when they were heated above their
thermal denaturation temperature. Hydrogen bonding may have occurred between polar
groups on the proteins and/or polysaccharides present, especially at lower temperatures.
Electrostatic interactions may have occurred between cationic chitin and anionic protein
molecules in the hybrid samples. The importance of these interactions has been highlighted
in other studies on mycelium—protein interactions. For example, researchers have used
computer simulations, microscopy, rheology, and spectroscopy to provide insights into
the nature of the molecular interactions involved in the creation of hybrid gels from egg
white proteins and mycoproteins [45]. They reported that hydrogen bonding, electrostatic
interactions, and hydrophobic interactions all played an important role. In another study,
researchers used microscopy, rheology, and electrophoresis to provide insights into egg
protein-mycoprotein interactions [40]. They concluded that electrostatic interactions played
a dominant role, but that hydrogen bonding and hydrophobic interactions were also likely
to be important. Similar findings have also been reported by the same research group for
mycoprotein-potato protein interactions [32]. Taken together, the results of these studies
support our hypothesis about the role of electrostatic, hydrophobic, and hydrogen bonding
interactions in determining the properties of the hybrid gels.

Table 1. Impact of composition on the parameters determined by fitting a power-law model to the
experimental shear modulus versus frequency data for single and hybrid gels.

Storage Modulus Loss Modulus
Sample R? VA K’ R? z" K"
5% PP 0.999 0.112 6.75 0.995 0.114 5.04
10% PP 0.999 0.147 8.73 0.997 0.137 7.84
15% PP 0.999 0.139 10.82 0.997 0.134 9.33
15% MCP + 5% PP 0.994 0.100 10.00 0.951 0.158 8.01
15% MCP + 10% PP 0.999 0.117 10.42 0.988 0.139 8.75
15% MCP + 15 PP 0.999 0.130 11.27 0.990 0.129 9.73
15% MCP 0.989 0.081 10.81 0.940 0.168 8.70

3.5.3. Strain-Sweep Test

After the completion of the frequency-sweep test, a strain-sweep test was carried
out to provide some insights into their non-linear properties at high deformations. The
viscoelastic properties of the different gels were assessed by measuring their complex shear
modulus (G*) when the strain was raised from 0.01% to 1000% (Figure 6).
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Figure 6. Strain sweep results of 15% pure potato protein,15% mycoprotein and15% potato protein-
mycoprotein hybrid gels. The complex shear modulus (G*) of the samples were measured as the
strain was increased from 0.01% to 1000% at 25 °C.

For all samples, the shear modulus remained relatively constant when the strain was
increased up to about 2-4% but then it decreased steeply. This indicates that the different
gels had reversible elastic properties at relatively low deformations, where the applied
stress was proportional to the resulting strain. This low deformation region is referred
to as the “linear viscoelastic regime”. Above this region, the gel network is disrupted,
and some yielding and flow may occur, which results in a decrease in the complex shear
modulus. The strain sweep results therefore suggest that all the samples exhibited fairly
similar breakdown profiles under shear. At higher strains, the applied shear stress was
strong enough to disrupt the bonds between the different structural elements in the gel
networks causing them to yield and flow.

3.6. Texture Profile Analysis

Further insights into the behavior of the different hydrogels when exposed to large
deformations (like those experienced during mastication) were obtained using uniaxial
compression testing [31]. For these tests, all the samples were heated to 90 °C for 30 min
and then cooled to ambient temperature prior to analysis.

3.6.1. Single Compression Tests

A single compression test was used to measure the strain versus strain curves of
the samples when they were compressed to a final strain of 90% (Figure 7). The Young’s
modulus and fracture properties of the gels were then determined (Table 2). The Young’s
modulus was calculated from the initial slope of the curves, whereas the breaking stress
and breaking strain were determined from the first point when there was a break in
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these curves [35]. All the samples exhibited an initial rise in force with increasing strain,
which indicated that they had some elastic-like properties. After reaching a certain strain
threshold, all the samples then exhibited a notable increase in stress before ultimately
failing, indicating their maximum loading capacity had been exceeded. The appreciable
increase in force may have been because the surface area of the samples increased as they
were compressed, and so they gave a greater resistance to compression. The samples may
have broken at higher strains because the applied stresses exceeded the forces holding the
different structures in the gel networks together. The breaking stress and strain values
determined from the first observed break in the force-strain curves are reported in Table 2.
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Figure 7. Effect of single composition on the stress—strain relationship of Potato protein and potato
protein-mycelium hybrids during single compression-decompression experiments (25 °C).

Consistent with the shear modulus experiments, the Young’s modulus of the
15% MCP + 15% PP hybrid gels was the highest. In addition, they also had the high-
est breaking stress (2143.5 kPa) and breaking strain (=>90.0%), which may be valuable for
the formulation of meat analogs and substitutes. The enhanced mechanical properties
of the hybrid gels may be attributed to a synergistic interaction between the MCP and
PP components, which allows for a stronger and more robust biopolymer network to be
formed. Indeed, fibrous fillers have been reported to be highly effective at increasing the
mechanical strength of composite materials [53,54]. Notably, the Young’s modulus of the
hybrid samples (15% MCP + 15% PP) analyzed in our study had fairly similar values to
that of cooked chicken reported in a previous study [34], which may be useful for their
commercial application as meat substitutes.
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Table 2. Impact of composition on Young’s modulus, breaking stress, and breaking strain of single
and hybrid gels measured using a single compression test. The 5% PP and 15% MCP samples were
not analyzed (NA) because they were too soft and runny.

Sample Young's Modulus Breaking Stress Stiain

(kPa) (kPa) (%)
5% PP - - -

10% PP 0.520 £ 0.067 275 £ 16 >90

15% PP 1.99 +0.23 567 + 450 70 £35
15% MCP + 5% PP 0.141 +£ 0.002 799 £73 >90
15% MCP + 10% PP 0.323 £ 0.030 908 £ 28 >90
15% MCP + 15% PP 2.71 £0.49 2144 +73 >90
15% MCP NA NA NA

Overall, the incorporation of the MCP into the PP gels enhanced their strength and
flexibility, which may be partly due to the fibrous structures in the mycoproteins.

3.6.2. Double Compression Test

A double compression test was then used to measure the texture profile analysis (TPA)
parameters of the different gels (Table 3). Representative force versus time profiles for
different samples are shown in Figure 8, which show that incorporating the MCP into
the potato protein gels increased their resistance to deformation. For the pure potato
protein gels and the hybrid gels, the hardness and chewiness increased appreciably as
the PP concentration was raised from 5 to 15% (Table 3). This effect can be attributed to
the presence of a stronger protein network at higher protein concentrations due to greater
crosslinking of the potato protein molecules. The increase in hardness with PP concentration
is consistent with the increase in shear modulus and Young’s modulus discussed earlier.
The increase in chewiness with increasing potato protein content may be particularly
important for the formulation of meat analogs and substitutes, as real meat products
are usually characterized by a high degree of chewiness. There was not an appreciable
dependence of the resilience (6.7-7.9%) or cohesiveness (0.23-0.33) of the pure potato
protein samples on protein content. The resilience is a measure of how much the material
regains its original shape and size after being compressed, while the cohesiveness is a
measure of how well it can withstand a second deformation [36]. Our results suggest that
all the pure potato protein samples exhibited relatively poor resilience and cohesiveness,
which can be attributed to irreversible disruption of the 3D gel network formed by the
proteins during compression.

Table 3. Impact of composition on the TPA parameters determined using a double compression test.
The 5% PP and 15% MCP samples were not analyzed (NA) because they were too soft and runny.

Sample Hardness (N) ~ Adhesiveness  Resilience (%) Cohesion Springiness (%) Chewiness
5% PP NA NA NA NA NA NA
10% PP 1.7 +0.1 —0.18 £0.13 6.68 £ 0.98 0.33 £ 0.02 924 +49 0.51 = 0.10
15% PP 6.2+03 —0.12 £ 0.06 7.85+0.53 0.23 £0.03 904 £4.3 1.26 +0.10
15% MCP + 5% PP 1.8 =04 —0.05 £ 0.03 12.46 £ 1.00 0.52 £0.03 832+ 44 0.77 £0.21
15% MCP + 10% PP 44+04 —0.03 = 0.00 14.92 £ 0.22 0.59 + 0.00 905+14 2.35£0.12
15% MCP + 15% PP 164 +1.7 —0.08 £ 0.02 13.05 £ 0.57 0.51 £0.01 84.1£1.6 7.07 £0.71
15% MCP NA NA NA NA NA NA
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Figure 8. Double compression curves of 15% potato protein (15% PP) and 15% mycoprotein + 15%
potato protein (15% MCP + 15% PP) hybrid gels. The force versus time curves were measured at
25 °C with 50% final strain and 2 mm/s pre-test, test, and post-test speeds.

The hardness and chewiness of the hybrid gels was greater than that of the equiv-
alent potato protein gels. For example, the hardness of the 15% MCP + 15% PP gel was
16.4 &+ 1.7 kPa, whereas that of the 15% PP gel was only 6.2 & 0.3 kPa. Thus, the addition
of the MCP increased the strength of the potato protein gels by nearly 165%, even though
the MCP alone could not form a strong gel. As discussed earlier, this effect may have
been because the MCP formed an interpenetrating network with the PP, or because some
of the components in the MCP reinforced the molecular interactions between the potato
protein molecules. There was not a strong dependence of the resilience (12.5-14.9%) or
cohesiveness (0.51-0.59) of the hybrid gels on protein content. However, the resilience
and cohesiveness values of the hybrid gels were significantly higher than those of the
pure potato protein gels, which suggests that the presence of the mycoproteins somewhat
increased their resistance to irreversible deformation during compression. This may have
been because the fibrous hyphae in the MCP penetrated through the potato protein net-
work, thereby holding it together better. The 5% PP and 15% MCP samples could not be
analyzed using this method because they were too soft and runny.

3.7. Microstructure Analysis

Finally, the microstructures of the different heat-set gels were analyzed using scan-
ning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) with
fluorescence staining to provide some insights into the impact of the incorporation of the
mycelium on the structure of the potato protein gels. It is often important to have a fibrous
structure in meat analogs and substitutes. We hypothesized that the incorporation of the
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fibrous MCP into the PP gels would introduce this kind of structure in the hybrid gels.
In addition, digital photographs of the different samples were taken to provide insights
into the impact of their composition on their appearance. Only the 15% PP, 15% MCP,
and 15% MCP + 15% PP hybrid gels were selected for the microstructure analysis because
they had the strongest mechanical strength and were therefore the most suitable as meat
substitutes and analogs.

3.7.1. CLSM Analysis

Confocal laser scanning microscopy with fluorescence staining was used to provide
information about the microstructure of the different samples (Figure 9). In these im-
ages, the proteins were stained green, the polysaccharides blue, and the lipids red. The
15% mycoprotein gels had a complex interconnected network structure that consisted of
fibrous proteins (green) and polysaccharides (blue). These fibers were probably fungal
hyphae that consisted of chitin-rich walls with proteins packed inside [44]. There were
some small yellowish-red regions in these images, which suggests that there were some
lipids present, which is consistent with the proximate analysis of these samples (Table 1).
There appeared to be many large pores (black regions) within these gels, which could affect
the water-holding capacity, resilience, and texture of gels that include them. The fibrous
structures found in the mycelia may be suitable for simulating those found in traditional
meat products.

15% PP 15% MCP + 15% PP

Figure 9. Confocal microscopy images of 15% mycoprotein (15% MCP), 15% potato protein (15% PP)
and 15% mycoprotein + 15% potato protein (15% MCP + 15% PP) hybrid gels (25 °C). The images
of the pure mycoprotein samples show they contained fibrous structures (stained blue and green),

which were presumably chitin- and protein-rich hyphae. The images of the pure potato proteins
showed that they contained large protein aggregates (stained dark green) dispersed in a protein-rich
aqueous phase (stained light green). The black regions were probably holes formed during sample
preparation. The images of the hybrid samples showed that they contained some fibrous structures
(stained blue and green), which were presumably chitin- and protein-rich hyphae, distributed in a
protein-rich network (stained green).

The 15% PP gels contained large dense irregular-shaped protein aggregates (dark
green) dispersed within a dilute protein solution (light green). The large black holes seen
in these images were voids in the gels that were introduced when they were cut into thin
slices for microscopy analysis. These results are consistent with previous studies made on
potato protein gels [52].

The CLSM images of the 15% mycoprotein and 15% potato protein hybrid gels showed
that they had a highly heterogeneous network structure, with distinct regions correspond-
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ing to proteins (green), lipids (red), and polysaccharides (blue) (Figure 9). There appeared
to be bundles of fibers from the mycelia wrapped around large protein-rich aggregates
from the potato proteins. The complex microstructure of the hybrid gels would be expected
to impact their functionality, including their water-holding capacity, resilience, and textural
attributes [55].

3.7.2. SEM Analysis

Prior to SEM analysis, the gelled samples were freeze-dried at —80 °C to eliminate
any moisture, which would interfere with the scanning electron microscopy measurements.
Both low (300x magnification) and high (2000 x magnification for 15% potato protein
and 3000 x for 15% mycoprotein and 15% mycoprotein + 15% potato protein hybrid gels)
resolution images were taken of each of the samples to show their different levels of
microstructure (Figure 10).

15% MCP 15% PP 15% MCP+ 15% PP

11/6/2024

———————— 00

—_—tm
Highwvac, SEI PC-std.  10%Y, %2000 11/6/2024 0 kV. %3000

Figure 10. The scanning electron microscopy images of 15% mycoprotein, 15% potato protein and
15% mycoprotein + 15% potato protein hybrid gel. Scale bars are 100 pm for 300 x and 10 um for
3000x and 2000x for 15% potato protein. The digital photographs show the overall appearance of
the samples before freeze drying.

The low-resolution images of the 15% PP samples showed they consisted of a relatively
smooth matrix with some large irregular pores, which were probably air bubbles embedded
within a uniform potato protein network. The high-resolution images of these samples
indicated that the pores had rough surface textures, which were probably clusters of
protein aggregates. These microstructural features are likely to play an important role in
determining the mechanical strength and gelling behavior of the potato proteins.
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The low-resolution images of the 15% MCP samples showed that they had a highly
porous fibrous structure, but that the fibers did not seem to be aligned in any particular
direction. This was probably because the original mycoprotein samples were ground into a
find powder prior to use, which destroyed some of their original fibrous structures. The
high-resolution images of these samples indicated that they contained an intricate network
of fibrous structures. Overall, these images show that the mycoproteins have a highly
fibrous microstructure, which may be useful for creating meat analogs or substitutes with
meat-like textures.

The SEM images of the 15% MCP + 15% PP hybrid gels indicated that they had
microstructural features that combined those seen in the MCP and PP samples. The low-
resolution images show there were some regions that were relatively smooth, which may
have been the potato protein network, as well as some regions that were fibrous, which
may have been the mycoproteins.

The digital photographs of the samples showed that they had different appearances
depending on their compositions. The 15% MCP samples were a whitish color and had a
highly heterogeneous fibrous surface texture. The 15% PP samples had a beige color and a
“chunky” appearance. The hybrid samples had an appearance that had some features of the
two separate components, with a light yellowish-brown color and a fibrous porous texture.

In summary, the hybrid gels appeared to contain mycoprotein fibers embedded in a
potato protein network. The mycoprotein provided a fibrous structure, whereas the potato
proteins provided mechanical strength. These hybrids may therefore have some of the
attributes required to create solid-like fibrous meat analogs and substitutes. However,
sensory studies on meat analogs or substitutes created from these hybrid materials would
be needed to confirm this.

4. Conclusions

In conclusion, this study showed that hybrid gels could be assembled by combining
mycoproteins and potato proteins together. Each of these alternative protein sources brings
different attributes to the hybrids. The potato proteins form a relatively strong gel network
due to their ability to unfold and aggregate with each other during heating, leading to the
formation of an irreversible heat-set gel. In contrast, the mycoproteins cannot form strong
gels during heating, but they can provide a desirable fibrous structure, as well as valuable
nutrients, such as proteins, dietary fibers, vitamins, and minerals. Consequently, these
hybrid gels may be useful for formulating meat analogs and substitutes. The mechanical
properties of these hybrid gels could be modulated by altering their protein concentration,
with the gel strength increasing within potato protein concentration. The mechanical
strength of the hybrid gels was greater than that of the equivalent potato protein gels,
which suggested that the presence of the mycoproteins strengthened the gel network,
which may have been because the mycelia fibers behaved as active fillers in the potato
protein network.

The results of this study may be useful for the design and production of a new genera-
tion of plant protein-mycoprotein hybrids as sustainable food sources. However, further
research is required to fully understand the molecular interactions driving their rheological
and structural properties and to optimize their formulations for broader applications. In
particular, it will be necessary to include other ingredients in commercial hybrid products,
such as lipids, flavors, colors, and preservatives to make them more desirable to consumers.
In addition, it will be important to examine the impact of other kinds of alternative pro-
tein sources, such as those from other plants, insects, or microbial fermentation, on the
formation and properties of hybrid products formulated with mycoproteins. Moreover,
it will be important to carry out sensory tests on these products to determine if they are
acceptable to consumers. In principle, the fibrous structures and good nutritional profile
provided by mycelia should reduce the number of ingredients and amount of processing
steps required to formulate meat analogs, thereby increasing their consumer acceptance.
Indeed, a recent study of the factors affecting consumer acceptance of fungal proteins
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in meat substitutes found that the sensory attributes of the final products were the most
important factor, but that the number of ingredients and degree of processing were also
important [56]. This study also found that many consumers were unfamiliar with fungal
proteins and had a negative opinion of them because they associated them with mold.
Another recent consumer study of the factors impacting the adoption of fungi-based foods
reported that several factors were important, including sensory characteristics, environ-
mental benefits, nutritional effects, production practices and ingredients. There is also
a need to carry out more detailed life cycle analysis studies on hybrid products formed
from myecelia, to establish their potential environmental impacts compared to other protein
sources [17]. Moreover, there is a need to assess the economic viability of these products
in terms of ingredient costs and processing methods. Consequently, further efforts are
required to create higher quality hybrid foods using minimal processing methods, and
on educating consumers about the potential health and environmental benefits of these
sustainable food sources.
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Abstract: This study explores for the first time the impact of a 6-day germination process
on the structure (FTIR), antioxidant activity, nutritional /safety attributes (ACE-I inhibitory
activity, digestibility, and cytotoxicity), and functional properties of fractions of variable
molecular weight (W > 5 kDa; 3 kDa < MW < 5 kDa; and MW < 3 kDa) isolated from proteins
extracted from lentils. FTIR results indicated a substantial increase in (3-sheet contents
during germination. The digestibility of proteins increased from day 0 (16.32-17.04%) to
day 6 of germination (24.92-26.05%) with variable levels of digestibility depending on
their MW. ACE-I inhibitory activity improved during germination in all fractions, reaching
ICsp values of 0.95, 0.83, and 0.69 mg/mL after 6 days of germination. All antioxidant
activities analyzed notably increased, particularly in low-MW fractions (MW < 3 kDa). The
functional properties of low-MW fractions were also the most promising, displaying the
highest water and fat binding capacities and emulsifying and foaming capacities but lower
foaming and emulsifying stability compared to high-MW fractions. Cytotoxicity tests on
L929 cells revealed the slight adverse effects of low-MW fractions during germination. This
study provides insights into the enhanced nutritional and functional attributes of lentil
proteins following germination, emphasizing their potential application in functional foods.

Keywords: lentil seeds; protein digestibility; ACE-I inhibitory activity; antioxidant; germination

1. Introduction

Lentils (Lens culinaris) are a pulse crop belonging to the Leguminosae family and are
one of the most highly consumed pulses around the globe [1]. The consumption of lentils
has been linked to multiple nutritional benefits, including cholesterol- and lipid-lowering
effects, and reducing the risk of cancer and type-2 diabetes, facts that could be attributed to
their high dietary fiber and phenolic contents and to the high antioxidant capacity of the
compounds produced by this crop [2].

The relatively high protein content of lentils, ranging from 24 to 30% (w/w), has
recently attracted the attention of the food industry aiming to use lentil protein flours to
fortify with plant protein novel food formulations [1,3]. Previous studies have demon-
strated that among different pulses, lentils also contain high-quality protein and that its
consumption is linked to antihypertensive effects [4]. Lentils are considered a rich source
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of isoleucine, leucine, lysine, threonine, phenylalanine, and valine compared to other crops
while being deficient in methionine and cysteine [5]. The large amount of phenylalanine in
lentils has been linked to an increased production of tyrosine which is needed for the for-
mation of epinephrine and norepinephrine, contributing to improving neurotransmission
activity under stress conditions [5,6]. Whereas a healthy adult synthesizes tyrosine from
phenylalanine, a young child has not yet developed the enzyme phenylalanine hydroxylase
needed for this conversion. Thus, for this sector of the population, tyrosine is an essential
amino acid. This phenomenon can also occur in various pathological conditions [7]. In
addition, branched-chain amino acids (BCAAs: leucine, valine, and isoleucine) are particu-
larly important in older adults. BCAAs have a physiological role during protein synthesis,
metabolism, food intake, and aging. Many studies have contradictory conclusions con-
cerning the relationship between the blood levels of BCAAs or the dietary manipulation of
these amino acids and changes appreciated during aging in body composition, sarcopenia,
obesity, insulin, and glucose metabolism [8].

Lentil proteins are generally extracted by conventional methods that include a two-
stage process, alkaline extraction (pH 8-11) followed by isoelectric precipitation (pH 4-5) [6].
Under these conditions, approximately 70% (w/w) of lentil protein is composed of globulins
or salt-soluble protein [9] that can be further classified as vicilin (7S), with a molecular
weight (MW) of 40-70 kDa and legumin (11S) with a MW of 320-380 kDa. The ratio of
75/11S can change depending on the lentil variety under study; however, it is regularly
described as being around 2.78 [1,9].

Despite all the aforementioned benefits of lentil seeds and their derived protein
isolates, lentils, similarly to other pulses, may contain some anti-nutritional compounds
(ANC:s), such as tannins, lectins, phytic acid, and protease inhibitors, which may reduce
their nutritional benefits. However, the process of protein extraction (alkali followed by
acid) has been reported to alleviate the adverse effects of ANCs, improving the nutritional
value and digestibility of lentil proteins [9]. Moreover, germination is a traditional process
and a re-emerging trend in the food industry to unlock the nutritional potential of seeds by
making them more readily available for human consumption [10,11]. Thereby, S. Santos,
Silva, MP Valente, Gruber, and W. Vasconcelos [4] reported a significant increase, of around
30%, in protein content in different lentil varieties after sprouting.

Multiple enzymes are activated during the process of the germination of seeds, con-
tributing to the transformation of complex molecules (carbohydrates, proteins, and fats)
into small forms that are easier to digest and absorb by the human body; thus, variations
in the molecular weight (MW) and properties of the protein ingredients achieved from
these seeds are likely to change during the process of germination. Germination has been
previously reported to increase the bioavailability of nutrients, such as vitamins, minerals,
amino acids, and antioxidants, present in seeds [10,11]. From a food technology perspective,
germination can be used to enhance the functional properties of the ingredients derived
from these seeds. Germinated seeds can be used in bread-making to increase the protein
quality and improve the texture of the final baked products. The seeds can also be sprouted
and used as ingredients in plant-based milk alternatives or energy bars [10,11]. Aligned
with this concept, the germination of lentils has been described as having positive changes
in nutrient availability and the digestibility of the seeds, reducing anti-nutrients, and in-
creasing bioactive compounds and the nutritional value of their proteins [12,13], making
them an interesting ingredient for the development of functional foods.

This study investigated the nutritional, physicochemical, and functional changes in
lentil proteins extracted from seeds during a 6-day germination period. The proximate
composition of lentils (moisture, protein, lipid, carbohydrate, and fiber contents) and
changes in their structure—measured by Fourier transform infrared (FTIR) analysis—were
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determined during the 6-day germination period. Moreover, fractions of variable MW
were generated from all the protein isolates during all stages of germination to examine
their digestibility, antioxidant activity (DPPH radical scavenging, ferrous chelating activity,
hydroxyl radical scavenging activity, and ferric reducing antioxidant power), cytotoxicity
(L929 cells), and functional properties (water/oil binding capacity and emulsifying and
foaming properties) to provide a complete perspective of the changes induced by lentil
proteins during the process of germination that could have an impact for the development
of value-added products from different seed sprouts in the food industry.

2. Materials and Methods
2.1. Chemical Reagents

Pepsin from porcine stomach mucosa pepsin (3200 U/mg) (SRE0001) and pancreatin
from porcine pancreas (P1750) were purchased from Merck (Arklow, County Wicklow,
Ireland). The angiotensin-converting enzyme-I (ACE-I) inhibition assay kit-WST was
purchased from Dojindo Laboratories (Kumamoto, Japan). L929 cells (mouse fibroblast,
subcutaneous connective tissue) were obtained from the European Collection of Animal
Cell Cultures (Salisbury, UK). All other chemicals and reagents were of analytical grade.

2.2. Seeds and Germination Process

Lentil seeds (Lens esculenta) were purchased from a local market in Shiraz, Iran. All
seeds were washed with distilled water to remove impurities. The germination process
was performed following the procedure described by Fouad and Rehab (2015) [14] with
slight modifications. The lentil seeds were soaked in distilled water at a ratio of 1:10 (w/v)
overnight. The water from this soaking was then discarded, and the seeds were wrapped
using a wet cotton cloth and kept in dark conditions. The seeds were irrigated daily with
fresh distilled water for 6 days and the cotyledon emergence dynamics and changes during
that period can be appreciated in Figure 1. Samples were selected at 1-day intervals and
frozen at —20 °C to cease germination. After thawing, the samples were oven-dried (50 °C,
6 h) and grinded (Kyocera, CM-20C SE, Kyoto, Japan). All samples were vacuum packed
and stored at —20 °C for further analyses according to the experimental plan detailed in
Figure 2.

Figure 1. The evolution of lentil seeds during the germination process over a 6-day period.
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Figure 2. A schematic flow diagram illustrating the experimental design followed during this study.

2.3. Proximate Analyses

Moisture and ash contents were determined using the official method of analysis,
AOAC.942.05, as described by Horowitz (2000) [15]. The protein content of the samples was
assessed by the Kjeldahl method (BUCHI Labortechnik AG, Flawil, Switzerland) using a
nitrogen-to-protein conversion coefficient of 6.25 [16]. Lipid contents were measured using
Soxhlet apparatus, following the procedure outlined by Connolly, Piggott, and FitzGerald
(2013). Briefly, 1 g of the samples was mixed with 100 mL of hexane (68 °C, 6 h) and the
solvent evaporated in a rotary evaporator (Stuart, RE401, UK). The carbohydrate content of
the samples was determined following the method as described by Masuko et al. (2005) [17].
Briefly, 30 uL of the samples or a standard (glucose, 10-50 mg/mL) was mixed with 150 uL
of concentrated sulfuric acid (98.5%) and 30 pL of 5% phenol solution and shaken for
2 min. The mixtures were incubated in a water bath (90 °C, 5 min), cooled down at room
temperature for 10 min, and agitated for 10 min before the absorbance of the reactions was
read at 490 nm using a spectrophotometer (BioTek, Winooski, VT, USA).

The fiber content of the samples was evaluated as outlined by Lee, Prosky, and
Vries (1992) [18]. Briefly, 1 g of the samples was mixed with 40 mL of maleate buffer
(50 Mm, pH 6.0) containing 2 mM CaCl,, 50 U/mL porcine pancreatic x-amylase, and
3.4 U/mL amyloglucosidase, and the solutions were incubated (37 °C, 16 h). The pH
of the mixtures was adjusted to 8.2 before adding 0.1 mL of Bacillus licheniformis-derived
protease (350 U/mL), and the samples were incubated (60 °C, 30 min), cooled down to room
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temperature, and mixed with 4 volumes of 95% ethanol, and the filtrates were oven-dried
(105 °C, overnight). The fiber contents were calculated using Equation (1).
W1 — W2

Fiber content (%) = —wi X 100 1)

Wi and W), are the initial weight of the sample and weight of the dried filtrate, respectively.

2.4. Protein Isolation Process

Proteins were isolated from the powdered samples as described by Suliman, El Tinay,
Elkhalifa, Babiker, and Elkhalil (2006) [19] with slight modifications. Briefly, 30 g of the
samples was suspended in 500 mL of distilled water, and their pH was adjusted to 9
using 1 M NaOH. After mixing for 2 h, the samples were centrifuged (3000 g, 30 min).
The supernatants were collected and the pH was adjusted to 4.2 using 1 M HCI. The
solutions were mixed for 2 h before centrifugation (10,000x g, 20 min); the precipitated
proteins were rehydrated, neutralized to a pH of 7, freeze-dried, and stored at —20 °C for
further experiments.

2.5. Molecular Weight Cut-Off Fractionation of Protein Isolates

Protein isolates were re-dissolved in deionized water (1:10 w/v) and sequentially
filtered through 3 and 5 kDa centrifugal ultrafilter tubes (Millipore, Sigma-Aldrich,
St. Louis, MO, USA). The process resulted in 3 different MWCO fractions of variable
MW: (1) MW > 5 kDa; (2) 3 kDa < MW < 5 kDa; and (3) MW < 3 kDa. All the fractions were
freeze-dried and stored at —20 °C for further experiments.

2.6. Fourier Transform Infrared (FTIR) Analysis

The secondary structural compositions of germinated and ungerminated lentil protein
isolates were analyzed using a Fourier transform infrared (FTIR) spectrometer equipped
with an attenuated total reflectance cell (Tensor 1I, Bruker, Germany). The results were
recorded three times, using a wavelength range of 4000 to 400 cm ™! (mid-infrared region)
for each sample. The second-derivative analysis was conducted using OriginPro software
(version 9.0, 2013) computing the areas of different spectral components, showing the
relative proportion of secondary structures.

2.7. Nutritional Properties
2.7.1. Digestibility

The digestibility of samples was assessed following the procedure outlined by Marrion
et al. (2005) [20] with slight modifications. Samples, with an approximately 40 mg nitrogen
content, were digested with pepsin (1:60,000, 30 min, pH 2, and 37 °C). Subsequently, the
samples were treated with pancreatin (pH 7.5, 37 °C) inside dialysis bags for 6 h. The
digestibility of the samples was calculated using Equation (2).

N in dialysates (mg)

Digestibility (%) = N in sample (40 mg) x 100 )

2.7.2. Angiotensin-Converting Enzyme I (ACE-I) Inhibitory Activity

The ACE-I inhibitory activity of all samples was tested using the ACE-I inhibition
kit-WST (Dojindo EU GmbH, Munich, Germany) following the manufacturers’ recommen-
dations. Briefly, after preparing enzyme B solution (by dissolving it in 2 mL of deionized
water), 1.5 mL of enzyme B solution was added to enzyme A, generating the enzyme
working solution. Enzyme C and coenzyme were both dissolved in 3 mL of deionized
water and 2.8 mL of each solution was combined, producing the indicator working solution.
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Blank 1 was established by adding 20 uL of deionized water and 20 puL of substrate buffer.
Blank 2 was created by adding 40 pL of deionized water and 20 pL of substrate buffer. The
inhibitors were tested by adding 20 pL of the unknown samples (0, 0.25, 0.5, 0.75, 1, 1.5,
and 2 mg/mL) or positive control (captopril solution, 15 ng/mL) with 20 pL of substrate
buffer. Afterwards, 20 pL of enzyme working solution was added to each inhibitor and
negative control well to initiate the enzymatic reaction. The microplates were incubated
(dark conditions, 37 °C, 1 h) under constant agitation (50 rpm). Following incubation,
200 pL of indicator working solution was added to each well and the plates were incubated
for 10 min at room temperature. The absorbance of the samples was read at 450 nm using
a spectrophotometer (BioTek, Winooski, VT, USA). The ACE-I inhibitory activity of the
samples was calculated using the following equation (Equation (3)).

(AB1 — AI)

ACE —Linhibition (%) = S wr—— =

x 100 3)
where Agy, A}, and Ap; are the absorbance of the control, sample, and blank, respectively.

The half-maximal inhibitory concentration (ICsy) was considered the concentration of
the sample at which 50% of ACE-I activity was inhibited.

2.7.3. Cytotoxicity

Cytotoxicity was determined using L929 (mouse fibroblast, subcutaneous connective
tissue) following the method of Benjakul, Karnjanapratum, and Visessanguan [21] with
slight modifications. Briefly, normal L.929 cell lines were cultivated in DMEM and supple-
mented with 10% fetal bovine serum. The cells were then placed in a 5% CO; incubator at
37 °C, and cell line cultures with a density of 2 x 10% cells/mL were placed in microplate
wells (100 pL per well). Subsequently, 100 L of each sample at a concentration of 1 mg/mL
was introduced into the wells and incubated (37 °C, 72 h). The cell viability assessment
was performed using the MTT cell proliferation kit I (Roche Diagnostics; Burgess Hill,
West Sussex, UK) and following the manufacturer’s recommendations. Briefly, after the
incubation period, 10 uL of the MTT labeling reagent (final concentration 0.5 mg/mL)
were added to each well and incubated (4 h, 37 °C, 5% CO,). Subsequently, 100 uL of
solubilization buffer were added to each well, and the plates were incubated overnight
(37 °C, 5% COy). The solubilization of the purple formazan crystals was measured by
reading the absorbance of the wells at 570 nm with a spectrophotometer (BioTek, Winooski,
VT, USA).

2.8. Antioxidant Activity
2.8.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was evaluated using the method described by
Ambigaipalan and Shahidi (2015) [22] with slight modifications. Briefly, 200 uL samples
(1 mg/mL) were mixed with 800 pL of 0.1 mM DPPH solution in 95% methanol. The
mixtures were incubated in dark conditions (30 min) and the absorbance of the reactions
was read at 517 nm using a spectrophotometer (BioTek, Winooski, VI, USA). Distilled water
and ascorbic acid were used as negative and positive controls, respectively.

The DPPH radical scavenging activity (%) of the samples was calculated using Equation (4).

AC — AS
— X

e 100 (4)

DPPH radical scavenging (%) =

where Ac and Ag are the absorbance of the control and samples, respectively.
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2.8.2. Ferrous Chelating (FC) Activity

FC activity was determined as detailed by T. Wang, Jonsdottir, and Olafsdéttir
(2009) [23]. Briefly, 1.74 mL of deionized water was added to 200 pL samples (1 mg/mL),
the positive control (NazsEDTA solution at 1 mg/mL), or blanks (water) and mixed with
20 uL of 2 mM FeCl, and 40 pL of 5 mM ferrozine solutions. The mixtures were shaken
thoroughly for 10 min at room temperature. The absorbance of the reactions was measured
at 562 nm using a spectrophotometer (BioTek, Winooski, VT, USA). NagEDTA served as
the reference standard, and 100 uL of distilled water was employed instead of the samples
as a control. Instead of the ferrozine solution, 10 uL of distilled water was utilized as a
blank. The FC activity (%) of the samples was calculated using the following equation
(Equation (5)).

FC (%) = [Ac — (As — Ap)] x 100 (5)

where Ac refers to the absorbance of the control, Ag to the absorbance of the sample or
standard, and Ag to the absorbance of the blank.

2.8.3. Hydroxyl Radical Scavenging Activity

Hydroxyl radical scavenging activity was determined following the method as de-
scribed by B. Wang et al. (2013) [24]. Briefly, 2 mL samples (1 mg/mL) were mixed with
1.865 mM of a 1,10-phenanthroline solution at a ratio of 1:2 (v/v). Thereafter, 750 pL of
FeSO,4-7H,0 solution and 1 mL of H,O, (0.03% v/v) were added to the mixtures and
incubated (37 °C, 1 h). The absorbance of the samples was recorded at 536 nm using a
spectrophotometer (BioTek, Winooski, VI, USA). The negative control (n) and blank (b)
were established using the reaction mixture without the inclusion of samples (s) and HyO»,
respectively. The hydroxyl radical scavenging activity (%) of the samples was calculated
using the following equation (Equation (6)).

As — An

Hydroxyl radical scavenging (%) = Ab — Ap 100 (6)

where Ag, A, and Ay, refer to the absorbance of the sample, negative control, and blank, respectively.

2.8.4. Ferric Reducing Antioxidant Power (FRAP)

FRAP was determined as described by Oyaizu (1986) [25] with the modifications
performed by Karawita et al. (2005) [26]. Briefly, 2.5 mL of each sample (1 mg/mL) or trolox
(500 uM), as a positive control, was mixed with equal volumes of 200 mM phosphate buffer
(pH 6.6) and 1% potassium ferricyanide. The mixtures were incubated (50 °C, 20 min) and
allowed to cool down to room temperature; the addition of 2.5 mL of trichloroacetic acid
(10%) followed. The mixtures were then centrifuged (4200 g, 10 min). An aliquot (5 mL)
of the resultant supernatant was spiked with an equal volume of deionized water and 1 mL
of ferric chloride solution (0.1%, w/v). The absorbance of the reactions was measured at
690 nm using a spectrophotometer (BioTek, Winooski, VT, USA).

2.9. Functional Properties
2.9.1. Water Holding and Fat Binding Capacities

The water holding capacity (WHC) and fat-binding capacity (FBC) were measured
as described in Mirzapour-Kouhdasht, Moosavi-Nasab, Kim, and Eun (2021) [27]. For the
WHC, 100 mg samples were combined with 10 mL of distilled water and the mixtures
were gently agitated (100 rpm, 1 h, room temperature). Subsequently, these mixtures were
centrifuged (2000 x g, 25 min), the supernatants were drained, and the WHC was quantified
by comparing the initial weight of the tubes to their weight after draining. In the case of
the FBC, 100 mg samples were combined with 2 mL of olive oil and the mixtures were
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allowed to stand for 30 min at room temperature with intermittent shaking every 10 min.
Subsequently, the mixtures were centrifuged (2000x g, 25 min) to drain the oil and the FBC
was determined by comparing the initial weight of the tubes to their weight after draining.

2.9.2. Emulsion Activity and Stability

The emulsion activity index (EAI) and emulsion stability index (ESI) were assessed as
reported by Mirzapour-Kouhdasht et al. (2021) [27]. A total of 30 mL of each sample (0.1%
w/v) was blended with 10 mL of soybean oil using a homogenizer (CAT Unidrive 1000,
CAT Scientific, Paso Robles CA, USA). After homogenization at 0 and 10 min, 100 pL of
the emulsion was diluted 100-fold using SDS solution (0.1% w/v). The absorbance of the
samples was then measured at 500 nm using a microplate reader. The EAI (m?/g) and ESI
(min) were calculated using Equation (7) and Equation (8), respectively.

5 2 x 2303 x A
EAI (m“/g) = 025 x Cp 7)
. A0 x At
ESI (min) = —AA 8)

where A denotes the absorbance of the mixtures at 500 nm; Cp denotes the protein con-
centration, A refers to the initial absorbance, and A1 refers to the absorbance at 10 min
post-homogenization. At corresponds to a time interval of 10 min, while AA represents the
disparity between Ay and Aqg.

2.9.3. Foam Expansion and Stability

Foam expansion (FE) and foam stability (FS) were determined using the method
described by Shahidi, Han, and Synowiecki (1995) [28]. Following the homogenization of
each sample (2% w/v, 1 min, room temperature), the samples were transferred to cylindrical
vessels. Alterations in the sample volume were gauged after 30 and 60 min. FE (%) and FS
(%) were calculated using Equation (9) and Equation (10), respectively.

FE (%) = (Va — VB)/(VB) x 100 )

ES (%) = (V30760 — VB)/ (Vi) % 100 (10)

where V, is the total volume after homogenizing, Vg is the total volume before homoge-
nizing, and V3¢ is the total volume after 30 and 60 min.

2.10. Statistical Analyses

All analyses were performed in duplicate, and cytotoxicity was assayed in triplicate.
The normality of the data sets was confirmed by Kolmogorov-Smirnov tests (p > 0.05)
and the equal variances were tested using Levene’s tests (p < 0.05) indicating that the null
hypothesis of equal variances could not be accepted. One-way multivariate analysis of
variance (one-way MANOVA) was used to check differences in the proximate composition
of the seeds based on the germination period. Two-way multivariate analysis of variance
(MANOVA) was used to analyze the influence of germination, MW purification, and
interaction between both factors in digestibility, ACE-I inhibitory activity, cytotoxicity,
antioxidant activities, and functional properties. Games—Howell post hoc tests were used
in all cases to analyze in detail the differences within the groups. All data were analyzed
using SPSS version 23 (IBM, North Castle, NY, USA). In all cases, the criterion for statistical
significance was p < 0.05.
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3. Results and Discussions
3.1. Proximate Analyses

The proximate composition (moisture, protein, fat, carbohydrate, fiber, and ash con-
tents) of lentils from days 0 to 6 during their germination is summarized in Table 1. There
were statistical differences in all parameters during germination (p < 0.001; F = 2.990).
Overall, the fat and carbohydrate contents in the lentils decreased significantly over the
germination period, reaching minimum levels of ~ 1% of fat and 37% of carbohydrates in
days 5-6. An opposite behavior was appreciated in the case of the moisture, protein, fiber,
and ash contents, with a tendency to increase during the process of germination, reaching
maximum levels of approximately 12-13% moisture, 25% protein, 21% fiber, and 3—4% ash
contents around days 4-5 of germination.

Table 1. Summary of changes in proximate composition of lentil seeds during germination (0-6

days).
Gel:mlnatlon Moisture (%)  Protein (%) Fat (%) Coarbohydrates Fiber (%) Ash (%)
Period (Days) (%)
0 933+0.00¢ 22464+0.01¢ 251+0012 4320+0012 1995+001¢ 241+0.02°¢
1 10.18 £ 0.019 2259 +0.029 230+0012  4216+0.01P 2016+0.009 2.44 +0.04bc
2 10.67 £0.01¢ 2291 +0019 22640002  41.07+0.00¢ 2033+0.01¢ 2.57 +0.02b¢
3 1091 +£0.00°¢ 2334 +£0.03°¢ 1.94+0.00° 4038+0.029 2068+0.01P 2.69+0.01"
4 11.90 + 0.05> 2437 +0.02° 1184+0.00°  38.19+0.08¢ 21.31+0.022 3.00+0.012
5 12254+ 0.053P 2456 4+0.043 1.124+001°¢ 3744 +0.07¢ 2144+0.03® 3.44+0.032
6 12.73+0.02® 2471 +0.022 1.08+0.01° 36.66+0.00¢ 2152+0.002 3.52+0.002

Data are expressed as average + standard deviation (n = 2). Different letters within each column indicate
statistically significant differences (p < 0.05) for each parameter during 6 days of germination.

These results are similar to those of Fouad and Rehab [14], who reported an increase
in moisture, protein, ash, and fiber and a decline in carbohydrate and fat content in
lentils during their germination. Moreover, Ghumman, Kaur, and Singh [29] reported an
increase in protein contents in lentils during 4 days of germination. However, contrary
to the findings of this study, the authors reported a decrease in the levels of ash during
germination. The changes appreciated in the protein of seeds during germination could be
related to the production of enzymes needed during the process of germination, leading
to increased amino acid production and the degradation of high-MW proteins into small
peptides [29].

Lentils, like other pulses of this family, may contain variable amounts of ANCs, in-
cluding tannins, lectins, phytic acid, and protease inhibitors that can potentially reduce
their nutritional benefits. However, the protein extraction processes used in this study
(alkaline extraction and isoelectric precipitation) have been previously reported as being
effective strategies to alleviate the adverse effects of ANCs and to improve the nutritional
value and digestibility of these proteins. This could possibly be attributed to the denat-
uration or damage of ANCs at high pH values [9,30]. Moreover, the final neutral pH of
the lentil protein isolates provides a net negative charge on the proteins, which can lead to
weak protein—phytic acid binding and the leaching out of phytic acid during the protein
extraction process [31].

3.2. Structural Characteristics of Protein Isolates

The structural conformation of proteins affect the functionality and digestibility of
these compounds [32]. Thus, changes in the secondary structural composition of proteins
can alter their technological properties [33] which are critical for their future uses in the food
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industry. The changes in the chemical bonds and structural properties of protein isolates
during the process of lentil germination were analyzed by FTIR spectroscopy (Figure 3).
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Figure 3. FTIR spectra of protein isolates generated from lentil seeds during germination (days 0-6).
Results were recorded three times for each sample.

Previous studies analyzing the FTIR spectra of germinated pulses have reported
enhancement in the water-solubility of proteins for enzymatic activity to develop new
tissues during germination [34]. The vibration of peptide bonds at the wavelength of
1700-1500 cm ™! indicates the protein content of lentil seeds [34]. The amide I (C=0, O-H)
region (1730-1580 cm™~!) and the amide IT (N-H, C-N) region (1580-1470 cm 1) were ana-
lyzed to determine the relative proportions of different secondary structures by computing
areas of the spectrums at ~1630 cm ! (B-sheet) as the main constituents of the protein’s
secondary structure (see Table 2). Previous studies have reported that changes in the amide
I region depict changes in the secondary structure of protein molecules [35].

Table 2. Content of (3-sheet of lentil protein during 6 days of germination.

Germination Period (Days) Area Under Curve (AUC) % 3-Sheet
0 8.39 15.78
1 21.53 15.79
2 16.76 17.05
3 14.56 16.94
4 16.08 19.18
5 6.40 18.45
6 12.48 18.17

The results of this study indicate a reduction in the 3-sheet configuration of lentil pro-
teins during germination, which is consistent with previous observations on the structural
modifications of proteins during the germination of pulses. For example, the reduction
in (-sheet content might correspond with increased protein solubility and digestibility,
enhancing the bioavailability of nutrients. These structural changes can improve the
functional properties of proteins, including changes in emulsification, foaming, and water-
holding capacity, which can be of benefit for various food applications. However, it may
also lead to reduced thermal stability and the potential loss of some functional properties
that rely on the 3-sheet structure, like gel formation [34,35]. Thus, the functional proper-
ties of these proteins were also analyzed, aiming to provide a complete range of future
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applications for these proteins in food formulation depending on the germination stage of
the seeds.

Table 2 shows the changes in the content of (3-sheets in lentil proteins during 6 days
of germination. After an initial increase, there was a notable reduction in 3-sheets that
stabilized around days 4-6. This trend suggests a dynamic restructuring process where the
initial breakdown of complex structures facilitates new tissue development and enzymatic
activities, ultimately leading to a more flexible and functional protein configuration suitable
for diverse food industry applications. In summary, the observed reduction in (3-sheet
configuration during lentil germination aligns with enhanced functional properties, making
germinated lentil proteins potentially more versatile for food industry applications, while
balancing improvements in digestibility and nutrient bioavailability.

3.3. Nutritional Properties
3.3.1. Digestibility

Aiming to elucidate the impact of germination on protein digestibility, the lentil
protein isolates were purified into different MW fractions, and the digestibility of different
MW fractions achieved from protein isolates from lentils during the process of germination
(days 0-6) are compiled in Table 3. The digestibility was affected by germination (p < 0.001;
F =73683.102), MW purification (p < 0.001; F = 3709.894), and the interaction between both
factors (germination*MW; p < 0.001; F = 67.020).

Table 3. Digestibility (%) of different MW fractions achieved from protein isolates generated from
lentils during process of germination (days 0-6).

MW (kDa)
Germination Duration (Day)
MW >5 3<MW«<5 MW«<3
16.32 +0.01 B8 17.00 £ 0.0148  17.04 + 0.00 48
17.054+0.01<f 1737 +0.00Bf  18.26 + 0.03 Af

NCl = W IN — O

18.75 + 0.00 <¢
20.67 + 0.03 €d
22.64 + 0.02 Be
23.23 +0.01 Bb
24.92 +0.02 <2

19.22 + 0.02 Be
21.45 + 0.02 Bd
22.89 4+ 0.01 Be
23.80 + 0.00 AP
25.64 + 0.02 Ba

19.78 + 0.01 Ae
21.85 + 0.04 Ad
23.16 4+ 0.01 A¢
24.16 + 0.02 AP
26.05 + 0.03 A2

Data are expressed as average + standard deviation (n = 2). Different uppercase letters indicate statistically
significant differences (p < 0.05) in digestibility between fractions of different MW within same germination
day. Lowercase letters indicate statistically significant (p < 0.05) differences in digestibility between different
germination days at same MW.

The protein digestibility after the dialysis of three MW fractions of lentil protein isolates
ranged from 16.32 to 17.04%. As observed in Table 3, the digestibility of all tested fractions
was increased by pepsin and pancreatin hydrolysis during sprouting. The digestibility of
the fractions with MW > 5 kDa and 3 kDa < MW < 5 kDa and MW < 3 kDa of lentil seeds
increased significantly (p < 0.05) from levels of 16.32, 17, and 17.04% to reach levels of 24.92,
25.64, and 26.05% after 6 days of germination, respectively. This indicates an increased
susceptibility of the peptide bonds to digestive enzymes in the proteins as the germination
of the lentil seeds progresses.

As previously mentioned, the interaction between MW and germination time was
significant, as the rate of increase in digestibility over time varied across different MW
fractions. The low-MW fractions had a more pronounced improvement in digestibility, indi-
cating that both MW and germination duration significantly influence protein digestibility.
The observed increase in protein digestibility during germination aligns with previous
studies. Thereby, Di, Li, Chang, Gu, Duan, Liu, Liu, and Wang [35] reported similar findings
and attributed these changes to enhanced protease activity, the deactivation of protease
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inhibitors, and protein degradation in small and soluble peptides [36]. This enhanced
digestibility of lentil proteins can improve their nutritional quality and functionality for
food applications, potentially making protein ingredients extracted from germinated lentils
more desirable for health-conscious consumers and food manufacturers seeking ingredients
with high bioavailability and improved functional properties [37].

3.3.2. ACE-I Inhibitory Activity

The inhibition of ACE-I (EC 3.4.15.1) is an effective strategy for lowering blood pres-
sure. Multiple peptides have been identified from various natural sources as inhibitors
of ACE-I with potential to replace conventional drugs, such as captopril, and avoid the
adverse side effects of pharmacological treatments [38].

The ACE-I inhibitory activity of different MW fractions from protein isolates from
lentils during the process of germination (days 0-6) are summarized in Table 4. There were
statistical differences in ACE-I inhibitory activity during germination (p < 0.05; F = 491.709),
MW purification (p < 0.05; F = 1344.830), and the interaction between both factors (ger-
mination*MW; p < 0.05; F = 10.172). Overall, the ICsy of the compounds had its lowest
levels in fractions of low MW within the same period of germination. Moreover, inde-
pendently of the MW of the fractions analyzed, the ICsy of the compounds decreased
with an increased germination time. The lowest activity was found in non-germinated
lentil protein (IC5p~1.49-1.03%), and the ICsy of the compounds decreased to reach 0.95-
0.69% after a week of germination. Thus, a low MW and germination time had a positive
effect, increasing the ACE-I inhibitory activity of lentil proteins. Bamdad et al. [39] also
reported that germination can release bioactive peptides with high ACE inhibitory activ-
ity. The increase in the ACE-I inhibitory activity of germinated seeds can be explained
by the increased degradation of protein structures, also appreciated in the previously
described FTIR results. Furthermore, previous studies have also reported an increased
activity of endogenous proteases during sprouting, leading to the generation of peptides
with specific MW, composition, and amino acid sequences with potential ACE-I inhibitory
characteristics [40].

Table 4. ACE-I inhibitory activity (ICsp) of different MW fractions achieved from protein isolates
from lentils during the process of germination (days 0-6).

MW (kDa)
MW >5 3<MW«<5 MW <3

1.49 + 0.02 A2 1.19 + 0.01 Ba 1.03 + 0.00 B2
1.39 + 0.00 A2 1.17 4+ 0.02 A2 0.97 + 0.01 Bab
1.28 + 0.01 Aab 1.11 £ 0.01 Ba 0.91 + 0.00 Cab
1.21 + 0.01 AP 1.05 4+ 0.01 Ba 0.87 +0.01 <P
1.05 + 0.01 Ac 0.91 -+ 0.00 BP 0.73 + 0.02 Be
1.00 + 0.01 Ac 0.88 + 0.01 Bbe 0.71 + 0.01 ¢
0.95 + 0.01 A¢ 0.83 4+ 0.00 Ac 0.69 + 0.01 Be

Data are expressed as average + standard deviation (n = 2). Different uppercase letters indicate statistically
significant differences (p < 0.05) in ACE-I inhibitory activity between fractions of different MW within same
germination day. Lowercase letters indicate statistically significant (p < 0.05) differences in ACE-I inhibitory
activity between different germination days at same MW.

Germination Period (Days)

NGl W N -~ O

The ICs) levels of the fractions generated in this study were similar to those re-
ported in previous research dealing with the hydrolysis of protein isolates from lentils
and other pulses. In such research, protein hydrolysates generated from lentil protein
hydrolysates had an ICsg of 0.25 mg/mL [41], red lentil protein hydrolysates had an ICs
of 0.44 mg/mL [42], green soybean protein hydrolysates had ICsy of 0.14 mg/mL [43], and
lupin protein hydrolysates had an ICsq of 0.22 mg/mL [44].
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3.3.3. Cytotoxicity

The effect of protein isolates of different MW fractions achieved from protein isolates
from lentils in different germination stages on the proliferation of L929 cells is represented
in Figure 4. The cytotoxicity of the samples was affected by the germination (p < 0.001;
F = 192.555), MW purification (p < 0.001; F = 2960.312), and the interaction between
both factors (germination*MW; p < 0.001; F = 101.532). Protein fractions of MW < 3 kDa
and 3 kDa < MW < 5 kDa showed significant adverse effects. The cell proliferation
remained unchanged in the presence of high-MW protein fractions (MW > 5 kDa) during
the sprouting process. The lowest cell proliferation of the 1929 cell line (97.63%) was related
to the treatment with the MW < 3 kDa lentil protein fraction after 6 days of germination.
Meaningful differences were appreciated among cell lines treated with different MW
fractions achieved during germination and thus the germination process had a toxicity
effect of MW < 3 kDa and 3 kDa < MW < 5 kDa fractions on normal 1.929 cells.

101.00

Aa
Aa Aa Aa Aa Aa Aa
100.00 | A2 L Aa Aab Aab 8b
= I Bbe Bc Bc
= 1 I I
99.00 B
Be Cc
Cd
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€ e700
c
8
8
8 96.00
g. 3<Mw<5 kDa
=z 95.00
8 mMw<3kDa
94.00 OMw>5kDa
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92.00
91.00
0 1 2 3 4 5 6
3<Mw<5 kDa 99.86 99.76 99.65 99.48 99.41 99.34 99.36
mMw<3kDa 99.99 98.66 98.24 98.18 97.87 97.79 97.73
OMw>5kDa 100.00 99.99 99.99 99.99 99.98 99.97 99.97

Germination duration (day)

Figure 4. Cytotoxicity of different MW fractions achieved from protein isolates from lentils during
process of germination (days 0-6) using L929 cell lines. Different uppercase letters indicate statistically
significant differences (p < 0.05) in cytotoxicity between fractions of different MW within same
germination day. Lowercase letters indicate statistically significant (p < 0.05) differences in cytotoxicity
between different germination days at same MW. Data are shown as average of three replicates.

In a study by Hlosrichok and Aunpad [45], winged bean (Psophocarpus tetragonolobus)
seeds’ protein was extracted by gamma rays and this was followed by enzymatic hydrolysis
with alcalase (55 °C, 6 h). The study revealed that winged bean protein hydrolysates had
no toxicity against L929 cells. These variable results could be attributed to the different
protein sources used in each study. There are some types of proteins and glycoproteins
in lentils called lectins that can induce cytotoxicity in L929 cell lines [46]. To the best of
our knowledge, there is not enough evidence of using 1929 cell lines to examine the effect
of germination on the cytotoxicity of proteins derived from lentil seeds. Hence, further
studies are needed to clarify the exact effects of this process and the compounds generated
on cell proliferation.

3.4. Antioxidant Activities

The antioxidant activities of three fractions of different MW achieved from protein
isolates from lentils during the first 6 days of the germination period were assessed in
terms of their ability to scavenge DPPH radicals (Figure 5a), ferrous chelating activity
(Figure 5b), hydroxyl radical scavenging activity (Figure 5c), and FRAP (Figure 5d). There
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were statistical differences in all antioxidant activities tested on the basis of germination
(p <0.001; F = 54.784), MW (p < 0.001; F = 12846.455), and the interaction between both

(germination*MW; p < 0.001; F = 9.975).
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Figure 5. Antioxidant activities: (a) DPPH (%), (b) Fe chelating (%), (c) hydroxyl radical (%), and
(d) FRAP (A) activities of different MW fractions achieved from protein isolates from lentils during
process of germination (days 0-6). Different uppercase letters indicate statistically significant differ-
ences (p < 0.05) in antioxidant activity between fractions of different MW within same germination
day. Lowercase letters indicate statistically significant (p < 0.05) differences in antioxidant activity
between different germination days at same MW. Data are shown as average of two replicates.

Although low-MW fractions already had high DPPH scavenging activity before the
process of germination started (<70%), this activity increased to reach over 80% after 6 days
of germination (Figure 5a). This increment in antioxidant activity was not appreciated
during the process of germination in the case of fractions of high MW (60% and 67% before
and after germination, respectively). However, the increment was statistically significant
(p < 0.05) when comparing the DPPH radical scavenging activity of the lower-MW fractions
of the protein to non-germinated and to germinated ones. These results are aligned with
those described by Fouad and Rehab [14], showing a 53% increase in radical scavenging
activity after a week of the germination of lentil seeds. Moreover, when studying the
antioxidant ability of different seeds during germination, previous reports have emphasized
an increased level of DPPH scavenging activity during a germination period of 4-7 days
in soybean, dill, and anise seeds [47]. The DPPH radical scavenging activity of various
peptides achieved using protein hydrolysis have been previously reported to depend on
the MW size and sequence of the peptides. Both factors are also influenced by the type of
enzyme used to generate those hydrolysates [48] or the endogenous hydrolytic activities
present naturally in the seeds, as well as the presence of other natural antioxidants, such
as vitamin C and tocopherols [14]. Previous studies with pulses have demonstrated high
levels of DPPH in protein fractions of low MW. Olagunju, Omoba, Enujiugha, Alashi, and
Aluko [48] reported the highest DPPH radical scavenging activity in low-MW pancreatin—
hydrolysate peptides achieved from pigeon pea protein isolates.

In the case of the ferrous chelating power of the compounds (Figure 5b), this activity
can also be affected by the peptide size and amino acid composition [27]. The results of the
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ferrous chelating activity of lentil seeds demonstrated a marked increase in the Fe?* chelat-
ing ability on day 2 of germination for all MW fractions. This increase was significantly
greater in low-MW protein fractions (<3 kDa), reaching 58.97%, in comparison with the
other two higher-MW fractions (54.51% in 3 < MW < 5 kDa and 49.74% in MW > 5 kDa).
Balanescu, Busuioc, Botezatu, Gosav, Avramescu, Furdui, and Dinica [47] studied the
reducing iron chelating power of soybean, dill, and anise seeds and their sprouts (germi-
nated for 4 to 7 days). The authors reported that while the extracts from sprouts had a
higher iron binding ability than the seeds, this activity was also influenced by the type
of biomass studied. Soybean had the highest reducing iron chelating power, followed by
dill and anise seeds, a fact that could be explained by their differences in their amino acid
composition [47].

The hydroxyl radical scavenging activity followed a similar trend to that previously
mentioned in ferrous chelating activity (Figure 5c). From day 2 of germination, all protein
fractions showed a statistical increase in their capacity to scavenge hydroxyl radicals, being
this increased antioxidant properties more accentuated in low-MW fractions (MW < 3 kDa).
In raw lentil seeds, the hydroxyl radical scavenging was 35, 39, and 41% for fractions
with MW > kDa 5 and 3 kDa < MW < 5 kDa and MW < 3 kDa; that increased to 54, 59,
and 87% after 6 days of germination, respectively. The reaction between H,O, and Fe?*
produces transitory and intensely reactive hydroxyl radicals with oxidative damage effects
on biological macromolecules, such as DNA, proteins, and lipids [48]. Thus, antioxidants
with high hydroxyl radical scavenging ability can significantly prevent oxidative stress
reactions in living cells [48]. Previous studies have also reported an influence of the amino
acid composition of peptides on their hydroxyl radical scavenging ability. Thereby, a higher
amount of hydrophobic amino acids have been related to the higher hydroxyl radical
scavenging ability of these peptides [27]. Moreover, high hydroxyl scavenging activity
was reported in low-MW peptides. Thereby, the highest hydroxyl radical scavenging
ability of pigeon pea protein hydrolysates was appreciated in peptides of low MW (<1 kDa)
generated from ultrafiltration from full hydrolysates [48].

Measuring FRAP is another indicator of the antioxidant ability of different compounds.
The presence of hydrogen or electron donor compounds (reductones) can reduce lipid
peroxyl radicals and inhibit lipid oxidation [14,48]. The reported positive correlation
between FRAP, hydroxyl radical scavenging, ferrous chelating activity, and the antioxidant
activity of different peptide fractions was consistent with previous findings [49]. In a study
conducted by Parit et al. [50], a proteomic analysis was performed on wheat (Triticum
aestivum) seeds at 0, 8, and 16 days of germination. The study revealed that the seeds
germinated for 16 days exhibited the highest FRAP value, followed by those germinated
for 8 days and then the ungerminated seeds (0 days). This indicates a direct correlation
between the duration of germination and the FRAP value, with longer germination periods
leading to higher antioxidant capacity. As shown in Figure 5d, the FRAP of lentil protein
fractions increased during the process of germination. The absorbance of low-MW fractions
increased from 0.23 to 0.8 after 6 days of germination. Investigating the antioxidant
activity of Amaranthus viridis seeds, the DPPH, FRAP, and metal chelating ability showed
a remarkable rise during the process of the germination of the seeds during a period of
3 days [51]. Moreover, Fouad and Rehab [14] also reported an increase in the FRAP from
0.22 in raw lentil seeds to 0.55 in lentil seeds germinated for 6 days. In contrast to the
results of this work, Olagunju, Omoba, Enujiugha, Alashi, and Aluko [48] reported a higher
FRAP in high-MW peptides (>10 kDa) than in low-MW ones (1-10 kDa) in pigeon peas,
attributed to differences in the amino acid composition of the different bioactive peptide
fractions generated during the germination process [27].
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3.5. Functional Properties

Lentil protein ingredients are generally described as having acceptable functional
properties, allowing them to retain water and fat in food formulations and to be used as
a promising emulsifier and foaming agents. However, these properties are influenced by
changes in MW and surface hydrophobicity that the compounds experience during the
process of protein hydrolysis [52]. A summary of the functional properties of different MW
fractions achieved from protein isolates from lentils during the process of germination (days
0-6) in this study is provided in Table 5. There were statistical differences in all functional
properties tested on the basis of germination (p < 0.001; F = 25.004), MW (p < 0.001;
F =7400.944), and the interaction between both (germination*MW; p < 0.001; F = 207.280).

Table 5. Functional properties of different MW fractions generated from protein isolates from lentils
during process of germination (days 0-6).

Germination FS (%)
. MW (kDa) WHC (%) FBC (%) EAI (m?/g) ESI (min) FE (%)
Period (Days) & 30 min 60 min
0 MW 5 93.04 1+ 0,02 F¢ 97.67 - 0.02 G 101.32GCi 0.02 25.30 4 0,02 Aa 124.016} 0.07 67.10(% 0.01 54606? 0.01
0 3<MW<5 95.38 +0.01 99.35 +0.01 P 103'66@?: 0.03 24.17 +0.01 2P 123'18]33: 0.01 64'345!: 0.01 52‘11025 0.01
0 MW <3 978940016 10631001 105124001 )00 gogac 121354001 6317 £001 5145 £001
1 MW >5 94.68 + 0.00 E¢ 98.65 1+ 0,01 F¢ 102.32Fbi 0.02 25.0%\}:3& 0.04 126.84%:5[ 0.04 69.47;: 0.02 55.12Fai 0.01
1 3<MW <5 95.16 4 0.01 B> 103.24%:bi 0.01 106.76Fai 0.35 2423+ 0.01 Ab 124.0]5); 0.01 66.22Fbi 0.02 53.28]% 0.01
1 MW <3 98.37 4 0,02 Fa 108.96Fai 0.02 109.55Fai 0.01 22,08 4 0.01 Ac 122.73Fci 0.02 65.81Fci 0.01 52.25Fci 0.04
5 MW > 5 95.09 + 0.01 D¢ 103.2%33: 0.02 105‘4%3: 0.01 24.98 + 0.01 Ba 128.1:‘%3: 0.01 71‘1813:‘1‘: 0.02 59.49E:a|: 0.02
5 3<MW<5 96.36 1 0.03 Db 108.4%? 0.03 108.6%31 0.02 93.44 4+ 0.02 B 125.1]8)§t 0.00 68.585 0.04 55.16]% 0.03
5 MW <3 97,05 - 0,01 2 111.72Eai 0.03 112.0?;[ 0.01 22,04 -+ 0,02 Ac 122.97Eci 0.02 66.01chz 0.01 53.01;: 0.03
. 108.36 + 0.01 109.05 £ 0.01 130.86 +0.03 75.83 £ 0.04 64.32 +0.01
3 MW >5 97.12 4 0.02 Pe e De 2470 +0.01 < Da . ba
3 3 <MW <5 G786£001C 113454001 U325 £001 o010 gy 127654001 70.21 001 58.50 4003
3 MW <3 98.29 + 0.01 Da 117.2%)3:!: 0.01 118.4%3: 0.02 2174 4 0.01 B¢ 124.1%)?: 0.01 69‘45D:!: 0.02 54.13D:Ct 0.01
4 MW > 5 97.51 4 0,02 < 109.3?&? 0.02 114.8(éc:t 0.01 24.16 4 0,02 Da 133.4%? 0.05 84'53(% 0.02 73.14C-at 0.01
4 3<MW <5 98.47 + 0.01 B 116.65ng 0.03 118.0%3[ 0.01 2291+ 0.02 130.1%‘% 0.03 76.92(% 0.01 68.37Cf 0.01
4 MW <3 99.815&‘:(: 0.03 121.3%3: 0.02 124.96ca:|: 0.01 2053 + 0.02 < 128.03cc:t 0.02 72,14C:C|: 0.01 60.19C:C(: 0.01
5 MW 5 98.92 4 0.01 B¢ 116.2?%1 0.01 119.35Bci 0.01 23.95 4 0,02 Da 135.013 0.01 87.27Bai 0.03 75A08Bai 0.01
5 3<MW<5 101.3?\§t 0.03 120.7%33: 0.01 124.5?3;&: 0.02 2245 + 0.01 Db 134.7?\3: 0.02 80.36B:g: 0.02 71.083? 0.01
5 MW <3 108.56 + 0.01 127.35 +0.02 131.03 £ 0.04 20.23 +0.02 133.42 +0.02 7451 +0.01 68.42 +0.01
< Ba Ba Ba CDc Bc Be Bc
100.36 + 0., 119.44 +0.01 123.63 £ 0.02 137.97 £ 0. 34 +0. 79.61 £0.02
6 MW >5 003?\C 0.35 9 4 0.0 363;C 0.0 23.72 + 0,01 F2 3 9Aa 0.05 893Aﬂ003 96A600
6 3<MW <5 109.515@: 0.10 1252%3: 0.03 129‘133: 0.01 2229 4 0.02 Db 135.1%]):!: 0.02 82‘43;1!: 0.05 76‘95A:k|): 0.02
6 MW <3 117.6i;t 0.10 134.81? 0.03 135.4%3: 0.01 20.14 4 0,02 D¢ 133.81(1 0.02 79.34/& 0.05 72.1313 0.02

Data are expressed as average + standard deviation (n = 2). Different uppercase letters indicate statistically
significant (p < 0.05) differences between various germination days at same molecular weight. Lowercase letters
indicate statistically significant differences (p < 0.05) in functional properties between fractions of different
molecular weight within same germination day. Abbreviations in table are as follows: molecular weight (MW),
water holding capacity (WHC), fat binding capacity (FBC), emulsion activity index (EAI), emulsion stability index
(ESI), foam expansion (FE), and foam stability (FS).

3.5.1. WHC and FBC

WHC and FBC are influenced by the polarity of the amino acids present in pro-
teins/peptides [53]. WHC refers to proteins’ capacity to inhibit the liquid leakage of a
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product while being produced and/or stored [2]. The results of this study revealed that
low-MW fractions had a higher ability to retain water, and there were significant differ-
ences between the same fractions during the process of germination until day 6, in which
the low-MW fractions reached a maximum WHC level of ~118%. Similarly, the FBC of
protein isolates increased during germination and, after 6 days, the FBC of the protein
isolates increased by more than 20%. Moreover, meaningful differences were observed
in the ability of protein fractions with MW > 5 kDa and 3 kDa < MW < 5 kDa in holding
oil, which could be due to the approximate unequal proportion of polar amino acids.
Mirzapour-Kouhdasht, Moosavi-Nasab, Kim, and Eun [27] reported that the dual character
of MW < 3 kDa fractions could be an asset in food systems to act as emulsifiers. Ghumman,
Kaur, and Singh [29] reported similar results to those of this study. The authors outlined a
significant increase in the WHC of germinated lentils” and horsegrams’ flours that could be
attributed to a rise in the content of low-MW proteins and polar groups upon germination.
Other studies have also reported slight improvements in WHC in yellow pea and faba bean
flours after soaking and germination (3 days) due to the exposure of hydrophilic moieties;
however, few changes were observed in the case of their FBC [36].

3.5.2. EAl and ESI

The EAl and ESI of proteins are important functional properties when these ingredients
are needed to act as surfactants in emulsions for their use in different food formulations.
The results of this study indicate that EAI values increased during germination, while the
MW was inversely correlated to the EAI values. Fractions of MW < 3 kDa had the highest
EAI levels of 135.42 m?/g after 6 days of germination, compared to any other fraction
of high MW and any other germination period. However, the stability of the emulsions
formed was also at its lowest (20 min). High-MW fractions were able to achieve high
ESI levels, with germination having no effect on the stability of the emulsions until day 2
of germination. Setia, Dai, Nickerson, Sopiwnyk, Malcolmson, and Ai [36] analyzed the
impact of germination in pulse’s flours, reporting an improved EAI and ESI for the flours
to a certain degree, due to the partial unfolding and dissociation of proteins, promoting
surface activity. This effect could be attributed to an increased surface hydrophobicity
of the compounds, which plays a key role in boosting emulsifying activities. Regarding
the influence of the MW of the proteins, previous studies have reported that low-MW
peptides can disperse oil globules more evenly by unfolding and rearranging the molecules
at the oil-water interface, resulting in more surface hydrophobicity and a higher EAI [27].
Contrary to the results of this study, Ghumman, Kaur, and Singh [29] reported a decrease in
the EAI with an increase in germination duration in lentil seeds, which could be attributed
to an increase in 3-sheets and a decrease in «-helix structures in the proteins. The inability
of low-MW peptides to create a strong film around oil droplets at the oil-water boundary
could lead to the reduced stability of the emulsion being produced [27].

3.5.3. FE and FS

Foams are created by the adsorption of proteins in the air-water interface, resulting in
a decrease in the surface tension. During the foaming process, proteins need to unfold and
create a supportive film around air bubbles, helping to maintain the foam'’s structure and
prevent it from collapsing [2]. The FE of different MW fractions of ungerminated lentils
ranged from 121.35 to 124.01% and these levels increased to 133.87-137.97% after 6 days
of germination. In general, high-MW fractions of lentil protein isolates had higher FE
ability compared to low-MW fractions, although the FE of these later fractions significantly
increased (p < 0.05; F = 121049.217) during the process of germination. This fact could be
explained by the higher capacity of high-MW peptides to interact at the air-water interface,
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in comparison to low-MW fractions [27]. Liu et al. [54] reported that germinating hemp
seeds enhanced their foaming capacity. Specifically, the foaming capacity increased from
levels of 69% recorded after 1 day of germination (comparable to non-germinated seeds) to
levels of 111 and 107%, appreciated after 3 and 5 days of germination, respectively. This
improvement could be attributed to increased protein solubility leading to an increased
stabilization of air bubbles by the proteins.

In the case of FS values, the ability of foams to retain air in the form of bubbles for
30/60 min increased during germination. The results demonstrated that around 80-90% of
the created foam was stable after 30 min and 70-80% of bubbles remained unchanged even
after 60 min. Moreover, the fractions of low MW showed overall the lowest levels of FS
compared to the high-MW counterparts, although the FS of these low-MW compounds also
increased during the germination process. There are multiple studies reporting increased
FS by limiting the hydrolysis of compounds [52,55,56]. Ghumman, Kaur, and Singh [29]
reported that the foam capacity of lentil flour improved progressively due to germination
(4 days), which could be attributed to the formation of 3-sheets and the rearrangement of
the o-helix in the proteins. To a large extent, the FS is affected by the surface rheological
properties of interfacial films [52]. The observed increase in the FS of protein isolates of
germinated lentils may be attributed to the partial unfolding of protein structures that
occurred due to hydrolytic enzymes during sprouting. Enzymes activated by germination
cause protein size reduction and the greater exposure of hidden hydrophobic groups to
form stable films at the air-water interface [57]. Martinez, Sanchez, Patino, and Pilosof [52]
reported that low degrees of hydrolysis (2%) in soy protein isolates enhanced surface
activity and decreased the phase angle of the films which led to a delay in the collapse of
the foam. However, further hydrolysis resulted in lower foam stability. Thus, it is likely
that the limited hydrolysis of lentil proteins during the process of germination is probably
responsible for the increased hydrophobicity of the compounds, allowing the formation of
a stable surface film and enhancement of foam stability.

4. Conclusions

The current research into the ACE-I inhibitory activity, antioxidant activity, protein
digestibility, cytotoxicity, and functional properties of distinct MW fractions of proteins
isolated from lentil seeds over a 6-day period of germination yielded valuable insights into
the functionality and future uses of these compounds. Overall, the protein digestibility,
ACE-I inhibitory activity, and antioxidant activities (DPPH, ferrous chelating, hydroxyl
radical, and FRAP activities) improved during the process of germination, with all of them
being at their highest levels in the low-MW fractions (<3 kDa). Moreover, the cytotoxicity
analysis using L929 cell lines in this study demonstrated that the germinated lentil proteins
at low MWs exhibited a significant adverse effect on cell proliferation, whereas in the MW
> 5 kDa fraction, no toxicity was observed. When exploring the functional properties of
the lentil protein fractions, alterations in the WHC and FBC were appreciated during the
process of germination that could be attributed to changes in the MW of the compounds
during the process of germination. The emulsifying (EAI and ESI) and foaming abilities (FE
and FS) were interesting as low-MW fractions had higher EAls, while at the same time, they
had considerably lower ESIs when compared to high-MW fractions; meanwhile, the FE and
FS were both higher in high-MW fractions as compared to the low-MW ones. Nevertheless,
further studies are necessary using the INFOGEST method to facilitate the comparison
of the results. Further studies are also necessary to determine the specific mechanisms
responsible for these changes and to analyze all aspects of their potential effects on human
health and their interactions with other ingredients in other complex food formulations.
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Abstract: Protein conjugation with the Maillard reaction has received considerable attention
in the past decades in terms of improving functional properties. This study evaluated
the changes in the techno-functional properties of whey protein isolate (WPI), soy protein
isolate (SPI), and albumin (Alb) after conjugation with basil seed gum (BSG). The conjugates
were developed via the Maillard reaction. Various analyses including FT-IR, XRD, SEM,
SDS-PAGE, DSC, RVA, rheology, zeta potential, emulsion, and foaming ability were used
for evaluating conjugation products. Conjugation between proteins (WPI, SPI, Alb) and
BSG was validated by FI-IR spectroscopy. XRD results revealed a decrease in the peak
of BSG after conjugation with proteins. SDS-PAGE demonstrated the conjugation of WPI,
SPI, and Alb with BSG. DSC results showed that conjugation with BSG reduced the Ty
of WPI, SPI, and Alb from 210.21, 207.21, and 210.90 °C to 190.30, 192.91, and 196.66 °C,
respectively. The emulsion activity and emulsion stability of protein/BSG conjugates were
increased significantly. The droplet size of emulsion samples ranged from 112.1 to 239.3 nm
on day 3. Nanoemulsions stabilized by Alb/BSG conjugate had the smallest droplet sizes
(112.1 and 143.3 nm after 3 and 17 days, respectively). The foaming capacity of WPI (78.57%),
SPI (61.91%), and Alb (71.43%) in their mixtures with BSG increased to 107.14%, 85.71%, and
85.71%, respectively, after making conjugates with BSG. The foam stability of WPI (39.34%),
SPI (61.57%), and Alb (53.37%) in their mixtures with BSG (non-conjugated condition)
increased to 77.86%, 77.91%, and 72.32%, respectively, after formation of conjugates with
BSG. Conjugation of BSG to proteins can improve the BSG applications as a multifunctional
stabilizer in pharmaceutical and food industries.

Keywords: albumin; basil seed gum; conjugation; soy protein isolate; whey protein isolate

1. Introduction

Ocimum basilicum, from the Laminaceae family, is grown in different locations, mainly
in France, Italy, Egypt, Bulgaria, South Africa, Hungary, and North America [1]. Because
of its pleasant and specific flavor characteristics, basil is usually used for food production.
Also, basil seed is popular due to many health benefits such as relieving ulcer, cough,
diarrhea, kidney disorder, indigestion, and sore throat. Therefore, it is a popular ingredient
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in traditional medicine [2]. The seeds’ mucilage, isolated by basil seed hydration in water,
contains high amount of polysaccharides [3]. Basil seed gum (BSG) has the potential to
create functional characteristics including emulsion and foam stabilization, thickening,
mouthfeel improvements, and edible coating [4,5].

Improving the functional characteristics of proteins is important for the producers of
food, cosmetic, and pharmaceutical products. A lot of modifications including physical,
chemical, or enzymatic techniques have been applied to increase proteins’ functionality [6-12].
Chemical modifications due to the formation of detrimental products or potential health
hazards have not been extensively used for food production. Therefore, a different strategy
is needed to increase the proteins’ functional properties in the food industry.

Today, research on the polysaccharide—protein conjugation reaction, based on the
Maillard-type reactions, which includes the reducing end carbonyl groups of polysaccha-
rides and the protein’s free amino groups, have been increased. This chemical modification
can improve the product’s functional properties [13-15]. As an example, the emulsify-
ing properties of proteins are significantly improved by the Maillard reaction [16]. The
main aspect of the prepared protein/polysaccharide conjugates is the higher foaming
and emulsifying capability, which is practical for food industry [16,17]. Also, conjugation
can improve the solubility of proteins, and the antioxidant and antibacterial properties
of polysaccharides and proteins [11,18]. The allergenicity of some proteins is reduced
by its conjugation with polysaccharides [19,20]. Furthermore, the comprehensive review
by Urango et al. [21] on Maillard conjugates in health showed that the products of the
Maillard reaction can modulate the intestinal microbiota composition in adolescents during
in vivo testing. It can also increase immunomodulatory effects, improve immunity, increase
the production of various immune cells, improve the bioaccessibility of total carotenoids,
increase anti-inflammatory effects, and inhibit cell proliferation activity in human breast
cancer cells.

Research on the application of protein/polysaccharides conjugates as emulsifying
and foaming agents has increased. Improvement in the foam and emulsion properties by
Maillard conjugates were reported in several studies in 2024 by Zhang et al. [22] on the
SPI hydrolysate-various polysaccharides (e.g., gum Arabic, sodium alginate, xanthan gum,
and soybean polysaccharides) conjugates, Tao et al. [23] on the SPI/soybean peptide and
ginseng polysaccharide conjugates, and Amiratashani et al. [24] on the grass pea protein
and xanthan gum conjugates.

This technique uses a naturally occurring reaction without the need of chemical
solvents. So, it can be considered an important method for industrial application. To
our knowledge, there is no report on the conjugation of whey protein isolate (WPI), soy
protein isolate (SPI), and albumin (Alb) with BSG. Therefore, the aim of this study was to
evaluate the changes in the physicochemical, functional, thermal, foaming, and emulsifying
properties of WPI, SPI, or Alb after fabricating conjugates with BSG using the dry method
under controlled temperature and relative humidity conditions.

2. Materials and Methods
2.1. Materials

BSG (moisture (5.74%), protein (1.28%), and carbohydrate (84.74%)) were obtained
from Reyhan Gum Parsian (Tehran, Iran). WPI (protein > 90%), SPI (protein > 92%), and
Alb (protein > 98%) were obtained from Davisco Foods International Inc. (Eden Prairie,
MN, USA), G max Chemicals Co., Ltd. (Shandong, China), and Sigma Chemical Co.
(St. Louis, MO, USA), respectively. Canola oil was purchased from Narges Oil Co. (Shiraz,
Iran). Other reagents and materials were of analytical grade.
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2.2. Preparation of BSG Conjugates

Proteins (100 mg) and BSG (100 mg) were mixed and dispersed in 10 mL sodium
phosphate buffer (0.05 M, pH = 8.5 &+ 0.1). After overnight hydration, the dispersions
were lyophilized and milled into a fine powder. Powdered samples were kept in sealed
glass desiccators containing saturated KBr solution (RH ~ 79%) at the bottom. Desiccators
were kept in an oven at 60 °C. The conjugates (BSG/WPI conjugate, BSG/SPI conjugate,
and BSG/Alb conjugate) were harvested after 10 days and evaluated [25]. Control sam-
ples (BSG/WPI mixture, BSG/SPI mixture, BSG/Alb mixture) containing non-conjugated
mixture of BSG and three different types of proteins were also investigated.

2.3. FT-IR Spectroscopy

An FT-IR spectrometer (Avatar 370, Thermo Nicolet Corp., Madison, WI, USA) was
used to study the functional groups and structural characteristics of proteins/BSG mixtures
or conjugates. All samples were mixed with KBr to prepare pellets. The spectra were
recorded from 4000 to 400 cm ! [24].

2.4. Microstructure (SEM)

The surface microstructure of mixtures and conjugates were studied using a scanning
electron microscope (TESCAN vega3, Brno, Czech Republic). The samples were placed on
an aluminum tape and sputter-coated with gold (Desk Sputter Coater DSR1, Nanostructural
Coating Co., Isfahan, Iran) [24].

2.5. X-Ray Diffraction
An X-ray diffraction analysis of proteins/gum mixtures or conjugates was carried out
by a Bruker ASX D8 X-ray powder diffractometer (Bruker, Billerica, MA, USA) with Cu Ka

radiation operated at 40 kV and 40 mA. Analysis was performed between 5° and 70° (20)
with 0.02° step.

2.6. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Slab SDS-PAGE was settled based on the discontinuous buffer system of Laemmli [26].
Mixtures and conjugates were mixed with a loading buffer to create a final concentration
of 1 mg/mL. Electrophoresis was performed at 25 mA and the gel was stained with
Coommassie Brilliant blue R-250 (0.25%).

2.7. Zeta Potential

The zeta potential of mixtures and conjugates (at 0.1% w/w concentration) was mea-
sured by a Zetasizer (52100, Horiba, Japan).

2.8. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Almost 5 mg of mixtures and conjugates were analyzed by a differential scanning
calorimeter and Thermogravimetric analysis (TGA) (Perkin-Elmer, Beaconsfield, UK).
Analysis was performed in the temperature range of 30-230 °C under nitrogen flow and
with a heating rate of 10 °C/min [27].

2.9. Temperature Effects on Viscosity

The effect of temperature on the viscosity of mixtures and conjugates was studied by a
Rapid Visco Analyser (RVA Starch Master 2, Perten, Australia). Various dispersions (25 mL)
of mixtures and conjugates were prepared at 0.3% w/v and then analyzed. The changes in
viscosity were monitored by heating from 50 to 95 °C and, then by cooling from 95 to 50
°C. The paddle rotation speed was 160 rpm [28].
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2.10. Apparent Viscosity Measurement

The effect of shear rate on the apparent viscosity of mixtures and conjugates was
determined by a Brookfield viscometer (DV2 Pro 1II, Brookfield Engineering Laboratories,
Middleboro, MA, USA) equipped with spindle cp51. The commonly used models including
Power law, Bingham, and Casson were used for data fitting [28].

2.11. Emulsion Preparation

Protein/BSG mixtures or conjugates (0.075 g) were dispersed in double distilled water
(DDW) (17.50 g) and hydrated at 25 °C for 24 h. After that, canola oil (7.50 g) was gradually
added, and homogenized by Ultra-Turrax (T18, IKA, Staufen im Breisgau, Germany) at
15,000 rpm for 2 min, followed by sonication (SONOPULS, HD3200, Bandelin Co., Berlin,
Germany) for 5 min at 150 W.

2.11.1. Emulsion Activity

The emulsion activity index (EAI) of protein/BSG mixtures or conjugates was mea-
sured according to the literature [28]. Emulsion samples (100 mL) were diluted in DDW
(25 mL) and absorption was measured at 500 nm. EAI was determined by Equation (1):

EAI (m?/g) = (2 x 2303 x D x A)/(I x ® x C x 10,000), 1)

where A is the absorbance at 500 nm, I is the optical path length of the cuvette (m), D is the
dilution factor, @ is the oil volume fraction, and C is the amount of emulsifier in aqueous
phase (g/cm?).

2.11.2. Emulsion Stability

Emulsions were poured into in 15 mL PE tubes, capped and stored at room tempera-
ture. The gravitational stability of emulsions was investigated after 1, 3,7, 10, and 17 days
according to the method described by Kheynoor et al. [29].

2.11.3. Droplet Size

The droplet size distribution of nanoemulsions was determined by a dynamic light
scattering (DLS) technique (52100, Horiba, Japan). At first, emulsion samples were diluted
100 times with DDW. Then, volume weighted diameter (D, 3) and distribution width (Span)
were analyzed over time [30].

2.11.4. Zeta Potential

The zeta potential of samples was evaluated over time by a DLS instrument (52100,
Horiba, Japan). Samples were diluted 100 times with DDW before measurement. The
electrophoretic mobility of the samples was transformed to zeta potential using the Smolu-
chowski equation [31].

2.12. Determination of Foaming Capacity and Foam Stability

The foaming capacity and foam stability were measured at a 0.3% (w/w) concentration
based on the technique reported by Naji-Tabasi and Razavi [5] with some modifications.
The dispersion (20 mL) of mixtures and conjugates (0.6% (w/v) was prepared and kept
for 24 h under mixing, followed by whipping vigorously at 15,000 rpm for 2 min using a
homogenizer (Ultra Turrax T18, Staufen im Breisgau, Germany).
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2.13. Statistical Analysis

The results obtained from all tests were analyzed using one-way analysis of variance
(ANOVA) at p < 0.05 significance. Duncan’s multiple range tests were applied by SAS®
software (ver. 9.1, SAS Institute Inc., Cary, NC, USA) to determine significant differences.

3. Results and Discussion
3.1. FT-IR Analysis

FT-IR spectroscopy is an important technique for evaluating protein—polysaccharide
covalent interactions, since most characteristics regions related to both biopolymers do not
overlap [32]. Figure 1 illustrates the FT-IR spectra of different protein/BSG mixtures and
protein/BSG conjugates. The amide I and amide II bands, which are observed between
1650 cm~! and 1540 cm ™!, respectively, are the most specific spectral properties of pro-
teins [33]. The main changes after conjugation were observed at around 850 to 1150 cm 1.
The peaks at 1653.26-1655.67 and 1542.85-1545.39 cm ! were attributed to amide I (C=O
stretching) and amide IT (N-H bending), respectively (Table 1). The band around 3420 cm ™!
was related to the inter- and intra-molecular hydrogen bonds. This band is broad due to
the overlapping of OH and -NH bands. The strong band between ~2980 and 3100 cm ™!
is assigned to C-H stretching vibration [34]. The C=C (1653 cm~!) and C=N (1402 cm~')
stretching vibrations are the main bands in BSG. The C=0 stretching was observed at
1055 cm ™~ [35,36].

BSG/WPI mixture =~ ceeeeeees BSG/WPI conjugate
BSG/SPI mixture BSG/SPI conjugate
= - = BSG/Alb mixture — = BSG/Alb conjugate
i~ N\ — o _—
\ /\ / | \ N\ [

)
(@] v
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= ’
&
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s :
— o
= —
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm)

Figure 1. FT-IR spectra of BSG/WPI mixture, BSG/WPI conjugate, BSG/SPI mixture, BSG/SPI
conjugate, BSG/Alb mixture, and BSG/Alb conjugate. Red arrows are the main peaks.
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Table 1. FT-IR peak assignment of BSG/WPI mixture, BSG/WPI conjugate, BSG/SPI mixture,
BSG/SPI conjugate, BSG/Alb mixture, and BSG/Alb conjugate.

Samples” Wavenumber (cm~1)

BSG/WPI  BSG/WPI BSG/SPI BSG/SPI BSG/Alb BSG/Alb

Assignment Mixture Conjugate  Mixture Conjugate Mixture Conjugate

-OH stretching vibrations 3420 3424 3417 3412 3418 3425
-CHy- and >CH- stretching and

i . . 2929 2929 2928 2931 2928 2928

bending vibrations
C-H absorption 2874 2874 2878 2873 2878 2870
C=0 stretching as amide I 1653 1654 1653 1654 1655 1654
-NH twisting (amide II) 1545 1542 1540 1544 1544 1545
C=N stretching vibrations 1402 1406 1402 1408 1400 1402
-OH bending vibration 1238 1240 1238 1236 1236 1235
C-O-C stretching vibrations of 1060 1055 1060 1055 1060 1055

glycosidic bonds

Protein/polysaccharide conjugation decreases the peak intensity of NH, functional
groups and increases the bands related to Amadori ingredients (C=0) and Schiff base
(C=N) [37]. The fluctuations in the band intensity of C-O and C-N functional groups (at
1653 and 1545 cm ™!, respectively) might reflect the conjugation phenomenon, and thus,
the changes in the secondary structure of proteins [38]. When a protein/polysaccharide
mixture is heated under certain conditions, the bands intensity at 1545 and 1055 cm ™! is
increased [11] and a possible new band at 2870 cm ! is observed. These changes are due to
the formation of a Schiff base (C=N double bond) during the reaction between carbonyl
groups of polysaccharides and amino groups of proteins. C-N stretching in the Schiff base
appears at 1610-645 cm~! depending on the ligand type [38].

3.2. Microstructure Properties

Scanning electron microscopy is usually applied to study the microstructure of polysac-
charides/proteins mixtures and conjugates [39]. Changes in the microstructure during
conjugation are finally reflected in the techno-functional properties of conjugates. The SEM
micrographs of mixtures and conjugates are shown in Figure 2 (or Figure S1). Aggregation
or association was not observed in non-conjugated samples (Figure 2a,c,e). However, in
conjugated samples (Figure 2b,d,f), the surface morphology revealed close associations
and more compact microstructure. Niu et al. [40] found changes in the wheat germ protein
(WGP) surface structures upon conjugation with dextran. They reported that the WGP
particles were large, irregular and uneven, while WGP /dextran conjugates were thin sheets.
A similar observation of conjugated microstructure was reported by Yadav et al. [41] for
the mixtures and conjugates of milk protein/saccharide.

3.3. X-Ray Diffraction

X-ray diffraction was applied to evaluate the effect of conjugation on the amorphous
state of biopolymers. As illustrated in Figure 3, various protein/BSG mixtures and conju-
gates exhibited fairly similar diffraction patterns. After mixing BSG with WPI, SPI, and Alb,
the mixture showed broader peaks at 26 values of 12.9° and 32.1°, 13.4° and 32°, as well as
13.2° and 32.1°, respectively. For the conjugates of BSG with WPI, SPI, and Alb, the position
of crystalline peaks appeared at 26 values of 13.3° and 31.7°, 13.7° and 31.8°, as well as
13.95° and 31.7°, respectively. These results showed that the conjugation of proteins with
BSG does not affect the amorphous state of biopolymers. Slight changes in peak intensity
were observed at 20 around 13°. Similar results were reported in conjugation between gum
Arabic and canola protein isolate [42].
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Figure 2. Scanning electron micrographs of (a) BSG/WPI mixture, (b) BSG/WPI conjugate,
(c) BSG/SPI mixture, (d) BSG/SPI conjugate, (e) BSG/Alb mixture, and (f) BSG/Alb conjugate
(10 days, T = 60 °C at pH = 8.5). Magnification 10,000 x; scale bar = 5 um.
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Figure 3. X-ray diffraction patterns of various proteins/BSG mixtures and conjugates.

3.4. Protein Analysis (SDS-PAGE)

The SDS-PAGE patterns of mixtures and conjugates are shown in Figure 4. The bands
of BSG/WPI conjugate, BSG/SPI conjugate and BSG/Alb conjugate were sharper than
those of BSG/WPI mixture, BSG/SPI mixture, and BSG/Alb mixture because of the con-
jugation reaction, as it caused higher molecular weight. The sharper bands observed in
SDS-PAGE image probably originated from the addition of a considerable amount of BSG
molecules to WPI, SPI, and Alb, and thus changes in protein conformation, disulfide-
sulfhydryl bands, and interaction of protein molecules with each other [43]. The variation
in band intensity was reported in many studies during the conjugation of various polysac-
charides with LZM [44], milk proteins [41], and soy protein isolate [45]. Similarly, in this
study, the SDS-PAGE confirmed that the conjugation of WPI, SPI, and Alb with BSG caused
the formation of molecules with higher molecular weights.

3.5. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Protein denaturation changes the techno-functional properties. The thermodynamic
stability of proteins is usually determined by the DSC technique [46]. This technique is also
applied for evaluating the thermal properties of protein—polysaccharide complexes [47].
Table 2 and Figure 5 show the thermal characteristics of BSG/protein mixtures and re-
spective conjugates. The results showed that the BSG/WPI conjugate, BSG/SPI conjugate,
and BSG/Alb conjugate had lower onset (Tonset), peak (Tmidpoint), and endset (Tengset)
temperatures than their mixtures. However, the denaturation enthalpy (AH) of mixtures
was higher than that of conjugates. After the conjugation of WPI, SPI, and Alb with
BSG, the enthalpy reduced from —52.47, —124.66 and —67.07 ] /g to —203.36, —336.31 and
—80.82 ] /g, respectively. This reduction might be due to the aggregation and disruption of
hydrophobic interactions during the exothermic reactions [48]. Protein denaturation is one
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of the main parameters for changing the enthalpy [47]. Takahashi et al. [49] studied the
conjugation of LZM with glucose stearic acid. They reported that denaturation temperature
was increased and AH was decreased due to the change in the «-helix in LZM and to the
molecular interaction and aggregation.
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Figure 4. SDS-PAGE patterns of (2) BSG/WPI mixture, (3) BSG/WPI conjugate, (5) BSG/SPI mixture,
(6) BSG/SPI conjugate, (8) BSG/Alb mixture, and (9) BSG/Alb conjugate. (1), (4) and (7) are hole
without any sample.

Table 2. Thermal properties of mixture and conjugate of WPI, SPI, and Alb with BSG as evaluated

by DSC.
Samples Denaturation Temperature (°C)

Toneset Tg Tendset AH (J/g)

BSG/WPI conjugate 198.12 210.21 222.60 —52.47
BSG/WPI mixture 164.06 190.30 217.35 —203.36
BSG/SPI conjugate 182.18 207.21 226.73 —124.66
BSG/SPI mixture 162.76 192.91 222.52 —336.31
BSG/Alb conjugate 185.65 210.90 224.86 —67.07
BSG/ Alb mixture 176.77 196.66 219.57 —80.82

Thermogravimetric analysis (TGA) showed two main steps of weight loss. The first
weight loss < 90 °C was because of the evaporation of water, and the second weight loss
(from 180 to 230 °C) was due to the thermal decomposition of hydrocolloids [50].
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Figure 5. DSC thermograms (a) and TGA curve (b) of BSG/WPI mixture, BSG/WPI conjugate,
BSG/SPI mixture, BSG/SPI conjugate, BSG/Alb mixture, and BSG/Alb conjugate.

3.6. Rheological Results

The effect of temperature on the viscosity of different BSG/protein mixtures and
BSG/protein conjugates (0.3% w/v) was measured by RVA. The findings are shown in
Figure 6. The results indicated that in some samples, the rise in temperature to 95 °C
is accompanied by increasing in viscosity, which could be attributed to the higher hy-
dration induced by a higher temperature. The peak viscosity values of the BSG/WPI
mixture, BSG/WPI conjugate, BSG/SPI mixture, BSG/SPI conjugate, BSG/Alb mixture,
and BSG/Alb conjugate solution were 384, 192, 186, 178, 759, and 428 cp, respectively.
Generally, the viscosity of the BSG/protein mixture was higher than that of the respective
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BSG/protein conjugate. This might be due to the changes in the excluded volume of
biopolymers after the formation of conjugates.
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Temperature (C)

Figure 6. Instrumental rheological performance of BSG/WPI mixture, BSG/WPI conjugate,
BSG/SPI mixture, BSG/SPI conjugate, BSG/Alb mixture, and BSG/Alb conjugate employing Rapid
Visco Analyser.

All samples showed shear-thinning behavior (i.e., a decrease in viscosity by increasing
shear rate (Figure 7)). High MW, aggregation, and disentanglement of polymers under
shear are the main reasons for shear-thinning behavior [51]. Similar results have already
been reported [4]. The results of data fitting with Power Law, Bingham, and Casson models
were reported in Table 3. All models exhibited high R? values (0.957-0.995). The value of
flow behavior index (1) of Power Law model (0.01-0.26) also confirmed the shear-thinning
behavior (n < 1) of mixtures and conjugates of BSG with WPI, SPI, and Alb (Table 3). Shear-
thinning hydrocolloids are utilized to change the viscosity of foods. Taking into account the
recovery after removing shear, this feature is useful during some unit operations including
filling and pumping [52]. The consistency coefficient (k) of samples ranged from 449 to
967.8 mPa s". The results showed that the conjugation of BSG with WPI, SPI, and Alb did
not have a significant effect on consistency coefficient (Table 3).
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Figure 7. Changes in the apparent viscosity of BSG/WPI mixture, BSG/WPI conjugate, BSG/SPI
mixture, BSG/SPI conjugate, BSG/Alb mixture, and BSG/Alb as a function of shear rate
(0.3% w/w, 20 °C).

3.7. Zeta Potential

The zeta potential shows the surface charge at the distance of the slipping plane of
hydrochlorides and indicates the electrostatic repulsion among charged molecules. Table 4
reports the zeta potential values of BSG/protein mixtures and BSG/protein conjugates. The
BSG/WPI mixture, BSG/SPI mixture, and BSG/Alb mixture had negative zeta potential
values of —39.50, —41.60, and —43.83 mV, respectively. The negative values were attributed
to the pH values above proteins’ isoelectric point and negative charges along BSG back-
bone. Conjugation increased the absolute values of zeta potential to —45.43, —45.30, and
—51.97 for BSG/WPI conjugate, BSG/SPI conjugate, and BSG/ Alb conjugate, respectively.
The increase in zeta potential absolute values might be attributed to the blocking of posi-
tively charged amino groups of proteins during conjugation.

Table 4. Zeta potential values of BSG/protein mixtures and BSG/protein conjugates.

BSG/WPI BSG/WPI BSG/SPI BSG/SPI BSG/Alb BSG/Alb
Mixture Conjugate Mixture Conjugate Mixture Conjugate
Zeta potential —39.50 £ 3.54 A —45.43 +£2.06 B —41.60 + 1.05 AB —45.30 £ 0.66 B —43.83 +4.15 AB —51.97 £0.81C

Data represent mean =+ standard deviation of three independent repeats. Different uppercase letters in each row
indicate significant differences (p < 0.05).

3.8. Emulsion Properties
3.8.1. Emulsifying Activity Index (EAI) and Emulsion Stability (ES)

The ability of surfactants to form emulsion and to stabilize oil droplets after formation
is quantified by EAI and ES, respectively [53,54]. An important techno-functional aspect
of protein—polysaccharide conjugates is the improved interfacial properties induced by
conjugation [55]. Generally, protein—polysaccharide conjugates have a higher ability than
individual biopolymers or their mixtures to adsorb to the interface and to develop stable
emulsions. Conjugation can also increase the solvation of hydrocolloids in the aqueous
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phase [56]. Emulsifying activity of conjugates depends on their ability to decrease the
interfacial tension (IFT) between oil and water phases. IFT reduction is mediated by hy-
drophobic and hydrophilic moieties of conjugates toward oil and water, respectively. The
EAI and turbidity of various protein/BSG mixtures and respective conjugates are shown in
Figure 8. The EAIs of protein/BSG mixtures were significantly lower than those of their
conjugated counterparts. In other words, the EAI in the mixture of WPI/BSG, SP1/BSG,
and Alb/BSG increased from 12.94, 20.43, and 19.2 m?/ g t079.32, 24.89, and 55.37 m2/ g,
respectively. Polymerization during dry heat treatment plays an important role in the
increase in emulsifying activity. Similarly to other emulsifiers, the adsorbed conjugates
develop an interfacial film at the O/W interface, which is responsible for the emulsion
stability. The type of protein had a significant effect on the ability of protein/BSG conju-
gates on emulsion stabilization. Emulsion samples prepared by different proteins/BSG
mixtures and respective conjugates showed ES of 100% after 24 h of storage (Figure 9).
After three days of storage, all proteins/BSG conjugates and the mixture of BSG with WPI
revealed 100% stability. Water phase separation of around 27.7% and 38.3% was measured
in the emulsion samples stabilized by SPI/BSG and Alb/BSG mixtures, respectively. Water
phase separation at the bottom occurred in mixed and conjugated BSG-stabilized emulsions
after 7 days of storage (Figure 9). The emulsion stabilized by the Alb/BSG conjugate
revealed the lowest water phase separation. It was also homogenous, which indicated the
Alb/BSG conjugate had the best emulsion stability properties. Lavaei et al. [57] studied
the conjugation of gellan gum and soy protein by Maillard reaction. They reported that
the conjugation increased the EAI and ES because of increasing protein solubility and im-
proving the balance in the hydrophilic-hydrophobic character. Shen and Li [58] evaluated
the functional properties of conjugated guar gum—pea protein isolate. The increase in the
emulsion stability prepared by this conjugate was attributed to the formation of strong
layer at the interface and thus improved steric stabilization.
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Figure 8. Emulsifying activity index of BSG/WPI, BSG/SPI, and BSG/Alb mixtures and respective
conjugates. Different uppercase letters indicate significant differences (p < 0.05) between samples.
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Figure 9. Visual observation of phase separation (A) and its quantification (B) in nanoemulsions
stabilized by BSG/WPI, BSG/SPI, and BSG/Alb mixtures and conjugates. Different uppercase and
lowercase letters indicate significant differences (p < 0.05) between samples at the same time and
during the storage, respectively.
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3.8.2. Droplet Size Distribution

Droplet size distribution plays an important role in the turbidity, stability, sensory
experience, and rheology of food systems [59]. The volume-weighted mean droplet diame-
ter of nanoemulsions and span (distribution width) values were measured over time and
reported in Figures 10A-D and 11. Protein/BSG conjugation reduced the mean diameter
and span values of nanoemulsions as compared to non-conjugated protein/polysaccharide
mixture. This was attributed to the significantly increasing emulsifying activity after con-
jugation (Figure 4). The mean droplet diameter varied from 112.1 to 239.3 nm on day 3.
Nanoemulsions prepared by the mixture of SPI/BSG and Alb/BSG exhibited the largest
size at day 17, while those prepared by Alb/BSG conjugates showed the smallest size
during storage (112.1 and 143.3 nm at day 3 and day 17, respectively). Droplet size re-
duction increases the emulsions stability against gravitational separation and some other
phenomena such as coalescence and flocculation. As stated by Marquez et al. [60], the
droplet size is related to the emulsifier’s hydrophilic-lipophilic balance. These researchers
reported that modified durian seed gum (DSG) prepared by the covalent linkage between
DSG and WPI had an improved hydrophilic-hydrophobic character compared to native
DSG. Akhtar and Dickinson [17] found that the conjugates of maltodextrin/WPI had
high emulsifying activity and were able to prepare emulsions with smaller droplet size.
Introducing hydrophobic moieties to conjugates might facilitate the adsorption rate at
the interface and also lead to decreased droplet coalescence and aggregation [61,62]. The
droplet size of nanoemulsions stabilized by the mixture of SP1/BSG and Alb/BSG signifi-
cantly increased during storage; however, it remained relatively constant in nanoemulsions
prepared by the WPI/BSG mixture and all conjugated protein/BSG counterparts. The
results of span values did not show any significant difference between all samples dur-
ing the storage. The span values of nanoemulsions ranged from 0.1 to 0.27 at day 3 and
0.15 to 0.32 at day 17 (Figure 11). The lower values indicated a narrower size distribution
(more homogeneity).

3.8.3. Zeta Potential

Table 5 reports the zeta potential values of nanoemulsions stabilized by different pro-
teins/BSG mixtures and/or conjugates. In all samples, the O/W interface was negatively
charged, arising from the negative charge along BSG backbone as well as the net negative
charge of proteins at pH values above the isoelectric point. Generally, the absolute values of
zeta potential decreased during storage; however, the final values were still above the mini-
mum required values (i.e., | zeta potential | > 20 mV) for providing sufficient electrostatic
repulsion among the oil droplets. Considering the high values of the zeta potential and the
physical instability of nanoemulsions during storage, it can be concluded that additional
factors (e.g., adsorption affinity, viscosity, interfacial film characteristics, etc.) other than
the electrostatic repulsion among the dispersed droplets (i.e., zeta potential) are required
for the long term stability of nanoemulsions. Chen et al. [63] evaluated the conjugation of
pectin and albumin using the Maillard reaction to increase the emulsifying properties and
reported that the conjugates had lower zeta potential values than the respective electrostatic
complex. These researchers concluded that the involvement of more amino acid residues
for the covalent linkage with carboxyl groups of pectin in the conjugates is responsible
for lower values of zeta potential. Our finding is not in agreement with that of Chen, Ji,
Qiu, Liu, Zhu, and Yin [63]. Except for nanoemulsions stabilized by the mixture and the
conjugate of BSG/Alb, other nanoemulsions stabilized by the mixture or conjugate of same
biopolymers did not significantly differ in zeta potential values after preparation. The
conjugation reaction is expected to occur between the amino groups of proteins (i.e., present
in the side chain of amino acid residues such as e-amino group of lysine and/or terminal
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amino group of proteins) and the reducing end (i.e., carbonyl group) of polysaccharides and
not carboxyl groups along backbone. Moreover, other factors such as pH, ionic strength,
and microviscosity have a significant contribution to electrophoretic mobility. Similarly
to our finding in the mixture and conjugate of BSG/Alb, Feng et al. [64] reported that the
emulsions stabilized by the conjugates of SPI-GA had higher zeta potential absolute values
than those stabilized by a non-conjugated mixture. This might be due to more blocking
proteins” amino groups after conjugation (Table 4) and hence modulating the net charge of
conjugated biopolymers (i.e., the increase in contribution of negative charges). In our study,
the highest physical stability was observed in the emulsions stabilized by the BSG/Alb

conjugate.
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Figure 10. (A-C): droplet size distribution of nanoemulsions stabilized by the mixtures and/or
conjugates of BSG/WPI, BSG/SPI, and BSG/Alb, respectively, during storage for 3, 10, and 17 days;
(D) reports mean droplet diameter (nm) during storage. Different uppercase and lowercase let-
ters indicate significant differences (p < 0.05) between samples at the same time and during the
storage, respectively.

63



Foods 2025, 14, 390

1
A
0.9 11 BSG/WPI conjugate “a
0.8 11 BSG/WPI mixture
= BSG/SPI conjugate
0.7 = BSG/SPI mixture
0.6 N BSG/Alb conjugate
8 2t BSG/AlIb mixture Aa
& 05 .
0.4 Aa N
Aa a
0.3 AaABa ABa i AaAa % n
0.2 . \ Aa Aa
0.1 §
' N
0 \ ==\\

3 10 17
Storage time (day)
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letters indicate significant differences (p < 0.05) between samples at the same time and during the
storage, respectively.

Table 5. Zeta potential (mV) values of nanoemulsions stabilized by the mixtures and/or conjugates
of BSG/WPI, BSG/SPI, and BSG/Alb during storage for 3, 7, 10, and 17 days.

Storage Time (day)
Sample 3 7 10 17
BSG/WPI conjugate —61.50 + 0.61 Ab —58.53 + 2.47 Bab —57.70 £ 0.14 BCa —57.60 4+ 1.37 CDa
BSG/WPI mixture —60.23 + 1.61 Aa —58.33 + 2.64 Ba —58.40 £+ 1.51 BCa —57.83 £+ 1.48 CDa
BSG/SPI conjugate —61.70 + 1.35 Ab —57.77 £ 1.60 ABa —56.13 £+ 0.81 Ba —56.17 £ 2.01 BCa
BSG/SPI mixture —60.60 & 1.45 Ab —54.23 + 2.47 Aa —53.67 + 1.00 Aa —54.13 + 0.68 ABa
BSG/Alb conjugate —73.23 £+ 2.97 Bc —67.13 £2.25Cb —59.77 £2.03 Ca —58.90 £+ 1.57 Da
BSG/ Alb mixture —61.37 + 1.80 Ab —54.77 + 0.84 ABa —53.77 £ 0.49 Aa —53.13 £ 0.61 Aa

Data are the average of three independent replicates & standard deviation. Different uppercase letters in each
column and lowercase ones in each row indicate significant differences (p < 0.05).

3.9. Foaming Properties

Figure 12 shows the effect of conjugation on the foaming capacity of samples. The
foaming capacity of WPI (78.57%), SPI (61.91%), and Alb (71.43%) in their mixtures with
BSG increased to 107.14%, 85.71%, and 85.71%, respectively, after making conjugates with
BSG. Therefore, conjugation increased the foaming capacity. Conjugation increases protein
solubility and stability with consequent benefits for emulsification characteristics. The
higher foaming capacity of conjugates compared to mixtures might be due to higher
solubility, and better action as a surfactant at the air-water interface in the presence of
the emulsifying and thickening effects of grafted BSG. Hamdani et al. [65] evaluated the
effect of conjugation on functional properties of guar gum using egg white lysozyme. They
reported that the conjugation of lysozyme improved foaming capacity (12%) and foam
stability (35%). Koshani, Aminlari, Niakosari, Farahnaky, and Mesbahi [11] reported that
the conjugation of tragacanthin and lysozyme enhanced foaming capacity (52.25%) and
foam stability (58.23%). Also, Hashemi, Aminlari, and Moosavinasab [12] reported that the
conjugation of lysozyme and xanthan gum improved foaming capacity (49.90%) and foam
stability (37.80%).
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Figure 12. Foaming capacity (a) and foam stability (b) of BSG/WPI mixture, BSG/WPI conjugate,
BSG/SPI mixture, BSG/SPI conjugate, BSG/ Alb mixture, and BSG/Alb conjugate. Different upper-
case letters indicate significant differences (p < 0.05) between samples.

Foam stability is determined as the ability of foam to maintain some of its properties
during storage [66]. The gas bubbles rise to the top and may undergo deformation to form
polyhedral structures [67]. In this study, the foam stability was significantly improved by
conjugation with BSG (Figure 12). The foam stability of WPI (39.34%), SPI (61.57%), and
Alb (53.37%) in their mixtures with BSG (non-conjugated condition) increased to 77.86%,
77.91%, and 72.32%, respectively, after formation of conjugates with BSG. The reason for
better foam stabilization by BSG/protein conjugates compared to the BSG/protein mixture
is likely that it improves the viscoelastic properties of interfacial film at the air-water
interface in the presence of BSG. Non-grafted BSG also plays a role through increasing the
viscosity of water phase. Previous studies reported that the viscosity has a significant effect
on the foam stability [68]. Biopolymer networks increase the viscosity of bulk-phase and
reduce the coalescence of air bubbles which increases the foam stability [67].
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4. Conclusions

In the present research, the conjugates of WPI, SPI, and Alb with BSG were fabri-
cated using the dry heating method via a Maillard-type reaction. The conjugates showed
higher emulsifying activity and emulsion stability than non-conjugated binary mixtures of
biopolymers. The BSG-albumin conjugate was the best sample. Conjugation also improved
the emulsion properties. The conjugates exhibited tremendous functional properties with
better foaming activities than non-conjugated samples. Furthermore, the presence of basil
seed gum prevented some adverse effects of heating on proteins in powder form. Modifi-
cation of natural gums can be applied for improving the techno-functional properties in
food systems.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/foods14030390/s1, Figure S1. Scanning electron micro-
graphs of (a) BSG/WPI mixture, (b) BSG/WPI conjugate, (c) BSG/SPI mixture, (d) BSG/SPI conjugate,
(e) BSG/Alb mixture, and (f) BSG/ Alb conjugate. Magnification 500 x; scale bar = 100 pm.
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Abstract: The effects of soy protein and whey protein supplementation on glycemic control
show inconsistency, and the mechanisms underlying the impact of a high-protein diet
on blood glucose regulation remain unclear. This study aimed to explore the impact of
a dual-protein (DP) blend comprising soy protein isolate (SPI) and whey protein con-
centrate (WPC), processed through high-pressure homogenization, on mice with Type 2
diabetes mellitus (T2DM) and its potential mechanisms. In the in vitro experiments, an
insulin-resistant (IR) HepG2 cell model was treated with DP, resulting in a significant
enhancement of glucose uptake and upregulation of IRS1 and GLUT4 expression. For the
in vivo experiments, male C57BL /6] mice were randomly assigned into four groups (n = 6)
based on body weight: normal control, T2DM model group, Metformin-treated group, and
DP-treated group. Following a 5-week feeding period, Metformin and DP significantly
reduced levels of blood sugar, AUC, TC, TG, and LDL-C in T2DM mice. Additionally, TP
and ALB levels in the DP group were notably higher in the model group. In the liver and
pancreas, DP alleviated histopathological changes and promoted liver glycogen synthesis
in T2DM mice. Moreover, the levels of IRS1 and PI3K in the livers of mice in the DP group
were significantly higher than those in the model group. Compared with the model groups,
DP significantly reduced the expression of CD45 and increased the expression of CD206
in the pancreas of mice. Furthermore, 16S rRNA analysis revealed that DP altered the
composition of the gut microbiota in diabetic mice, increasing the relative abundance of Lac-
tobacillus, Parvibacter, and Lactobacillaceae. This suggested that DP could alleviate functional
metabolic disorders in the gut and potentially reverse the risk of related complications. In
conclusion, soy whey dual-protein may have an effective nutritional therapeutic effect on
T2DM mice by regulating lipid metabolism, the INS/IRS1/PI3K signaling pathway, and
gut microbiota.

Keywords: dual-protein; type 2 diabetes; insulin resistance; mechanism of action;
gut microbiota

1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder syndrome characterized
by hyperglycemia resulting from defective insulin secretion, which can induce chronic
damage and functional impairment in tissues such as blood vessels, kidneys, and the
nervous system [1]. Currently, oral hypoglycemic medications, including metformin,
sulfonylureas, and «-glucosidase inhibitors, remain effective methods for controlling the
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progression of T2DM [2,3]. However, long-term use of these drugs by T2DM patients
can lead to numerous adverse effects, such as gastrointestinal intolerance or metabolic
acidosis [4]. Notably, dietary and nutritional interventions have proven to be effective in
managing the condition of T2DM patients and improving their quality of life, representing
one of the emerging and promising therapeutic approaches with minimal side effects for
the treatment of T2DM [5].

Protein supplements or high-protein diets have been proven to effectively improve
blood sugar regulation [6]. Dietary proteins and amino acids influence insulin sensitivity
and regulate glucose transport and utilization in the body through a series of complex
biochemical reactions [7]. Studies have shown that whey protein could reduce risk factors
for T2DM by enhancing satiety, promoting insulin secretion to lower postprandial blood
glucose levels, and facilitating weight loss, thereby preventing obesity and the onset of
T2DM [8]. However, the specific mechanisms remain unclear. Additionally, soy protein
and peptides could act on various molecular targets, such as x-glucosidase, x-amylase,
and dipeptidyl peptidase IV, as well as intracellular signaling pathways in multiple organs,
to maintain glucose homeostasis and improve impaired glucose and lipid metabolism [9].
Although high-quality proteins like soy protein and whey protein have long been widely
used in nutritional interventions, only a limited number of studies have reported their
effects on metabolic diseases, with inconsistent conclusions and mechanisms that still
require further exploration [10-15]. Dual-protein foods are a new dietary concept proposed
in recent years with the aim of supplementing high-quality protein. It is of great significance
to promote the combination of protein resources from different sources by using high-tech
method means to improve their nutritional quality [16,17]. High-pressure homogenization
(HPH) is widely used in the food industry to produce emulsified foods, such as soft
drinks, milk, and condiments. During the high-pressure homogenization process, protein
molecules are exposed to cavitation, shearing, turbulence, and heating in a short period of
time, which can disrupt protein aggregates and change protein structure, thereby affecting
their solubility and other functional properties [18]. Our previous research found that
HPH could improve the functional properties of proteins by altering the structure of soy—
whey dual-proteins [19]. However, whether the alteration of protein function will have an
intervention effect on T2DM remains to be verified.

The gut microbiota plays a crucial role in the dynamic ecosystem of the human body,
and its composition can be influenced by numerous factors, such as the host and the en-
vironment. Numerous studies have confirmed that imbalances in gut microbiota are not
only closely associated with intestinal diseases but also significantly linked to metabolic
disorders such as diabetes [20,21]. Therefore, modulating the gut microbial community is
considered an important aspect of preventing or slowing down the progression of T2DM.
Studies have shown that high-protein diets or protein-based nutritional interventions could
influence the composition and abundance of gut microbiota. This is primarily attributed
to the proteolytic fermentation of undigested proteins by bacterial proteases in the colon.
Subsequently, metabolites released by the gut microbiota can affect host physiology [22].
Our previous research had demonstrated that DP supplementation increases the diver-
sity of gut microbiota and alters microbial abundance patterns in patients undergoing
allogeneic hematopoietic stem cell transplantation. It could also alleviate osteoporosis
by modulating the gut microbiota, indicating its potential for regulating gut microbial
communities [23,24]. Therefore, we hypothesized that DP nutritional intervention could
reverse T2DM by modulating the gut microbiota.

Herein, this study investigated the effects of DP on alleviating insulin resistance (IR)
and T2DM both in vitro and in vivo, and explored the role of gut microbiota in improving
metabolic health under DP intervention. We induced insulin resistance in HepG2 cells
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(IR-HepG2) and tested the efficacy of DP in ameliorating cellular insulin resistance. Sub-
sequently, a T2DM mouse model was established using a high-fat diet (HFD) combined
with streptozotocin (STZ) to investigate the effects of DP on improving glucose, lipid,
and protein metabolism. Additionally, 165 rDNA amplicon sequencing was employed to
further explore the composition of gut microbiota and key regulatory factors underlying
the improvement of metabolic health by DP.

2. Materials and Methods
2.1. Chemicals and Reagents

SUPRO 787 IP SPI (protein content, 90%) was obtained from IFF Inc. (Shanghai, China).
WPC (protein content, 80%) was obtained from Arla Foods (DANEMARK).

Insulin was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China) and metformin from Haohong Biopharmaceutical Technology Co., Ltd.
(Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and sodium dodecyl sulfate (SDS) were purchased from Beyotime (Shanghai, China). Glu-
cose kit (glucose oxidase method) was purchased from Nanjing Jiancheng Biotechnology
Co., Ltd. (Nanjing, China).

STZ and metformin was purchased from Sigma-Aldrich (St. Louis, MO, USA). IRS1
Rabbit mAb, PI3K Rabbit mA, and GLUT4 Rabbit mA were purchased from Cell Signal-
ing Technology(Boston, US). Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077)
and Goat Anti-Rabbit IgG H&L (Alexa Fluor® 555) (ab150078) were purchased from Ab-
cam(Cambridge, Britain). 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) was
purchased from Solarbio, Beijing, China. PE anti-mouse CD11b antibody, FITC anti-mouse
CD45 antibody, PE anti-mouse CD3 antibody, FITC anti-mouse CD8 antibody, and APC
anti-mouse CD4 antibody were purchased from Biolegend, USA. All other reagents were
analytical reagents from chemical companies in China.

2.2. Soy—Whey Dual-Protein Solution Sample Preparation

Our team previously conducted a study on the application of high-pressure homoge-
nization to dual-protein [19]. On this basis, the DP optimization treatment is carried out.
Soy protein isolate (SPI) and whey protein concentrate (WPC) were weighed, respectively,
and according to the team’s preliminary results, they passed through the planetary ball
mill at a ratio of 1:1. The rotational speed was set at 500 rpm/min, the intermittent time
was 30 min, and the mixed protein powder was obtained by grinding and mixing for 8 h.
Then, the DP powder was weighed and then dissolved in deionized water to prepare a 6%
(w/w) DP solution. The solution was stirred magnetically for 1.5 h. Then, the container
was sealed with plastic wrap and allowed to hydrate in a refrigerator at 4 °C for 10 h. After
standing and returning to room temperature, the filtrate was homogenized under 60 MPa
high pressure through 60 mesh sieves, and each pressure cycle was three times. After
homogenization, the pH of the solution was adjusted to 7 to obtain the final DP sample.
The amino acid profile of DP is detailed in Supplementary Table S1.

2.3. Cell Experiments
2.3.1. Cell Culture

Human hepatocellular carcinoma cell line HepG2 cells were acquired from Shanghai
Cell Bank of the Chinese Academy of Sciences. The cell lines were cultured in DMEM,
which contained 10% fetal bovine serum (FBS; Hyclone, Thermo Scientific, Waltham, MA,
USA), penicillin (100 U/mL), and streptomycin (100 pg/mL) (Gran Island, NY, USA). The
incubator conditions were set at 37 °C and 5% CO,. A 0.25% trypsin was used for digestion
and passage.
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2.3.2. Cytotoxicity

A total of 5 x 10% cells/well were seeded on 96 well plates and allowed to adhere
overnight. The cells were treated with increasing concentrations of the sample diluted in cell
media achieving a total volume of 100 uL. The cells were incubated with Met and increasing
concentrations of DP at 37 °C for 24 h. Next, the medium with serum was replaced with
fresh medium containing (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT, 10 pL of a 5 mg/mL solution in PBS buffer) and the cells were further incubated
for 4 h. 10% SDS solution was then added (100 puL/well) and the plates were kept in the
dark for an additional 12 h. Absorption measurements were performed on a Bio-Rad plate
reader at 570 nm (peak absorbance) and at 650 nm (background absorbance).

2.3.3. Glucose Uptake

HepG2 cells were seeded in 96-well plates in DMEM supplemented with 10% (v/v)
FBS. The density of the cells in each plate was 5 x 10° cells/well. Preliminary experiments
were conducted to establish insulin resistance model in HepG2 cells in accordance with
Zheng et al. [25]. We removed the original medium when the cells became adherent and
replaced it with DMEM containing 10~ mol/L insulin. The model of insulin resistance
(IR-HepG2) was established after 24 h. Control group, insulin resistance model group (IR),
metformin (Met) group (0.03 mg/mL), and DP group (1.00, 5.00, 10.00 mg/mL) were set
up in the experiment, with three parallel cells in each group. The culture was continued for
24 h, and then the glucose content in the culture medium supernatant was determined by
glucose detection kit.

2.3.4. In Vitro Fluorescence Staining

HepG2 cells were seeded on 24-well plates (1 x 10* cells/well) and allowed to adhere
overnight. The IR-HepG2 model was established after 24h induction with 107¢ mol/L
insulin. The cells were then treated with DP (10 mg/mL) and metformin (0.03 mg/mL) for
24 h. PBS served as control treatment. The above cells were washed with PBS and further
incubated with IRS1 Rabbit Monoclonal Antibody for 2 h at 37 °C. Subsequently, the cells
were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) for 1 h at 37 °C. The
expression of IRS1 inside the cells was observed by CLSM.

2.3.5. Western Blot

HepG2 cells were seeded in 6-well plates (1 x 10° cells/well) and allowed to adhere
overnight. The IR-HepG2 cell model was established after 24 h induction with 107° mol/L
insulin. The cells were treated with DP (10 mg/mL) and metformin (0.03 mg/mL) for 24 h.
After washing the cells with cold PBS three times, RIPA lysis buffer containing protease
and phosphatase inhibitors was added to each well. The proteins of cells were extracted
through centrifuge at a speed of 12,000 rpm for 5 min. Protein content quantification was
carried out by the BCA protein assay kit. Then, the electrophoreses process was conducted
through SDS-PAGE by a gel-electrophoretic apparatus (Bio-Rad mini, Hercules, CA, USA),
and the proteins were transferred to the PVDF films and incubated with the antibodies
against various proteins overnight on a shaker at 4 °C. Subsequently, the PVDF films were
washed five times and incubated with HRP conjugated antibodies for 1 h. The western blot
images were obtained by Amersham Imager 600 (Al600, General Electric Co., Ltd., Boston,
MA, USA) with 300 pL of ECL chemiluminescent reagent (Beyotime Biotechnology Co.,
Ltd., Shanghai, China) added on the top of the membrane.
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2.4. Animal Experiments

Six-week-old male C57BL/6] mice (approximately 16 to 18 g) were purchased from
Sibeifu (Beijing) Biotechnology Co., Ltd. (Beijing, China). Mice were housed no more
than six per cage under standard laboratory conditions (12 h light/dark cycle at room
temperature [approximately 22-24 °C]) with free access to clean water and a standard
diet. The entirety of animal experiments conducted received approval from the Animal
Management and Ethics Committee of the Institutional Animal Care and Use Committee,
Institute of Food and Nutrition Development, Ministry of Agriculture and Rural Affairs, as
per the stipulated license number 20240315-05.

The whole animal experimental design is summarized in Figure 1. All C57BL/6] mice
were adaptively administered with common chow for a week and further replaced with a
high-fat diet (HFD) for 6 weeks. The ingredients of HFD were 66.5% common diet, 20%
sucrose, 10% fat from lard, 2.5% cholesterol, and 1% sodium deoxycholate (SPF (Beijing,
China) BIOTECHNOLOGY Co., Ltd. (Fuxin, China)).
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Figure 1. Animal experimental design. Con: normal control mice; Mol: diabetic model mice; Met:
diabetic mice treated with metformin (200 mg/kg); DP: diabetic mice treated with DP (670 mg/kg).
Figure created with Biorender.com.

Streptozotocin (STZ) was intraperitoneally injected into mice on days 1 and 3 of the
7th week at a dose of 50 mg/kg. Mice were required to fast for 12 h before STZ injection.
STZ was dissolved in Citrate Buffered Saline (SSC) (pH 4.2-4.5). Notably, it required
temporary preparation for use and protection from light and was placed in an ice bath
during the injection. Fasting blood glucose (FBG) level was measured in the 9th week, and
mice with FBG > 11.1 mmol/L were considered to be successfully modeled with diabetes.
Furthermore, they were randomly divided into a T2DM model (Mol) group, metformin
(Met) group, and dual-protein (DP) group based on the FBG level, and C57BL/6] mice
reared on common chow for the same period comprised the normal control (Con) group
(6 mice/group). Mice in the Met group were given metformin orally (200 mg/kg/day),
and mice in DP group were given DP solution orally (670 mg/kg/day). Equal amounts
of saline were administered by oral gavage to both the Con and Mol groups mice for
5 weeks consecutively.

2.4.1. Body Weight, FBG, and Glucose Tolerance Test (OGTT)

Body weight and FBG were measured every week during the experimental period.
In the last week of the experimental period, the animals were subjected to an oral glucose
tolerance test. In brief, mice were fasted for 12 h and administered an oral glucose load
(2 g/kg of body weight), and then the blood glucose level was measured using a glucometer
(Sinocare) at 0, 30, 60, 90, and 120 min, respectively. The areas under the curve (AUCs) of
blood glucose levels were calculated to evaluate glucose tolerance.

74



Foods 2025, 14,2115

2.4.2. Analysis of Serum Biochemistry

Total cholesterol (TC), triacylglycerols (TG), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), total protein (TP), and albumin (ALB) were exam-
ined by an Automatic biochemical analyzer (Chemray 800, Shenzhen, China).

2.4.3. Detection of Immunohistochemistry and Immunofluorescence

Livers and pancreas were collected and a slice of each one was fixated with 4%
paraformaldehyde. Liver and pancreas were stained with hematoxylin and eosin (H&E)
and the liver was stained with Periodic-acid Schiff (PAS) staining. The histological images
were taken using a CLSM (LSM-800, ZEISS, Oberkochen, Germany).

For immunofluorescence analysis, frozen sections of pancreas were incubated for 14 h
at 4 °C with a primary antibody for insulin (ab7842, Abcam), glucagon (ab10988, Abcam),
and then with secondary antibodies at room temperature for 2 h. Slides were observed
under a laser scanning confocal microscope. The area of cells positive for insulin antibody
in the islets were counted and used to calculate the positive cell ratio.

Immunohistochemistry (IHC) was used to analyze the expression of IRS1 and PI3K in
the mouse livers. Specifically, the wax-embedded livers were cut into 5 pm sections. We
used anti-mouse IRS1 (Servicebio, Wuhan, China) and PI3K (Servicebio, Wuhan, China)
antibody (1:100) at 4 °C overnight for IHC staining. All slices were counterstained with
hematoxylin at 25 °C for 1 min. microscopic images were obtained with a light microscope.
Three random areas from each sample were chosen and analyzed using Image J (National
Institutes of Health, Bethesda, MD, USA).

2.4.4. Detection of CD45 in Pancreas Slices by CLSM

Following the previously described treatment, pancreas slices from each group of
animals were collected. The tissue was incubated with CD45+-specific fluorescent probe.
The presence of CD45+ T cells were assessed using CLSM (LSM-800, ZEISS, Germany).

2.4.5. Detection of CD45 T Cells in Pancreas by Flow Cytometry

Fresh pancreatic tissues were collected for antidiabetic immune response analysis via
FACS. Briefly, samples were dissociated into single-cell suspensions, and then red blood
cells were removed with red blood cell lysing buffer (Beyotime). After that, samples were
blocked with 0.1% BSA in PBS followed by incubation with relevant antibodies for 1 h at
room temperature. For characterizing T cells and leukocyte in pancreas, cells were stained
by anti-CD3-PE, anti-CD4-PC5.5, anti-CD8-FITC, and anti-CD45-FITC. All the antibodies
used above were all purchased from Bio Legend. Flow cytometric data acquisition was
performed with CytExpert-2.6 software, and the data were processed using FlowJo-v10
software. Data were expressed as mean £ SD (n = 3).

2.4.6. 165 rDNA Sequencing Analysis

In this experiment, Illumina novaseq6000 sequencing platform was used to amplify
and sequence the V3-V4 variable region. First, the mouse feces DNA was extracted by the
kit, and the purity and concentration were detected. After the V3-V4 variable region was
selected, PCR amplification was performed using a specific primer with Barcode and a high-
fidelity DNA polymerase. PCR products were detected by 2% agarose-gel electrophoresis,
and target fragments were recovered by using the Quant-iT PicoGreen dsDNA Assay
Kit. Then, the recovered products were detected and quantified by FLx800 fluorescence
quantification system. The TruSeq Nano DNA LT Library Prep Kit was used to construct
the library. In order to ensure that the library quality met the standards of on-machine
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sequencing, Agilent Bioanalyzer 2100 and Promega QuantiFluor were used for quality
inspection, and after passing the inspection, on-machine sequencing was performed.

Raw data obtained by sequencing has a certain proportion of dirty data. In order to
make the results of information analysis more accurate and reliable, quality control analysis
such as quality filtering, noise reduction, splicing, and chimera removal were performed
on the raw data by using Qiime2 default parameters, and sequences with abundance less
than 10 are filtered out (all samples are summed up), so as to obtain ASVs. Based on the
flattened ASVs, ASV diversity index analysis and sequencing depth detection could be
performed. Based on taxonomic information, statistical analysis of community structure
could be performed at various taxonomic levels.

Sequence analysis was carried out using UPARSE software package and UPARSE-
OTU and UPARSE-OTUref algorithms. Sequences with similarity >97% were assigned
to the same OTU. We selected representative sequences for each OTU and label each
representative sequence with classification information using the RDP classifier.

2.5. Statistical Analysis

Data were expressed as mean £ SD. All the data were analyzed using GraphPad Prism
9.0 (GraphPad Software, Inc. La Jolla, CA, USA). Statistical significance was analyzed using
a one-way analysis of variance (ANOVA) followed by the Bonferroni test. Data were
considered statistically significant for p < 0.05.

3. Result
3.1. Effects of DP on the Insulin Resistance (IR)-HepG2 Cell Model

HepG2 cells are commonly utilized for investigating hepatic insulin signaling pathways
and glucose homeostasis in vitro. The cytotoxicity of DP on HepG2 cells was evaluated using
the MTT assay after 24 h to establish its effective concentration (Figure 2A). Experimental
groups were exposed to varying concentrations of DP (5, 10, 15, and 20 mg/mL), while a Con
group remained DP-free. The findings demonstrated a biphasic effect of DP on cell growth and
differentiation, with promotion at lower concentrations and inhibition at higher concentrations.
Specifically, DP at 5 mg/mL enhanced HepG2 cell growth and differentiation, yielding a cell
viability rate of 105.98% compared to the Con group. Conversely, at 10 mg/mlL, DP initiated
inhibition of HepG2 cell growth, resulting in a cell viability rate of 91.45%. These outcomes
suggest that DP concentrations below 10 mg/mL have negligible impact on HepG2 cell viability.

To examine the impact of DP on glucose uptake and cell viability in insulin-induced
HepG2 cells (IR-HepG2 model), we quantified glucose levels in the culture supernatant
using a glucose oxidase assay kit and evaluated cell viability (Figure 2B). Our findings
revealed that glucose uptake was 6.95 mmol/L in the Con group, whereas in the IR
group treated with 10~® M insulin, glucose uptake significantly decreased to 3.52 mmol/L
(p <0.01), confirming the successful establishment of the IR-HepG2 cell model. DP at
concentrations of 1, 5, and 10 mg/mL significantly enhanced glucose uptake in IR-HepG2
cells compared to the IR group, with higher concentrations yielding greater improvements.
Notably, at a DP concentration of 10 mg/mL, glucose uptake reached 6.43 mmol/L, sur-
passing the effect of the positive control metformin (0.03 mg/mL), albeit without statistical
significance. These results indicate the development of insulin resistance in the IR group,
while highlighting the potential of DP at specific concentrations to ameliorate glucose
utilization in insulin-resistant HepG2 cells in a dose-dependent manner.

To further explore the mechanism of DP on HepG2 cells, we utilized laser scanning
confocal microscopy (CLSM) to assess the expression of IRS1 in the IR-HepG2 cell model
and conducted semi-quantitative analysis (Figure 2C,D). Our CLSM findings demonstrated
a reduction in IRS1 protein levels in HepG2 cells to 57.30% of the Con group under insulin
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stimulation. After intervention with metformin (0.03 mg/mL) and DP (10 mg/mL), the
expression levels of IRS1 protein were restored by 44.74% and 51.4%, respectively. These
results indicate that DP enhances glucose uptake by elevating IRS1 expression, thereby
significantly enhancing glucose metabolism. Furthermore, to evaluate the translocation of
GLUT4 protein in the IR-HepG2 cell model, we assessed GLUT4 protein expression through
western blotting (Figure 2E). All western blot data were normalized against GAPDH as a
housekeeping protein control. Band intensities were quantified using Image](x64) software
(version 1.8.0_60) and presented as ratios of target protein to GAPDH (Figure 2F). Our
data indicated a significant reduction in GLUT4 expression in the Mol group post insulin
induction compared to the Con group. However, following a 24-h treatment with DP
(10 mg/mL), GLUT4/GAPDH increased by 1.62-fold relative to Mol group (p < 0.01).
These findings suggest that DP facilitates GLUT4 translocation in the IR-HepG2 cell model,
leading to enhanced glucose transport into the cells and mitigation of insulin resistance.

A B - D
s
150+ 10— s & 1.5- sk
5 . @ e
> | —_I
£ 1004 E = 1.0
= - g 67 —4 %
= 8 -
= =3 )
s 5 4 2
£ 50 2 X 0.5
- o
3 s 27 5
o) °
0 4
o O o O N\ N X
S S SO & r O O O @ R
NERSERN RS & &x\‘@ RPN ¢ 9
concentration (mg/ml) N IR + DP(mg/ml)

DAPI

Con IR Met DP
54
36
. . . ! F

Figure 2. In vitro DP promotes glucose uptake and activates IRS1/GLUT4 pathway in HepG2 cells.
(A) Cell viability of HepG2 treated with DP in 24 h. (B) Glucose intake in different treatment groups
in 24 h. (C) Representative CSLM images of IRS1 expression on HepG2 treated with metformin
(0.03 mg/mL) and DP (10 mg/mL). The cell nuclei were stained with DAPI (blue) and IRS1 were
stained with Alexa Fluor® 488 (green). (D) Relative IRS1 level in HepG2. (E) Western blot analysis to
detect the expression levels of GLUT4 treated by metformin (0.03 mg/mL) and DP (10 mg/mL) for
24 h, and GAPDH was used as an internal reference protein. (F) Quantitative western blot analysis
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of GLUT4 by Image ] software (n = 3, data are presented as mean =+ SD). Statistical significances
between every two groups were calculated via one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.0001.

3.2. Effects of DP on Blood Glucose, Body Weight, and Food Intake in T2DM Mice

To investigate the impact of DP on blood glucose levels in T2DM mice, fasting blood glucose
(FBG) levels were measured weekly for five consecutive weeks (Figure 3A). Compared to the
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normal mice in the Con group, the FBG levels in T2DM mice were significantly elevated (p < 0.01)
and exceeded 11.1 mmol/L, indicating the successful establishment of a stable T2DM mouse
model induced by HFD/STZ. After five weeks of intervention with DP and metformin, the FBG
levels in the Met group decreased more significantly (p < 0.01), dropping from 11.57 mmol/L to
6.78 mmol/L. Similarly, the FBG levels in the DP intervention group also showed a significant
reduction (p < 0.01), decreasing from 11.52 mmol/L to 8.13 mmol/L.
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Figure 3. Effect of DP on glucose metabolism in T2DM mice. The weekly changes of blood glucose
(A) and body weight (B) in T2DM mice during DP intervention. (C) OGTT test performed at the
end of the experiment. All mice were fasted overnight, and then orally administered a 2.0 g/kg
dose of glucose. The blood glucose levels were measured at 0, 30, 60, 90, and 120 min. (D) The area
under the curve (AUC) of each group. (E) Food intake of mice after intervention (n = 6, data are
presented as mean + SD). Statistical significances between every two groups were calculated via
one-way ANOVA. *p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001.

Changes in body weight are shown in Figure 3B. Following six weeks of HFD feeding,
the average body weight of the Mol group increased from 16.93 g to 27.98 g. Subsequent
to the induction of the T2DM model, the mice displayed symptoms including polydipsia,
polyphagia, polyuria, and weight loss. Their FBG levels surpassed 11.1 mmol/L, with
random blood glucose levels exceeding 16.7 mmol/L, thereby confirming the successful
establishment of the T2DM model. Weekly monitoring of body weight indicated that, in
comparison to the Con group, the Mol group mice exhibited a consistent decline in weight.
Following treatment with metformin and DP, their body weight commenced recovery and
displayed a continuous increase. Of note, the body weight of the DP group mice was higher
than that of the model group, suggesting that DP could ameliorate weight loss in mice with
T2DM. Conversely, the weight gain rate in the Met group was lower than that in the other
groups, possibly attributable to the gastrointestinal side effects associated with metformin.

The oral glucose tolerance test (OGTT) was utilized to assess fluctuations in blood
glucose levels in mice over a 2 h period following the oral administration of a high dose of
glucose (Figure 3C,D). The OGTT, along with the calculation of the area under the curve
(AUC), serves as indicators of the glucose tolerance of the mice. To explore the impact
of DP on abnormal glucose tolerance in HFD/STZ-induced T2DM mice, an OGTT was
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conducted on four mouse groups following five weeks of continuous intervention. Results
from the OGTT indicated a noteworthy distinction in the rate of glucose level elevation
within 30 min post-administration of a 20% glucose solution between the Con group and
Mol group. The AUC was computed, revealing a significant reduction in the AUC with DP
intervention compared to the Mol group (p < 0.05). Moreover, the Met group exhibited an
even more substantial decrease in AUC (p < 0.01). These findings suggest that DP has the
potential to ameliorate abnormal OGTT and AUC in T2DM mice, thereby enhancing their
glucose tolerance. Furthermore, as depicted in Figure 3E, there was a notable decrease in
food intake among T2DM mice (p < 0.01), indicating that both metformin and DP could
effectively mitigate the heightened food consumption observed in T2DM mice.

3.3. Effects of DP on Lipid and Protein Metabolism in Mice with T2DM

Diabetes commonly co-occurs with disruptions in lipid and protein metabolism, with
lipid metabolism intricately linked to insulin and glucose regulation in the body. Figure 4A-D
illustrate the concentrations of TC, TG, HDL-C, and LDL-C. Our findings indicate that TC, TG,
and LDL-C levels were markedly elevated in mice with T2DM compared to those in normal
mice. Conversely, treatment with DP significantly decreased TC (p < 0.01), TG (p < 0.01), and
LDL-C levels (p < 0.05), while no significant difference was observed in HDL-C levels.
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Figure 4. Effect of DP on lipid metabolism and protein metabolism in mice with T2DM. TC (A),
TG (B), HDL-C (C), LDL-C (D), TP (E), and ALB (F) concentration in serum after intervention (n = 3,
data are presented as mean =+ SD). Statistical significances between every two groups were calculated
via one-way ANOVA. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001, ns—no significant difference.

In Figure 4E,F, protein metabolism indicators were assessed. In T2DM mice, compared
to the Con group, serum levels of TP and ALB significantly decreased to 46.34 g/L and
39.22 g/L, respectively (p < 0.05). Following metformin intervention, TP concentration
increased to 49.26 g/L, showing no significant difference compared to the Con and Mol
groups. In the DP group, TP concentration rose to 54.03 g/L, significantly higher than in
the Mol group (p < 0.01) and slightly higher than the control group’s 51.18 g/L. ALB levels
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in the metformin group increased to 41.46 g/L, with no significant difference compared to
the model group. Conversely, ALB concentration in the DP group increased to 43.71 g/L,
showing a significant difference compared to the model group (p < 0.01).

3.4. Effects of DP on Liver Injury in Mice with T2DM

Hematoxylin and eosin (H&E) staining of liver tissue sections was conducted to assess
the hepatoprotective effects of DP (Figure 5A). In healthy mice, liver histology displayed
a standard lobular structure with hepatocytes encircling the central vein. Conversely,
T2DM mice exhibited pronounced fat accumulation and extensive lipid vacuolation in the
liver. The results suggest that DP supplementation markedly ameliorated histopathological
alterations and microvesicular steatosis in the liver.
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Figure 5. Effect of DP on liver histopathology and the relative expression of IRS1 and PI3K on liver.
(A) HE staining study of liver tissues in each treatment group. (B) PAS staining of liver tissue of mice
in each treatment group. Scale bar = 100 pm. (C) The relative expression of IRS1 on liver. Quantitative
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analysis was conducted using Image ] software. (D) The relative expression of PI3K on liver.
Scale bar = 20 um. Quantitative analysis was conducted using Image ] software (n = 3, data are
presented as mean + SD). Statistical significances between every two groups were calculated via
one-way ANOVA. **p < 0.001, **** p < 0.0001.

Periodic acid-Schiff (PAS) staining was utilized to assess the impact of DP on hepatic
glycogen levels in the liver (Figure 5B). Following PAS staining, hepatic glycogen was
observed in various shades of purple, while cell nuclei were stained blue. Liver tissue
samples from the control group exhibited a consistent deep purple hue, indicating high
glycogen levels in healthy mice. In contrast, liver tissue staining in the Mol group displayed
a notably lighter shade. Following DP intervention, the intensity of glycogen staining in
liver tissues increased, with the most pronounced staining observed in the metformin-
treated group. These findings suggest that both metformin and DP supplementation
can enhance hepatic glycogen levels, potentially by facilitating glycogen synthesis and
modulating hepatic glycogen metabolism in T2DM mice, thereby contributing to improved
glycemic control.

To further investigate the mechanism of DP intervention, we examined its impact
on the expression of IRS1 (Figure 5C) and PI3K (Figure 5D) proteins through immuno-
histochemical staining, followed by semi-quantitative analysis using Image] software. In
comparison to the Con group, the levels of IRS1 and PI3K proteins in the livers of Mol
group mice were significantly decreased (p < 0.05), indicating impaired insulin receptor
pathways and insulin signaling transduction in mice with T2DM. Following DP interven-
tion, the expression levels of IRS1 and PI3K proteins were restored by 1.77-fold and 1.6-fold
respectively, compared to the Mol group. These findings suggest that DP may mitigate IR
by activating the IRS1/PI3K signaling pathway.

3.5. Effects of DP on Pancreatic Tissue in Mice with T2DM

Islet cell damage is a key feature of T2DM, and morphological changes in islets can
be observed through H&E staining of pancreatic tissue. Figure 6A showed that in normal
mice, islet cells exhibited a regular shape, clear boundaries, and an intact structure.
Conversely, islets from T2DM mice exhibit notable changes, such as islet cell atrophy and
morphological variations. A semi-quantitative analysis of islet cell area using Image]
software indicates that both metformin and DP interventions effectively mitigate islet
damage in T2DM mice to a comparable degree. There is a significant increase in the islet
area compared to the Mol group (p < 0.01), with a trend towards improved islet structure
integrity. These outcomes suggest that DP has the potential to ameliorate islet damage
in T2DM.

In addition to causing islet cell damage, T2DM disrupts the regulation of insulin
secretion, leading to insufficient insulin production [26]. Islet cells were stained using
fluorescence-labeled insulin and glucagon antibodies, with nuclei counterstained using
DAPI. As shown in Figure 6B, insulin (green fluorescence) was primarily localized
in the central region of the islets, secreted by p-cells. Conversely, glucagon (red
fluorescence) was mainly located in the peripheral region, secreted by a-cells. The
results demonstrated that both metformin and DP interventions significantly promoted
insulin secretion.
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Figure 6. Effect of DP on pancreatic histopathology and in vivo anti-T2DM immune response of
DP. (A) Representative images of HE-stained pancreas section. (B) Pancreatic insulin (Green) and
glucagon (Red) CLSM. (C) Flow cytometric analysis of CD4+ and CD8+ cells gating on CD3+ cells in
the pancreas. (D) Flow cytometric analysis of CD45 cells in the pancreas. (E) Representative CSLM
images of CD45 cells (Red) in the pancreas. (F) Representative CSLM images of CD206 cells (Red)
in the pancreas. The percentages of populations of cells in each group are presented as histograms.
Scale bar = 100 um (n = 3, data are presented as mean + SD). Statistical significances between every
two groups were calculated via one-way ANOVA. ** p < 0.01, ** p < 0.001, *** p < 0.0001.

3.6. Effects of DP on Islet Inflammation Regulation in Mice with T2DM

To investigate the impact of DP intervention on immune inflammation in the islets
of T2DM mice, we analyzed the expression of activated T-cell markers (CD4+ and CD8+)
in pancreatic tissue of HFD /STZ-induced T2DM mice using flow cytometry (Figure 6C).
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Compared to the Con group, the Mol group exhibited a higher proportion of CD4+ cells (p
< 0.01), accounting for 49.7%, confirming that T2DM promotes inflammatory progression.
Following metformin and DP interventions, the proportion of CD4+ cells in the Met group
significantly decreased to 36.13% (p < 0.01). The DP group also showed a reduction in CD4+
cells to 43.32%, although this was not statistically significant. These results suggested that
DP may enhance immune regulation to some extent.

Figure 6D shows the flow cytometry results for CD45 in mouse pancreatic tissue.
Compared to the Con group, the proportion of CD45+ cells in T2DM mice was significantly
increased (p < 0.01). After DP intervention, the CD45+ ratio decreased from 8.44% to
3.12% (p < 0.01), while metformin intervention reduced the CD45+ ratio to 2.36% (p < 0.01).
Similarly, immunofluorescence analysis of mouse pancreatic tissue showed a consistent
trend (Figure 6E). These results indicated that DP could significantly suppress pancreatic
tissue inflammation and reduce CD45+ cell infiltration.

To explore the effects of DP on macrophages, we performed immunofluorescence
staining using CD206 to label M2 macrophages (red) and DAPI to label nuclei (blue)
(Figure 6F). The results revealed that compared to the Con group, the expression of CD206+
in the pancreas of T2DM mice was significantly increased (p < 0.01). Most importantly,
after DP intervention, the expression of CD206+ in the pancreas increased by 2.09-fold
compared to the Mol group and was significantly higher than in the Met group. These
findings suggested that the infiltration of M2-type macrophages might be associated with
the alleviation of local pancreatic inflammation, but its causality needs to be further verified.

3.7. Effects of DP on Gut Microbiota in T2DM Mice

We conducted 16S rDNA sequencing on fecal samples from each group of mice to
determine the impact of DP on the composition of the gut microbiota. To identify taxa
unique to different groups, a Venn diagram was used to cluster and partition operational
taxonomic units (OTUs) at a 97% sequence similarity threshold. A total of 5064 OTUs were
identified across all groups (Figure 7A). Among these, 1774, 1819, 1869, and 1750 OTUs
were observed in the control group (Con), model group (Mol), metformin group (Met), and
DP group, respectively. The DP group had 1750 OTUs, with 882 being unique.

For -diversity analysis, intergroup differences analysis and principal coordinate
analysis (PCoA) based on Unweighted Unifrac distances were performed (Figure 7B). The
results showed that the microbial community structure was completely separated into two
distinct clusters, with samples within each cluster being closely distributed. Intergroup
differences were greater than intragroup differences (p < 0.01), indicating that HFD/STZ
induction and DP intervention significantly altered the composition of the gut microbiota.

Additionally, linear discriminant analysis effect size (LEfSe) was used to highlight core
bacterial phenotypes from phylum to genus that contributed to changes in microbiota com-
position (Figure 7C,D). At the phylum level, the Con group was enriched with Bacteroidia
and Parabacteroides. At the family level, Muribaculaceae, Prevotellaceae, Tannerellaceae, Sut-
terellaceae, Marinfilaceae, Clostridiaceae, and Micrococcaceae were enriched. At the genus level,
Alloprevotella, Parabacteria, and Parasutterella were enriched. Thus, these results suggested
the potential role of DP in modulating microbiota abundance.

In the Mol group, Actinobacteriota, Verrucomicrobiae, and Cyanobacteria were enriched at
the phylum level, while Faecalibaculum, Dubosiella, Aerococcus, Turicibacter, and Rombout-
sia were enriched at the genus level. These findings indicated that HFD/STZ induction
reduced the enrichment of gut microbiota observed in the Con group. In the DP group, Lac-
tobacillaceae was enriched at the family level, and Lactobacillus, Desulfovibrio, and Parvibacter
were enriched at the genus level.
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Figure 7. Effects of DP on the diversity of gut microbiota in mice with T2DM. (A) OTUs Venn graph
of mice feces in each group. (B) Inter-group difference analysis of 3-diversity based on Unweighted
Unifrac distance and PCoA analysis diagram. (C) LDA scores of taxa enriched at different taxonomy
levels. (D) Taxonomic cladogram generated by LEfSe analysis (n = 6).

4. Discussion

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by chronic
hyperglycemia due to insulin resistance in peripheral tissues and progressive dysfunction
of 3-cells in the pancreas. Insulin resistance (IR) is considered a precursor and primary
pathogenic factor of T2DM [27]. The liver is a key target for insulin activity, and HepG2
cells are commonly utilized in vitro to study hepatic insulin resistance [28]. The transport
of glucose across the plasma membrane is the rate-limiting step for glucose entry into
cells. To enhance cellular glucose uptake, insulin signaling promotes the translocation
of specific glucose transporters to the plasma membrane [29]. In this study, we induced
insulin resistance in HepG2 cells and found that DP intervention significantly improved
glucose uptake in the IR-HepG2 model. The IRS1/PI3K/AKT pathway is a major signaling
pathway associated with insulin resistance, mediating insulin-stimulated glucose uptake
and utilization. Insulin binds to its receptor, triggering the phosphorylation of insulin recep-
tor substrates, which subsequently activates PI3K and its downstream effector AKT [30,31].
Serine phosphorylation of IRS1 can inhibit its tyrosine phosphorylation, blocking down-
stream pathways and impairing insulin signaling. GLUT4, a major insulin-responsive
glucose transporter, can translocate from perinuclear compartments (including GLUT4
storage vesicles) to the plasma membrane [32,33]. To further explore the mechanism of
DP, we assessed the levels of IRS1 and GLUT4 in the IR-HepG2 model before and after DP
intervention. Our findings indicated that DP promoted glucose uptake by upregulating
IRS1 and GLUT4, suggesting that DP may improve glucose metabolism by activating the
IRS1/GLUT4 signaling pathway:.

Prolonged consumption of a high-fat diet results in excessive fat storage and ele-
vated free fatty acids in diabetic mice, leading to insulin resistance and hindered glucose
metabolism [34]. A T2DM mouse model was created through HFD/STZ induction, with
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metformin serving as a reference treatment. DP intervention significantly reversed typical
features of T2DM, including weight loss, elevated FBG, and abnormal oral glucose tolerance.
Notably, the Met group exhibited sustained lower body weight, possibly attributed to the
drug’s adverse effects that impeded weight restoration. Our previous studies have shown
that DP can increase skeletal muscle strength and improve muscle mass and strength,
which may significantly benefit T2DM patients experiencing weight loss [35]. Additionally,
accelerated lipid breakdown during diabetes leads to abnormal levels of total cholesterol
(TC) and triglycerides (TG) [36]. In this study, DP intake reduced serum levels of TC, TG,
and LDL-C, while increasing levels of TP and ALB in T2DM mice. These findings indicate
that DP can regulate lipid and protein metabolism while stabilizing glucose levels, thereby
mitigating diabetic complications to some extent.

T2DM is frequently associated with hepatic steatosis, although the exact causal re-
lationship between the two conditions remains uncertain. Hepatic lipid accumulation
could serve as a potential indicator of T2DM [37]. Excessive intake of high-sugar and
high-fat diets releases large amounts of fatty acids into the liver. When these exceed the
liver’s clearance capacity, lipid deposition occurs, leading to hepatic steatosis [38]. Hepatic
glycogen levels play a crucial role in monitoring glucose metabolism. The liver regulates
glucose output and glycogen synthesis to maintain glucose homeostasis. Analysis of liver
tissue samples from treated mice indicated a significant improvement in liver damage and
an increase in hepatic glycogen content with DP treatment. This effect may be attributed to
DP providing protein nutrition to T2DM mice, enabling damaged hepatocytes to engage
their repair mechanisms and regain normal structural integrity. Additionally, the enzymes
and coenzymes required for various reactions in hepatocytes were sufficiently supplied,
allowing rapid restoration of liver function. Insulin regulates blood glucose levels by
binding to its receptor and stimulating downstream proteins. T2DM is associated with
disturbances in various glucose metabolism-related signaling pathways in the liver, notably
the IRS1/PI3K/AKT pathway [29]. In the absence of abnormalities, insulin binding triggers
tyrosine phosphorylation of IRS1, suppressing serine phosphorylation and initiating subse-
quent signaling cascades. Conversely, in insulin resistance, serine phosphorylation of IRS1
intensifies, impeding downstream signaling activation. Following intervention with DP,
there was a partial recovery in the levels of IRS1 and PI3K proteins, indicating that DP might
ameliorate hepatic insulin resistance by stimulating the IRS1/PI3K signaling pathway.

Islet cell damage is a hallmark of T2DM. Histological analysis of pancreatic tissues
showed that DP effectively alleviated islet damage in T2DM mice. In addition to islet cell
damage, T2DM disrupts insulin secretion regulation, leading to insufficient insulin pro-
duction [39]. Our results showed that both metformin and DP interventions significantly
promoted insulin secretion, consistent with findings by OGIWARA et al. [40]. Pancreatic
inflammation is a critical component of T2DM pathophysiology [41]. In patients with
T2DM, the number of macrophages in islets increased significantly, along with elevated
levels of cytokines and chemokines. Additionally, increased expression of CD4+ cells and
macrophages has been observed in the exocrine compartment [42]. These studies suggested
that pancreatic inflammation accompanies T2DM. CD4+ and CD8+ T-cell subsets play a
central role in the immune system, maintaining immune balance through mutual regula-
tion. Nevertheless, persistent inflammation during the advancement of T2DM disrupts
this equilibrium, resulting in metabolic irregularities and the accumulation of metabolic
byproducts, thereby intensifying immune dysfunction and disease progression [43]. CD3+
T-cell activation markers (CD4+ and CD8+) in pancreatic tissues of HFD/STZ-induced
T2DM mice analyzed by flow cytometry revealed that DP reduced the proportion of CD4+
cells compared to T2DM mice, although not significantly, suggesting potential immune-
modulating effects. During inflammation, the number of immune-related cells increases.
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Studies have shown that CD45+ leukocyte infiltration in islets was higher in T2DM patients
compared to healthy individuals [44]. Reducing leukocyte infiltration may help alleviate
inflammation. Flow cytometry and immunofluorescence analysis showed a significant re-
duction in CD45+ cell infiltration after DP intervention. Previous studies have highlighted
the role of protein nutrition in reducing inflammation, consistent with our findings [45].
These results indicated that DP can significantly suppress pancreatic inflammation and
reduced CD45+ infiltration. Macrophages, as innate immune cells, can polarize into M1
or M2 phenotypes under physiological and pathological conditions. T2DM-induced hy-
perglycemia promoted M1 polarization and inhibited M2 polarization, thus aggravating
inflammation and disrupting immune balance [46]. Therefore, redirecting and reshaping
macrophage polarization is considered a therapeutic strategy for T2DM. Our findings
indicated that DP intervention significantly elevated CD206+ expression in pancreatic
tissue. Consequently, we speculated that the infiltration of M2-type macrophages might be
associated with the alleviation of local pancreatic inflammation, but its causality needs to
be further verified.

As understanding of the gut microbiota deepens, increasing evidence suggests its role
in metabolic disorders such as obesity and T2DM. Dysbiosis of the gut microbiota increases
intestinal permeability, allowing bacterial endotoxins to enter the bloodstream, triggering
inflammation, insulin resistance, and hyperglycemia [47]. To elucidate the effects of DP
supplementation on gut microbiota, we examined changes in microbial composition and
bacterial relative abundance in treated mice. In this study, DP supplementation altered
the gut microbiota composition in T2DM mice. Different bacteria exert varying effects on
host homeostasis. Notably, DP increased the abundance of Lactobacillus, Parvibacter, and
Lactobacillaceae. The enrichment of Lactobacillus may be associated with plant-based protein
intake, which is closely linked to the development of chronic metabolic diseases, partic-
ularly diabetes [48]. Studies have shown that Lactobacillus treatment can alleviate FBG
levels, postprandial glucose, glucose tolerance, and liver damage in HFD/STZ-induced
diabetic mice. The anti-diabetic potential of Lactobacillus may involve regulating glu-
cose and lipid metabolism, energy metabolism, and reducing systemic inflammation [49].
Parvibacter, a naturally occurring commensal bacterium, constitutes 3-5% of the healthy
human gut microbiome. Numerous microbiome analyses have shown reduced Parvibacter
abundance in various disease states, including irritable bowel disease, Crohn’s disease,
asthma, depression, and metabolic disorders [50]. Specifically, reduced Parvibacter levels
are associated with elevated blood glucose and T2DM. To sum up, our findings indicated
that DP could prevent T2DM via repairing gut microbiota.

5. Conclusions

In this study, we investigated the effects of DP on the HepG2 insulin resistance cell
model at the in vitro level. The findings demonstrated that DP increased glucose uptake
by potentially modulating the IRS1/GLUT4 signaling pathway, thus alleviating insulin
resistance in HepG2 cells. In the T2DM mice model, nutritional intervention with DP
significantly enhanced glucose, lipid, and protein metabolism, reduced inflammation in
HFD/STZ-induced T2DM mice, and improved liver and pancreatic function. These ef-
fects were potentially mediated through the activation of the Insulin/IRS1/PI3K signaling
pathway and modulation of gut microbiota composition and abundance. In conclusion,
these results suggest that soy-whey dual-protein supplementation may ameliorate hep-
atic insulin resistance and T2DM, offering a novel and promising nutritional intervention
for T2DM patients to mitigate inflammatory responses and protect organ function. Fur-
ther studies will be conducted in the future, including dose-response studies to optimize
therapeutic regimes, metabolic profiling to clarify microbiota-mediated mechanisms, and

86



Foods 2025, 14,2115

explorations of alternative pathways. In addition, targeted clinical trials can also provide
more powerful evidence for the application of dual-protein in the prevention and treatment
of diabetes.
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Abbreviation

DP, dual-protein; T2DM, type 2 diabetes mellitus; HFD, high-fat diet; STZ, streptozotocin; IR, In-
sulin resistance; IRS1, Insulin receptor substrate 1; GLUT4, Glucose transporter 4; CLSM, Confocal
laser scanning microscopy; FBG, Fasting blood glucose; INS, Insulin; LDL, Low density lipoprotein;
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kinase; TC, Total cholesterol; TG, Triglyceride; TP, Total protein; ALB, Albumin.
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Abstract

Microalgae proteins are increasingly recognized in the food and nutraceutical industries
for their functional versatility and high nutritional value. Mild alkaline treatment is com-
monly used for cell wall degradation and intracellular protein solubilization, consequently
enhancing the protein extraction yield. The findings of this study reveal that alkaline treat-
ment alone, even at higher NaOH concentration (up to 0.3 M) and treatment time (up to
90 min), was ineffective (max. 2.4% yield) for the extraction of protein from Auxenochlorella
protothecoides biomass. This challenge was significantly reduced through synergistic ap-
plication of mechanical cell disruption using high-pressure homogenization (HPH) and
alkaline solubilization. Single-pass HPH (35 k psi) alone without alkaline treatment led
to 52.3% protein solubilization from wet biomass directly harvested from culture broth,
while it was only 18.5% for spray-dried biomass. The combined effect of HPH and alkaline
(0.1 M NaOH) treatment significantly increased protein extraction yield to 68.0% for a
spray-dried biomass loading of 50 g L~!. Through replacing spray-dried biomass with wet
biomass, the requirement of NaOH was reduced by 5-fold to 0.02 M to achieve a similar
yield of 68.1%. The process integration of HPH with the mild alkaline solubilization and
utilization of wet biomass from culture broth showed high potential for industrialization of
microalgae protein extraction. This method achieves high extraction yield while reducing
alkaline waste and eliminating the need for energy-consuming drying of biomass, thereby
minimizing the environmental impact.

Keywords: microalgae; wet biomass processing; mechanical cell disruption; high-pressure
homogenization; alkaline solubilization; extraction

1. Introduction

Single-cell protein (SCP) or protein-rich microbial biomass is increasingly important
due to its sustainability, nutritional value, and potential applications in food, feed, and
biotechnology. While yeast/fungus and bacteria remain valuable SCP sources due to their
fast growth, microalgae offer superior sustainability, high protein content (50-70%) [1],
broader nutritional diversity including bioactive, and a lower environmental impact. Ad-
ditionally, they utilize sunlight and CO,, making them a highly attractive alternative for
future protein production. However, the rigid cell wall of microalgae like Chlorella vulgaris
and limited solubility of microalgal protein in water pose a significant challenge, leading
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to low intracellular component availability and hindering efficient protein extraction [2].
Hence, an effective method for cell disruption and intracellular protein solubilization is
a prerequisite to preparing microalgae protein isolate/concentrate. Furthermore, such
a method should not only maximize protein recovery yield but must be scalable, cost-
effective, and avoid degradation of the protein. The protein degradation or hydrolysis
affects the protein attributes (e.g., increases bitter taste and alters protein functionalities). El-
evated NaOH concentrations (pH > 12) can lead to protein hydrolysis, reducing functional
properties [3].

A chemical approach using very mild alkaline water (pH up to 9.5) is commonly used
in the industrial extraction of plant proteins, such as soy protein isolates or concentrates.
This process permeabilizes plant cell walls, solubilizes proteins, and enables subsequent
recovery via isoelectric precipitation and drying. However, our recent findings suggest
that the mild alkaline treatment (pH 9.0) is ineffective in permeabilizing the rigid cell wall
of C. vulgaris, resulting in limited protein solubilization (yield 6%) at a biomass load of
50 g L1 [4]. Safi et al. [5] also reported a modest protein recovery of 26% from C. vulgaris
using alkaline treatment at an elevated pH of 12 for 24 h for a biomass load of 20 g L~ 1. The
authors found that the sodium hydroxide solution was insufficient to completely hydrolyze
the cell wall of C. vulgaris but partially weakened it, allowing the release of only small-sized
cytoplasmic proteins while hindering the diffusion of larger proteins. We also observed
that increasing NaOH concentration enhances protein solubilization; however, a higher
NaOH level (>0.1 M) leads to degradation of Chlorella protein [4]. Additionally, higher
NaOH levels contribute to increased sodium content in the final product, which may be
undesirable for food applications.

Numerous studies on physical cell disruption using bead milling, HPH, or ultrason-
ication have been reported for enhancing microbial cell permeabilization, resulting in
higher protein extraction. A study by Postma et al. [6] demonstrated that bead milling
resulted in more than 97% cell disintegration, yielding up to 42% of water-soluble proteins
from C. vulgaris. Safi et al. [5] reported that HPH rapidly disrupted the cells, allowing the
recovery of 66% of total proteins from C. vulgaris. Jubeau et al. [7] optimized the HPH
process operating pressure and number of passages for the selective extraction of proteins
and pigments from Porphyridium cruentum. Perez et al. [8] enhanced microalgae protein
extraction using emerging cell disruption technology, pulsed electric field (PEF). Although
PEF could enhance the extraction yield from 11 to 25%, the improved yield is not that high
and is lower than HPH. Katsimichas et al. [9] studied the kinetics of HPH-assisted protein
extraction and reported protein recovery of 38% after 24 h through aqueous extraction.
While previous studies on HPH and bead milling showed promising results for microalgae
cell disruption, they did not compare the efficacy of these two methods in the context of
both cell disruption and subsequent alkaline protein solubilization. More importantly,
these studies did not focus on fine-tuning the concentration of alkaline, a critical factor
that not only influences protein solubilization but can also lead to protein degradation and
elevated waste generation. Furthermore, the prior work primarily used dried microalgae
biomass. The impact of HPH and bead milling on protein solubilization using wet biomass
harvested directly from fermentation broth remains unexplored. The utilization of wet
biomass eliminates not only the energy-intensive drying step but also simplifies the overall
microalgal biomass production process.

This study aims to develop a physico-chemical protein extraction process from wet
microalgae biomass to avoid energy-consuming drying and reduce waste generation, an
unfulfilled need to prepare microbial protein isolate/concentrate at an industrial scale.
Our primary focus was on developing and optimizing a scalable extraction method, and
we prioritized yield as initial performance indicator. The reduction of alkaline loading,
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which affects the protein quality, is another objective of this study. Heterotrophically,
lab-grown A. protothecoides biomass obtained from cultured broth in a bioreactor was used
to optimize HPH and bead milling to compare their effectiveness. Alkaline concentration
was fine-tuned to maximize protein solubilization and extraction yield. The spray-dried
Auxenochlorella biomass served as a control to evaluate the benefits of utilizing wet biomass
in terms of protein extraction yield, reduced process severity, and lower alkaline concen-
tration. A. protothecoides, formerly Chlorella protothecoides, is a versatile microalga capable
of autotrophic, mixotrophic, and heterotrophic growth. With a protein content of approxi-
mately 50%, it is a promising sustainable protein source. However, research on its protein
extraction methods remains limited compared to other microalgae strains like C. vulgaris.

2. Materials and Methods
2.1. Chemicals and Reagents

Sodium hydroxide pellet, yeast extract, glucose, Bradford reagent, and bovine serum
albumin (BSA) were supplied by Sigma-Aldrich (St. Louis, MO, USA), while all other
chemicals used in the study were of analytical grade. All the materials were used without
further purification. The water used throughout the work was ultra-pure water treated by
a Milli-Q integral water purification system.

2.2. Microalgae Cultivation

The microalgae selected was A. protothecoides SAG 211-7a, obtained from the University
of Gottingen. A modified Bold’s Basal Medium (BBM) in which 6.7 g L~! of yeast extract
replaced NaNOj3 was prepared for microalgae cultivation, with the composition (g L~1):
yeast extract, 6.7; CaCl,.2H,0, 0.025; MgSO,4.7H,0, 0.075; K,HPOy, 0.075; KH, POy, 0.175;
NaCl, 0.025; H3BOs3, 0.114; ethylenediaminetetraacetic acid, 0.05; KOH, 0.031; FeSO4.7H,0,
0.00498; ZnSO4.7H,0, 0.0088; MnCl,.4H,0, 0.0014; MoOs3, 0.0007; CuSO4.5H,0, 0.0016;
and Co(NO3),.6H,0, 0.0005. For liquid precultures, microalgae were incubated in the
modified BBM with 20 g L~! glucose for 30 h in a shake flask under heterotrophic conditions
(200 rpm, 25 °C, in darkness). These precultures were used to inoculate the 10 L bioreactor
cultures with the modified BBM containing 48 g L. ~! glucose and 40 g L ™! yeast extract. The
cultivation was performed under batch mode in a Biostat B-DCU 10 L bioreactor (Sartorius,
Gottingen, Germany) with a 10% (v/v) inoculum from the pre-culture. The cultivation
conditions applied were a temperature of 25 °C, pH 6.5, and dissolved oxygen maintained
at 50% with a cascade system under dark conditions. The cultivation was completed when
the residual glucose was depleted.

2.3. Protein Extraction from A. protothecoides
2.3.1. Preparation of Microalgae Biomass

Biomass was harvested at the stationary growth phase of the microalgae. The broth
was centrifuged at 3000 ¢ for 10 min using a Sorvall Lynx 4000 centrifuge (Thermo Fisher
Scientific, Waltham, MA, USA) to remove the liquid content. The biomass pellet obtained
was either used directly or spray-dried for protein extraction. The spray-dried conditions
were inlet temperature 190 °C, outlet temperature 100-105 °C, feed pump rate 12 mL min !,
and air blower 30 Hz using YC-015 Nano Spray Dryer (Pilotech, Shanghai, China). The
protein content of A. protothecoides biomass was determined using the Dumas combustion
method in a DUMATHERM N Pro analyzer (Gerhardt Analytical Systems, Konigswinter,
Germany). A nitrogen-to-protein conversion factor of 6.25 was used [10], and the protein
content of both wet and spray-dried biomass was 43% on a dry basis.
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2.3.2. Protein Extraction Using Alkaline Extraction Alone

Alkaline extraction was applied to wet and spray-dried biomass to obtain microalgae
protein. The biomass (5% dry matter) was mixed with 5 mL of sodium hydroxide (NaOH)
while stirring at 400 rpm and 37 °C. Different NaOH concentrations (0 to 0.3 M) and mixing
times (5 to 90 min) were tested to evaluate their effects on the solubilization yield of the
microalgae protein. After mixing, the solution was centrifuged at 3000x g for 10 min, and
the protein content of the supernatant was determined using the Bradford assay, as stated
in Section 2.4. The solubilization yield (%) was calculated using Equation (1):

Solubilized protein in supernatant
Total protein in biomass

Protein solubilization yield (%) = x 100 (1)

2.3.3. Protein Extraction Using High-Pressure Homogenization Followed by Alkaline Treatment

The wet and spray-dried biomass concentrations were adjusted to 5% dry matter
(50 g L) and subjected to HPH in a CF2 cell disruptor (Constant Systems, Daventry,
United Kingdom), followed by alkaline solubilization with NaOH. Initially, the biomass was
homogenized at 4 °C up to four passes at 35 k psi, with a constant flow rate of 405 mL min~".
After each pass, samples were collected and centrifuged. The soluble protein content in the
supernatant was then measured using the Bradford method (Section 2.4) to evaluate the
protein solubilization yield using Equation (1).

Subsequently, the homogenized samples were treated with varying NaOH concen-
trations (0.00002 to 0.3 M) at 37 °C and stirred at 400 rpm for durations ranging from
5 to 60 min. The mixtures were centrifuged to obtain the supernatant, and their protein

solubilization yield was determined using Equation (1).

2.3.4. Protein Extraction Using Bead Milling Followed by Alkaline Treatment

The concentration of both wet and spray-dried biomasses was adjusted to 5% dry
matter (50 g L~1) in the water. For each treatment, 20 mL of the biomass suspension (5%
dry matter) and 20 mL of glass beads were transferred into a 50 mL Falcon tube. The
samples were then subjected to bead milling using a Retsch Mixer Mill MM 400 (Retsch,
Haan, Germany) under the following conditions: frequency of 26 Hz for 6 cycles of 10 min
each, with a 5-min break between cycles. This milling frequency was selected based on our
previous findings, which showed that 26 Hz was the most effective in enhancing protein
solubilization from dried C. vulgaris biomass [11]. The same condition was applied here
to assess its effectiveness in disrupting A. protothecoides cells and releasing intracellular
proteins under varying alkaline conditions.

Following milling, the glass beads were separated, and the resulting biomass slurry
was collected. NaOH was added to the biomass slurry to achieve final concentrations
ranging from 0.005 to 0.2 M. To solubilize the protein, the mixture was stirred at 400 rpm
and 37 °C for 5 min and centrifuged. The protein content in the supernatant before and after
alkaline treatment was analyzed using the Bradford assay (Section 2.4), and solubilization
yield was estimated based on Equation (1).

2.4. Determination of Soluble Protein Content

The soluble proteins in the supernatant were quantified using the Bradford method [12],
as used by other researchers for microalgae protein [13]. A total of 50 puL of sample was
mixed with 1.5 mL of Bradford reagent and measured at the wavelength of 595 nm. Protein
was quantified using a calibration curve prepared using BSA as a standard.
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2.5. Statistics

Each experiment was performed in triplicate under consistent conditions, and all data
are expressed as mean =+ standard deviation. Error bars in figures represent the standard
deviation of mean values. Statistical analysis was conducted using analysis of variance
(ANOVA) and Tukey’s multiple comparisons in SPSS software version 28.0 (IBM, Armonk,
NY, USA) to determine significant differences between mean values at a 95% confidence
level (p < 0.05).

3. Results and Discussion

3.1. Alkaline Solubilization of Protein
3.1.1. Effect of NaOH Concentration on Protein Solubilization Yield

Both wet and spray-dried Auxenochlorella biomass were treated with different alkaline
(NaOH) concentrations at a temperature of 37 °C and mixing at 400 rpm for 1 h to under-
stand the effectiveness of breaking the rigid cell wall of A. protothecoides and solubilization
of intracellular protein through disruption of the complex protein—polysaccharide-lipid
structure and deprotonation of acidic amino acids. The results are shown in Figure 1. It
can be seen that the protein solubilization yield slightly increased with the increase in
NaOH concentrations for both wet and spray-dried biomass, but the solubilization yield
was very low (~2.0%), even at elevated concentrations of 0.3 M. It should be noted that
after NaOH concentration of 0.1 M, the protein solubilization yield remained the same
with the increase in concentration. This result suggests that alkaline treatment alone is not
sufficient for breaking the rigid, highly cross-linked cell walls composed of polysaccharides,
phospholipid, and glycoprotein [14].

—e— Wet biomass —e— Spray-dried biomass
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Figure 1. Effect of NaOH concentration on protein solubilization of wet and spray-dried A. pro-
tothecoides biomass during alkaline treatment. Different lowercase and uppercase letters indicate
significant differences between treatments at different NaOH concentrations for wet biomass and
spray-dried biomass, respectively (p < 0.05). Asterisks (*) indicate significant differences between
biomass types (wet vs. spray-dried) at the same NaOH concentration (p < 0.05).

3.1.2. Mixing Time for Protein Solubilization

To further investigate the efficacy of alkaline treatment alone on cell breaking and
protein solubilization, the mixing time was varied while NaOH concentration was kept
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constant at 0.1 M NaOH. The NaOH concentration of 0.1 M was chosen based on the result
demonstrated in Figure 1. It can be seen from Table 1 that extending the mixing time from
60 to 90 min resulted in only a slight improvement in protein yield, increasing from 1.66%
to 2.436% for wet biomass and from 1.915% to 2.274% for spray-dried biomass. Despite this
improvement, the overall yields remained low and insignificant, further supporting the
conclusion that alkaline treatment alone is insufficient to effectively solubilize microalgal
proteins. To enhance protein solubilization, microalgae biomass was physically disrupted
using HPH and bead milling. The disrupted biomass was then subjected to alkaline
treatment with varying NaOH concentration, as detailed in the following sections.

Table 1. Effect of mixing time on solubilization of wet and spray-dried A. protothecoides biomass
during alkaline treatment with 0.1 M NaOH. Different lowercase and uppercase letters indicate
significant differences between treatments at different mixing times for wet biomass and spray-dried
biomass, respectively (p < 0.05). Asterisks (*) indicate significant differences between biomass types
(wet vs. spray-dried) at the same mixing time (p < 0.05).

Protein Solubilization Yield (%)

Mixing Time (min)

Wet Biomass Spray-Dried Biomass

5 0.454 + 0.005 @ 1.078 £ 0.055 47
10 0.488 + 0.035 2 1.419 + 0.152 B~
20 0.835 =+ 0.056 P 1.621 + 0.087 B*
30 1.043 £+ 0.039 © 1.662 + 0.129 €~
40 1.534 + 0.079 4 1.857 + 0.038 €P*
50 1.600 + 0.086 4 1.872 4+ 0.145DP"
60 1.881 4+ 0.144 © 1.911 4+ 0.041 P

90 2.436 + 0.060 f 2.274 4+ 0.021 E*

3.2. High-Pressure Homogenization for Enhanced Solubilization of Protein
3.2.1. Effect of Number of HPH Passes

HPH can disrupt cells through high shear forces, turbulence, and cavitation to break
microbial cells. The efficiency of cell disruption and the release of intracellular components
depends on both the applied pressure and the number of HPH passes. In this study, the
concentration of both the wet and spray-dried biomasses was adjusted to 50 g L™ (5%
dry matter) using water, and the effect of the number of HPH passes was investigated at
an operating pressure of 35 k psi with the temperature maintained at 4 °C. It is evident
from Figure 2 that the overall yields for both biomass types treated with HPH were
significantly improved compared to alkaline extraction alone (Figure 1), thus highlighting
the effectiveness of mechanical disruption in breaking the biomass to facilitate protein
release. For the wet biomass, the solubilization yield plateaued at approximately 58%, with
no significant differences observed between the first and subsequent passes. This indicates
that the cell disruption of the wet biomass was highly effective after a single pass. On the
other hand, spray-dried biomass exhibited a progressive increase in solubilization yield
with the number of passes, rising from 18.5% after the first pass to around 41% after the
fourth pass.

The lower yields for spray-dried biomass using HPH, compared to wet biomass,
were likely caused by structural changes induced by high-pressure atomization and high
temperature during the spray drying process [15,16]. The exposure to the high spray drying
temperature of 190 °C might lead to protein denaturation and aggregation, reinforcing
the cell envelope and reducing the protein solubility in water. Additionally, the lipid
could undergo phase transition, reducing cell wall permeability. Some structural changes,
such as membrane fluidity, can partially recover through hydration with water; however,
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protein denaturation and lipid phase transition may not be fully reversed. Hence, protein
solubilization yield from the spray-dried biomass, even after four passes (41.2%), was
lower than that achieved with wet biomass after the first pass (52.3%). Further studies are
required to better understand the cellular changes induced by the spray drying process,
which would improve the biorefinery process development. Since the difference in wet
biomass protein solubilization yield between the first and second passes of HPH was only
about 10% but required twice the energy, the single-pass HPH was chosen for subsequent
process optimization.
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Figure 2. Effect of pass number on solubilization of wet and spray-dried A. protothecoides biomass
during HPH with water. Different lowercase and uppercase letters indicate significant differences
between treatments at different HPH passes for wet biomass and spray-dried biomass, respectively
(p < 0.05). Asterisks (*) indicate significant differences between biomass types (wet vs. spray-dried)
at the same HPH pass (p < 0.05).

3.2.2. HPH Followed by Alkaline Treatment for Enhanced Protein Solubilization

Following the first pass HPH with water, NaOH was added to adjust different alkaline
concentrations, and the sample was mixed for 60 min for enhanced protein solubilization.
An increasing trend in protein solubilization yield was observed for both wet and dry
biomasses with the increase in NaOH concentration (Figure 3). The solubilization yield
for dried biomass reached 68.0% at 0.1 M NaOH and remained almost the same at higher
concentrations. In contrast, a similar yield of 68.1% was achieved with wet biomass at a
5-fold lower NaOH concentration of 0.02 M. Further increasing the NaOH concentration
to 0.1 M led to a slight increase in yield to 70.3%. Notably, without NaOH treatment,
about 2.8-fold more protein was released from the wet biomass (52.3%) compared to the
dried biomass (18.5%) under the same conditions. These results suggest that the extraction
of protein from wet biomass is more feasible in terms of enhanced solubilization yield,
reduced energy consumption, and lower waste generation.

Figure 4 shows the impact of mixing time on the alkaline solubilization of HPH-treated
wet biomass across different NaOH concentrations. It can be seen that a shorter mixing time
of 5 min is sufficient for the solubilization of protein, and no considerable changes were
observed with a longer mixing time. This result suggests that A. protothecoides’ proteins
after HPH-induced cell disruption could instantly be soluble in alkaline water, and the
protein solubilization after HPH was mainly driven by alkaline concentration.
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Figure 3. Effect of alkaline concentration on solubilization of first-pass homogenized wet and
spray-dried A. protothecoides biomass. Different lowercase and uppercase letters indicate significant
differences between treatments at different NaOH concentrations for wet biomass and spray-dried
biomass, respectively (p < 0.05). Asterisks (*) indicate significant differences between biomass types
(wet vs. spray-dried) at the same NaOH concentration (p < 0.05).
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Figure 4. Effect of mixing time on protein solubilization yield of first-pass homogenized wet and
spray-dried A. protothecoides biomass during alkaline solubilization step under different NaOH
concentrations. Different lowercase letters indicate significant differences between treatments at
different mixing times of the same NaOH concentration (p < 0.05). Asterisks (*) indicate significant
differences between NaOH concentrations at the same mixing time (p < 0.05).
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3.3. Effect of Bead Milling on Protein Solubilization

Because HPH induces cell rupture through a combination of sudden pressure drop,
shear force, turbulence, and cavitation, it is usually preferred for soft- to moderate-walled
cells. In contrast, bead milling, where agitation causes the collision between beads and cells
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to physically break them, may be more effective for tough-walled cells. Hence, bead milling
followed by alkaline treatment was applied to wet and spray-dried Auxenochlorella biomass
for enhanced protein extraction. It is evident from Figure 5 that protein solubilization
yields for both bead-milled wet and spray-dried biomasses increased with increasing
NaOH concentrations. The maximum solubilization yield with wet biomass reached 70.5%
at 0.05 M NaOH, about 2.5-fold higher than that achieved with dried biomass under the
same conditions. This result further confirms that proteins from wet biomass are readily
released into alkaline solution compared to those in spray-dried biomass, and that cell
disruption is essential prior to alkaline treatment for enhanced protein extraction.
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Figure 5. Effect of NaOH concentration on protein solubilization of bead-milled wet and spray-dried
A. protothecoides biomass during alkaline solubilization step. Different lowercase and uppercase
letters indicate significant differences between treatments at different NaOH concentrations for wet
biomass and spray-dried biomass, respectively (p < 0.05). Asterisks (*) indicate significant differences
between biomass types (wet vs. spray-dried) at the same NaOH concentration (p < 0.05).

3.4. Comparison Between HPH and Bead Milling for Protein Solubilization

The effectiveness of HPH (35 k psi, single pass) and bead milling (26 Hz, 60 min)
was compared in the solubilization of protein from wet biomass at different NaOH con-
centrations (Figure 6). Both pre-treatment methods improved protein solubilization. For
bead-milled biomass, alkaline treatment had minimal impact at a lower NaOH (<0.03 M)
concentration, while a sharp increase in solubilization yield was observed between 0.03
and 0.05 M NaOH. The maximum yield reached 70.5% after which it plateaued. In contrast,
the HPH process yielded a comparable yield at a lower NaOH concentration of 0.03 M,
demonstrating superior efficacy over bead milling. It is worth noting that the HPH process
yielded 1.8-fold higher protein solubilization (52.3%) without any NaOH (at 0.0 M) com-
pared to bead milling (28.5%). These results suggest that HPH is preferred to disrupt A.
protothecoides microalgal cells for enhanced protein extraction.

Alternative cell disruption methods have also been utilized to extract protein from A.
protothecoides. Perez et al. [8] reported improved protein extraction yields by combining
PEF or ultrasonication (US) with a 24 h incubation after treatment, resulting in a 122%
increase in yield for PEF (from 11% to 25%) and 51.9% for US (from 13% to 19%). While
PEF and US could be more energy efficient compared to HPH, the longer incubation time
of 24 h makes the overall process slower. However, the proposed HPH method shows an
advantage of being more effective, yielding higher protein recovery up to 70% without the
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need for extended incubation, which provides a more time-efficient and potentially more
scalable solution for protein extraction from wet microalgal biomass. Further investigation
is necessary to evaluate the energy efficiency of the proposed method. Additionally, a thor-
ough assessment of protein quality and functional properties remains important regardless
of PEF, US, and HPH. Mechanical cell disruption methods have been shown to significantly
enhance protein digestibility without markedly altering amino acid profiles [17]. Moreover,
the effects of cell disruption on sensory characteristics should be examined, as they can
greatly impact the flavor profile and consumer acceptability of microalgae-based food
products. For example, it was reported that HPH processing of Nannochloropsis generates
intense grassy and fishy odors caused by elevated levels of fatty acid-derived unsaturated
aldehydes, ketones, and alcohols [18].
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Figure 6. Comparison of protein solubilization yield between bead-milled and first-pass homog-
enized wet A. protothecoides biomass during the alkaline solubilization step. Different lowercase
and uppercase letters indicate significant differences between treatments at different NaOH con-
centrations for the bead-milling method and high-pressure homogenization method, respectively
(p < 0.05). Asterisks (*) indicate significant differences between the bead milling and high-pressure
homogenization methods at the same NaOH concentration (p < 0.05).

4. Conclusions

A method that eliminates energy-consuming microalgae biomass drying and sig-
nificantly reduces the requirement of NaOH concentration was developed for effective
extraction of microalgae protein. HPH alone without alkaline treatment released 52.3% of
protein from wet microalgae biomass, which is 2.8-fold higher compared to that achieved
using spray-dried biomass (18.5%). HPH with subsequent mild alkaline treatment further
increased the protein extraction yield from 52.3 to 68.1% with 0.02 M NaOH. The protein
extraction yield further increased to 71.2% using a higher NaOH concentration. However,
high NaOH concentrations could adversely affect the protein attributes for food applica-
tions. The reduced alkaline loading is particularly important in large-scale production,
where the environmental impact of chemicals and waste disposal is a crucial consideration.
Furthermore, it could potentially contribute to higher-quality protein extracts with more
promising techno-functional properties.

Additionally, HPH proved superior to bead milling for disrupting microalgae cell
walls, enabling protein extraction at a reduced NaOH concentration. The maximum protein
extraction yield with bead milling was 70.5% using 0.05 M NaOH, whereas HPH achieved
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the same yield with only 0.03 M NaOH. Notably, HPH alone without alkaline treatment
led to a 1.8-fold protein solubilization compared to bead milling.

Future research should focus on investigating the techno-functional properties, includ-
ing the quality, such as the amino acid composition, digestibility, and bioactivity of the
protein extracts obtained using this optimized method. These properties are critical for the
use of microalgae proteins in food and nutraceutical applications.
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Abstract

Blending is a promising strategy during the partial replacement of plant with animal
proteins. This, however, may lead to alteration in the technofunctional properties of the
resultant blends. In this study, partial replacement of milk protein concentrate (MPC) with
different plant proteins including soy, rice and pea protein concentrates (SPC, RPC and
PPC, respectively) was conducted to determine the effect of blending at different ratios on
the technofunctional properties relevant to their emulsification behavior, e.g., emulsion
stability, viscosity and water holding capacity (WHC) and oil binding capacity (OBC). It
was observed that at equivalent concentrations, the plant protein concentrates had higher
apparent viscosities compared to MPC and the blends. RPC-MPC, at all ratios (25:75, 50:50,
and 75:25), had a lower OBC when compared with the SPC-MPC and PPC-MPC blends.
The lowest OBC was 32.5, for RCP-MPC 25:75, and the highest was 116.0 for SPC-MPC
25:75. The highest solubility of PPC, RPC, and SPC was observed in their blend form
at 50:50 (73.2%), 75:25 (86.5%) and 25:75 (71.1%) ratios, respectively. Plant protein-MPC
blends showed higher emulsion stability than the individual plant protein concentrates.
The highest emulsion stability was 100%, for RPC-MPC 50:50 and 75:25 ratios, PPC-MPC
at 50:50 ratio, and SPC-MPC at 25:75 and 100:0 ratios. Among the blends, SPC-MPC 25:75,
PPC-MPC 50:50 and RPC-MPC 50:50 showed the most suitable overall emulsification
properties. Based on the results, blending MPC with plant protein concentrates led to
promising improvements in emulsification behavior relevant to different composite protein
ingredient applications.

Keywords: plant protein; milk protein concentrate; blend; emulsion properties

1. Introduction

The global population is progressively increasing, leading to a growing demand for
dietary protein [1]. Currently, the proteins used to meet these demands mainly originate
from animal sources, e.g., meat and dairy proteins. Milk protein concentrates (MPCs)
are dairy ingredients containing 42-85% protein [2]. MPCs are used in products such
as in dietary supplements, nutrition bars and sports beverages due to their high level of
essential amino acids (EAAs) along with their low lactose content, particularly in the case
of higher-protein-content MPCs.

Foods 2025, 14, 3406

102

https://doi.org/10.3390/foods14193406



Foods 2025, 14, 3406

While animal proteins have numerous advantages in food product applications, the
latest developments in food sustainability focus on the impact of animal-origin products,
particularly in terms of their climate change and economic implications. Accordingly, the
demand for alternative protein sources, mainly from plants, is increasing. Many plant
proteins have good functional (e.g., emulsification) properties in food applications, which
enables them to serve as potential substitutes for animal-origin proteins. Nevertheless,
there are some issues that may restrict the widespread application of plant proteins in food
products. For instance, some plant proteins contain low levels of certain EAAs and high
levels of anti-nutritional factors [3]. In addition, some plant proteins display relatively poor
technofunctional properties [4].

Therefore, there is an increased interest in the functionality and nutritional quality of
hybrid protein products, i.e., combinations of plant with animal proteins [5,6]. Emerging
evidence suggests that blending plant with animal proteins could increase the utiliza-
tion of plant proteins while improving their overall functionality and nutritional quality.
Blending can also be considered a new marketing opportunity for food manufacturers to
develop products with novel characteristics (such as improved technofunctionality and
sensory properties).

Alves and Tavares [7] stated that the partial replacement of animal protein with plant
protein is the first step towards reducing the environmental impacts associated with animal
food consumption. There are different studies exploring the emulsification properties
of plant protein and animal protein blends. Blending of pea protein isolate (PPI) and
whey protein isolate (WPI) improved the functionality of PPI in a mixed-protein system
formulation [8]. It has also been shown that blending of skim milk powder with pea
protein concentrate (PPC) modified the technofunctional properties of first age infant
formula [9]. Blending increased the viscosity and reduced the solubility, but did not
change the emulsion stability (ES) of the product. Ho et al. [10] reported that plant-derived
emulsifiers generated with soy protein isolate (SPI) and PPI were suitable replacements
for dairy proteins including WPI and sodium caseinate. It has been reported that milk
protein—soy protein (SP) blends have higher apparent viscosity (Napp) compared to micellar
casein (CN) [11]. For example, potato protein (PP) and whey protein (WP) were blended at
different ratios and then used to stabilize oil in water emulsions. The results indicated that
by increasing PP content, the viscosity of the emulsions, the amount of adsorbed protein
at the oil-water interface, surface protein load, and thickness of the interfacial film were
increased, which resulted in emulsions with higher stability. The ratio of 7:3 PP to WP
was indicated as the optimal ratio in terms of emulsification aspects [12]. In another study,
WPI, SPI, and their blending at 1:1 ratio were used to stabilize emulsions with 5, 10, and
15% oil concentrations. The blended proteins revealed a higher protein adsorption rate than
the WP, and lower than that of SPL. Higher oil concentrations in the emulsions led to an
increase in protein adsorption (especially the blend and SPI). The blended proteins resulted
in an emulsion with the highest stability [13]. Blending SPI and WPI at different ratios was
observed to efficiently decrease the size of emulsion droplets, increase the thickness of the
interfacial layer, and enhance emulsion stability. The ratio of 1:9 of SPI to WPI and protein
concentration of 0.2 g/kg led to the lowest creaming index and smallest droplet size. The
highest protein adsorption to the interfacial layer was observed at a protein concentration
of 0.15 g/kg and SPI to WPI mass ratio of 9:1 [14]. Partial replacement of WPI or sodium
caseinate with PPI in stabilized emulsions showed that the blend of proteins exhibited
higher surface load and droplet size compared to the individual animal proteins. Blending
the plant and animal proteins resulted in enhanced storage stability of the emulsions as a
result of synergistic effects [15].
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Among different plant proteins, soy protein is one of the primary candidates for
partially replacing animal proteins. This protein is commercially present in the market
and has broad applications owing to its high protein concentration, appropriate cost,
and high consumer acceptance among people. Pea protein and rice protein are other
promising plant protein sources for the partial replacement of animal proteins as they have
desirable properties such as hypoallergenic character with a good balance of amino acids,
significant digestibility, high biological value, and anti-cancer and anti-oxidant activities.
Rice protein has a nutritional quality similar to or even better than other cereals. In addition
to containing 20% proteins with higher lysine and tryptophan content compared to cereal
grains, pea protein has 5-20% lower trypsin inhibitors than soybeans. [16,17].

Despite the numerous reports on blending plant and animal proteins, it is still rel-
atively unknown how plant and dairy proteins may behave when in blends. Limited
knowledge appears to exist on the impact of blending of dairy and plant proteins on the
functionality, e.g., emulsification properties, in different products. Therefore, acquisition of
this knowledge may help in the targeted design of balanced blends for different functional
and nutritional applications.

The hypothesis is that blending plant with animal proteins has the potential to yield
protein mixtures with novel emulsion properties due to the potential for interactive effects
between the different origin proteins. This in turn may lead to the development of new
functionality and ingredient applications. The objective of this study was to evaluate the
impact of blending different plant proteins, i.e., soy protein concentrate (SPC), rice protein
concentrate (RPC), and PPC with MPC at different ratios on properties relevant to the
emulsification behavior of blends. In addition, the optimal plant proteins and blending
ratios in terms of improved emulsification properties will be introduced. To our knowledge,
this appears to be the first report on the emulsion properties of plant protein-MPC blends.

2. Materials and Methods
2.1. Materials

SPC, PPC and RPC from Pulsin Ltd. (Gloucester, UK) were obtained at a local health
food store and MPC85 (85% (w/w) protein) was obtained from a commercial manufac-
turer. Corn oil was purchased from a local food market. Sodium hydroxide (NaOH) and
acetic acid were from Fisher Scientific (Dublin, Ireland). Kjeldahl catalyst tablets, sulfuric
acid (>98%), boric acid, 2-mercaptoethanol, methanol, protein molecular mass markers
(6.5-200.0 kDa) and Sudan III were from Sigma-Aldrich (Dublin, Ireland). Hexane was
from Honeywell International Inc. (Dublin, Ireland). Coomassie R, Laemmli buffer, Mini-
Protean TGX 4-20% pre-cast polyacrylamide gels were from Bio-Rad Laboratories Inc.
(Hercules, CA, USA) and sodium dodecyl sulfate (SDS) was from National Diagnostics
(Atlanta, GA, USA).

2.2. Proximate Analysis and pH Determination

Moisture, ash, lipid and protein contents were determined (n = 3) according to Khalesi
and FitzGerald [18].

2.3. Blending of Plant Protein Samples with MPPC

Different blends having different ratios of proteins from plant sources and MPC85
were generated as schematically outlined in Figure 1. In addition, the quantities of each
protein at each ratio are shown in Table 1.
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Figure 1. Schematic of the process of preparing blends of the plant protein concentrates (i.e., soy

(SPC), pea (PPC) and rice (RPC) protein concentrates) and milk protein concentrate (MPC).

Table 1. Quantities of each protein type at each ratio.

Plant Protein to Milk Protein Ratio

Protein Type
100:0 75:25 50:50 25:75 0:100
Plant protein (g) 20 15 10 5 0
Milk protein (g) 0 5 10 15 20
Total weight of blend (g) 20 20 20 20 20

2.4. Technofunctional Property Analysis
2.4.1. Emulsification

Freeze-dried samples of each individual plant protein concentrate, MPC and the plant
protein-MPC blends were resuspended with dH,O and adjusted to pH 7.0 to give a 0.025%
(w/v) protein suspension. Sudan Red III (40 mg) was added to 1 L of corn oil, after which
6 g was added to 14 g of each protein sample suspension. Samples were then homogenized
using an Ultra-Turrax (IKA T25, Staufen, Germany) for 1 min at 16,000 rpm in order to
create an emulsion. Immediately after homogenization, an aliquot of sample (18 puL) was
100 fold diluted with 0.1% (w/v) SDS to reach the volume of 1.8 mL. The absorbance (A,
A500) of the bottom half of the emulsion sample was measured (1 = 3) using a UV-Vis 1800
spectrophotometer (Shimadzu, Canby, OR, USA) at TO and 30 min (T30) after emulsion
formation. ES was determined according to Equation (1):

A
ES(%) = ALTS(? % 100 1)

where AT30 and ATO represent the absorbance (A500) at T30 and TO (min), respectively.

2.4.2. Apparent Viscosity (Napp)

An aliquot (16 mL) of each suspension equivalent to 5% (w/v) protein prepared after
reconstitution of the freeze-dried samples was analyzed using a Brookfield DV-II viscometer
(Analytica, Dublin, Ireland) at 30 °C (1 = 3) at a shear rate of 6 s~ for the PPC, SPC and
their MPC blends and at 100 s~! for the RPC-containing samples. The Napp of MPC was
measured at both share rates (i.e., 6 and 100 s~ 1).
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2.4.3. Water Holding Capacity (WHC) and Oil Binding Capacity (OBC)

The WBC/OBC for the different freeze-dried blends was determined (1 = 3) by re-
suspension of each sample/blend in dH,O/corn oil to reach a final concentration of 5%
(w/v) on a protein basis, vortexed for 30 s followed by centrifugation (320R Hettich cen-
trifuge, Tuttlingen, Germany) at 3000 g at 20 °C for 30 min and then, the supernatant
(water/oil) was removed. The WHC (g dH,O/g protein)/OBC (g o0il/g protein) was
calculated according to Equation (2) [18].

W3 - W1
— X

WHC/OBC (%) = ~o>

100 ()
where W1, W, and W3 are the mass of the freeze-dried sample, weight of protein in each
powder sample (as determined in Section 2.2), and the weight of residue after centrifugation
followed by removal of the supernatant, respectively.

2.4.4. Solubility

To determine the solubility of the proteins/blends (n = 3), certain amount of each sam-
ple was dispersed in dH,O to reach 5% (w/v, protein basis) concentration and then stirred
for 30 min at RT to ensure complete hydration. The dispersion was then centrifuged (320R
Hettich centrifuge, Tuttlingen, Germany) at 1000 g for 10 min at 25 °C. The supernatant
was carefully collected and its total solids content was determined after drying at 95 °C for
6 h in a vacuum oven (OVA03100, Gallenkamp Ltd., Loughborough, UK). Solubility of the
samples was then calculated based on the below eq [18].

Total solids of supernatant

Solubility (%) = Total solids of protein dispersion <100 ®)

2.5. Statistical Analysis

Each test was conducted three times (n = 3). Data values were presented as the
mean =+ standard deviation (SD). One-way analysis of variance (ANOVA) followed by the
Tukey post hoc comparison test was carried out to test for significant differences using
Minitab® Release 15 for Windows. A p value < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Proximate Analysis and Sample Properties

As shown in Table 2, it is evident that there was some variation in the moisture,
protein, ash and the lipid contents of the different test samples. The moisture content in the
samples ranged from 1.64 to 5.58% with the lowest value being for RPC and the highest
value for SPC. Similarly to our results, Kaspchak et al. reported that among soy, pea, and
rice protein isolates, the lowest and highest moisture content were for rice protein isolate
(1.43%) and soy protein isolate (3.04%), respectively [19]. MPC had the highest overall
protein content (84.17 & 0.79%), while among the plant protein concentrates, SPC had
the highest protein content (81.11 & 0.77%). The protein content obtained for PPC was
71.01 £ 0.25%. Elsewhere, the chemical analysis of pea, soy, and rice proteins indicated
that the protein content was in the range of 76.96-86.36%, with the highest protein content
for soybean protein [17]. Similarly, proximate analysis of the same proteins in another
study indicated the amount of 89.99%, 88.00%, and 82.76% protein for soy, pea, and rice
protein isolates, respectively [19]. The lipid content of MPC85 (1.31 £ 0.07%) was the lowest
among the samples as it is manufactured from skim milk. Significant differences were
found between the lipid content in each of the plant protein samples. The lipid content
in RPC (9.70 £ 0.37%) and PPC (8.13 &+ 0.17%) was higher than in SPC (1.79 £ 0.11%).
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The ash content showed less variance, the highest mean value being 6.96% in MPC and
the lowest being 5.47% for SPC. PPC had the highest mean ash level (6.48%) among the
plant protein samples. The amount of measured ash by Zhao et al. in soy, rice, and pea
protein samples was reported to have lower values, 0.24, 3.83, and 4.01 for rice, pea, and soy
proteins, respectively [17]. The lower ash content may be attributed to different varieties of
the plants and the protein extraction method.

Table 2. Moisture, protein, ash and lipid content along with reconstitution pH (at 0.05% (w/v)
on a protein basis) of soy (SPC), rice (RPC) and pea protein concentrates (PPC) and milk protein
concentrate (MPC).

Sample Moisture Protein Ash Lipid pH
(%)

SPC 5.58 +1.57 2 81.11+0.772 547 +0.27% 179 £0.112 7.15+0.062

RPC 1.64 +041° 80.04+0.88%  550+0297 9.70 + 037" 6.09 +0.04"

PPC 3.86 +0.01° 7101 £025% 648 +047° 8.13+£0.17°¢ 8.00 = 0.06 ¢

MPC 48240.02° 84.17 £0.79 ¢ 6.96 4+ 0.16 1.31 4+ 0.074 7.09 +£0.032
Values represent the mean £ SD (1 = 3). Different letters represent significant differences within each column
(p <0.05).

The reconstitution pH values recorded ranged from pH 6 to 8, with RPC being slightly
acidic (pH 6.09) and PPC being slightly basic (pH 8.00). The mean pH of SPC was similar
to MPC (7.15 vs. 7.09).

3.2. Technofunctional Properties
3.2.1. Apparent Viscosity (Napp)

The napp varied across the plant blends (Figure 2). Overall, SPC and PPC pro-
duced the most viscous suspensions. The napp for SPC (64.3 + 10.9 mPa.s) and PPC
(62.5 £ 8.7 mPa.s) were not significantly different (p > 0.05). Both 100% SPC and PPC gave
a higher viscosity value than MPC (36.8 £ 1.2 mPa.s) at a similar shear rate. Previously, the
TNapp of SPC was reported to be similar to sodium caseinate but was two times higher when
compared to WPI [20]. The results herein demonstrated that PPC and SPC have, under
certain circumstances, elevated viscosity properties which may be desirable for emulsions
as well as in the formulation of high viscosity requiring products, e.g., plant-based yogurts
and ice cream. The N,pp of RPC (1.4 + 0.1 mPa.s) was not significantly (p > 0.05) different
from MPC (1.5 £ 0.1 mPa.s) when tested at a similar shear rate (i.e., 6 s~!). The mean
viscosity values of the SPC-MPC blends tended to increase as the proportion of SPC in
the blends increased. This is associated with the higher Napp of SPC compared to MPC.
The napp associated with the blends generated with PPC was higher (p < 0.05) than those
generated with SPC, except when at a ratio of PPC-MPC of 50:50 (Figure 2a). A previous
study showed that the inclusion of PPC in infant formula produced with skim milk (50:50)
enhanced the viscosity while the inclusion of faba bean protein at the same ratio did not
change the overall viscosity [21]. The napp of WPI was reported to be significantly increased
on blending with PPI [22]. The napp of sodium caseinate was reported to be higher than
PPI and a PPI-sodium caseinate hybrid blend [23]. The reconstituted suspensions of the
RPC-MPC blends had the lowest napp among the plant-MPC blends (Figure 2b). Increasing
the quantity of RPC did not increase the napp, with the RPC-MPC 25:75 blend yielding
the highest napp value (3.76 + 0.13 mPa.s) among the RPC-MPC blends (p < 0.05). The
results showed that the hybrid blends created with RPC and MPC had a higher napp com-
pared to MPC and RPC alone, indicating possible interactions between the RPC and MPC
protein suspensions.

Overall, the PPC-MPC and SPC-MPC blends may prove useful for high viscosity
requiring applications. It should also be noted that the presence of other non-proteinaceous
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components may cause differences between the napp, of various plant protein ingredients.
In addition, most of the blend samples gave napp values higher than that for MPC alone,
suggesting the possibility of replacement of MPC with plant proteins for high viscosity
requiring purposes. In general, higher viscosity is associated with better emulsification
properties as in a more viscose medium, the mobility of the oil droplets is reduced, which
results in lower coalescence within the emulsion [24].

_ 80 -
] (a) @sPC  @PPC c
< 70 A C
1%}
© —r
EH 60 A
'cl
o 2 50 4
28 ac
© o 40 A a a a 5;
£ ° - %
()
% § 304 g’ %
(T
o
£
=

NNNNNNNRY

b

20 A H
10 A

L 11 1A [ [

0 25 50 75 100

Plant protein level (%) in plant protein-MPC blends

N

© O RPC
o b

g (b)

© 4 4

© N
o o

T d

£ 9 5 ad
w8 271 ab b
(©

o
E 1]

2

<

0

MPC 25 50 75 100
Plant protein level (%) in plant protein-MPC blends

Figure 2. The apparent viscosity (Mapp) (a) of soy (SPC) and pea (PPC) protein concentrates blended
with milk protein concentrate (MPC) at different ratios, i.e., 0:100, 25:75, 50:50, 75:25 and 100:0, at a
shear rate of 6 571, and (b) of rice protein concentrate (RPC) blended with MPC at different ratios,
i.e., 0:100, 25:75, 50:50, 75:25 and 100:0, at a shear rate of 100 s—!. Values represent the mean £ SD (n
= 3). Different letters represent significant differences (p < 0.05).

3.2.2. WHC and OBC

MPC had a higher (p < 0.05) WHC (349 + 24 g water/100 g protein) compared to the
individual plant protein concentrates tested (Figure 3). The extensive interaction between
protein components, especially the CNs, in MPC and water molecules is considered the
main reason for the high WHC of MPC. In addition, the plant protein concentrates had a
higher lipid content, thus expectedly; they showed a lower affinity to retain water compared
to MPC. SPC had a higher (p < 0.05) WHC (184 + 8 g water/100 g protein) than RPC
(26 &+ 2 g water/100 g protein) and PPC (129 £ 5 g water/100 g protein). Some specific
protein components of SPC (particularly the 11S globulin) have previously been shown
to contribute to the WHC and to the formation of stable protein gels [25]. The higher
WHC of SPC compared to PPC and RPC may also be associated with the lower lipid
content of the SPC ingredient studied herein. Among the blended samples, SPC-MPC 25:75
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(394 £ 9 g water /100 g protein) had the highest (p < 0.05) WHC. As the proportion of SPC
increased and MPC decreased in the SPC-MPC blends, the WHC decreased. All SPC-MPC
blends had a notably higher WHC in comparison to the RPC-MPC and PPC-MPC blends.
Minimal variation was observed in the WHC between any of the RPC-MPC blends where
the RPC-MPC blends had the lowest WHC (23-33 g water/100 g protein). The WHC of
the PPC-MPC blends was significantly lower (p < 0.05) than the MPC sample. The WHC
of the PPC-MPC 25:75 blend (129 + 5 g water/100 g protein) was higher than 100% PPC
(94 £ 2 g water/100 g protein) (p < 0.05). These results indicate interactions between
SPC-MPC (25:75) resulting in an improvement in the WHC. This may be beneficial for the
partial replacement of MPC for applications where high WHC and gelation properties are
required, e.g., in yogurt and cheese-type products.
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Figure 3. Water holding (WHC) and oil binding capacity (OBC) of (a) soy (SPC), (b) rice (RPC) and
(c) pea protein concentrates (PPCs) blended with milk protein concentrate (MPC) at different ratios,
ie., 0:100, 25:75, 50:50, 75:25 and 100:0. Values represent the mean 4 SD (n = 3). Different lower case
letters represent significant differences (p < 0.05) for WHC values, and different upper case letters
represent significant differences (p < 0.05) for OBC values.

Variability in the results of OBC of individual plant proteins was observed which
may be associated with the composition of the plant proteins, especially the lipid and
protein contents and also the surface located composition of the powder particles. As
shown in Figure 3, no plant protein concentrates or plant protein-MPC blend reached an
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OBC similar to that of MPC (239 g oil/g protein). This may be related to the presence
of high levels of surface lipid in MPC85 which has been shown to consist of >15% of its
surface composition [26]. In addition, the low OBC of plant proteins has previously been
reported to be due to a large proportion of hydrophilic protein groups on their surfaces [27].
The OBC of SPC (180 =+ 8 g 0il/100 g protein) and SPC-MPC blends (ranging between
66 and 123 g 0il/100 g protein) was highest amongst the plant protein concentrates and
plant protein-MPC blends. RPC and RPC-MPC blends performed the poorest across all
plant protein concentrates and plant protein-MPC blends in terms of OBC. Among the
RPC-MPC blends, RPC-MPC 25:75 yielded the highest OBC at 51 £ 2 g 0il/100 g protein,
while the lowest OBC (33 & 2 g 0il/100 g protein) was seen for RPC-MPC 50:50. The OBC of
PPC was 89 + 3 g 0il/100 g protein, which is in the range of previous reports showing that
the OBC of commercial PPC was ~100 g 0il/100 g protein. The ratio of 11S to 7S globulins
was suggested to have an impact on the OBC of PPI [28]. Among PPC-MPC blends, PPC-
MPC 25:75 yielded the highest OBC at 96 + 4 g 0il/100 g protein, while the lowest OBC
(82 £ 1 g 0il/100 g protein) was seen for PPC-MPC 75:25. These results showed that
the blending of plant with milk proteins did not increase the OBC of the samples. The
higher OBCs in the SPC and PPC blends (in comparison with the RPC blends) may be an
advantage for some functionalities such as for emulsification and applications related to
the formulation of breads, cakes and muffins.

3.2.3. Solubility (%)

As shown in Figure 4, the lowest solubility of the plant protein concentrates tested
was associated with SPC (43.70 & 2.33%) and PPC (55.74 & 2.75%), while the highest was
associated with RPC (80.94 & 0.35%). The solubility varied between the different blends
within each plant protein sample highlighting the differences in their interactions with
MPC (Figure 4). The mean solubility of the RPC-MPC blends was higher than both the
SPC- and PPC-MPC blends. Overall, the RPC-MPC 75:25 blend gave the highest solubility
(86.89 £ 1.70%) among the blends (p < 0.05). The solubility of PPC was lower than RPC
(p < 0.05). However, blending PPC with MPC increased its solubility, with the highest
being associated with PPC-MPC 50:50 and 25:75. A higher proportion of PPC, however,
reduced solubility. SPC had the poorest solubility among the individual plant proteins.
Blending SPC-MPC enhanced the overall solubility of SPC. Among the SPC-MPC blends,
the highest solubilization was for the SPC-MPC 25:75 blend. The enhanced solubility of
some plant protein-MPC blends was evidence for a synergistic relationship between plant
proteins and MPC and their interactions with the aqueous phase.
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Figure 4. Solubility (%) of soy (SPC), pea (PPC) and rice protein concentrates (RPC) blended with
milk protein concentrate (MPC) at different ratios, i.e., 75:25, 50:50 and 25:75. Values represent the
mean + SD (n = 3). Different small letters indicate significant differences among different ratios of a
constant sample and different capital letters indicate significant differences among different samples
at a constant ratio (p value < 0.05).
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In addition, the particle size distributions of 5% (w/v, protein) of the aqueous powder
suspensions of each plant protein concentrate and the blends were measured (Section 2.4.4)
using laser light scattering (Table 3). The mean Sauter diameter D [3,2 of MPC was
38.55 £ 2.11 pm, which was lower than for SPC and PPC, but was larger than for the
RPC sample. The D[3,2] for all tested samples ranged between 8.01 and 101.79 um, with
the RPC-MPC blends having the lowest D[3,2] on average (ranging between 8.01 and
23.33 um). The low DI3,2] values for the RPC-MPC blends were in line with their higher
solubility and lower napp in comparison to PPC- and SPC-MPC blends. However, the
polymodal particle size distribution seen in the RPC samples (Figure 5) suggests that these
suspensions do not remain stable over time, as those particles may further coalesce. This
polydispersity was not observed in either the PPC or the SPC samples. The D[3,2] associated
with the SPC-MPC and PPC-MPC blends was in the range of 57.52-101.79 um. Among
the SPC blends, the SPC-MPC 75:25 sample had the highest D[3,2] (88.36 & 1.93 um).
Similarly, among the PPC blends, the PPC-MPC 75:25 blend had the highest D[3,2]
(98.50 £ 3.29 um). These results showed that the presence of a lower proportion of MPC in
SPC-MPC and PPC-MPC blends increased the PS, which is in accordance with the lower
solubility observed for these blends.

Table 3. Mean Sauter diameter D[3,2] and specific surface area (SSA) values for soy (SPC), rice (RPC)
and pea (PPC) protein concentrates, respectively, blended at 75:25, 50:50 and 25:75 with milk protein
concentrate (MPC).

DI[3,2] (um)

Plant protein-MPC SPC-MPC RPC-MPC PPC-MPC

0:100 38.55 4+ 2.112 38.55 +2.112 38.55 +2.112
25:75 59.47 + 1.67b 942+ 1414 58.60 +1.91b
50:50 59.37 + 1.85P 22.07 +1.26¢ 61.35+220b
75:25 88.36 + 1.93¢ 12.18 +1.44 4 98.50 + 3.29 8
100:0 34.82 +1.902 17.04 +1.60f 47.89 +2.03h

SSA (m?%/g)

0:100 0.16 + 0.02 A€ 0.16 + 0.02 A€ 0.16 + 0.02 A€
25:75 0.10 4 0.02 BC€ 0.64 +0.01P 0.10 + 0.02 B¢
50:50 0.10 4 0.02 BC€ 0.27 +0.01 E 0.10 4+ 0.02 BC€
75:25 0.07 +0.02 B 049 +0.01F 0.06 + 0.03 B
100:0 0.17 + 0.02 A 0.35+ 0.02 6 0.13 +0.02€

Values represent the mean + SD (n = 3). Different lower-case letters represent significant differences between
D[3,2] values and different upper-case letters represent significant differences between SSA (p < 0.05) values.

The SSA of the blends was compared (Table 3). The PPC-MPC and SPC-MPC blends
gave the lowest SSA. As expected, the RPC-MPC 25:75 blend, which had the lowest D [2,3],
presented the highest SSA (0.64 m2/g). In general, particles with smaller sizes and larger
surface areas have positive implications for the stability of emulsified foods [29].

According to these results and previous literature, the formation of soluble plant
protein-MPC blends depends on the plant protein source, the proportion of the plant
protein in the blend and it also depends on the interactions between the plant proteins and
CN/WP fractions in MPC.
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Figure 5. Particle size distribution profiles of (a) pea (PPC), (b) rice (RPC) and (c) soy protein
concentrates (SPC) blended at different ratios with milk protein concentrate (MPC) at different ratios,
i.e., 75:25,50:50 and 25:75 (n = 3).

3.2.4. Emulsion Stability (ES%)

Among samples with 100% plant protein, the lowest ES was for the PPC emulsion
(51%) and the highest was for SPC (100%). In addition, the ES of MPC was 74%, lower
than SPC and RPC and higher than PPC. The emulsification capacity of proteins depends
on various factors including their extraction conditions, molecular weight, size, structural
rigidity and conformation, and surface charge [30]. The combined effect of these parameters
determine the emulsion stability and the impact of one or several parameters may be
dominant in certain cases. Based on the results of particle size and solubility measurements
(Section 3.2.2), SPC exhibited the smallest particle size after RPC, which results in its
faster adsorption to the oil/water interface and therefore, higher emulsification capacity.
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In addition a high protein content of this sample, it had the highest apparent viscosity,
which could slow down droplet movements in the continuous phase and enhance the
emulsion stability. The lowest ES of PPC may be attributed to its considerably larger size
compared to other samples as well as its lower protein content compared to other proteins
(Table 3). Different mechanisms may also be involved in stabilization of emulsions by
different proteins. For instance, investigating the mechanisms of emulsion stabilization of
rice protein, pea protein and potato protein in a research study indicated that rice protein
forms a physical barrier around oil droplets while pea protein and potato protein from a
film layer around the droplets [31].

There were clear differences in the impact of various proportions of plant proteins on
ES. Blends which yielded 100% stability after 30 min holding at room temperature were
RPC-MPC 50:50, RPC-MPC 75:25, SPC-MPC 75:25, SPC-MPC 100:0 and PPC-MPC 50:50
(Figure 6). The RPC-MPC 25:75 (11%), SPC-MPC 25:75 (21%) and SPC-MPC 50:50 (31%)
yielded the lowest ES. Incorporation of 75% plant protein into MPC yielded a high ES in all
cases. Incorporation of 50% plant protein to MPC also yielded a high ES in the case of the
RPC- and PPC-MPC blends.

@SPC ORPC @mPPC
Bb Ba Ab Ab Cb

100 1 [T] % (L[ T] ; [ L] Bcb
80 - 1B_ Z T
2 % Ab

40 - Aa .
Aa ; /
20 - ’_HA %
0 |

0 (MPC) 25 50 75 100

Plant protein level (%) in plant protein concentrate-MPC blends

Figure 6. Emulsion stability (ES%) of soy (SPC), rice (RPC) and pea protein concentrates (PPC)
blended at different ratios, i.e., 0:100, 25:75, 50:50, 75:25 and 100:0, with milk protein concentrate
(MPC) (n = 3). Different small letters indicate significant differences among different ratios of a
constant sample and different capital letters indicate significant differences among different samples
at a constant ratio (p value < 0.05).

The results of ES suggest PPC had the highest extent of interaction with the milk
proteins and perhaps the PPC-MPC blends had the highest interfacial energy among
the blends, given that the 100% PPC sample exhibited the lowest ES. This considerably
improved with the introduction of MPC and was highly stable at a ratio of 50:50 (100%).
Furthermore, the PPC-MPC 25:75 emulsion showed higher ES (90%) compared to the other
two plant protein samples at the same ratio. This implies a strong interfacial film being
generated by the PPC-MPC blend, which was in accordance with a previous report on the
emulsion stability of WPI-PPI blends (50:50) [10]. A synergistic action between pea and
milk protein has also been highlighted by Hinderink et al., [32] who observed PPI-sodium
caseinate and PPI-WP emulsions which remained stable over 14 d, unlike emulsions formed
by either PPI and sodium caseinate alone. The rate of adsorption of the blend of dairy
proteins (WPI and sodium caseinate) and PPI at the air-water interface was higher than
individual proteins showing a synergistic effect arising from blending. In addition, blends
of sodium caseinate and PPI had an improved interfacial strength (which is an indication
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for ES) compared to sodium caseinate alone and thicker films were formed compared to
all individual proteins. The emulsion activity of the blends generated with PPI and WPI
was recently shown to be higher than the PPI alone [8]. This effect may be associated
with reduced flocculation and coalescence by the proteins due to electrostatic interaction
between surface protein charges. In addition, Kristensen et al., [8] found that pea proteins
are capable of adsorbing to the oil-water interface after introduction to a pre-adsorbed
WP interface. On the other hand, Hinderink et al. [33] found that a pre-adsorbed PPC
at the oil-water interface can be replaced with 3-lactoglobulin. The addition of PPC to
infant formula has been reported to have no effect on the emulsion characteristics of the
product [34].

It was also found herein that the lower proportion of SPC was less beneficial in the
SPC-MPC (25:75) blend system for ES. Increasing the proportion of SPC improved ES. A
major increase in ES was observed by increasing the SPC content in the SPC-MPC blend
from 50 to 75%. This may be indicative of the high ES of SPC per se, which was previously
reported by Molina et al. [35]. Ji et al. [36] reported higher long-term ES in sodium caseinate-
SPC emulsions compared to sodium caseinate or SPI stabilized emulsions. Synergic effects
on the interfacial strength and viscoelastic film at the air/water interface were also reported
for A-conglycinin (7S) and p-lactoglobulin (50:50) compared to the individual proteins [37].

The long-term stability of the prepared emulsions was not evaluated in this work.
However, due to the potential application of the emulsions stabilized by plant and animal
protein blends in various food products, analysis of long-term stability of emulsification
properties under different storage conditions appears to be required.

4. Conclusions

Blending plant proteins with animal proteins is an efficient method to fulfill the
increasing global demand for health promoting foods and to decrease the impact of humans
on the environment. In addition, the demonstration of new functions for novel protein
ingredients compared to existing highly consumed animal-origin proteins is necessary to
expand the protein market. Incorporation of plant proteins (SPC, PPC and RPC) with MPC
in different ratios in this study showed that these blends may be successfully used for partial
replacement of MPC. Multiple blends arising from SPC—, RPC- and PPC-MPC were shown
to have functional properties that may be useful in specific food applications. Among the
blends, SPC-MPC 25:75, PPC-MPC 50:50 and RPC-MPC 50:50 were shown to be the most
suitable in regard to their overall emulsification properties. These findings showed that
while various plant protein sources had different emulsion properties, the interactions of
these proteins with MPC at certain ratios enhanced their ES. This is advantageous for the
partial replacement of MPCs with plant proteins to yield highly stable hybrid emulsions for
different applications such as in the manufacture of soups and sauces. Different types of
protein—protein interactions take place depending on the characteristics of the individual
proteins in the plant protein concentrates and in MPC. Therefore, there is a need for
further studies to unravel the nature of these interactions and the potential impact of
conventional /novel processing conditions on same. Considering the important impact of
solubility on emulsification capability of proteins and the relative low solubility of plant
proteins, further investigations should be carried out to introduce the optimal concentration
range of plant proteins, resulting in the highest solubility. The long-term stability of the
emulsions under various conditions should also be investigated for their application in
food industry.
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Abstract

This study evaluated the nutritional, functional, biological, and sensory potential of pro-
teins derived from Yarrowia lipolytica biomass and their enzymatic hydrolysates for food
applications. Three strains were cultivated under bioreactor conditions, with strain JII1c
selected for its superior biomass yield and protein content. Its amino acid composition was
rich in lysine and branched-chain amino acids, with protein quality indices (CS = 37.8%,
EAAI = 36.17%) confirming value in plant-based diets. Proteins were isolated and
hydrolysed using a non-commercial serine protease from Cucurbita ficifolia, which en-
hanced solubility (NSI: 19.4 — 49.2%), water and oil absorption, and emulsion stabil-
ity. Hydrolysates showed notable biological activities, including ACE (71.8%), DPP-
IV (52.3%), and a-glucosidase (67.4%) inhibition, indicating potential metabolic bene-
fits. Sensory evaluation of extrudates confirmed improvements in aroma, texture, and
flavour when hydrolysates were incorporated. The use of a plant-derived protease demon-
strates a sustainable approach to producing bioactive peptides. Y. lipolytica hydrolysates
emerge as promising clean-label ingredients that combine nutritional quality with techno-
functional performance, supporting their integration into health-oriented and sustainable
food products.

Keywords: Yarrowia lipolytica yeast; enzyme hydrolysis; bioactive peptides; functional properties

1. Introduction

The global demand for high-quality protein is rising due to protein—energy malnutri-
tion, amino acid imbalance, climate change, and shifting dietary preferences. Conventional
protein sources such as meat, dairy, and fish, though rich in essential amino acids, con-
tribute to environmental degradation through greenhouse gas emissions, land use, and
water consumption [1,2]. Despite overall growth in food output, many populations still
lack access to adequate diets, reflecting deficiencies of food systems that prioritize yield and
cost-efficiency over nutritional quality [3]. Meanwhile, vegetarian, vegan and flexitarian
trends are driving demand for novel protein ingredients that are both sustainable and
nutritionally balanced. In the United States, plant-based foods reached 61% household
penetration in 2021, with 19% buying meat substitutes [2,4-7].

Alternative proteins from plants, insects, microalgae and fungi are gaining attention
for their environmental and functional potential [8,9]. Among microbial sources, Yarrowia
lipolytica is particularly promising, offering up to 60% protein per dry weight when culti-
vated under optimised bioreactor conditions using agro-industrial by-products [10]. Its
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proteins exhibit a complete amino acid profile, with high levels of lysine and leucine,
surpassing even egg protein in lysine content [5,11]. Y. lipolytica has been recognized as
safe for food and feed applications, holding GRAS status in the United States and approval
as a novel food by the European Food Safety Authority (EFSA, 2019), confirming its safety,
metabolic versatility, and high productivity [12]. Additionally, its cell wall provides bioac-
tive polysaccharides and B vitamins such as riboflavin and B12, aligning with clean-label
and sustainability trends [5,13,14].

This yeast also supports circular economy strategies by valorising waste streams,
including bread, brewer’s spent grain and lignocellulosic residues, without extensive
pretreatment [15-17]. Such processes reduce environmental burden while producing
protein-rich biomass for food and feed applications.

Protein hydrolysis is an effective approach to enhance the biofunctionality of yeast
proteins, releasing bioactive peptides (BAPs) with antioxidant, antihypertensive, antimicro-
bial and anti-inflammatory effects [18]. Functional properties of hydrolysates depend on
substrate composition and processing conditions [19]. Plant-derived enzymes are particu-
larly attractive for sustainable applications. A serine protease from Cucurbita ficifolia (Asian
pumpkin) has been shown to generate peptides with strong antioxidant and functional
properties and has been successfully applied to substrates including casein and insect
protein [20-23]. Recent studies confirm that Y. lipolytica hydrolysates obtained via enzy-
matic treatment display potent antioxidant activity and functionality as flavour enhancers,
emulsifiers and foaming agents. For example, Gottardi et al. (2022) demonstrated that
hydrolysates obtained with Y. lipolytica strain YL2 showed strong DPPH radical scavenging
activity, reaching 86.4% after 72 h of incubation, confirming the high bioactive potential of
peptides derived from this yeast [5,14,24,25].

The aim of this study was to evaluate the potential of Y. lipolytica proteins and their
enzymatic hydrolysates in food applications. The research focused on optimising culti-
vation and biomass processing for high protein yield, followed by enzymatic hydrolysis
to generate bioactive peptide fractions. The nutritional, functional and sensory prop-
erties of both protein isolates and hydrolysates were assessed to explore their value in
plant-based formulations.

2. Materials and Methods
2.1. Substrates

The material used for the study was the biomass of Yarrowia lipolytica yeast, which was
obtained from bioreactor cultures (Yarrowia lipolytica yeast was obtained from the cultures
collection of the Department of Biotechnology and Food Microbiology, Wroclaw University
of Environmental and Life Sciences). The protein was then isolated from this biomass.
Three distinct yeast strains were utilised for the culture of Y. lipolitica: JIl1c, JIl1a, and Pll6a.
The medium used for the reactor cultures was of plant origin, i.e., it was a vegan product.

2.2. Bioreactor Culture

Cultures were grown in a BioFlow 310 bioreactor (New Brunswick Scientific GmbH,
Nurtingen, Germany) with a total volume of 7 L and a working volume of 4 L at a temper-
ature of 28 °C. Aeration was maintained at 1 vvm, and agitation was set at 500 rpm for
48-72 h. The culture medium consisted of (g/L): yeast extract (1.7), casein (4.0), refined fatty
acids (10.0), KHyPOy4 (0.5), MgSOy4-7H,0 (0.25) and NH4Cl (1.0). Inoculum propagation
was conducted sequentially in three bioreactors of increasing volume. In the first stage, a
7 L BioFlow 310 bioreactor (working volume: 4 L) was operated under the same temper-
ature, aeration (1 vvm), and agitation (500 rpm) conditions for 48 h. The second stage
involved a 50 L MPPF bioreactor (New Brunswick Scientific Co., Inc., Edison, NJ, USA) with
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a working volume of 4 L, maintained at identical operating conditions. In the third stage,
cultivation was continued in the same 50 L bioreactor with an increased working volume,
while aeration was reduced to 0.6 vvm and agitation adjusted to 350 rpm. The resulting
concentrate was subjected to spray-drying with the addition of 3% (w/w) methylcellulose
as a carrier. Spray-drying was performed at an inlet air temperature of 140 °C and an outlet
air temperature of 88 °C, with a feed flow rate of 2.8 L/h and an air pressure of 1.1 bar.
Biomass was harvested based on optical density. Optical density was reported based on
the standard curve, for which extinction was measured for a specific amount expressed as
[log10 CFU/mL]. Three replicates were performed for each strain.

2.3. Nutritional Quality Assessment of Biomasses

The obtained biomasses were analysed for their content of dry matter, protein, car-
bohydrates (including dietary fibre and sugars), fat and fatty acids, and both macro- and
microelements [26-32]. B vitamins were determined by HPLC after enzymatic digestion
and saponification, using a C18 column with UV /fluorescence detection [33-38]. Deter-
mination of the content of sodium was carried out in an acetylene/air flame by atomic
emission spectrometry using the SpectraAA atomic absorption spectrometer with the flame
attachment AA240FS (Varian). The methods were validated using certified reference ma-
terial; the measurement uncertainty was estimated at 5%. Mineralization was performed
in accordance with the Polish Standard PN-EN 13805:2003 “Foodstuffs. Determination of
trace elements. Pressure mineralization” [39].

The amino acid content was analysed by reversed-phase high-performance liquid
chromatography (RP-HPLC). Samples (500 uL) were solubilised in Tris/HCI buffer with
urea and 2-mercaptoethanol, loaded on a Zorbax XDB-C18 column (250 x 4.5 mm, Agilent
Technologies, Inc., Santa Clara, CA, USA), and separated at 1 mL/min, 30 °C, with gradient
elution (0-100% acetonitrile/TFA); detection at 230 nm [40].

To assess the nutritional quality of the yeast biomasses, the method described by Liang
et al. was applied [41]. Essential amino acid (EAA) profiles were analysed and compared
to a reference protein (whole egg). Two parameters were calculated: the Chemical Score
(CS) and the Essential Amino Acid Index (EAAI).

The CS was determined as the ratio of each essential amino acid present in the protein
sample to its corresponding content in whole egg protein, multiplied by 100. The final CS
was expressed as the geometric mean of these individual ratios, according to the equation:

M

Chemical score = ( EAA in sample )xlOO

EAA in whole egg

The essential amino acid index (EAAI) reflects the overall balance of essential amino
acids relative to the reference protein and provides a holistic metric for protein quality. The
reference amino acid pattern of whole egg protein was adopted from FAO/WHO/UNU
(1985) [42]. The EAAI was calculated as the geometric mean of the ratios of each essential
amino acid in the sample to its corresponding content in whole egg protein. The calculation
followed the formula:

LystTrpr Xvalp
Lys, Trp, =~ Vals

EAAl = 100XV ()
where

p—refers to the protein sample;

s—refers to the standard (whole egg protein);

n—is the number of essential amino acids considered (with Met + Cys and Phe + Tyr
treated as combined pairs).
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The energy value of biomass was calculated using the Atwater general factors
(4 kcal/g for protein, 9 kcal/g for fat, and 4 kcal/g for carbohydrates), based on the
measured contents of macronutrients, according to FAO/WHO recommendations and
Codex Alimentarius guidelines [43].

2.4. Microbiological Analysis

The microbiological safety of the dried Yarrowia lipolytica biomass was evaluated
according to international standards. Total aerobic mesophilic bacteria (TAMC) were
determined using ISO 4833-1:2013 [44]. Total yeast and mould count (TYMC) was measured
according to ISO 21527-2:2008 [45]. The presence of viable Yarrowia lipolytica cells was
confirmed using YPD agar (yeast extract-peptone-dextrose) incubated at 28 °C for 48 h,
with colony morphology verified microscopically and through Gram staining. Coliform
bacteria were detected based on ISO 4832:2006 [46]. Salmonella spp. detection followed
ISO 6579-1:2017 [47]. Results were expressed as presence or absence in 25 g of sample.

2.5. Protein Extraction from [II1c Biomass

The protein isolates (PI) were obtained from Yarrowia lipolytica biomass JIl1c using a
two-step procedure. Initially, the yeast biomass, suspended in water, was subjected to acid
hydrolysis to disrupt the cell walls and release intracellular components. In the first step,
NaOH was used at a concentration of 1 M (t = 60 min), and in the second step, the 1 M HCl
was used (t = 15 min). Following cell disruption, proteins were extracted under alkaline
conditions (pH = 12) to increase their solubility. Subsequently, protein precipitation was
induced by adjusting the pH to the isoelectric point (pH = 4.5), as described by Shetty K.
J. & Kinsella (1979) [48]. During both steps, mechanical stirring was used. The protein
content was determined post-precipitation by the Kjeldahl method. The efficiency of the
entire process was estimated at approximately 55-60%.

2.6. Enzymatic Hydrolysis (EH)
2.6.1. Enzyme Applied in the Study

Serine proteinase was isolated from Asian pumpkin (Curcubita ficifolia) by the method
according to Dryjanski et al., 1990 [49] Proteolytic activity was determined using 2% casein
in Tris/HCI (pH 8.6), incubated for 10 min at 35.5 °C. The reaction was stopped with
5% TCA, centrifuged at 5500x g (RCF) for 10 min, and absorbance was measured at
A =280 nm. One unit was defined as a 0.1 increase in absorbance.

2.6.2. Hydrolysis Procedure

Protein isolates (PI) from Yarrowia lipolytica JII1c biomass were subjected to enzymatic
hydrolysis (EH) using pepsin 107,192 (Sigma-Aldrich, Poznan, Poland) and and non-
commercial serine protease extracted from Cucurbita ficifolia. Enzymes were added at
150 enzyme units (U) per mg of protein to 1% substrate protein solution.

Hydrolysis was conducted at 37 °C, and samples as protein hydrolysates (PHs) were
collected at 0, 5, 12, and 24 h for further analyses. The enzyme was thermally inactivated at
100 °C. After inactivation, the hydrolysates were centrifuged (5000 g; 20 min) and then
frozen. The hydrolysates were captured at —18 °C and resuspended at room temperature
before analysis.

The control consisted of protein isolates (PIs) not treated with enzymes but subjected
to the same thermal conditions and incubation times as the enzymatic samples. The
hydrolysis conditions were established based on previously published studies describing
the catalytic characteristics of Cucurbita ficifolia serine protease [20-23].
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2.6.3. Degree of Hydrolysis (DH) [%]

The degree of hydrolysis (DH) was determined according to the method of Silvestre
(1996), based on the concentration of peptides soluble in 5% trichloroacetic acid (TCA) [50].
Briefly, 1 mL of hydrolysate was mixed with 1 mL of 10% TCA and allowed to stand
for 1 h to precipitate unhydrolyzed proteins. The samples were then centrifuged at
5000 g for 15 min at 5 °C. Protein concentration in the obtained supernatant was measured
spectrophotometrically at wavelengths of A = 280 and A = 235 nm. The degree of hydrolysis
was expressed as the relative increase in soluble peptide content after enzymatic treatment
compared to the control sample.

2.7. Determination of Antioxidant Activity
2.7.1. DPPH

Antioxidant activity was determined by the modified Yen & Chen (1995) method
by adding 1 mL of 96% ethanol and 500 pL of a 0.3 mM ethanolic DPPH (2,2-di(4-
tertoctylphenyl)-1-picrylhydrazyl) radical solution to 1 mL of peptide solution in Tris-HCl
buffer at pH 7.0, with mixing [51]. Absorbance was measured at A = 517 nm after 30 min of
incubation. The antioxidant activity of a 1 mg/mL peptide solution was determined on the
basis of a standard curve prepared for Trolox and expressed as [uM Trolox/mg].

2.7.2. Ferric Reducing Antioxidant Power Assay (FRAP)

Antioxidant activity was determined as the ability of the hydrolysate to reduce the
Fe(III) to Fe(Il) ions in reaction with TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) [52]. To 1 mL of
an aqueous peptide solution was added 3 mL of a working solution containing 1A:1B:10C,
where A (10 mM TPTZ in 40 mM HCI), B (20 mM FeCl; x 6 H,O), C (0.3 M acetate buffer
pH 3.6 (3.1 g C;H3NaO, x 3H0, 16 mL acetic acid/1 L HyO). The samples were incubated
for 10 min at room temperature, and then the absorption was measured at A = 593 nm.
Antioxidant activity was expressed as the ability to reduce the oxidation state of iron
ions—Fe(III) to Fe(Il). The concentration of Fe(Il) ions in the sample was calculated based
on a standard curve prepared for specific concentrations of FeSOy solution. The reducing
capacity of enzymatic hydrolysates and peptides was calculated per 1 mg of protein. The
results were expressed as [g Fe’* /mg].

2.7.3. Fe(Il) Ion Chelation

Chelation of iron ions was determined by colorimetric measurement of Fe(II) not
bound by hydrolysate in a reaction mixture using ferrozine (3-(2-pyridyl)-5,6-diphenyl-
1,2 4-triazine-p,p’-disulfonic acid monosodium salt hydrate) [53]. To 250 uL of appropri-
ately diluted peptide solution was added 1250 pL of H,O and 110 uL of 1 mM FeCl,
(9.94 mg FeCl, in 50 mL H,O). After 2 min of incubation, 1 mL of 0.5 mM ferrozine solution
(12.31 mg ferrozine in 50 mL H,O) was added. The samples were kept for 10 min at room
temperature, after which absorbance was measured at A = 562 nm. Simultaneously, a
blank sample was performed, in which 1000 uL of distilled H,O and a reagent sample
(110 pL of 1 mM FeCly, 1190 pL HyO, 1000 uL H,O) were added. Iron ion chelating activity
was expressed as micrograms of bound FeCl, per milligram of protein [ug Fe?*/mg], based
on a standard curve prepared with FeCl, as standard.

2.7.4. ACE Inhibitory Activity

The ACE inhibitory activity was determined according to the method of Herndndez-
Ledesma et al., with modifications made for the purpose of the study [54]. Briefly,
20 pL of each sample was added to 0.1 mL of 0.1 M potassium phosphate buffer
(pH 8.3) containing 0.3 M NaCl and 5 mM Hip-His-Leu (HHL) as the substrate. After the
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addition of 5 milliunits (mU) of ACE (Angiotensin-Converting Enzyme, Sigma Aldrich,
>2.0 U/mg protein), the reaction mixture was incubated at 37 °C for 30 min. The reaction
was stopped by adding 0.1 mL of 1 M HCIL. The hippuric acid formed was extracted with
ethyl acetate, evaporated by heating at 95 °C for 10 min, redissolved in distilled water, and
measured spectrophotometrically at A = 228 nm. All assays were performed in triplicate.
The inhibitory activity was expressed as the percentage of ACE inhibition at a given peptide
nitrogen concentration, and the ICs( value (the concentration of peptides required to inhibit
50% of ACE activity) was calculated.

2.7.5. a-Glucosidase Inhibitory Activity

According to Yu et al., peptides were incubated with x-glucosidase and substrate
(pPNPG) [55]. To 610 pL of 0.1 M potassium phosphate buffer, pH 6.8, were added 10 uL of
3 mM reduced glutathione solution, 5 pL of x-glucosidase (10 U/mL), and 10 pL of peptide
solution. The mixture was preincubated for 20 min at 37 °C, after which the reaction was
initiated by adding 10 uL of the substrate p-NPG (p-nitrophenyl 3-D-glucopyranoside)
(10 mM). The reaction was continued for 30 min at 37 °C. After this time, 650 uL of
1 M NayCOs was added to terminate the process. The amount of released product, p-
nitrophenol, was determined spectrophotometrically at A = 410 nm. The enzyme inhibitory
activity (ICsp) was expressed as the amount of substance required to half-inhibit (ICs() the
activity of x-glucosidase under the conditions described above.

2.7.6. DPP-1V Inhibitory Activity

Activity was determined according to Giovanni Tulipano’s method [56]. The test mate-
rial was suspended in 0.1 M Tris-HCI buffer, pH 8.0. The sample (25 puL) was preincubated
with the same volume of Gly-Pro-p-nitroanilide substrate (1.6 mM) at 37 °C for 10 min.
Then, 50 uL of DPP-IV (0.01 U/mL, in 0.1 M Tris-HCI buffer, pH 8.0) was added to the
mixture and incubated at 37 °C for 60 min. The reaction was stopped by adding 100 uL of
1 M acetate buffer, pH 4.0. The released p-nitroanilide hydrolysis product was measured at
A =405 nm. The DPP-IV enzyme inhibitory activity (ICs9) was expressed as the amount
of substance required to half-inhibit the DPP-IV enzyme activity under the conditions
described above.

2.8. Functional Properties Measurement
2.8.1. Water Absorption Capacity (WAC)

The method was based on Timilsena et al. (2016) [57]. Approximately 1 g of the
protein preparation was weighed into a test tube and mixed with 20 mL of distilled water.
The mixture was shaken using a laboratory shaker. After 15 min, it was shaken again for
60 s and then centrifuged at 4500 g (RCF) for 15 min (Rotofix 32A; Merazet, Poland).
Unabsorbed water was carefully decanted, and remaining droplets were removed with
blotting paper. The solid phase was dried at 50 °C for 30 min. Water binding capacity (W
[g H,O/g]) was calculated as:

W= —— (©)]
where
C—weight of tube with dried sediment (g);

B—weight of empty tube (g);
A—sample weight (g).
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2.8.2. Oil Absorption Capacity (OAC)

The procedure followed that of Wu et al. (2009) [58]. One g of protein preparation was
mixed with 15 mL of rapeseed oil and shaken. After 30 min, the mixture was at 4000x g
(RCEF) for 10 min. The oil binding capacity (X) was calculated as:

V-L
- a

X 4)
where

V—volume of oil used (mL);

L—volume of unabsorbed oil (mL);

a—weight of the sample, calculated per 100 g of dry matter.

2.8.3. Nitrogen Solubility Index (NSI)

According to Achouri et al. (2012) [59], 200 mg of protein preparation was mixed with
15 mL of distilled water. The pH was adjusted to 2, 4, 6, 8, 10, or 12 using 0.5 M NaOH
or 0.5 M HCl. Samples were shaken at room temperature for 30 min, then centrifuged at
4500x g (RCE, ~10,000 rpm) for 15 min (MPW-351 R centrifuge, MPW, Warsaw, Poland,
10,000 rpm). From the supernatant, 10 g was taken for total nitrogen determination using
the Kjeldahl method. The total protein content was calculated using a nitrogen-to-protein
conversion factor of 6.25, in triplicate. Protein solubility (PS) was calculated as:

PS = % x 100% (5)

where
A—protein content in supernatant (g);
B—protein content in 200 mg of preparation.

2.8.4. Emulsion Stability

Hydrolysates at 1%, 2%, and 3% concentrations were mixed with 10 mL of water and
homogenized until uniform. Pre-emulsification was performed using a lab homogenizer
for 2 min at 16,000 rpm (T10 basic ULTRA-TURRAX, IKA WerkeGmbH&Co., Baden-
Wurttemberg, Germany). Subsequently, the homogenizer was operated for 20 s, during
which a quantity of 10 mL of soybean oil was added. Homogenization continued until
2 min had passed from the first drop of oil (total time: 180 s). The emulsion was transferred
toa 10 mL polypropylene tube (14 mm internal diameter). Phase separation (sedimentation)
was observed at 30 min, 1 h, 2 h, and 3 h. Emulsion stability (SE) was calculated as:

SE = 2 x 100 (6)
b
where
a—height of emulsified layer [cm];
b—total emulsion height [cm].

2.8.5. Foam Stability

Into a 1 L beaker, 100 mL of fresh egg white was mixed with hydrolysate (1%, 2%,
3%). The mixture was whipped using a kitchen mixer at 800 rpm for 10 min. The liquid
at the bottom was poured into a graduated cylinder. The beaker with foam was left at
~20 °C for 30 min. After 30 min, drainage liquid from the foam was collected and combined
with the initial bottom phase for total drainage volume measurement. Foam stability was
expressed in millilitres as the total drainage volume and as a percentage [%] of retained

124



Foods 2025, 14, 3801

foam volume. The control sample contained only fresh egg white, without the addition of
any test substances.

2.9. Protein Extrudates
2.9.1. Production

The protein isolates and their hydrolysates obtained from Yarrowia lipolytica JII1c
biomass were processed using a laboratory twin-screw extruder (AEV 650, Brabender).
The extrusion was conducted according to the methodology of Rytel, under controlled
conditions, with a screw compression ratio of 4:1, a screw speed of 180 revolutions per
minute, and a load range of 4.5 to 7 amperes [60]. A die with a diameter of 4 mm was
used for shaping the extrudates. To assess the impact of processing temperature, the
extrusion was performed at three different temperatures: 160 °C, 170 °C, and 180 °C. These
parameters were selected to simulate industrial processing conditions for the development
of high-protein, plant-based meat analogues.

2.9.2. Sensory Analysis

The sensory evaluation was conducted by a trained panel (n = 8) in accordance with
ISO 13299:2016 guidelines [61]. The assessed attributes included taste, odour, texture, salti-
ness, and appearance. Evaluations were performed under controlled laboratory conditions
(20 £ 1 °C, neutral lighting, individual booths). Samples of extrudates were coded with
random three-digit numbers and presented in randomized order to avoid positional bias.
Panelists rinsed their mouths with water between evaluations. Each attribute was rated on
a 5-point hedonic scale, where 1 indicated “very poor” and 5 indicated “excellent.” Results
were expressed as mean values. Bioethics approval for the study was granted by the
Rector’s Committee for Ethics in Scientific Research, Wroclaw University of Environmental
and Life Sciences (Resolution No. NON00000.020.1.8.4.2024, dated 21 October 2024).

2.10. Statistical Analysis

The analysis was performed with the use of the “STATISTICA 13 PL” program by
StatSoft Inc., Tulsa, OK, USA. All determinations were performed in triplicate and presented
as average value (X) with standard deviation (SD). Assessment of the significant differences
between average values in analysed groups was conducted by variance analysis (ANOVA),
followed by a Duncan multiple range test. The level of statistical significance was set at
p <0.05.

3. Results

A significant productivity difference was observed between the three Yarrowia lipolytica
strains cultivated under bioreactor conditions (Figure 1). The highest determined cell count
was observed in strain JII1c, which reached 9.62 logjy CFU/mL, indicating its strong
potential for high-yield biomass production. Conversely, strain JII1a exhibited the lowest
productivity, measuring 7.86 logyg CFU/mL, while PII6b demonstrated an intermediate
value of 8.04 log1g CFU/mL (11I1a vs. JIIlc, p = 0.00011; 11I1a vs. PII6b, p = 0.04193; J1I1c vs.
PII6b, p = 0.00023). The observed differences in cell density were supported by standard
deviation bars, suggesting biological variation across replicates. The markedly higher cell
count of JII1c reinforces its selection for subsequent protein isolation, as it combines both
high biomass accumulation and favourable compositional traits.
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Figure 1. Biomass productivity of selected yeast strains of Y. lipolytica in bioreactor cultures [logj
CFU/mL]. Small letters (a—c) indicate statistically significant values: a vs. b vs. ¢ (p < 0.05), CFU—
colony forming units.

3.1. Biomass Yield and Nutritional Composition

The dried biomass of Yarrowia lipolytica JIllc appeared as a light beige, free-flowing
powder with a characteristic yeast-like odour. Microbiological analysis confirmed its safety,
showing <10 CFU/mL viable cells, <5 x 103 CFU/mL total aerobic microorganisms,
<10% CFU/mL yeasts and moulds, and the absence of coliform bacteria and Salmonella spp.
in 25 g of the sample.

The Nutritional characteristic of dried biomass from Yarrowia lipolytica JII1c strain was
presented in Table 1. The chemical composition revealed a high dry matter content (95.11%)
and a substantial protein level (43.12%), thus confirming the strain’s potential as a protein-
rich ingredient. The carbohydrate content constituted 32.34% of the total composition, with
the predominant proportion being dietary fibre (32.32%), and negligible levels of sugars
(<0.20%), thereby substantiating its compatibility for low glycaemic formulations. The fat
content was moderate (7.03%) and primarily composed of monounsaturated (4.05%) and
polyunsaturated (3.30%) fatty acids, with saturated fats present at minimal levels (0.50%).
The ash content (11.00%) indicated an elevated mineral load, while the low moisture content
(4.89%) ensured the desired shelf stability. The salt content was found to be 4.62 g/100 g.

The biomass also proved to be a source of micronutrients relevant to human nutrition.
It contained a complex of B-group vitamins, including riboflavin, biotin, folic acid, and
vitamin B12—compounds of particular importance in plant-based diets. The mineral
profile included considerable amounts of phosphorus, potassium, and sodium, alongside
nutritionally relevant levels of iron, zinc, magnesium, and other trace elements.

The amino acid profile indicated the presence of all essential and non-essential amino
acids, with lysine (31.1 g/kg), leucine (31.2 g/kg), and valine (25.1 g/kg). The content
of methionine + cysteine (9.3 g/kg), tryptophan (5.1 g/kg), and histidine (8.7 g/kg) fur-
ther emphasized the high nutritional quality of the protein. Furthermore, the presence
of gamma-aminobutyric acid (11.0 g/kg) may contribute to functional properties. The
fatty acid composition was dominated by oleic acid (48.20%) and linoleic acid (29.20%),
with minor contributions from saturated fatty acids such as palmitic and stearic acid. De-
tailed comparative data on the chemical composition and amino acid profile of the three
Y. lipolytica strains (JII1a, PII6b and JII1c) are provided in the Supplementary Materials
(Table S1).
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The protein quality indices indicated that the biomass exhibited high nutritional
adequacy, with a chemical score (CS) of 37.80% and an essential amino acid index (EAAI)
of 36.17%, calculated relative to whole egg protein. A thorough microbiological analysis
was conducted to ascertain the safety of the product. The analysis yielded low levels of
aerobic microorganisms, negligible yeast and mould counts, and an absence of coliform
bacteria and Salmonella spp.

Table 1. Nutritional composition characteristic of dried biomass from Yarrowia lipolytica JIIlc strain.

Nutritional Analysis

Nutrient Unit Value [Mean + SD]
Energy value KJ (kcal)/100 g 1588 (375)
Dry matter % 95.11 £ 0.95
Protein % 43.12+0.43
Carbohydrates, including: % 32.34 £0.32
dietary fibres % 32.324+0.32
sugars % <0.20
Ash % 11.00 £ 0.11
Fats, including: % 7.03 +0.07
saturated fatty acids % 0.50 4 0.01
monounsaturated fatty acids % 4.05 4 0.04
polyunsaturated fatty acids % 3.30 4+ 0.03
Water content (moisture) % 4.89 + 0.05
Salt content g/100 g 4.62 £0.05
Vitamins Unit Value [mean =+ SD]
Vitamin B1 (thiamine) mg/100 g 0.01 4 0.01
Vitamin B2 (riboflavin) mg/100 g 3.194+0.14
Vitamin B6 (pyridoxine) mg/100 g 0.20 + 0.01
Vitamin B7 (biotin) ug/100 g 205.00 + 3.34
Vitamin B9 (folic acid) ug/100 g 177.00 + 7.06
Vitamin B12 (cyanocobalamin) ug/100 g 0.33 4 0.02
Macro and Microelements Unit Value [mean + SD]
Calcium (Ca) mg/100 g 27.50 + 1.49
Phosphorus (P) mg/100 g 2640.00 + 13.94
Sodium (Na) mg/100 g 1848 + 76.57
Iron (Fe) mg/100 g 24.00 +2.30
Copper (Cu) mg/100 g 1.90 £ 0.08
Magnesium (Mg) mg/100 g 138.00 &+ 6.12
Potassium (K) mg/100 g 2665 + 15.33
Manganese (Mn) mg/100 g 1.06 4 0.04
Zinc (Zn) mg/100 g 22.00 + 0.77
Chromium (Cr) mg/100 g 0.10 4 0.01
Amino Acid Profile Unit Value [mean + SD]
Aspartic acid g/kg 41.10 £0.41
Glutamic acid g/kg 56.00 & 0.56
Arginine g/kg 21.40 £0.21
Serine g/kg 27.70 £0.28
Alanine g/kg 31.10 £ 0.31
Glycine g/kg 17.20 £0.17
Proline g/kg 16.80 + 0.17
Lysine g/kg 31.10 £0.31
Methionine + Cystine g/kg 9.30 4 0.05
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Table 1. Cont.

Nutritional Analysis

Phenylalanine + Tyrosine g/kg 35.20 £ 0.35
Threonine g/kg 25.40 £+ 0.25
Tryptophan g/kg 5.10 4+ 0.05
Leucine g/kg 31.20 £ 0.31
Isoleucine g/kg 23.60 + 0.24
Valine g/kg 25.10 + 0.25
Histidine g/kg 8.70 + 0.09
Ornithine g/kg 1.10 £ 0.03
Gamma-aminobutyric acid g/kg 11.00 £ 0.61
Taurine g/kg <0.05
Fatty Acids Unit Value [mean =+ SD]
Butyric acid (C4:0) % <0.05
Myristic acid (C14:0) % <0.05
Pentadecanoic acid (C15:0) % 0.48 + 0.02
Palmitic acid (C16:0) % 6.12 +0.20
Palmitoleic acid (C16:1) % 0.38 £ 0.02
Heptadecanoic acid (C17:0) % 0.19 £+ 0.01
Stearic acid (C18:0) % 1.05 + 0.04
Oleic acid (C18:1, n9¢) % 48.20 £+ 0.87
Linoelaidic acid (C18:2, n6t) % <0.05
Linoleic acid (C18:2, n6¢) % 29.20 £ 1.11
Arachidic acid (C20:0) % 0.19 £+ 0.01
cis-11.14-Eicosadienoic acid (C20:2) % <0.05
Behenic acid (C22:0) % <0.05
cis-11,17,17-Eicosatrienoic acid (C20:3, % <0.05
n3)
Lignoceric acid (C24:0) % <0.05
Nutritional Indexes
Parameter Unit Value [mean + SD]
Cs % 37.80 +£0.38
EAAI % 36.17 £0.36

SD—standard deviation; CS—chemical score [%]; EAAl—essential amino acid index [%].

3.2. Protein Hydrolysis and Peptide Characterization

The progression of protein hydrolysis (Figure 2) was evaluated over a 24 h period
using two enzymatic treatments: pepsin and a serine protease derived from figleaf pumpkin
(Cucurbita ficifolia). As shown in Figure 2, minimal changes in DH values were observed
in the control sample, ranging from 3.12% at 0 h to 3.41% at 24 h, indicating spontaneous,
non-enzymatic breakdown of peptides [62]. A higher DH indicates more extensive protein
breakdown, which can correlate with increased bioactivity and improved techno-functional
properties of the hydrolysates.

The hydrolysis level statistically increased after enzymatic treatment with pepsin,
reaching 11.72% after 24 h, with a clear stepwise progression at 5 h (6.42%) and 12 h (9.13%)
(Ohvs. 24 h, p = 0.000077). Moreover, it is notable that the hydrolysis catalyzed by the
figleaf protease yielded a statistically higher degree of hydrolysis (DH) over the course of
the experiment, increasing from 3.16% at 0 h to 24.15% at 24 h (0 h vs. 24 h, p = 0.000077).
The most pronounced increase occurred within the first 5 h (13.45%), indicating strong and
rapid proteolytic activity.

Hydrolysate produced using figleaf protease exhibited the highest degree of hydroly-
sis, confirming the superior efficiency of this plant-derived enzyme in degrading Y. lipolytica
protein. Consequently, this hydrolysate was selected for further investigation, including
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the assessment of its biological activities and techno-functional properties. The 24 h hy-
drolysate was selected for further analysis, including assessment of its biological activities
and techno-functional properties.
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Figure 2. Degree of hydrolysis (DH [%]) during enzymatic degradation of protein extracted from Y.
lipolytica JII1c yeast biomass, carried out using pepsin and serine protease from figleaf pumpkin at
different times of reaction. Small letters (a—c) indicate statistically significant differences (p < 0.05)
between sampling times within the same enzyme treatment. Capital letters (A-D) indicate statistically
significant differences (p < 0.05) between enzyme types (control, pepsin, figleaf protease) at the same
time point.

RP-HPLC analysis (Figure 3) demonstrated distinct differences in peptide profiles
between the untreated protein isolate and the 24 h hydrolysate generated with Cucurbita
ficifolia serine protease. The hydrolysate exhibited a broader distribution of peaks and
increased peak complexity, particularly between 10 and 20 min of retention time, reflecting
extensive proteolysis and the release of low molecular weight peptides. These chromato-
graphic results are indicative of a more heterogeneous mixture of peptides, likely with
varying molecular weights and bioactivities, and confirm the potent proteolytic activity of
the figleaf pumpkin enzyme, capable of producing diverse peptide fractions.
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Figure 3. Protein—peptide separation of 24 h protein hydrolysate from Y. lipolytica JII1c yeast biomass
and digested with serine protease from figleaf pumpkin.
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3.3. Biological Activities of Hydrolysates

The 24 h enzymatic hydrolysate of Yarrowia lipolytica JIIlc protein exhibited sig-
nificantly enhanced biological activity in comparison with the native protein isolate
(Table 2). The antioxidant activity, measured by DPPH and FRAP assays, increased
more than twofold (from 0.390 to 0.87 pM Trolox/mg; p = 0.000291) and nearly tenfold
(from 4.03 to 39.12 pg Fe3* /mg; p = 0.000191), respectively. Concurrently, the Fe?* ion
chelating capacity exhibited a marked enhancement, rising from 275 to 1326 ug Fe?* /mg
(p = 0.000272).

Table 2. Level of biological activity in a 24 h hydrolysate solution of protein extracted from Y. lipolytica
JII1c yeast biomass digested with serine protease from figleaf pumpkin.

Sample

Type of Biological Activity

Determination Method PI from Y. lipolytica JII1lc Biomass = PH from Y. lipolytica JII1c Biomass

Mean + SD Mean + SD
Antioxidant activity (DPPH) a b
[UM Trolox/mg] 0.39 £ 0.01 0.87 £ 0.00
Fe®* ion reducing capacity (FRAP) 40340012 39.12 + 0.01b
[g Fe3+ /mg] . . . .
Fe** ion chelation capacity 275.00 + 0.58 2 1326.00 + 058
[ug Fe** /mg] ' '
Angiotensin-converting enzyme
(ACE) inhibitory activity ICsq 37.43 + 0.06 2 8.20 +0.00°
[mg/mL]
a-Glucosidase inhibitory activity 1223 + 0122 417 4 0.06°
IC50 [mg/mL] ’ ’ ’ ’
DPP-1V inhibitory activity ICs 10.20 - 0.00 2 240 +010b

[mg/mL]

Pl—protein isolate; PH—24 h protein hydrolysate; mean values (PI vs. PH) with different letters (a, b) indicate
statistically different values (p < 0.05).

In terms of enzyme inhibition, the hydrolysate demonstrated a substantial decrease
in IC5) values, indicating enhanced inhibitory potency. ACE inhibitory activity improved
nearly fivefold (from 37.43 to 8.20 mg/mL; p = 0.000291). Additionally, x-glucosidase
and DPP-IV inhibitory activities increased approximately three- to fourfold, with ICs
values dropping from 12.23 to 4.17 mg/mL (p = 0.000261) and from 10.20 to 2.40 mg/mL
(p = 0.000181), respectively.

3.4. Functional Properties of Protein Preparations

The water absorption capacity of the hydrolysate more than doubled compared to the
native protein (from 4.34 g H,O/g t0 9.12 g H,O/g; p = 0.000291) (Table 3). This indicates
an improved exposure of hydrophilic groups and a higher degree of molecular unfolding
after hydrolysis. This facilitates water binding, which is advantageous for plant-based
formulations requiring moisture retention.

A similar trend was observed in the OAC, which increased from 2.35 g oil/g in
the protein isolate to 7.23 g oil/g in the hydrolysate (p = 0.000391). The elevated OAC
may be attributed to the generation of smaller peptides with exposed nonpolar residues
that interact more effectively with lipids, thereby enhancing the emulsion or mouthfeel
properties in fat-containing food matrices.
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The analysis of the NSI, which reflects protein dispersibility and processing potential,
revealed more than a twofold increase in the hydrolysate compared to the isolate (49.20%
vs. 19.40%; p = 0.000291).

Table 3. Functional properties of the protein isolate extracted from Y. lipolytica JII1c yeast biomass

and its hydrolysate.
Sample
Type of Functional Property PI from Y. lipolytica JIIlc Biomass PH from Y. Lipolytica JII1c Biomass
Mean + SD Mean + SD
Water absorption capacity (WAC) 43440042 912 + 0.09°
[g HO/¢g]
Oil absorption -capacity (OAC) 235+ 0024 7923 + 007"
[goil/g]
Nitrogen solubility index (NSI) [%] 19.40+£0.19° 49.20 + 0.49°

Pl—protein isolate; PH—24 h protein hydrolysate; mean values (PI vs. PH) with different letters (a, b) indicate
statistically different values (p < 0.05).

This enhancement can be attributed to the breakdown of high-molecular-weight
proteins into smaller, more soluble peptide fragments, thereby improving the protein’s
suitability for use in liquid or semi-liquid food systems.

The stability of egg white foam was found to be significantly influenced by the ad-
dition of yeast protein preparations from Yarrowia lipolytica JII1c biomass (Table 4). The
incorporation of the protein isolate resulted in a notable enhancement of foam persistence,
which was observed to be dose-dependent. At the highest concentration of yeast PI (3%),
the leakage volume was reduced to 0 mL (100% of retained foam volume), indicating
full foam stability, in contrast to 29.0 mL in the control sample without any additive
(p = 0.000059). Lower doses of yeast protein isolate (1% and 2%) also demonstrated a
statistically significant improvement in foam stability, in comparison to the control sample,
with leakage reduced to 6.6 mL (77.2% of retained foam volume) and 1.9 mL (93.5% of
retained foam volume), respectively.

In contrast, the 24 h hydrolysate from Y. lipolytica JII1c showed much lower effective-
ness in stabilising the foam (Table 4). Even at the highest tested concentration of 3%, the
leakage volume was 2.4 mL (91.7% of retained foam volume), while at 1% and 2% doses,
the leakage remained relatively high at 28.0 mL (3.5% of retained foam volume) and 6.8 mL
(76.6% of retained foam volume) (p = 0.000152), respectively.

The addition of yeast protein preparations from Yarrowia lipolytica JII1c resulted in a
significant enhancement of emulsion stability in a model oil-in-water system (1:1 ratio).
The control sample exhibited a gradual decline in stability over time, dropping from 64.87%
at 0.5 h to 53.36% at 3 h. Both the protein isolate and its 24 h hydrolysate demonstrated
markedly higher and more sustained emulsion stability.

For the isolate, emulsion stability improved with increasing dose. At 3%, emulsion
stability remained above 95% throughout the 3 h period, reaching 97.41% at 0.5 h and
95.11% at 3 h. A similar trend was observed for the 1% and 2% doses, though with slightly
lower stability than the highest dose. A notable observation was the superior performance
of the hydrolysate in comparison to the isolate, particularly in the initial stages of the
test. All concentrations of hydrolysate tested yielded consistent and high stability values,
exceeding 96% throughout the entire testing period. The highest result was noted for the
3% dose at 0.5 h (96.86%) and 3 h (95.75%), indicating superior emulsifying properties.
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Table 4. Persistence of egg white foam and emulsion stability of yeast protein isolate Y. lipolitica JIl1c
and its hydrolysate.

Leakage Volume Emulsion Stability [%]

Type of Dose [%] After 30 min [mL] 0.5h 1h 2h 3h
Substance
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Control - 29.0+£0.32 64.87 + 0482 56.85 =+ 0.48 2 54.07 4 0.69 2 53.36 4+ 0.6
1 6.6 +0.1b4 90.80 +£ 0.72b 90.49 +0.99 b 84.17 £ 0.67P 83.44 +1.32b
PI from Y.
lipolytica J1T1c 2 1.9 +0.02 %A 96.80 + 0.89 b 95.96 +1.22b 95.60 4+ 0.53 P 92.92 4 0.67 P
b
fomass 3 0.0 + 0.0 4A 97.41 +141° 96.49 + 143° 95.74 + 020" 95.11 + 023"
1 28.0 +£0.32B 96.51 + 1.22P 96.53 4+ 0.59 P 95.88 +2.75P 95.31 +2.01P
PH from Y.
lipolytica Jll1c 2 6.8+ 0.1P 96.68 + 1.04 P 96.47 + 1.37° 96.36 +0.72° 95.42 +0.54°
biomass 3 2.4 +0.02 B 96.86 +1.30 96.66 + 1.05° 96.39 + 0.41 P 95.75 + 1.40®

Pl—protein isolate; PH—24 h protein hydrolysate; mean 4= SD—average value & standard deviation; small letters
(P ¢ etc.) indicate statistically significant values (p < 0.05) for leakage: control vs. PI (1, 2, 3%) and control vs. PH

(1,2, 3%); big letters (* B) indicate statistically significant values (p < 0.05) between PI 1% vs. PH 1%, PI 2% vs.

PH 2%, and PI 3% vs. PH 3%; small letters (* ) indicate statistically significant values (p < 0.05) for emulsion
stability: control (0.5, 1, 2, 3 h) vs. PI (1, 2, 3%) and control (0.5, 1, 2, 3 h) vs. PH (1, 2, 3%).

3.5. Sensory Evaluation of Extrudates

The organoleptic analysis of extrudates supplemented with yeast protein preparations
from Yarrowia lipolytica JII1c revealed a clear preference for the hydrolysate over the isolate
across most sensory attributes (Figure 4). The hydrolysate-enriched extrudates obtained
higher scores in terms of taste (4.5 and 3.5), smell (4.0 and 3.0), texture (4.25 and 2.75), and
appearance (4.25 and 3.25). Notably, saltiness perception was consistently unaltered for
both samples at a rating of 3.5, indicating that the process of enzymatic hydrolysis did not
affect the perception of saltiness.

Taste
5

4

Apperiance Smell

Saltiness Texture

Isolate hydrolysate

Figure 4. Organoleptic evaluation of extrudates prepared from a protein isolate extracted from Y.
lipolytica JII1c yeast biomass and its hydrolysate.

The most significant differences were observed in texture and aroma, suggesting that
the hydrolysate contributed to more appealing sensory properties, such as mouthfeel and

aroma profile, possibly due to the formation of flavour-active peptides during hydrolysis.

These findings underscore the potential of protein hydrolysates from Y. lipolytica to enhance
the sensory profile of extruded food products.
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4. Discussion

The primary challenge in the utilisation of yeasts in food applications lies in the
efficient release of intracellular components through cell wall disintegration. Another
crucial aspect is the conversion of proteins into bioactive peptides while maintaining low
processing costs. The findings of this study demonstrate that strain selection is a pivotal
factor in determining techno-economic feasibility. The findings of this study demonstrate
that strain selection is a pivotal factor influencing process efficiency and the potential
applicability of yeast-derived proteins in food production [9,63-66]. Such gains directly
support sustainability goals by reducing substrate input and enabling valorisation of
industrial side streams.

The nutritional profile of JII1c, characterized by its high protein content and balanced
essential amino acid (EAA) pattern, supports its role as an alternative to conventional
proteins. This profile is consistent with the ranges reported for Y. lipolytica across various
substrates and strains [16,67-69]. Although sulphur-containing amino acids continue to be
a limiting factor, comprehensive protein quality indices suggest that the EAA composition
is appropriate for incorporation into plant-based formulations, particularly due to its ability
to complement cereal proteins, as reported by Michalik et al. (2014) [68]. In addition,
the presence of dietary fibre and low residual sugars is conducive to a low glycaemic
design, while the micronutrient package (iron, zinc, B vitamins including B12) contributes
nutritional value relevant to vegan diets and reflects the species” metabolic flexibility on
biofuel-derived streams [25,70]. These characteristics are consistent with the regulatory
framework of Y. lipolytica biomass as a novel food supplement in the EU, which stipulates
explicit utilisation thresholds [12,71].

With regard to the processing strategy, enzymatic hydrolysis remains the most effective
method of solubilising yeast matrices and tailoring protein functionality through controlled
cleavage, exposure of reactive side chains, and modulation of molecular size without
damaging the proteins [72,73]. In the present study, a plant-derived serine protease from
Cucurbita ficifolia was found to exhibit superior proteolytic efficacy in comparison to pepsin,
as evidenced by the distinct peptide distributions observed by RP-HPLC. This finding
aligns with the current understanding that the selection of enzymes and the prevailing
conditions of a reaction (time, pH, enzyme-to-substrate ratio) regulate the ratio of peptides
to free amino acids, thereby influencing the balance between functionality and taste [74-77].
Elevated levels of hydrolysis can lead to an increase in free amino acids, accompanied by a
reduction in longer peptides. Consequently, the optimisation process should be oriented
towards application-specific endpoints rather than the pursuit of maximal DH alone [75].

Functionally, hydrolysis enhanced water and oil binding and markedly increased
solubility, properties critical for moist textures and dispersibility in beverages or semi-
liquid systems. Mechanistically, peptide fragmentation and unfolding expose hydrophilic
and hydrophobic groups, thereby enabling improved interactions with both aqueous and
lipid phases [78-81]. The observed trade-off between foaming and emulsion stability, with
the former being reduced and the latter enhanced, aligns with interfacial principles. This is
evidenced by the rapid migration of smaller peptides, which can form cohesive interfacial
films that stabilise oil-in-water emulsions. A similar phenomenon has been reported for
yeast-derived bioemulsifiers [81].

Beyond functionality, the bioactivities of the hydrolysate were substantially higher
than those of the native isolate. This is in line with literature on yeast-derived antioxidant
and enzyme inhibitory peptides relevant to cardiometabolic health [5,82-84]. Previous
studies have demonstrated that the hydrolysate exhibits immunomodulatory, antimicrobial,
and anti-inflammatory properties, indicating potential for broader health benefits [85-87].
The sensory improvements observed in extrudates are consistent with the enhanced release
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of amino nitrogen and small taste-active peptides contributing to umami, mouthfulness,
and flavour continuity [88]. This relationship between the biochemical activities and sen-
sory perception suggests that peptides responsible for antioxidant and enzyme inhibitory
effects may also modulate taste responses, thereby linking nutritional and sensory function-
ality. Recent findings further indicate that yeast peptides may enhance saltiness perception
through receptor interactions, offering a plausible method for reducing sodium levels
without compromising flavour intensity [89].

The following section will address the practical implications of the aforementioned
points. For manufacturers, Y. lipolytica JIl1c provides a flexible platform for the generation of
application-tuned peptide fractions. The benefits that can be derived from these emulsions
and beverages include high solubility and emulsion stability. Meat analogues and baked
systems, meanwhile, leverage water/oil binding. Finally, savoury snacks and extruded
matrices gain from umami-active peptides and potential salt reduction. The utilisation of a
plant protease has been demonstrated to enhance consumer acceptance of processing aids,
thereby aligning with prevailing sustainability narratives.

Although the current results highlight the potential of Y. lipolytica proteins, there
are still several challenges to overcome. The bioavailability and stability of the proteins
during processing and storage, as well as their sensory thresholds in complex foods, require
confirmation in both model and real systems. Future work should also address bitterness
at higher degrees of hydrolysis and identify bioactive peptides. Finally, techno-economic
analyses are required to benchmark enzyme costs and scaling-up scenarios.

5. Conclusions

Yarrowia lipolytica JIl1c exhibited elevated levels of protein and significant biomass
yield, in addition to high levels of dietary fibre and essential micronutrients (e.g., iron, zinc,
B vitamins), indicating its potential as an alternative protein source.

The amino acid profile of the biomass demonstrated a balanced EAA composition, and
although sulphur-containing amino acids remained limiting, the overall protein quality
(CS and EAAI) supports its use in plant-based nutrition systems.

Enzymatic hydrolysis using serine protease from Cucurbita ficifolia markedly enhanced
several techno-functional properties of the protein isolates, notably water absorption capac-
ity, oil absorption capacity and nitrogen solubility, which are key attributes for developing
novel food formulations. The process also generated bioactive peptides with increased an-
tioxidant and enzyme inhibitory activities that, in addition to their physiological potential,
enhanced the perception of umami and saltiness, demonstrating their promise as natural
flavour enhancers for reduced-sodium and clean-label food products.

The study highlights the multifunctional character of Y. lipolytica, combining nutri-
tional richness, functional versatility, and sensory benefits, which strongly supports its
use as a natural, health-promoting ingredient in sustainable food production. The yeast’s
natural origin, efficient bioprocess scalability, and ability to valorise agro-industrial by-
products further strengthen its relevance to the circular bioeconomy model and to the
growing demand for environmentally responsible protein sources.

In order to apply these results in a practical context, it is essential that future research
focus on evaluating the bioavailability of the released peptides, their stability during
food processing and storage, and comprehensive toxicological and safety assessments for
human consumption. Furthermore, the investigation of sensory optimisation, digestive
stability, and techno-economic feasibility under industrial conditions will provide a clearer
path towards the commercial utilisation of Y. lipolytica-derived proteins and peptides in
modern nutrition.
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Abstract

Conventional alkaline extraction of plant proteins typically requires highly alkaline con-
ditions (pH > 11) and extended extraction times (~1 h). Although protease addition can
lower extraction pH and improve functionality, it often requires prolonged hydrolysis.
In this study, enzymatic reactive extrusion (eREX) using Alcalase, followed by a short
duration alkaline extraction (5 min, pH 9), was evaluated as an alternative approach for
producing protein-rich extracts from canola meal. The eREX process increased protein
recovery by 48% and 42% compared with alkaline extraction conducted without and with
Alcalase, respectively. The resulting powdered extracts reached a protein content of up to
49% and consisted primarily of partially hydrolyzed proteins (10-23 kDa) with increased
surface hydrophobicity. Amino acid analysis showed substantial enrichment of essen-
tial amino acids, particularly histidine and sulfur-containing amino acids. Functional
properties were improved, including enhanced solubility across pH 2-10, high foaming
stability (88%), and increased oil-binding capacity (~5.5 g g~ '), while in vitro digestibility
remained comparable (~85%). Techno-economic analysis indicated reductions in water
use (~11%), energy consumption (~48%), and production cost (16-25%). Overall, eREX
provides a rapid, higher-throughput, and cost-effective strategy for producing premium
canola protein ingredients.

Keywords: thermal mechanical treatment; functionality; limited hydrolysis; plant proteins;
amino acid composition; in vitro digestion

1. Introduction

Plant protein-based foods are, on average, two to four times more expensive than their
animal-based counterparts [1]. Although improvements in formulation and processing are
gradually reducing the price disparity, the gap persists. One major contributor to the high
costs of plant-based foods is the plant protein ingredients themselves, which account for
over 30% of total production costs [2]. Utilizing proteins derived from food and agricultural
by-products has been proposed as a cost-effective strategy to reduce ingredient costs while
promoting sustainability in food production [3].

Rapeseed is the second most produced oilseed after soybean with 90 million tons
production in 2023-2024 [4]. Canola is a rapeseed cultivar that has lower antinutritional
factors than rapeseed [5]. Canola meal, a by-product of oil extraction, contains 35-45%
proteins [6,7] and is predominantly composed of the 11S globulin cruciferin and 2S albumin
napin [8]. The proteins provide over 400 mg of essential amino acids per gram of protein,
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including tyrosine, cysteine, and methionine [8]. The latter two range from 40 to 49 mg g~ !
protein, which position them superior to soy, pea, and wheat proteins in terms of amino
acid profile.

Many approaches have been used to extract proteins from canola/rapeseed meal to
produce isolate or concentrate, with alkaline—isoelectric point precipitation being widely
adopted [5]. A pH value of 10-12 and mixing time of 0.5-1 h is commonly required to
extract 40-70% proteins from canola/rapeseed meals [5,9]. The yield increases with the
increase of pH value, but higher pH accelerates protein denaturation, uncontrolled hydrol-
ysis, and lysinoalanine formation, resulting in diminished functionality and nutritional
value [10]. Adding protease during alkaline extraction enables milder alkaline condition
while raising protein recovery [11]. The resulting hydrolysates may also exhibit superior
functionality such as solubility, oil absorption, emulsification, and foaming properties [10].
However, enzyme-assisted extraction requires 1-3 h hydrolysis time to achieve consider-
able yields [11]. It typically occurs in suspensions with low solid content (<7%), leading
to high energy consumption for proteolysis and enzyme inactivation (85-100 °C). Such
prolonged hydrolysis also generates small peptides imparting bitterness.

To shorten the cycle time of alkaline-based and/or enzyme-assisted plant protein
extraction, mass-transfer limitations should be addressed by accelerating protein diffusion
into extraction medium and minimizing the lag between extraction and separation. Twin-
screw extrusion emerges as a suitable intensification platform. Rotating screws within a
heated, close-tolerance barrel delivers controlled shear, mixing, and efficient heat transfer,
which fragments the feed and increases the interfacial area with the surrounding medium,
thereby facilitating solubilization. This strategy is well documented in lignocellulosic
biorefineries under alkaline or ionic-liquid conditions [12-14]. By contrast, extrusion
has rarely been used as a stand-alone unit operation for direct plant protein extraction,
aside from alfalfa leaves where in-barrel mechanical expression yields protein-containing
juice [15,16]. This is mainly due to the short residence time of extrusion that inhibits
sufficient alkaline solubilization of proteins from raw plant matrices.

Reducing the surface hydrophobicity and lowering the molecular weight of plant
proteins promotes alkaline solubilization by increasing protein—-water interactions. Lim-
ited proteolysis has been found to accomplish this in plant proteins [17]. When exoge-
nous enzymes are dosed into extruder, known as enzymatic reactive extrusion (eREX),
enzyme-substrate contact is intensified in high-solid matrix (>20%), compressing re-
action time from hours to minutes relative to stirred-tank hydrolysis [18,19]. eREX has
been used for continuous production of protein hydrolysates with specified degrees of
hydrolysis and high solubility /interfacial activity for high-protein beverages, emulsified
foods, and clinical /sports nutrition [20-22]. However, applying eREX specifically to
accelerate solubilization for plant-protein extraction, and thereby shortening extrac-
tion time and enhancing recovery yield, remains largely unexplored. By combining
thermal-mechanical treatment and proteolysis, we hypothesize that eREX enables de-
grading plant proteins during the extrusion process to accelerate its diffusion under
alkaline environment for rapid extraction.

In the present study, Alcalase was incorporated during extrusion of canola meal
to facilitate partial protein hydrolysis, followed by a short-duration alkaline extraction.
The protein recovery, physicochemical characteristics, and functional attributes, and
the in vitro digestibility of the extracted canola proteins, were examined in compari-
son with alkaline extraction with and without Alcalase. A detailed techno-economic
analysis was also conducted to quantify process efficiency and assess the feasibility
of integrating this approach into larger-scale operations. The findings demonstrate
enzymatic reactive extrusion could markedly shorten protein extraction time with
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a higher plant protein recovery, which potentially reduces production cost for wide
incorporation in foods.

2. Materials and Methods
2.1. Materials

Solvent-extracted canola meal with 38.5% protein, 27.6% carbohydrate, 9.1% moisture,
5.9% ash, 1.2% phenol, and 17.7% others (lignin, etc.) was ground to pass through a
60-mesh screen prior to use. Alcalase (Catalog no: 126741, from Bacillus licheniformis,
>0.75 Anson units/mL), bile bovine (B3883), pancreatin from porcine pancreas (P7545),
and Pefabloc SC (76307) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Alpha amylase and pepsin were obtained from MP Biochemicals and Mallinckrodt AR
(ACS), respectively. Mini-Protean TGX Stain-Free Precast Gels 4-20% (4568095), 10x
Tris/ Tricine/SDS running buffer (1610744), tricine sample buffer (1610739), Precision plus
pre-stained protein standards of 2-250 kDa (1610377), and Bio-safe Coomassie Blue G-
250 (1610787) were purchased from Bio-Rad Laboratories (Hercules, CA, USA). All other
chemicals used were from Fisher Scientific (Waltham, MA, USA). Water used was deionized.

2.2. Extrusion Treatment

The extrusion process was carried out in a Brabender TwinLab-F 20/40 extruder. The
equipment has two screws of 20 mm of diameter and 795 mm screw length. The extruder
barrel temperature was set to 55 °C across the first four zones based on the optimum
temperature of Alcalase [23]. The fifth zone (melting zone) was set to 110 °C to inactivate
Alcalase. A round strand die head (100 mm x 125 mm) without nozzle was used at the end
of the barrel for maintaining the diameter uniformity in the extrudates. The feed rate of
canola meal was maintained at 2 kg/h and the screed speed was set at 200 rpm to balance
the mixing and residence time. Alkaline water (pH 11) with Alcalase was injected through
a pump with a moisture of 50%, 60%, and 65%. The Alcalase to dry canola meal ratio was
maintained at 0.1% (v/w) based on our preliminary study (Figure S1). Canola meal without
Alcalase were also extruded as control (Ex-Ctrl). The residence time was measured around
2.5 min and the pressure ranged between 20-25 psi.

2.3. Protein Extraction

Canola meal extrudates, with and without Alcalase treatment, were dispersed in
water to a solids content of 10% (w/v), adjusted to pH 9.0, stirred for 5 min at ambient
temperature, and centrifuged (15,000 g, 30 min) to obtain the supernatant fraction
containing proteins. Non-extruded canola meal at the same solids content, with and
without Alcalase, were also alkaline extracted at 55 °C to approximate the thermal
conditions used during extrusion to facilitate Alcalase hydrolysis. Alcalase was added
at 0.1% (v/w) enzyme to dry canola meal ratio, stirred for 5 min, and then heated at
100 °C for 3 min to inactivate the enzyme prior to centrifugation. The protein content
of all supernatants was quantified using the modified Lowry protein assay, and protein
recovery was calculated relative to the total protein present in the original canola meal.
The extrudates with the highest protein recovery were chosen for further analysis.
Protein extracts obtained from alkaline extraction of non-extruded canola meal, non-
extruded canola meal with Alcalase, extruded canola meal, and extruded canola meal
with Alcalase were designated as Ctrl, Ctrl-Alc, Ex-Ctrl, and Ex-Alc, respectively.

2.4. Proximate Analysis and Phenol Content

The proximate composition of the freeze-dried extract powder was determined fol-
lowing established protocols with slight modifications. Moisture content was assessed
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by heating the samples at 105 °C in an oven until a consistent weight was obtained. The
ash content of the samples was determined in a muffle furnace at 550 °C for 20 h until a
white—grey residue was obtained [24]. The total protein content was measured using the
Kjeldahl method with a nitrogen-to-protein conversion factor of 5.7. The carbohydrates
were extracted by a two-step hydrolyzing method as outlined by the National Renewable
Energy Laboratory (NREL) [25] followed by determination using the phenol-sulfuric acid
assay [24]. The lipid content was measured using the vanillin reagent method [26]. The
total phenols in were determined by Folin Ciocalteu reagent phenols after extracting using
80% methanol [27]. The other components were determined by the percentage difference.

2.5. Characterization of the Proteins in Extract
2.5.1. Degree of Hydrolysis

The degree of hydrolysis (DH) was calculated by using the o-phthalaldehyde
(OPA) method [17]. Briefly, 5% suspensions of the extracts were mixed with OPA
reagent for 2 min before measuring the absorbance at 340 nm. The complete hydrolysis
of the proteins was also conducted by heating at 120 °C for 24 h under 6 N HCL. The
DH was calculated as the ratio of the sample absorbance to that of complete hydrolysis
and expressed in percentage.

2.5.2. Molecular Weight Profile Determined by SDS-PAGE

The samples were dissolved in 1x Tris running buffer to obtain a final protein content
of 4mg mL~!. A 100 uL aliquot of these solutions was mixed with 95 pL tricine sample
buffer and 5 uL of 2-Mercaptoethanol as the reducing agent. The mixture was heated in a
boiling water bath for 10 min and then centrifuged (10,000 x g, 15 min). The supernatants
(10 puL) and marker (8 uL) were carefully loaded on to the 4-20% gels and electrophoresed
at 200 V for 20 min. The gel was fixed, washed with water, stained with Coomassie blue
and de-stained with dilute acetic acid before imaging using GelDoc Go Imaging System
(Biorad, Hercules, CA, USA).

2.5.3. Amino Acid Composition

The extracts (50 mg) were hydrolyzed with 10 mL of 6 N HCI containing 0.2 mL of
25 mM a-aminobutyric acid (AABA) as an internal standard and three drops of phenol.
Samples were purged with nitrogen, sealed, and incubated at 105 °C for 24 h. After
cooling, hydrolysates were diluted to 50 mL with distilled water, filtered through a
0.2 pm PTFE membrane, and freeze-dried. The dried samples were reconstituted in
1 mL of citric acid buffer (pH 2.2). Amino acid calibration standards (0-250 pmol/L)
were prepared with 0.1 mM AABA as an internal standard. For derivatization, 10 pL of
either standard or sample was mixed with 70 uL of AccQeFluor borate buffer and 20 uL
of reconstituted AccQeFluor reagent, vortexed, and incubated at 55 °C for 10-15 min.
Separation was performed on an Agilent 1200 HPLC system using an AccQeTag amino
acid column (Nova-Pak C18, 4 um, 150 x 3.9 mm, Waters) with a diode-array detector
at 260 nm under a gradient elution of Eluent A (AccQeTag concentrate in water) and
Eluent B (acetonitrile and 0.1% formic acid).

2.5.4. Surface Hydrophobicity

The surface hydrophobicity (Hj) was measured as described previously [28]. Samples
were prepared at pH 7 to achieve various protein concentrations (0.01-0.1%, w/v), reacted
with 2 mM 8-Anilino-1-naphthalenesulfonic acid (ANS) in the dark for 15 min before
measuring fluorescence intensity at 390 nm excitation wavelengths of 390 nm and 480 nm
and emission wavelengths. The Hj value for each sample was determined as the slope of
the linear correlation between protein concentration and fluorescence intensity.
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2.5.4.1. {-Potential and Protein Solubility

The extract powders were dispersed in water to achieve a 1% (w/v) concentration. The
pH of the suspensions was adjusted to 2-11 using either HCI or NaOH, stirred continuously
at 25 °C for 30 min, and centrifuged at 10,000 g for 15 min. The (-potential of the above
supernatants was determined using a Zetasizer (Malvern Panalytical, Worcestershire, UK)
with a backscattering angle of 173° at 25 °C. The refraction index of protein used was 1.45.
The protein content in the supernatants was measured by using modified Lowry Assay. The
protein solubility was calculated as the ratio of the amount of the protein in the supernatant
to the total protein content in the sample and expressed as percentage.

2.6. Functional Properties
2.6.1. Foaming Capacity and Stability

The extracts (0.5 g) were mixed with 20 mL water using a homogenizer at 8000 rpm for
30 s. They were further homogenized at 10,000 rpm for 3 min in an ice bath. The volume of
the foam formed was recorded for the foaming capacity (FC). To measure the foaming stability
(FS) the volume of the foam remaining after 90 min was also recorded. The foaming capacity
and stability of the samples were calculated using Equations (1) and (2) [29].

Initial volume (mL)

Foaming capacity (FC) (%) = Volume of foam (mL)

x 100 1)

Initial volume (mL)
Volume of foam after 90 min (mL)

Foaming stability (FS) (%) = x 100 (2)

2.6.2. Water-Holding and Oil-Binding Capacity

The extracts (0.5 g) were mixed with water (5 g) and left to stand for 10 min and then
vortexed for 10 sec [30]. This was repeated six times, then the extracts were centrifuged
at 1000x g for 15 min. The pellet obtained was used to determine the water-holding
capacity (WHC) using Equation (3). This process was repeated using oil instead of water to
determine the oil-binding capacity (OBC).

Weight of pellet(g) — Weight of sample (g)
Weight of sample (g)

WHC or OBC (%) = x 100 (©)]

2.6.3. Emulsification Properties

The emulsification capacity (EC) was assessed based on the initial droplet size formed
upon emulsification, while the ES was determined by monitoring changes in droplet
size during 7 days of storage. Emulsions were made as per the procedure described
in [29]. Briefly, extract suspensions of 1% (w/v) were prepared in pH 7 phosphate buffer
(10 mM) containing 0.02% (w/v) sodium azide to prevent microbial growth. Pre-emulsions
were prepared by homogenizing 3 mL soybean oil with 30 mL of protein suspension at
12,000 rpm for 1 min. Emulsification was carried out by further homogenization using a
Nano DeBee high pressure homogenizer (BEE International, South Easton, MA, USA) at
5500 psi for 10 passes. The emulsions were collected by placing them in an ice bath and
stored at 4 °C for further analysis. The emulsion mean-diameter (Z-Average) was measured
on day O (fresh), 1, 3, and 7 using a Zetasizer (Malvern Panalytical, Worcestershire, UK)
with a backscattering angle of 173° at 25 °C. The refractive index for protein used was 1.45.
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2.6.4. Gelation Dynamics

DHR-3 hybrid rheometer (TA Instruments, New Castle, DE, USA) was used to study
the gelation dynamics at 15% (w/v) extract concentration. A 40 mm parallel plate geometry
with a 1 mm gap was employed, and the geometry boundary was sealed with liquid
paraffin to minimize evaporation. A temperature ramp from 25 °C to 90 °C at 5 °C/min
was used, held at 90 °C for 30 min, and cooled to 25 °C at the same rate. The storage
modulus (G’) and loss modulus (G”) were recorded throughout the process under 0.5%
strain (within linear viscoelastic region) and 1 Hz frequency. At least triplicates were run
for each sample.

2.7. In Vitro Digestion

In vitro digestion of the proteins was carried out following the INFOGEST proto-
col [31]. The enzymes, bile, and CaCl, were freshly prepared before the experiment. The
final enzyme activity of salivary amylase, pepsin, lipase, and pancreatin were 75 U mg !,
2000 Umg~!,60 Umg !, and 100 U mg~!. The final concentration of bile used was 10 mM.
Suspensions of extracts at 10% (w/v) were prepared and left overnight at 4 °C. To 2.5 mL of
the sample, 2.5 mL of simulated salivary fluid was added and slowly stirred at 37 °C for
2 min. Simulated gastric fluid (5 mL) was added to this mixture and again slowly stirred at
37 °C for 2 h. The pH of the mixture was maintained at 3. Next, 10 mL simulated salivary
fluid was added, the pH was maintained at 7 and allowed to sit for 2 h at 37 °C under slow
stirring. To inactivate the enzymes, Pefabloc at 5 mM final concentration was added at the
end of the digestion. The total soluble proteins were obtained from the supernatant after
centrifugation (10,000 g, 15 min) of the digesta. The apparent digestibility of the proteins
was determined by Equation (4).

Total soluble proteins after digestion
Total proteins before digestion

Apparent digestibility (%) = x 100 4)

2.8. Techno-Economic Analysis

The TEA model was built using SuperPro Designer (Version 14, Intelligen, Inc., Scotch
Plains, NJ, USA), in which mass and energy flows were tracked. The plant was designed
to process 50,000 MT of canola meal per year, corresponding to a middle-sized plant. The
production plant was scheduled to operate 330 days per year and 24 h per day. Equipment
costs were obtained from previous models and the build-in cost in SuperPro Designer
software (Version 14). Equipment costs were scaled to reflect differences in processing
capacity using the customary exponential scaling relationship (Equation (5)). Costs were
then updated to 2023 dollars using the Chemical Engineering Plant Cost Index (CEPCI), as
shown in Equation (6):

Costyewy = CoStpgse X (Sizenew/Sizebase)O'(’ (5)

Costanz = Costygse X (CEPClanz/CEPClygg,) (6)

The total capital investment (TCI) was estimated as the sum of the fixed capital invest-
ment (FCI), working capital (assumed as 10% of FCI), and land cost (5% of FCI). The FCI
comprises both direct expenses, such as equipment purchase, installation, instrumentation,
piping, building structures, electrical systems, utilities, and site preparation, and indirect
expenses, including construction overhead, engineering and supervision, contractor fees,
legal costs, and contingencies. These categories were derived as standard percentage
allocations relative to equipment cost. Table S1 summarizes the breakdown of variable
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and fixed operating expenses. Variable costs consist of chemicals, enzymes, utilities, and
waste management, with values sourced from earlier studies (Table S1). Fixed operating ex-
penses, such as labor, associated overhead, maintenance, insurance, and depreciation were
estimated. After determining the total operating cost, the unit cost of protein production
was calculated by dividing the annual operating cost by the yearly amount of recoverable
protein product.

2.9. Statistical Analysis

The results were analysed using average and standard deviation of the measurements.
All the experiments were carried out in either duplicates or triplicates. Statistical analysis
was conducted by using analysis of variance (ANOVA) with the post hoc Tukey’s HSD
significant difference test using OriginPro 2023b (Northampton, MA, USA). Significance
was established at p < 0.05.

3. Results and Discussions
3.1. Extraction, Protein Yield, and Proximate Composition

All the extrudates showed a uniform dark-brown color and cylindrical shape
(Figure 1A). At 50% moisture, both extrudates ("Without and With Alcalase’) exhibited
surface fissures (Figure S2) due to limited plasticization. The shape intactness decreased
with an increase in moisture. Following alkaline extraction, the soluble protein content in
the extracts was higher for the extrudates treated with Alcalase, regardless of the initial
moisture content (Figure 1B), with the highest value at 65% moisture. Increasing the mois-
ture content could reduce canola meal matrix viscosity and enhance enzyme diffusion. It
also promoted swelling of the dry meal particles, creating additional pores, and increasing
the enzyme—protein contact surface. The elevated moisture levels could also accelerate
protein hydration and facilitate its diffusion into water phase, thus facilitating protein
extraction. Therefore, extrudate moisture at 65% was selected for subsequent analyses.
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Figure 1. (A) Photographs of canola meal extrudates at different moisture content without and
with Alcalase; (B) The soluble protein content of the extrudates at different moisture content;
(C) Photographs of freeze-dried extracts; (D) Protein recovery yield of extracts. Ctrl, alkaline ex-
traction without Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, Alkaline extraction of
extruded samples without Alcalase; Ex-Alc, alkaline extraction of extruded samples with Alcalase.
Different letters on top of the bars indicate significant differences among the data (p < 0.05).
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The extracts obtained from both non-extruded and extruded canola meal were freeze-
dried. The extruded samples had a lighter brown color than their non-extruded counter-
parts (Figure 1C), possibly due to the partial degradation of pigments by extrusion [32].
Enzymatic hydrolysis (Ctrl-Alc) improved the protein recovery yield by approximately
35% compared to the untreated control (Ctrl) (Figure 1D). Whereas, extrusion alone (Ex-
Ctrl) had no effect on the protein recovery yield compared to the Ctrl, the yield increased
substantially, by ~50%, with Alcalase included (Ex-Alc), representing the highest protein
recovery yield among all the extracts.

Proximate analysis of the extracts showed 49% proteins in Ex-Alc sample, which is
significantly higher than those from Ctrl, Ctrl-Alc, and Ex-Ctrl samples (Table 1). The
syneresis of proteolysis and extrusion-induced porosity and meal particle degradation
(Figure S3) would enhance the alkaline solubility and diffusion [33], resulting in a higher
protein purity in the extract. Carbohydrate levels remained relatively constant (27-28%)
across all extracts. The carbohydrates are most likely to be pectins and hemicellulose,
as they can be extracted by an alkaline medium. Increase in ash content was detected
following extrusion, which may be attributed to the breakdown of matrix components that
release minerals in the extractable phase [34]. The lipid content significantly dropped upon
extrusion (both for Ex-Ctrl and Extr, With Alc). The “others” fraction ranged from 6-23%
among the samples, which probably represents lignin. The value was the lowest in eREX
extract due to the relatively increase of other components.

Table 1. Proximate analysis (%) of freeze-dried canola meal extracts. Ctrl, alkaline extraction without
Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, alkaline extraction of extruded samples
without Alcalase; Ex-Alc, alkaline extraction of extruded samples with Alcalase. ‘Others’ is primarily
composed of acid-insoluble lignin. Different superscript letters indicate significant differences among

the data (p < 0.05).
Samples  Moisture Ash Protein Carbohydrate Lipid Others Phenol
Ctrl 46400 108+£02P 314+01°¢ 278+02° 013+0.01°> 225+03% 26+01P
Ctrl-Alc  53+02°7 10.7 £02% 379401° 282+067 0.174+0.002 149 +07> 28+0.12
Ex-Ctrl 274014 125+£02% 321+08¢ 275£00°% 0.04 £000¢ 227+09% 24+£00°€
Ex-Alc 36£02¢ 11.8+£022 4924073 266+1.1P 0.03£000¢ 6.0£13¢ 28£00?

In conventional alkaline extraction, approximately 50-80% of the alkaline-soluble
proteins precipitate during isoelectric precipitation (pH 4.5-5.5), while the remaining acid-
soluble proteins are typically discarded unless recovered through membrane filtration.
Although acid precipitation increases protein purity, it reduces overall recovery and elevates
processing costs. In contrast, the eREX process omits the acid-precipitation step, producing
a protein-rich extract that retains nearly all the alkaline soluble proteins and other valuable
non-protein components such as carbohydrate, although by compromising protein purity.
The developed protein extract is thus more applicable as protein concentrate rather than
isolate. As shown in Figure 54, a 5 min extraction following eREX pretreatment achieved
protein yields comparable to a 1 h extraction in conventional Alcalase-assisted processing,
demonstrating the efficiency of the eREX process on facilitating protein extraction.

3.2. Characterization of the Proteins in Extract
3.2.1. Degree of Hydrolysis and Molecular Weight

The proteins in Ctrl sample showed a DH of 15% (Figure 2A). A similar DH value (15%)
was observed for Ex-Ctrl sample, suggesting that extrusion does not trigger peptide bond
cleavage. Alcalase treatment (Ctrl-Alc) increased the DH to 23%, and eREX pretreatment
(Ex-Alc) achieved a DH of 18%. A lower DH observed in Ex-Alc sample is probably due
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to a higher solid content that limited the diffusion of Alcalase into the canola meal for a
lower hydrolysing efficiency. The OPA reagent used for DH measurement reacts with free
amino groups; therefore, the measured absorbance reflects the abundance of these groups
rather than directly quantifying the number of peptide bonds cleaved. The relatively high
initial DH obtained using the OPA method likely reflects its sensitivity to trace levels of
pre-existing low-molecular-weight peptides and free amino acids produced during the
industrial oil extraction process [7], in addition to the inherent reactivity of lysine e-amino
groups. Nevertheless, the relative higher values of DH in Ex-Alc and Ctrl-Alc suggest an
effective enzymatic hydrolysis is 3% and 8%, respectively.
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Figure 2. (A) Degree of Hydrolysis; (B) SDS profile of protein in the canola meal extracts. Ctrl,
alkaline extraction without Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, Alkaline
extraction of extruded samples without Alcalase; Ex-Alc, alkaline extraction of extruded samples
with Alcalase. Different letters on top of the bars indicate significant differences among the data
(p < 0.05). The boxes highlight the corresponding proteins of the bands.

The SDS-PAGE profile of the proteins in extract showed Ctrl sample had protein
bands within 10-75 kDa (Figure 2B) with prominent ones located at around 30 kDa and
20 kDa corresponding to the - and B-chains of cruciferin [35], and oleosins [8] respectively.
Napin subunits were also detected at approximately 12 kDa [35]. Ex-Ctrl showed a profile
comparable to the Ctrl sample, which agrees well with their similar DH values. Inclusion
of Alcalase (Ex-Alc) generated peptide fragments primarily within the 10-23 kDa range
indicate partial hydrolysis of the proteins. The bands were not visible with the appearance
of a smear region in Ctrl-Alc sample, corresponding to a higher DH value.

3.2.2. Amino Acid Composition

Amino acid profiles were analyzed to assess the nutritional attributes of proteins
obtained from different extraction approaches (Table 2). The total amino acid content was
lower than the protein content measured by Kjeldahl, which can be explained by method-
ological differences. The Kjeldahl assay quantifies total nitrogen and may overestimate
protein content by up to 6% [36] due to the inclusion of non-protein nitrogen compounds,
whereas amino acid analysis can underestimate total amino acids because tryptophan is
destroyed and certain residues, such as lysine, cysteine, and methionine, undergo partial
degradation during acid hydrolysis [37]. The total amino acid concentration increased from
241 mg g_l extract in the Ctrl sample to 291 mg g_1 in Ctrl-Alc, and 386 mg g_1 in Ex-Alc.
The substantial increase in total amino acids following eREX aligns with higher protein
purity (Table 1).

147 https://doi.org/10.3390/foods15030498



Foods 2026, 15, 498

Table 2. Amino acid composition of extracts from canola meal. Ctrl, alkaline extraction without
Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, Alkaline extraction of extruded samples
without Alcalase; Ex-Alc, alkaline extraction of extruded samples with Alcalase. AA (amino acid);
Asx (asparagine + aspartic acid) and Glx (glutamine + glutamic acid). The data were expressed as
mean + SD. Different superscript letters within the same row indicate significant differences among

the data (p < 0.05).

Am17n0 Acid Ctrl Ctrl-Alc Ex-Ctrl Ex-Alc
(mg g1 Extract)
Essential AA
His 79+ 04 93+09¢ 178 £2.7b  31.7+20°
Ile 7.6+ 0.6P 724040 6.4+09P 10.7 £0.22
Leu 140+13b 1514+09P 125+11° 202+032
Lys 354+ 03¢ 454 03P 2540249 56+042
Met 52+04° 6.5+ 04P 44404° 78 +022
Phe 9.1+082 80+052 82+062 114 +0.22
Val 6.0 £05¢ 94 +06P 58+05¢ 12.1+0.22
Thr 844+06° 116+06° 74+04° 13.8+0.12
Total essential AA 61.2+11°¢ 716+10P 651+18° 1133+1.2°2
Non-essential AA
Ala 86+06° 11.2+07P 79404° 142+ 062
Arg 95+122  108+062 754072 129 +£ 052
Asx 56.0 +3.8P 615+34b 504+13° 788+132
Cys 40403° 474032 38402°P 634022
Glx 122+09b  1214+07P  11.14+09P 1794042
Gly 76+065  90404Pb 6.6 £04°¢ 1124022
Pro 126 £0.7°¢ 169 +0.8> 108+06° 202+0.72
Ser 56.7 + 54 7854752 523+54b 912241092
Tyr 127+ 11  149+09° 1134+09P 2014037
Total Non-essential AA 1799 +4.0¢ 2195+49P 161.6+344 27284642
Total AA 241.14+42° 291.1+49° 2266+38° 386.0+652

Among individual amino acids, the most notable improvement was observed for
histidine, which increased from 7.9 mg g~ ! in Ctrl to 32 mg g~ ! in Ex-Alc. Lysine content
also increased from 3.5 mg g~ ! to 5.6 mg g ! exceeding that achieved by Alcalase treatment
alone (Ctrl-Alc). This is consistent with previous reports indicating that partial proteolysis
prior to or during thermal processing can reduce the extent of lysine loss by disrupting
protein matrices and limiting Maillard-type condensation between lysine and reducing
sugars [38]. The total sulfur-containing amino acids (cysteine + methionine) also increased
from 9.2 mg g~ ! in the Ctrl sample to 11.1 mg g~ ! in Ctrl-Alc and 14.2 mg g~ ! in Ex-Alc,
which aligns with studies showing that enzymatic pre-treatment can enhance the release
of sulfur-bearing residues that are otherwise partially inaccessible within protein struc-
tures [39]. The absence of reductions in any individual amino acid content indicates that
eREX primarily enhanced amino acid availability rather than promoting thermal degrada-
tion or oxidation, consistent with previous study that high-moisture extrusion preserved
heat-labile amino acids by reducing residence time under mild thermal conditions [40].

3.2.3. Surface Hydrophobicity

The surface hydrophobicity (Hy) of the extracts was determined to evaluate structural
modifications induced by different extracting approaches. Extrusion (Ex-Ctrl) resulted in a
significant increase in Hy compared to the Ctrl counterpart (Figure 3A), consistent with
previous observations on soy proteins [41]. This increase can be attributed to the exposure
of hydrophobic residues that were previously buried within the protein interior, due to
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molecular unfolding during extrusion. Alcalase hydrolysis (Ctrl-Alc) decreased the Hy
compared to the Ctrl sample. Similar observations have been reported in pea hydrolysates
obtained using Alcalase [17]. The Hy of Ex-Alc samples were higher than the Ctrl but
lower than Ex-Ctrl. Alcalase is known to release peptides enriched in hydrophobic amino
acids [42]. These peptides may undergo conformational rearrangement or aggregation
during eREX, leading to the re-burying of the hydrophobic side chains and a relative
increase in the surface hydrophilicity.
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Figure 3. (A) Surface hydrophobicity. Different letters (on top of the bars) indicate significant differ-
ences among the data (p < 0.05); (B) Zeta-potential; (C) Solubility of protein extracts. Ctrl, alkaline
extraction without Alcalase; Alc, alkaline extraction with Alcalase; Ex-Ctrl, Alkaline extraction of
extruded samples without Alcalase; Ex-Alc, alkaline extraction of extruded samples with Alcalase.

3.2.3.1. {-Potential and Protein Solubility

Besides surface hydrophobicity, surface charge is another indicator that affects protein
physiochemical properties and functionality. The ¢-potential values decreased with an
increase in pH for all samples (Figure 3B). The Ctrl sample crossed zero around pH 4,
which is consistent with the reported isoelectric point (pl) for rapeseed/canola proteins [43].
Alcalase hydrolysis (Ctrl-Alc) increased the {-potential values across most of the pH range
(<pH 10), consistent with proteolysis exposing ionizable residues and yielding peptides
with more surface charge [44]. The Ex-Alc sample showed comparable {-potential values
to that of Ex-Ctrl. For protein solubility, all samples showed a U-shape, with lower values
between pH 4 and 6, and higher values in more acid or alkaline environments. This is
within expectation, as plant proteins usually exhibit the minimal solubility at pH close to
the isoelectric point (pH 4.5-5). When the pH is far away from isoelectric point, it becomes
more protonated or deprotonated, exhibiting higher affinity to water. It must be noted
that the -potential did not show the same U-shape as the protein solubility. Since the
protein extract contains other non-protein ingredients, such as cell wall polysaccharides,
which contributed to the overall zeta potential values. Ex-Ctrl sample had the lowest
protein solubility among the samples, consistent with its higher surface hydrophobicity
(Figure 3A). The Ctrl-Alc and Ex-Alc samples significantly improved their solubility across
the measured pH range. The improvement can be attributed to both reduction in molecular
weight and increased exposure of ionizable groups after proteolysis [44].

3.3. Functional Properties of Extracts
3.3.1. Foaming and Emulsification Properties

The Ctrl sample showed a foaming capacity (FC) of 16%, which aligns with a previous
reported value of 18% for rapeseed proteins (18%) [45]. Alcalase treatment significantly im-
proved the FC to 75-80% in both the non-extruded (Ctrl-Alc) and extruded (Ex-Alc) extracts.
Similar improvements were observed in Alcalase-hydrolyzed rapeseed proteins [45-47].
The FS was the highest for the Ex-Alc (88%), while the others exhibited significantly lower
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stability (~45-55%) (Figure 4B). This enhanced FC and FS suggests that Alcalase inclusion
produced peptides that rapidly adsorb at the air-water interface and reduce the surface
tension to sustain the foam [47].
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Figure 4. (A) Foaming capacity; (B) foaming stability; (C) emulsification capacity; (D) emulsification
stability; (E) water-holding capacity (WHC); (F) oil-binding capacity (OBC) of canola meal extracts.
Ctrl, alkaline extraction without Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, alkaline
extraction of extruded samples without Alcalase; Ex-Alc, alkaline extraction of extruded samples
with Alcalase. Different letters on top of the bars indicate significant differences among the data
(p <0.05). (*) in (C) denotes droplet size was not obtained due to visible phase separation. In (D), by
day 3 (for ‘Ctrl” and “Ex-Ctrl’), no size data could be obtained due to visible phase separation.

Emulsions produced with Ctrl sample exhibited a Z-average of ~1600 nm, compara-
ble to those stabilized with >0.5% (w/w) canola proteins (~1500 nm) [48]. Ctrl-Alc had
significantly higher EC, shown as a smaller droplet size (~700 nm). Extrusion (Ex-Ctrl)
diminished the EC, especially with the inclusion of Alcalase (Ex-Alc), for which the
droplet size was not measurable due to the visual phase separation (Figures S5 and S6).
Compared with intact proteins, medium-sized peptides generally exhibit superior emul-
sifying performance because they diffuse rapidly to the interface while retaining suf-
ficient chain length and flexibility to form cohesive, viscoelastic oil-water interfacial
films [49]. However, when these peptides associate into aggregates, as may occur during
eREX, indicated by increased surface hydrophobicity, the resulting structures possess

150 https://doi.org/10.3390/foods15030498



Foods 2026, 15, 498

reduced mobility and limited ability to reorganize at the interface. Such aggregates are
less effective in forming stable interfacial layers, leading to diminished EC [50]. The
prepared emulsions were stored for 7 days to assess stability (ES). By day 1, all samples
exhibited an increase in Z-average (Figure 4D), indicating the onset of flocculation [51].
By days 3 and 7, visible phase separation characterized by a serum and a cream layer
was observed for Ctrl and Ex-Ctrl emulsions (Figure S4a,b). This confirmed progressive
ES loss, consistent with destabilization initiated by flocculation, followed by creaming.
In contrast, the Ctrl-Alc based emulsion showed a decrease in droplet size on day 3,
indicating that the interfacial layer reorganized and re-equilibrated, thereby improving
droplet stabilization [52].

3.3.2. Water-Holding and Oil-Binding Capacity

The WHC of the Ctrl sample was ~0.8 g water g~ ! extract (Figure 4E), which is lower
than the values reported for rapeseed and canola proteins (1.6-3.9 g g~ !) [53,54]. The
relatively smaller value here may be attributed to the presence of non-protein constituents
(such as phenolics, and minerals) that have a low capacity to retain water. The WHC was
not affected by enzymatic treatment (Ctrl-Alc) or extrusion (Ex-Ctrl) treatment. However,
combination of the two (Ex-Alc) slightly decreased the WHC (~0.65 g g~ 1) (Figure 4E). This
reduction may be attributed to peptide aggregation during eREX that bury polar amino
acid residues and reduce their water accessibility [54].

For the oil-binding capacity (OBC), the Ctrl sample exhibited a value of ~2.2 g oil g~ !
extract, which is comparable to previously reported values for rapeseed and canola proteins
(2.3-2.8 g g 1) [53,54]. Extrusion pretreatment led to a significant improvement in OBC
for both “Ex-Ctrl” and “Ex-Alc” samples. This observation is consistent with findings for
soybean [55] and hempseed [56] proteins, where extrusion increased the OBC by exposing
hydrophobic groups that facilitate interactions with oil.

3.3.3. Gelation Properties

Differences in structural characteristics and molecular size between untreated and
treated canola proteins are expected to affect their gelling capacity during heat-induced
gel formation. Changes in storage (G') and loss modulus (G”) were thus recorded dur-
ing the gelation process (Figure 5A-D). For all samples, G’ values were slightly higher
than G” prior to heating, indicating a weak gel nature of the extract suspension due to
high solid content [28]. During the heating stage (25 °C to 90 °C), a modest decline in
G” and relatively preserved G’ was found. When the temperature was held at 90 °C,
both G’ and G” increased, except in the Ctrl-Alc sample. The Ctrl sample increased from
0.4 to 16 Pa, whereas only 2.5-4.5 Pa increment was observed in extruded samples (Ex-
Ctrl, Ex-Alc). The magnitude of increment is mainly controlled by molecular interactions.
Extrusion could denature proteins and form smaller aggregates which are usually less
reactive than individual proteins after secondary heating. Upon cooling, G’ showed a
greater increase than during the heating stage in Ctrl, Ex-Ctrl, and Ex-Alc samples. Plant
protein-based hydrogel is mainly dominated by non-covalent interactions [57]. At lower
temperatures, more hydrogen bonding and electrostatic interactions are formed, thereby
exhibiting higher moduli. Compared to Ctrl and Ex-Ctrl samples, the Ex-Alc sample had
lower molecular weight, which may limit the intermolecular interactions and formation of
continuous gel network, corresponding to a weaker gel. Based on the rheological study,
eREX pre-treatment had an inferior effect on the gelling capacity of the protein extracts. It
is noteworthy that the extracts studied here contained moderate amounts of carbohydrates,
which may also be involved in the gelation process. As carbohydrate levels were compara-
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ble across all the extracts, their effects are likely similar and have limited contribution to the
observed differences.
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Figure 5. Gelation dynamics of canola meal extracts from different treatments. (A) Ctrl, alkaline
extraction without Alcalase; (B) Ctrl-Alc, alkaline extraction with Alcalase; (C); Ex-Ctrl, alkaline
extraction of extruded samples without Alcalase; (D) Ex-Alc, alkaline extraction of extruded samples
with Alcalase. The number in the graphs indicates the G’ and G” values at different heating and
cooling stages.

3.4. In Vitro Digestion

The apparent protein digestibility of Ctrl sample was 85%. No significant differences
were observed upon Alcalase treatment (Ex-Ctrl), extrusion (Ex-Ctrl), or combination of
both. To further assess whether the extracts have undergone distinct degradation, the
degree of hydrolysis (DH) of the digesta was measured simultaneously. The DH of the
Ctrl sample was 27% (Figure 6B) and higher than the reported value of 19% for rapeseed
meal [58]. The DH of the Ex-Ctrl sample showed no significant difference to that of
Ctrl sample (Figure 6A), which agrees well with the digestibility values. The DH was
significantly higher for both Ctrl-Alc and Ex-Alc, with similar values between the two. This
enhancement can be attributed to the greater exposure and accessibility of cleavage sites to
digestive enzymes resulting from Alcalase pre-treatment. However, this increase in DH
did not translate into higher apparent digestibility (Figure 6A), a trend also observed for
chickpea proteins subjected to enzymatic pretreatment [59]. DH measures the extent of
peptide bond cleavage, while digestibility measures the distribution of peptides between
soluble and insoluble phases, despite smaller peptides usually corresponding to higher
solubility. However, when DH reaches high values, the produced peptides could aggregate
and precipitate, becoming insoluble. The balance between the two determines the final
solubility (digestibility).
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Figure 6. (A) Apparent digestibility and (B) degree of hydrolysis of in vitro digested extracts. Ctrl,
alkaline extraction without Alcalase; Ctrl-Alc, alkaline extraction with Alcalase; Ex-Ctrl, Alkaline
extraction of extruded samples without Alcalase; Ex-Alc, alkaline extraction of extruded samples
with Alcalase. Different letters indicate significant differences among the data (p < 0.05).

3.5. Techno-Economic Analysis

To assess economic feasibility of large-scale production of protein concentrate using
eREX method, a techno-economic analysis (TEA) of the process was conducted in compari-
son with alkaline extraction and enzyme-assisted alkaline extraction. Since extrusion-only
(Ex-Ctrl) showed limited enhancement of protein recovery, it was excluded from the TEA.
The total capital investment (TCI) for protein production from canola meal is summarized
in Table 3. Ex-Alc shows the highest capital demand at approximately $16.4 million, largely
driven by its higher equipment cost and correspondingly larger direct and indirect cost mul-
tipliers. Alkaline extraction (Ctrl) requires a moderate investment ($13.0 million), whereas
Ex-Alc represents the lowest-capital option at about $10.9 million, reflecting its smaller
equipment footprint and simplified processing configuration. Table 4 compares the annual
operating costs and protein unit prices for alkaline extraction (Ctrl), enzymatic extraction
(Ctrl-Alc), and reactive extrusion processing (Ex-Alc) plants, revealing substantial differ-
ences in economic performance among the three technologies. Ex-Alc demonstrates the
lowest total operating cost ($33.2 million/year) and the lowest protein unit cost ($3.6/kg),
driven primarily by reduced water consumption (due to high solid loading), lower chem-
ical usage, and foamlower steam demand compared to the other processes. In contrast,
Ctrl-Alc incurs the highest operating cost ($44.5 million/year), largely due to the high
steam requirement (e.g., enzyme inactivation), reflected in utilities, contributing 44.9% of its
total operating cost. Alkaline extraction shows a moderate cost profile ($39.6 million/year),
but its heavy reliance on steam, large volumes of waste disposal, together with the lower
protein yield keep its protein cost elevated at $10.6/kg. The findings from TEA demon-
stated the economic advantage of utilizing eREX on canola meal protein extraction and
potentially reduced the production cost.

Table 3. Total capital investment ($) for alkaline extraction (Ctrl), enzymatic extraction (Ctrl-Alc), and
enzymatic reactive extrusion (Ex-Alc) processing plants.

Enzyme ($)  Extrusion ($)
Ttem Ctrl (3) Extraction Extraction
Purchased equipment cost (E) 2,598,747 3,291,207 2,187,851
Purchased-equipment installation (39% E) 1,013,511 1,283,571 853,262
Instrument and controls (26% E) 675,674 855,714 568,841
Piping (31% E) 805,611 1,020,274 678,234
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Table 3. Cont.

Enzyme ($) Extrusion ($)
Ttem Ctrl (8) Extraction Extraction
Electrical systems (10% E) 259,875 329,121 218,785
Buildings (29% E) 753,637 954,450 634,477
Yard improvements (12% E) 311,850 394,945 262,542
Service facilities (55% E) 1,429,311 1,810,164 1,203,318
Total direct plant costs (302% E) 7,848,215 9,939,445 6,607,310
Engineering and supervision (33% E) 857,586 1,086,098 721,991
Construction expenses (39% E) 1,013,511 1,283,571 853,262
Legal expenses (4% E) 103,950 131,648 87,514
Contractor’s fee (17% E) 441,787 559,505 371,935
Contingency (35% E) 909,561 1,151,922 765,748
Total indirect costs (128% E) 3,326,396 4,212,745 2,800,449
Fixed capital investment (FCI, 430% E) 11,174,611 14,152,190 9,407,760
Working capital (10% of FCI) 1,240,382 1,570,893 1,044,261
Land (5% of FCI) 558,731 707,610 470,388
Total capital investment 12,973,723 16,430,693 10,922,409

Table 4. Annual usage, operating cost, and protein unit price of alkaline extraction (Ctrl), enzymatic

extraction (Ctrl-Alc), and enzymatic reactive extrusion (Ex-Alc) processing plants.

Parameters Alkaline Extraction Enzymatic Extraction Reactive Extrusion Extraction
Annual Use  Annual Cost ($) Annual Use  Annual Cost ($) Annual Use  Annual Cost ($)

Raw materials

Canola meal (kg) 50,000,000 15,000,000 50,000,000 15,000,000 50,000,000 15,000,000

Alcalase (kg) - - 50,000 1,150,000 50,000 1,150,000

HCI (kg) 180,576 39,727 180,576 39,727 129,888 28,575

NaOH (kg) 220,000 99,000 220,000 99,000 182,000 81,900

Water (ton) 445,885 312,120 445,885 312,120 195,385 136,770

Sub-total 0 16,600,846 16,397,245

raw materials 15,450,846 (43.6%) * (37.9%) (55.6%)

Waste discharge

Solid waste 103,942,000 6,236,520 101,257,000 6,075,420 92,528,900 5,551,734

disposal (ton)

Sub-total waste o N o

discharge 6,236,520 (17.6%) 6,075,420 (13.9%) 5,551,734 (18.8%)

Utilities

Electricity (kWh) 9,844,677 639,904 9,908,078 644,025 31,997,512 2,079,838

Steam (MT) 695,229 11,818,893 756,463 12,859,871 253,832 4,315,144

Cooling water

(MT) - - 6,176,391 6,176,391 - -

Sub-total utilities 12,458,797 (35.2%) (12469530%)287 6,394,982 (21.7%)

Labor

Total salaries 300,000 300,000 300,000

Labor burden 270,000 270,000 270,000

Sub-total labor 570,000 (1.6%) 570,000 (1.3%) 570,000 (1.9%)

Other overhead

Maintenance 77,962 98,736 52.905

Property 78,222 99,065 53.081

msurance

Sub-fotal ofher 156,185 (0.4%) 197,802 (0.5%) 105,985 (0.4%)

Depreciatior_l 558,731 (1.6%) 707,610 (1.6%) 470,388 (1.6%)

CT(‘)’;‘;‘I operating 39,623,239 (100%) 44,452,575 (100%) 33,182,341 (100%)

Unit cost of $10.6/kg $7.0/kg $3.6/kg

protein

2 Number in parenthesis represents the total operating cost share of each category.
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4. Conclusions

This study established a semi-continuous strategy for producing canola protein in-
gredients by integrating limited proteolysis during extrusion (eREX) with short-duration
alkaline extraction. A key finding is that a 5 min extraction following eREX pre-treatment
achieved protein recoveries comparable to those obtained with Alcalase-assisted ex-
traction and greater than those from alkaline extraction alone, thereby reducing the
extraction time from hours to minutes. Proteolysis and structural reorganization in-
duced during eREX improved solubility, foaming stability, oil-binding capacity, and
amino acid composition while maintaining high digestibility, although gelling capacity
was reduced. Due to the short residence time and high solids content used during eREX,
the process also substantially lowers water and energy consumption and decreases
operating costs relative to conventional alkaline extraction. The estimated production
cost and recommended selling price support the feasibility of scaling the process for
industrial application. Because isoelectric precipitation was intentionally omitted, the
resulting extract exhibited lower purity than a protein isolate. However, it is suitable
as a protein concentrate that also delivers a moderate level of dietary fiber. Further
optimization of extrusion conditions and enzyme dosage may enhance protein purity
and recovery. A comprehensive assessment of alternative protease systems is recom-
mended to evaluate their influence on process efficiency, composition, and functional
performance of the extracted proteins from canola meal and other oilseed materials.
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enzymatic reactive extrudates (Ex-Alc) at 65% moisture. Figure S4. Soluble protein content of non-
extruded controls (Ctrl) and extrudates (Extr) at 5, 60, and 120 min of alkaline extraction at pH 9, both
without and with Alcalase. Figure S5. Photographs of emulsions formed with canola meal extracts at
(A) day 0 (B) day 1. Figure S6. Photographs of emulsions formed with canola meal extracts at (A) day
3 (B) day 7. Reference [60] is cited in the Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

Alc Alcalase

Ctrl Control

Ctrl-Alc Protein extract from Alcalase-assisted extraction

DH Degree of hydrolysis

EC Emulsion capacity

ES Emulsion stability

Ex-Ctrl Protein extract from extruded canola meal

Ex-Alc Protein extract from extruded canola meal containing Alcalase
FC Foaming capacity

FS Foaming stability

Hyp Surface hydrophobicity

pl Isoelectric point

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
TEA Technoeconomic analysis

TCI Total capital investment

WHC Water-holding capacity

OBC Oil-binding capacity
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