Article

Effect of Gelation pH on the Entrapment and In Vitro
Gastrointestinal Digestion of Plant Proteins in Alginate Beads

Juan Cumilaf 1*©, Ever Hernandez-Olivas 2(0, André Brodkorb 2

W) Check for updates ‘

Academic Editor: Eduardo M. Costa

Received: 13 July 2026

Revised: 6 August 2026

Accepted: 10 August 2026

Published: 13 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Moénica Rubilar 3*

Doctorate in Sciences Engineering with Specialization in Bioprocesses, Faculty of Engineering and Science,
Universidad de La Frontera, Temuco 4811230, Chile

Moorepark Research Centre, Teagasc, Fermoy, Co., P61 C996 Cork, Ireland; everhdzo@gmail.com (E.H.-O.);
andre brodkorb@teagasc.ie (A.B.)

Department of Chemical Engineering, Faculty of Engineering and Science, Universidad de La Frontera,
Temuco 4811230, Chile

Correspondence: juan.cumilaf@ufrontera.cl (J.C.); monica.rubilar@ufrontera.cl (M.R.)

Abstract

The development of plant protein-based delivery systems is often limited by poor stability
and low retention efficiency under gastrointestinal conditions. This study investigated
how pH (4 and 7) during external gelation influences the physicochemical properties,
entrapment efficiency (EE), and in vitro gastrointestinal behaviour of alginate beads loaded
with hemp protein concentrate (HPC), pea protein concentrate (PPC), or soy protein isolate
(SPI). Zeta potential and Fourier transform infrared (FTIR) analyses suggested that at pH 4,
the charge profiles of plant proteins favoured electrostatic association with anionic alginate,
which was associated with higher EE values, with HPC achieving the maximum of 89.5% at
pH 4. Conversely, at pH 7, electrostatic repulsion between biopolymers was associated with
reduced EE. During in vitro digestion, beads formulated at pH 4 exhibited greater protein
release than those prepared at pH 7, consistent with the expansion of the polymeric network
under intestinal conditions. Size exclusion chromatography showed that released proteins
underwent extensive proteolysis, generating low-molecular-weight fractions smaller than
300 Da. These results indicate that gelation pH is a relevant processing parameter for
modulating protein retention and the extent of protein release of simulated digestion in
alginate-based systems, with potential applications in protein-enriched food formulations.

Keywords: alginate beads; plant proteins; gelation pH; in vitro digestion; colloidal delivery
systems; plant-based gel matrices; sustainable functional foods

1. Introduction

Sodium alginate (SA) is a polysaccharide composed of two linked anionic monomers:
[3-d-mannuronic acid (M) and «-l-guluronic acid (G) residues, and is mostly obtained
from brown seaweed. Due to its biodegradable, biocompatible, and non-toxic proper-
ties, SA has attracted attention for its applications in food science and bioencapsulation
technologies [1-6]. Alginate can be cross-linked through external or internal gelation using
polyvalent cations such as Ba?*, Ca?*, and Sr*?; this means they can physically form a gel
in the presence of these ions [3-6]. The external gelation method involves gel formation
through the diffusion of ions into an alginate solution, creating an egg-box-like structure
between the carboxyl group of the alginate and the polyvalent cation [7]. For this process,
drops of alginate solution are typically extruded through a syringe nozzle into a calcium
salt bath, which is commonly known as conventional or classic spherification.
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Recent studies have investigated the gastrointestinal release behaviour of encapsu-
lated compounds from alginate-based beads [8-14]. Due to the pH-dependent ionization
of alginate carboxyl groups, these hydrogel matrices undergo distinct structural changes,
including swelling, network relaxation, and matrix disintegration, under different gas-
trointestinal conditions [12,14]. In the acidic gastric environment, protonation of carboxyl
groups reduces electrostatic repulsion within the network, which can limit swelling and
delay the release of encapsulated compounds [9,11,12,15]. Upon transition to the neutral
or slightly alkaline intestinal environment, deprotonation of carboxyl groups promotes
electrostatic repulsion and network swelling, while ion exchange with physiological cations
may contribute to progressive network relaxation and compound release [8,10,13]. Conse-
quently, the recent literature highlights that the physicochemical properties of the alginate
matrix influence swelling behaviour, network relaxation, and the release of encapsulated
compounds during simulated digestion [8,11,13,15], providing a foundation for the devel-
opment of composite systems incorporating additional biopolymers, such as proteins, to
further modulate their digestive performance.

Although alginate systems have been extensively studied as wall material for the
encapsulation systems, the role of protein—polysaccharide interactions in matrix integrity
and gastro-intestinal behaviour are not yet fully understood. In this regard, the use of
proteins as co-structuring agents has been a common strategy, including whey protein
isolate [16—18]. However, interest in replacing it with plant-based alternatives has been
growing, driven by global population growth, the environmental impact of animal protein
production, increased interest in plant-based diets, the valorisation of agro-industrial waste,
and the need to offer more options to consumers [19-21]. Among the most promising plant
proteins, hemp protein, pea protein and soy protein have attracted growing interest due
to their composition, functional properties, and relevance in the development of plant-
based foods [22,23]. Soy protein isolate (SPI), pea protein concentrate (PPC), and hemp
protein concentrate (HPC) were selected for this study as they represent three distinct
categories of plant-based proteins: soy as an established industry benchmark, pea as a
rapidly growing mainstream alternative valued for its hypoallergenic profile, and hemp
as an emerging, sustainable source often derived from agro-industrial byproducts [24-27].
Furthermore, these proteins exhibit different isoelectric points (pI) and solubility profiles.
Evaluating them allows for a comprehensive assessment of how varying protein charge
characteristics influence electrostatic interactions with negatively charged alginate during
external gelation at acidic (pH 4) versus neutral (pH 7) conditions. Bead stability during
gastrointestinal transit determines the release of entrapped compounds [8,28]. Therefore,
in vitro digestion models are essential to evaluate how pH-dependent alginate—protein
interactions influence protein retention under simulated gastric and intestinal conditions.
Additionally, the intrinsic buffering capacity of plant proteins modulates this process by
attenuating local pH gradients at the bead interface during gastric acidification [29,30].

However, a specific knowledge gap remains regarding how the gelation pH, relative
to the isoelectric point (pl) of each plant protein, influences electrostatic interactions during
network formation and, consequently, the structural integrity and protein retention of the
beads during gastrointestinal digestion. Although previous studies have investigated plant
protein—alginate systems, few have systematically evaluated how the choice of gelation pH
(acidic versus neutral) affects entrapment efficiency and protein release behaviour across
proteins with distinct isoelectric points.

Thus, the pH determines the net charge of plant proteins according to their isoelectric
point (pl), conditioning their interaction with the anionic polysaccharide alginate dur-
ing gelation [31]. At pH 4, SPI (pI~4.5) and PPC (pI~4.7) exhibit near-zero net charge,
whereas HPC (pI~5) retains a positive charge and favours electrostatic attraction with
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anionic alginate; in contrast, at pH 7, all proteins acquire a negative charge (pH > pl),
generating repulsion. These charge-dependent interactions influence network organization,
affecting its stability and protein release, thereby indirectly influencing protein hydrolysis
during simulated digestion. The aim of this study was to study how the pH (4 and 7)
during external gelation modulates the electrostatic interactions between alginate and
plant proteins (HPC, SPI, and PPC), thereby affecting matrix organization and, ultimately,
controlling protein entrapment and stability during simulated gastrointestinal digestion.
Bead size and sphericity were evaluated as structural indicators of matrix organization,
while protein retention capacity and the extent of proteolytic hydrolysis were used to assess
digestive stability.

2. Results and Discussion
2.1. Plant-Based Protein Solubility

Protein solubility is a key functional and thermodynamic parameter that influences
technological properties such as emulsification and gelation. It can be defined as the
maximum amount of protein that dissolves in a solvent under specific conditions and is
determined by both environmental factors (pH, temperature, and pressure) and intrinsic
characteristics such as molecular weight, polarity, and amino acid composition [32-34].

The solubility profiles of plant proteins (PPC, HPC, and SPI) at different pH values are
shown in Figure 1. In general, PPC showed a significantly higher solubility (p < 0.05) than
SPI and HPC across the entire pH range (2-7). Among the proteins analysed, solubility
peaked at pH 2, with values of 67.7%, 43.8% and 35.9% for PPC, HPC and SPI, respectively.
Overall, the results showed that pea protein concentrate has a greater ability to solubilise
in water across the entire range evaluated compared to soy and hemp proteins, which is
not surprising given that PPC was purified by removal of most insoluble protein. Most
commercially available PPCs exhibit poor to average water solubility, which renders them
not usable as core material for gel encapsulation.

809 — SPI — PPC — HPC
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Figure 1. Effect of pH on the solubility of PPC, HPC, and SPI (0.1% w/v). Data represent the mean
=+ SD of triplicate measurements. Different letters indicate significant differences among means
(p < 0.05).
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As expected, all proteins exhibited a pH-dependent solubility pattern, with mini-
mum values observed near their isoelectric points (pl). At the pl, the net surface charge
approaches zero, reducing electrostatic repulsion and favouring aggregation, which leads
to a decrease in solubility. When the pH deviates from the pl, the functional groups of
the proteins are protonated or deprotonated, which modifies the overall net charge and
increases electrostatic repulsion. This behaviour explains the higher solubility observed
under acidic conditions [35,36]. The solubility of each protein was measured separately to
establish a baseline behaviour before studying the interactions between the proteins and
alginate. Although measuring the solubility of the protein—alginate complexes would pro-
vide additional information, the solubility profiles of each protein allow us to understand
the intrinsic behaviour of each one and to interpret subsequent interactions with alginate. A
finer pH gradient (e.g., 0.5-unit intervals) around the isoelectric point could provide a more
detailed characterization of solubility patterns within the pI region (4.5-6.0). However, the
pH values selected for gelation (4.0 and 7.0) represent conditions that are clearly below and
above the pl range, allowing us to compare different electrostatic scenarios.

2.2. Zeta Potential

Zeta potential measurements were performed to characterise the apparent surface
charge of individual proteins (SPI, HPC, PPC) and sodium alginate under varying pH
conditions. While measuring the zeta potential of protein—alginate complexes would
provide direct evidence of complex formation, the individual charge profiles allow us to
predict and interpret the electrostatic interactions between components. The charge state of
each component at different pH values determines whether attractive or repulsive forces
will dominate during gelation, which is critical for understanding the observed differences
in entrapment efficiency and bead properties.

The zeta potential values of SPI, HPC, PPC and alginate at different pH values are
shown in Figure 2. All proteins exhibited similar pH-dependent behaviour: their surface
charge was positive at acidic pH (below their pl) and became negative above the pl. In
contrast, alginate exhibited a consistently negative zeta potential across the entire pH
range evaluated. At pH 2, all plant proteins showed positive charges, with a surface
charge of approximately +35 mV (PPC), +28 mV (SPI) and +25 mV (HPC). The charge
decreased progressively as the pH increased, reaching a net charge of zero around pH 4-5
and becoming negative under neutral conditions (between —30 and —24 mV at pH 7). This
is attributed to the protonation—-deprotonation of ionisable functional groups and explains
the reduced solubility observed near the isoelectric point. Alginate remained negatively
charged throughout the entire pH range, showing no significant variations (p > 0.05) for
pH > 5, which is typical of its anionic nature.

The zeta potential represents the apparent surface charge of particles in an aqueous
medium, which directly influences the stability of colloids in suspension. A high absolute
value of the net charge indicates greater electrostatic repulsion between particles and gen-
erally a more stable dispersion. Values close to zero favour aggregation and sedimentation,
generally leading to unstable and less soluble suspensions [36-39].

Since sodium alginate remained negatively charged across the entire pH range, the
electrostatic attraction or repulsion between alginate and proteins depends on their respec-
tive charge states. At pH values below the protein pl, proteins are positively charged and
can interact electrostatically with alginate, which could reduce the availability of Ca®* bind-
ing sites during ionic gelation. This may result in weaker and more porous gels. Conversely,
when both components have negative charges, electrostatic repulsion may limit their asso-
ciation, decreasing protein retention within the gel network [15,40,41]. These interactions
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can influence not only the microstructure of the gel but also its functional performance,
including the efficiency of protein trapping and release during gastrointestinal digestion.
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Figure 2. Zeta potential as a function of pH for 0.1% (w/v) SPI, PPC, HPC, and alginate in water.
Data represent the mean + SD of triplicate measurements. Means sharing the same letter are not
significantly different (p < 0.05).

2.3. Interactions Between Plant-Based Proteins and Alginate

Building on the solubility and surface charge characteristics discussed in Sections 2.1
and 2.2, the structural behaviour of plant proteins and alginate in aqueous systems was
further investigated using FTIR spectroscopy. Protein solubility varied with pH, consis-
tent with the apparent surface charge profiles that reflect the protonation—-deprotonation
behaviour of ionisable groups [42,43]. To obtain molecular insight into how these charge-
dependent interactions influence protein conformation, FTIR spectroscopy was used to
characterize the change in secondary structure of PPC, HPC, and SPI, in their isolate state
and when combined with alginate at pH 4 and 7. These pH values were selected based on
the charge profiles discussed in Section 2.2. Specifically, pH 4 represents conditions that gen-
erally favour protein—-alginate association, although the dominant interaction mechanism
differs depending on each protein’s proximity to its pI: electrostatic attraction predominates
for HPC, which retains a net positive charge, whereas hydrogen bonding, hydrophobic
interactions, and localized positive charge patches become more relevant for SPI and PPC,
whose net charge approaches zero near their respective pl. Conversely, pH 7 represents
repulsive conditions where both biopolymers carry a net negative charge.

Figure 3 (panels A—C) shows variations in the amide I and II regions. These spectral
changes may reflect conformational rearrangements influenced by pH and the presence of
alginate, where molecular interactions may take place via the formation of alginate—protein
complexes. For HPC, attractive electrostatic forces are the primary driving force, whereas
for SPI and PPC, which are near their pl at pH 4, complexation is primarily facilitated by
non-covalent interactions and charge heterogeneity on the protein surface [9,44]. As shown
in Figure 3A-C, the incorporation of alginate at both pH 4 and pH 7 caused changes in
the amide I and II bands, while the subtracted spectra (Figure 3D-F) highlight the specific
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wave number regions most affected by these interactions. The amide I peak associated
with the 3-sheet structures of all proteins (1629-1633 cm 1) shifted to lower wave numbers
(1600-1623 cm 1) after pH variation and alginate addition [45,46].
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Figure 3. FTIR spectra of pure proteins, alginate, and protein-alginate complexes prepared at pH 4

and pH 7 (A-C), and the corresponding difference spectra obtained by subtracting the spectra of the

pure components from the complexes (D-F) in amide I and II.
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These downward shifts are typically associated with stronger intermolecular inter-
actions and reduced molecular mobility, consistent with the formation of more ordered
[3-sheet-type protein—polysaccharide assemblies or intermolecular (3-sheet between pro-
teins [47,48]. In the case of PPC, the amide I peak shifted from 1629 cm~ 1 to 1605 cm ™! (pH
4) and 1607 cm~! (pH 7). HPC showed shifts from 1633 cm ™! to 1609 and 1623 cm ™! at
pH 4 and 7, respectively. In the SPI and alginate mixtures, the amide I peak shifted from
1630 cm ! to 1603 cm ™! (pH 4) and 1600 cm™~! (pH 7).

The amide II peaks, located between 1470 and 1570 cm ™!, correspond mainly to C-N
stretching and N-H bending vibrations [49]. In native proteins, these peaks appear between
1519 and 1527 cm ™!, but their intensity decreases in the presence of alginate, indicating
conformational reorganisation and the formation of hydrogen bonds that immobilise parts
of the protein chain [48-50].

Of the three proteins, PPC showed the most pronounced changes in the amide I region
(Figure 3B,E), suggesting that PPC may undergo more pronounced conformational changes
upon alginate binding [51]. HPC showed moderate spectral variations (Figure 3C,F), while
SPI (Figure 3A,D) showed more pronounced decreases in amide II intensity, consistent
with hydrogen bond formation and extensive conformational rearrangement [52,53]. The
more pronounced negative bands observed at pH 4 in the differential spectra are consistent
with protein-alginate association. For HPC, this involves electrostatic attraction between
protonated amino acid residues and alginate carboxylate groups [54,55]. For SPI and PPC,
despite their near-zero net charge, association is governed by multiple intermolecular
forces, including hydrogen bonding, hydrophobic contributions from exposed non-polar
residues, and binding to localized positive charge patches [54-56]. These intermolecular
forces may promote conformational rearrangements and protein aggregation near their
respective isoelectric points, which are reflected in the observed shifts in the amide I and II
bands [45].

Subtracting the absorbance of the individual components allowed the effects of pH
and biopolymer interactions to be isolated. Spectral changes in the amide I and II regions
were more pronounced for alginate—protein mixtures at pH 4, indicating stronger overall
intermolecular interactions, electrostatic for HPC, and non-covalent for SPI and PPC, and
more extensive conformational rearrangements under acidic conditions [57,58].

2.4. Alginate—Protein Bead Structure

Mean structure diameter and sphericity factor were measured for alginate beads
prepared with each protein at different pH conditions, results are shown in Figure 4. The
sphericity factor is a dimensionless value that describes the extent to which the shape of an
object approximates that of a perfect sphere. It is generally used to evaluate the shape of
structures and their characteristics. SF equal to 1 implies a perfect sphere shape; however,
according to Chan et al. [59], beads whose SF value is greater than or equal to 0.905, will
still be considered as spheres.

The sphericity factor of the hydrogel beads produced at pH 4 were 0.89, 0.88 and 0.87
for PPC, SPI, and HPC, respectively. On the other hand, at pH 7, this factor reached values
of 0.94 for PPC, 0.88 for SPI and 0.89 for HPC; therefore, in most cases the alginate-protein
beads cannot be considered spherical particles and were classified as semispherical beads,
as can be observed in Figure 5. According to Lee et al. [60] the shape of the alginate—
protein beads and their representation through the sphericity factor (SF) can influence their
mechanical and chemical stability, has been reported higher strength for gels whose SF
was closer to 1. Since spherical beads tend to have a better surface area/volume ratio,
improving their resistance to breakage and therefore the release of encapsulated materials.
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Figure 4. Sphericity factor and bead diameter of alginate beads loaded with SPI, PPC, and HPC at
pH 4 and 7. Data represent means £ SD (n > 60). Bars not sharing the same letter are significantly
different (p < 0.05).

Figure 5. Macroscopic appearance of alginate beads loaded with SPI, PPC, and HPC prepared by
ionic gelation at pH 4 and pH 7. Scale bars = 10 mm.

Beads formulated at different pHs have shown different sizes and their mean diame-
ters were between 2.32 and 2.76 mm, PPC-alginate beads formed at pH 7 were the smaller
particles compared to HPC-alginate at pH 4 which were the largest ones. In general, all
the beads produced showed a smaller diameter when formulated at pH 7. Although the
alginate-PPC beads at pH 7 are statistically more spherical than the rest of the structures ob-
tained with other proteins and pH values, it is not possible to conclude that the formulation
of beads at pH 7 allows obtaining more spherical structures compared to those produced
at pH 4. On the other hand, the mean size of the bead structures has been significantly
smaller when the formulation pH was 7 for hemp and soy proteins. In addition, although
the values did not reach statistical significance, the general trend suggests a consistent
effect. This can be explained by the pH-dependent behaviour of alginate: at acidic pH,
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protonation of carboxyl groups restricts the formation of ionic bridges between alginate
chains and Ca?*, resulting in a less densely crosslinked network [61,62].

2.5. Protein Entrapment Efficiency

Protein Entrapment Efficiency (EE) for the alginate—protein beads is shown in Figure 6.
Beads formulated at pH 4 showed a higher capacity to trap protein than beads formulated
at pH 7. Among the alginate—protein beads formulated at pH 4, HPC showed the highest
entrapment efficiency (89.52%), compared to SPI (69.13%), and PPC (61.49%). Regarding
those formulated at pH 7, similar results were observed, with HPC reaching 74.88%, while
SPI and PPC reached 61.35% and 47.42%, respectively. The higher entrapment values
observed for beads prepared at pH 4 are likely associated with the electrostatic attraction
between the positively charged HPC (pI~5) and the anionic alginate, as supported by the
zeta potential results [63,64]. However, attributing this behaviour solely to electrostatics
is an oversimplification, as protein-polysaccharide complexation is governed by multiple
intermolecular interactions [48,65]. At pH 4, SPI and PPC are close to their isoelectric points
and therefore exhibit minimal net charge, whereas HPC retains an overall positive charge.
At this acidic pH, partial protonation of alginate carboxyl groups (pKa~3.38-3.65) may also
promote hydrogen bonding with the amide and amine groups of the proteins [61]. This
interpretation is supported by the spectral shifts observed in the amide I and II regions
of the FTIR spectra (Section 2.3). Furthermore, the reduced overall electrostatic repulsion
near the pl region may allow hydrophobic patches on the hemp protein to interact with the
polymer matrix or self-associate [35,48,64]. Together, these interactions provide a plausible
explanation for the higher entrapment efficiency of HPC under acidic gelation conditions.

100+

80- E

60+ ul

B
c
404
20-
(.
<
T
o

Entrapment Efficiency (%)

<t N~ N~ < N~
I I T T T
(o8 o o [oF o
| I | | M— | I
SPI3 PPCP HPC®

Figure 6. Effect of pH (4 and 7) on protein entrapment efficiency in alginate beads. Different letters
present statistically significant differences (p < 0.05). Uppercase letters indicate comparisons between
different pH values (4 and 7) for the same alginate—protein system. Lowercase letters indicate
comparisons between different protein types for the same pH value.
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These combined intermolecular interactions facilitate the incorporation of proteins into
the alginate network, thereby enhancing the ability of alginate to function as an effective
protein carrier [48]. On the other hand, different levels of entrapment were attributed to the
intrinsic techno-functional properties of the used protein. In the context of ionic gelation,
protein displacement from the alginate bead occurs primarily because its solubility in the
medium modulates the diffusion rate through the polysaccharide matrix into the gelling
bath. This diffusion process is driven by the concentration gradient, moving the protein
from a zone of high concentration (inside the bead) to a zone of low concentration (the
gelling bath), directly affecting entrapment efficiency value [66].

Confocal laser scanning microscopy (CLSM) images (Figure 7) revealed the distribu-
tion of proteins within the alginate—protein beads and confirmed successful protein loading.
The micrographs showed that proteins were distributed throughout the bead matrix and
appeared as clustered vesicle-like structures of homogeneous size. Surface images further
demonstrated the presence of protein in all samples, indicating effective incorporation of
HPC, SPI, and PPC into hydrogels prepared at both pH 4 and pH 7.

Figure 7. Surface microstructure of alginate—protein beads; spatial distribution of alginate (shown in
cyan, labelled with FITC) and plant proteins (shown in red, labelled with Fast Green) in HPC, SPI
and PPC beads formulated at pH 4 and pH 7.

2.6. Behaviour of Alginate—Protein Beads During In Vitro Gastrointestinal Digestion
2.6.1. Protein Release

Protein release from each alginate—protein structure produced by the external gelation
method is presented in Figure 8. During the static gastric stage (GS) at pH3, protein
release from beads formulated at pH 4 ranged from 19.0% (ALG-PPC) to 37.7% (ALG-SPI).
Moreover, at pH 4, HPC- and PPC-alginate beads released significantly lower amounts of
protein than the SPI-alginate beads (p < 0.05). For beads formulated at pH 4, no significant
differences were observed between HPC-alginate and PPC-alginate beads (p > 0.05). At the
end of the intestinal digestion, the release of protein encapsulated by alginate has shown
differences over the type of protein and pHs used. Beads produced at pH 7 were able to
release less amount protein than ones made under acidic pH value. Thus, at pH 4 SPI
and HPC alginate beads were not significant different between them during intestinal
stage. However, both showed significantly higher protein release (p < 0.05) than the PPC-
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alginate beads. Any type of alginate—protein beads produced at pH 7 showed no significant
difference for protein releasing (Tukey’s test considered p < 0.05).

COiP WGP

1009 A D

90- T_ L«

Protein release (%)

pH4 pH7 pH4 pH7 pH4 pH
| ] L ] L (]

SPI PPC HPC

Figure 8. Protein release for each alginate—protein bead at the end of the gastric phase (GP) and
intestinal phase (IP). Values with different letters indicate statistically significant differences (p < 0.05).
Uppercase letters denote comparisons between beads produced at pH 4 and 7 for the same alginate—
protein system during the intestinal phase. Lowercase letters denote comparisons between beads
produced at pH 4 and 7 for the same alginate—protein system during the gastric phase.

When the environmental pH is lower than the beads, the hydrogels” molecular inter-
actions formed during the external gelation and other chemical interactions during the
processing (e.g., carboxyl groups protonated during alginate pH adjusting or protein net
charge) will tend to remain stable. On the other hand, during the simulated intestinal stage,
the increase in pH ionizes the carboxyl groups of alginate. This pH-responsive swelling
behaviour is characteristic of alginate-based hydrogel networks, where the transition from
protonated carboxyl groups, which favour hydrogen bonding and network contraction in
acidic environments, to deprotonated carboxylate anions increases the matrix pore size
and facilitates the release of entrapped compounds [12]. This phenomenon occurs mainly
in beads formulated at pH 4. On the contrary, in beads produced at pH 7, protein release
may be governed by other mechanisms, such as mass transfer processes. These processes
depend largely on structural parameters, including porosity (the fraction of void space)
and tortuosity (a measure of the convolutedness of diffusion pathways within the gel
matrix). Furthermore, the mesh size and crosslinking density of the polymeric network act
as selective physical barriers that restrict the diffusion and mass transfer of the entrapped
proteins [14]. Higher tortuosity implies longer more winding paths for protein diffusion,
which can reduce the extent of protein release [67,68]. Furthermore, the lower protein
release observed in the gastric fluid for beads formulated at pH 7 can be mechanistically
explained by their structural and electrostatic properties. As demonstrated by Chuang
et al. [61], more spherical alginate particles inherently possess a lower surface-area-to-
volume ratio compared to aspheric or oblate particles formed under acidic conditions,
which physically restricts the initial mass transfer and diffusion rate of the entrapped com-
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Peptides distribution (%)

Bl >65 kDa

pound. Additionally, at pH 7, the electrostatic repulsion between the negatively charged
alginate matrix and the negatively charged plant proteins limits the formation of a highly
porous, open network, promoting a more compact and homogeneous microstructure with
increased internal tortuosity [69]. When combined with the protonation of alginate carboxyl
groups in the acidic gastric environment [61], this relatively more spherical and denser
matrix remains relatively intact, severely restricting gastric fluid penetration and protein
diffusion. While direct microstructural characterization was beyond the scope of this
study, the observed release behaviour is consistent with previous reports indicating that
protein—alginate interactions influence gel network density and mass transport properties.

2.6.2. Protein Degradation by SEC-HPLC After Static In Vitro Digestion

After the release of proteins from beads produced at two different pH and using
different plant-based protein isolates, size exclusion chromatography was used to assess
the relative peptide size distribution in both the undigested proteins and the released and
solubilised in the bioaccessible fraction at the end of the gastric and intestinal digestion
(Figure 9). The undigested protein isolates (soy (SPI), pea (PPC) and hemp (HPC)) showed
a peptide size distribution characterised by high-molecular-weight fractions, primarily in
the range of 10-65 kDa. This range likely includes albumins, which are typically found in
soy, pea, and hemp proteins [70-72].

Bl 30 - 10 kDa B3 5-1kDa (] <0.1 kDa

Bl 65-30kDa @ 10 -5kDa /) 1-03kDba [ 0.3-0.1kDa

100+
90
80—
70
60—
50
40+
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0__

Non-digested

Beads pH 4

Gastric | Intestinal Gastric |Intestinal Gastric | Intestinal

Beads pH 7
Beads pH 7
Non-digested
Beads pH 4
Beads pH 7
Beads pH 7
Non-digested
Beads pH 4
Beads pH 7
Beads pH 4
Beads pH 7

SPI PPC HPC

Figure 9. Relative molecular weight distribution of peptides (%) as determined by size exclusion
chromatography, of non-digested soy protein isolate (SPI), pea protein concentrate (PPC) and hemp
protein concentrate (HPC) and after in vitro gastric and gastro-intestinal digestion of alginate—protein
beads produced at pH 4 and pH 7.
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For the proteins released from beads produced at pH 4 and 7, substantial peptide
breakdown by pepsin was observed during the gastric phase. Most peptides reduced to
sizes below 5 kDa, with a predominant fraction further breaking down to sizes below
0.3 kDa, regardless of production pH or protein source.

During the gastric phase, a slight delay in peptide breakdown was evident in mid-sized
ranges (1-0.3 kDa, 5-1 kDa, and 10-5 kDa). However, this delay seemed to be mitigated in
the intestinal phase, where further degradation occurred due to the action of pancreatin
proteases, mainly trypsin and chymotrypsin. The intestinal phase, particularly at pH
7, led to an increase in low-molecular-weight fractions (<0.1 kDa), suggesting extensive
protein hydrolysis of the released proteins from the beads into the bioaccessible fractions.
Interestingly, SPI exhibited a more pronounced reduction in peptide size across digestion
phases, particularly for larger molecular weight ranges (>30 kDa), while HPC retained
slightly higher values in the smaller molecular weight ranges post-digestion. This slight
difference highlights variability in digestibility among protein sources, which may be
leveraged in entrapment applications depending on the desired release profile and stability
of the encapsulated bioactive compounds.

The HPLC-SEC chromatograms (Figure S1, Supplementary Material) show the molecu-
lar weight distribution of the fractions released during digestion. Consistent with the higher
total protein release observed for the pH 4 formulations, the chromatographic profiles of SPI
and PPC beads formed at pH 4 exhibited a higher proportion of lower-molecular-weight
fragments compared to those formed at pH 7. This distribution indicates that the protein
released from the pH 4 beads was hydrolysed into low-molecular-weight fractions and
amino acids compared with the protein fractions released from the pH 7 beads. Unlike
SPI and PPC, HPC showed highly similar chromatographic patterns at both gelation pH
values, indicating that the initial gelation pH did not appreciably alter the peptide size
distribution of the released hemp protein fractions during simulated digestion.

3. Conclusions

The results of this study show that the gelation pH modulates not only the strength but
also the nature of the interactions between proteins and alginate, which in turn determines
the retention and release behaviour of the proteins. Specifically, electrostatic attraction
predominates in the case of HPC at pH 4, whilst hydrogen bonds, hydrophobic interactions
and localised charge regions are more significant for SPI and PPC near their isoelectric
points. These differences in interactions, together with pH-dependent changes in protein
solubility, are associated with distinct final protein release profiles, such that beads formu-
lated at pH 4 exhibit greater protein release during the intestinal phase than those prepared
at pH 7. Overall, the gelation pH is a key processing parameter for modulating protein
retention and final release in alginate-based delivery systems. These findings highlight the
potential of SPI, PPC and HPC as functional components in alginate-based encapsulation
systems. Future studies incorporating direct structural characterisation would further
elucidate the microstructural mechanisms underlying the observed release behaviour.

4. Materials and Methods
4.1. Materials

Food-grade sodium alginate (Manugel® GHB, batch GE305001; DuPont Nutrition &
Biosciences ApS, Copenhagen, Denmark) was used in this study, pea protein concentrate
(55%) obtained from IGV Foodtech (Nuthetal, Germany) and soy protein isolate (90%) from
MyVegan (Manchester, UK), Hemp seed meal was kindly provided by Aceitera Dumont
(Talagante, Chile). Pepsin was from porcine gastric mucosa (>3200 units/mg protein, ref.
P6887), pancreatin was from porcine pancreas (8 x USP specifications, ref. P7545) and bile
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was bovine (unfractionated, ref. B3883); the rest of chemicals used were acquired by Merck
(Merck Sigma-Aldrich, St. Louis, MO, USA).

4.2. Hemp Protein Extraction

Hemp protein was isolated according to Piornos et al. [73] with modifications. The
meal from Cannabis sativa L. seeds obtained from oil extraction residues was mixed with
distilled water to obtain a 1:10 (w/v) solution. The sample was stirred at room tempera-
ture, and its pH was adjusted at 9.0 using 1 M NaOH. After 90 min, the suspension was
centrifuged at 3200 ¢ for 10 min using a Neofuge 15R centrifuge (Heal Force, Shanghai,
China), the supernatant was recovered and readjusted at pH 4.3 with 1 M HCl. This
solution was then centrifuged at 3200 g to separate the precipitated protein. Pellet was
reconstituted in 1:5 (w/w) ratio using water and the pH was adjusted at 7.4. Finally, protein
suspension was dried by spray drying in a B-290 mini-spray dryer (Bichi, Flawil, Switzer-
land). The spray dryer was set at 160 °C and 70 °C as the inlet and outlet temperatures,
respectively, and a 5.3 g/min feed rate was applied. Protein content was determined using
a LECO FP-628 analyser (LECO Corporation, St. Joseph, MI, USA) according to the Dumas
method, resulting in a hemp protein concentrate (HPC) with 66% protein, nitrogen to
protein conversion factor of 6.25 was used. After spray drying, the HPC powder was im-
mediately transferred to airtight containers and stored at room temperature in desiccators
until further analysis.

4.3. Purification of Pea Protein Concentrate

Purification was performed according to Comunian et al. [51]. Briefly, 10% (w/w)
solution of pea protein (55%) was dispersed in distilled water and stirred for 3 h. The
pH was adjusted to 8.0 with 1 M NaOH solution and kept overnight to ensure complete
hydration. The sample was centrifuged at 10,000 g for 20 min at 25 °C using a Beckman
Coulter Centrifuge, Avanti J-E (Beckman Coulter GmbH, Krefeld, Germany) and the
supernatant filtered. After freezing, the pea protein solution was freeze-dried (Beta 1-8
LSCplus freeze-dryer/Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). Following the drying step, a powder containing 69% protein was obtained,
resulting in a pea protein concentrate (PPC). Protein content was quantified using the
Dumas combustion technique with a Dumatherm N64+ analyser (Gerhardt, Konigswinter,
Germany). Nitrogen values were converted to protein using a factor of 6.25. After freeze-
drying, the PPC powder was immediately placed in airtight containers and stored at room
temperature in desiccators until further analysis.

4.4. Protein Solubility

The protein solubility assay was carried out according to Du et al. [74] with modifica-
tions. HPC, PPC, and SPI (10 g/L) were dissolved in distilled water and stirred for 2 h at
room temperature. The solutions were adjusted to pH values from 2 to 7, in increments of
1 unit using 1 M HCI or NaOH. The samples were centrifuged at 10,000 x g for 20 min at
room temperature to remove insoluble material. Supernatant was recovered and diluted in
distilled water 1:10 (v/v). The protein quantification was carried out using a commercial
protein kit (PierceTM BCA Protein Assay Kit) as follows: 25 uL of the supernatant diluted
in 200 pL of the BCA working reagent was mixed in a 96-well microplate, which was
covered and incubated for 30 min at 37 °C in a thermoshaker. A standard curve was created
using Bovine Serum Albumin (BSA) over a concentration range of 0-2 g/L. The absorbance
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was measured at 562 nm using a spectrophotometer (Molecular Devices, SpectraMax ABS
Plus, USA). Protein solubility was calculated as follows in Equation (1).

. o C
Protein solubility (%) = (CS) x 100% (1)
t
where C; is the protein concentration in the supernatant (soluble fraction), determined using
the BCA assay, and C; is the total protein concentration originally added to the solution.

4.5. Zeta Potential

The apparent surface charge (zeta potential) measurements of HPC, SPI and PPC
solutions were performed as reported by Tang et al. [36]. Solutions of sodium alginate,
HPC SPI and PPC were prepared at 0.1% w/v at different pH values, from pH 2 to 7 in
increments of 1 unit using 1 M HCl or NaOH. After centrifugation at 8000 x g for 20 min
at room temperature, the supernatant was carefully collected, and its zeta potential was
determined using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK).

4.6. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis of the samples was performed using an ATR-FTIR Spectrum One spec-
trometer (PerkinElmer Inc., Waltham, MA, USA). Solutions of HPC, PPC, SPI, and alginate
were prepared at a concentration of 0.1% (w/v) in distilled water. Each protein solution
was then mixed with the alginate solution in a 1:1 (v/v) ratio. Prior to measurement, each
protein—alginate mixture was freeze-dried for 48 h. The resulting dry powder was placed
directly onto the ATR diamond crystal and clamped under pressure at room temperature.

Land

Spectra were acquired over the range of 4000-600 cm~! with a resolution of 4 cm™~
30 scans per sample. All measurements were performed in triplicate. To identify specific
molecular interactions between proteins and alginate, difference spectra were generated
following the spectral subtraction approach described by Kehoe et al. [58]. Briefly, spec-
tra of the individual proteins, alginate, and the corresponding protein—alginate mixtures
were baseline-corrected and vector-normalized using SpectraGryph 1.2 software (Friedrich
Menges Software, Oberstdorf, Germany). Difference spectra were obtained by subtracting
the weighted sum of the normalized protein and alginate spectra from the normalized spec-
trum of the corresponding protein-alginate mixture. Since protein and alginate solutions
were prepared at the same concentration (0.1%, w/v) and mixed at a 1:1 (v/v) ratio prior to
freeze-drying, equal weighting factors (0.5 for protein and 0.5 for alginate) were applied
during spectral subtraction. Difference spectra were calculated independently for each

freeze-dried replicate.

4.7. Bead Production

A 2% (w/v) aqueous solution of sodium alginate was prepared by slowly dissolving
the powder in distilled water at room temperature during a 2 h period. SPI, HPC, and
PPC (2% w/v) and alginate (2% w/v) were mixed in 1:1 (v/v) ratio with continuous stirring
to form a uniform solution for 1 h. The mixed solutions of alginate and PPC, HPC, or
SPI were adjusted at pH 4 and 7 prior to bead formation with 1 M HCl or NaOH. The
solutions were dripped into a 250 mL glass bath with 250 mM CaCl, using a syringe with
needle (21G x 38 mm). The solution was gently mixed using a magnetic stirrer at 330 rpm.
Crosslinking was carried out for 1 h at room temperature with continuous stirring. The
resulting hydrogel beads were recovered by filtration and washed with distilled water to
remove residual Ca?* adhering to their surfaces.
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4.8. Entrapment Efficiency (EE)

To determine the protein entrapment efficiency, the methodology by Machado
et al. [10] was used. Alginate—protein beads were suspended and stirred at 100 rpm
in 3% (w/v) sodium citrate until complete dissolution was achieved for 30 min at 37 °C.
The BCA protein assay was used to determine the protein content of the beads. EE (%) was
calculated using Equation (2):

mass of protein encapsulated
mass of load protein protein/alginate stock solution

EE (%) = x 100% )

4.9. Structural Analysis

Confocal laser scanning microscopy (CLSM) was used to observe the microstructure
of the hydrogel beads. Samples were stained using 0.1% Fluorescein isothiocyanate (FITC)
and 0.1% Fast Green for alginate and protein, respectively. The beads were left overnight at
5 °C for complete diffusion of the stain through the structure. The stained samples were
observed using a Leica TCS SP5 confocal microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Excitation was provided by an argon laser (488 nm), whereas fluorescence
emission was detected using a HeNe laser (633 nm).

The diameter of the beads (d) was measured as follows: photographs were taken using
a camera (iPhone 12 Pro Max, Apple Inc., California, USA). Samples were placed in a 9 cm
plastic Petri dish, and images were analysed using Image] software (v1.53, Bethesda, MD,
USA). The projected area (A) of each bead was determined, and the diameter of a circle
with an equivalent projected area was calculated according to Equation (3):

d=2x (A/m)V? )

where A is the projected area (mm?) of the bead. Subsequently, the Sphericity Factor (SF)
was calculated according to Equation (4):

SF = 471A/P? 4)

where A is the projected area (mm?) and P is the perimeter (mm) of the bead. An SF value
equal to 1 indicates a perfect spherical shape.

4.10. Static In Vitro Digestion

Enzyme activities were assayed according to Brodkorb et al. [75] and Minekus
et al. [76]. All samples were digested in vitro using the static INFOGEST protocol in
independent tubes.

Oral phase: 2 g of beads were mixed with 1.6 mL of simulated salivary fluid (SSF),
10 uL of CaCl, (300 mM), and 390 uL of water to reach a final volume of 4 mL. The mixture
was incubated at 37 °C for 2 min.

Gastric phase: 3.2 mL of simulated gastric fluid (SGF), 200 uL of pepsin solution, and
2 uL of CaCl, (300 mM) were added to the oral phase product. Then, 1 M HCI was added to
adjust the mixture to pH 3, and the exact volume required for this adjustment was recorded.
Finally, the volume was brought to 8 mL, and the samples were incubated at 37 °C for
120 min.

Intestinal phase: the gastric chyme was mixed with 3.4 mL of simulated intestinal fluid
(SIF), 2 mL of pancreatin solution, 1 mL of bile solution, and 16 uL of CaCl, (300 mM). The
pH was adjusted to 7 using 1 M NaOH, and the exact volume required for this adjustment
was recorded. The mixture was made up to a final volume of 16 mL with distilled water
and incubated at 37 °C for 120 min.
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Every in vitro digestion phase was performed under constant gentle mixing (15 rpm)
on a rotating wheel (Stuart rotator SB3, Stuart Equipment, Cole-Parmer, UK). A protein-free
blank (water) was digested in parallel. Enzyme reaction at the end of every phase (gastric
and intestinal) were stopped by heat-treatment (100 °C for 5 min). The experiments were
performed in independent triplicate and aliquots kept frozen at —20 °C for further analysis.

4.11. Protein Release

Protein released after the gastric and intestinal phases was quantified in the corre-
sponding supernatants using a commercial protein assay kit (Pierce™ BCA Protein Assay
Kit). Prior to analysis, supernatants were diluted 1x and 10x with distilled water for the
gastric and intestinal phases, respectively. Aliquots (25 uL) of the diluted supernatants
were mixed with 200 uL of BCA working reagent in a 96-well microplate, covered, and
incubated for 30 min at 37 °C in a thermoshaker. Absorbance was measured at 562 nm
using a spectrophotometer (SpectraMax ABS Plus, Molecular Devices, USA). Protein release
was expressed as a percentage and calculated according to Equation (5).

Protein release (%) = (mmrdease> x 100% (5)
entrapped

where 11,1045 is the mass of protein quantified in the supernatant by the BCA assay after
correction for the background protein signal determined from a digestion blank containing
all simulated digestive fluids and enzymes, but no HPC, PPC or SPI, processed in parallel.
The denominator, Meytrapped, is the mass of protein entrapped within the beads prior to
digestion, calculated from the initial theoretical protein load and the entrapment efficiency
(EE, Section 4.8).

4.12. High-Performance Size Exclusion Chromatography (SEC)

For the peptide size distribution of the bioaccessible fraction, size exclusion chromatog-
raphy (SEC) was carried out. An HPLC system (1260 Infinity II, Agilent Technologies,
Santa Clara, CA, USA), a multiple wavelength detector (MWD) and a TSKgel G2000SWxl1
column (600 mm x 7.8 mm, 5 um, 125 A, Tosoh Bioscience, Tokyo, Japan) were used. Before
SEC analysis, protein dispersions were adjusted to 0.25% (w/v) and clarified by filtration
through 0.22 um PES membranes. Separation was performed under isocratic elution with
a mobile phase of 30% acetonitrile containing 0.1% trifluoroacetic acid at a constant flow
rate of 0.5 mL/min, with UV detection at 214 nm. Apparent peptide molecular weights
were assigned by comparing retention times with a calibration set consisting of bovine
serum albumin (67 kDa), carbonic anhydrase (29 kDa), 3-lactoglobulin (18.4 kDa), aprotinin
(6.5 kDa), His-Leu (0.26 kDa), and glycine (0.075 kDa).

4.13. Statistical Analysis

Measurements were carried out in triplicate, and the results are reported as mean
=+ standard error. Bead size and shape were determined from measurements of more
than 50 beads for each sample. Statistical significance among treatments was evaluated
using Tukey’s post hoc test with a significance threshold of p < 0.05. Data processing was
performed using Minitab 21.4 (Minitab Inc., State College, PA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/gels12080717 /s1, Figure S1: HPLC-SEC chromatograms of non-
digested SPI (A), PPC (B), and HPC (C), and of the fractions released after the gastric (Gast) and
intestinal (Int) phases of in vitro digestion of alginate—protein beads prepared at pH 4 and pH 7.
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