
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
fe

vr
al

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
1.

10
.2

02
5 

17
:5

6:
07

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Soy protein hydr
aSchool of Food Science and Technology, Ji

E-mail: zhaojun.wang@jiangnan.edu.cn;

85329032
bState Key Laboratory of Food Science an

214122, China

Cite this: Sustainable Food Technol.,
2024, 2, 709

Received 15th January 2024
Accepted 20th February 2024

DOI: 10.1039/d4fb00016a

rsc.li/susfoodtech

© 2024 The Author(s). Published by
ogels with filler emulsion particles
coated by hydrolyzed protein

Guijiang Liang,ab Wenpu Chen,ab Maomao Zeng, ab Zhiyong He, ab Jie Chen ab

and Zhaojun Wang *ab

The growing consumer preference for plant-based foods in recent years has spurred research efforts to

enhance the structural attributes of plant proteins, addressing the limitations associated with animal-

source proteins in terms of sustainability. This includes endeavors to improve the gelling and emulsifying

properties of plant proteins. The selective enzymatic hydrolysis of soy protein isolate using pepsin and

papain resulted in distinct alterations in the hydrolysate compositions. NSPI (native soy protein isolate)

encompassed all b-conglycinin and glycinin subunits as a baseline for the comparison. SPHPe (soy

proteins hydrolyzed by pepsin) exhibited low molecular weight peptides and b-conglycinin, while SPHPa

(soy proteins hydrolyzed by papain) primarily featured peptides below 20 kDa. SPHPe, characterized by

a higher b-conglycinin ratio, demonstrated excellent emulsifying activity and stability compared to

SPHPa, which displayed weaker performance. Emulsion-filled gels with SPHPe exhibited the highest gel

strength and water-holding capacity, forming denser gels primarily influenced by hydrophobic

interactions. Thus, exploring active emulsion-filled gels via enzymatic digestion presents a promising

avenue for developing meat substitutes and animal-free food alternatives, offering innovative

applications for plant proteins across diverse food products.
Sustainability spotlight

This study highlights that soy protein with pepsin-derived hydrolysis (SPHPe) enhances its emulsifying properties, and gels lled with SPHPe emulsion exhibit
a signicant increase in gel strength and water-holding capacity. This not only helps contribute to sustainable, eco-conscious food production, aligning with the
promise of developing meat substitutes and environment-friendly food options but also offers health advantages to consumers.
1. Introduction

Numerous food systems fall within the category of emulsion-lled
gels, such as fat-rich puddings, cheeses, and frankfurters.1,2

Protein has been used as an emulsier in oil-in-water emulsions
due to its excellent surface activity at the interface and its capacity
to form a protective layer, preventing coalescence and separation
of dispersed phases.3 Moreover, emulsied oil droplets can
enhance the dynamic rheological properties of protein gel
networks and strengthen the mechanical properties of protein
hydrogels when used as llers in protein matrices.4

Recent years have witnessed an upsurge in research focused on
expanding the functionality of plant protein, in response to
sustainability concerns associated with animal proteins and the
growing consumer preference for plant-based foods. This includes
efforts to improve their structure-forming properties, such as
angnan University, Wuxi 214122, China.
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d Resources, Jiangnan University, Wuxi

the Royal Society of Chemistry
gelling and emulsifying properties.5 For example, animal fat in
processed meat was substituted with unsaturated vegetable oil
emulsied with pea protein, aiming for a more nutritionally
balanced gel system.6 However, the majority of research on pure
plant-based protein emulsion gels has focused on encapsulating
functional ingredients rather than exploring them as alternatives
to meat proteins.7,8 Consequently, limited research has been
directed towards creating meat protein alternatives using plant
protein emulsication systems. Soy protein isolate (SPI) stands
out as an ideal substitute for animal protein, given its rich
nutritional prole and excellent functional properties, including
emulsifying, gelation, solubility, and foaming.9 SPI-based emul-
sion gel can diminish the reliance on animal protein in food
systems, aligning with the growing demand for plant-based die-
tary options.10 However, the less adaptable biological structure of
intact soy protein exhibits limitations on its techno-functionality.
For example, when creating oil–water emulsions, the structural
limitations notably restrict the surface activity of soy protein.11

Therefore, structural modication technology is necessary for
designing and developing novel plant-based protein foods tomeet
the needs of various applications.12
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Protein modication through proteolysis holds extensive
potential in tailoring protein functionality for distinct applications.
The impact of proteolysis depends on factors like protease speci-
city, degree of hydrolysis (DH), and substrate traits.13 By manipu-
lating enzymatic hydrolysis, the composition of hydrolysates can be
optimized. Numerous studies indicated that the enzymatic hydro-
lysis of SPI improved its functional properties, including solubility,
emulsifying and foaming characteristics, by adjusting SPI
subunits.14,15 Soy protein subunits exhibited diverse interfacial
properties due to their inherent structure and amino acid compo-
sition. For instance, b-conglycinin (7S) shows better foaming and
emulsifying properties compared to glycinin (11S) due to the high
proportion of hydrophobic amino acids in its b-subunit, such as
alanine, valine, leucine and phenylalanine, which have a preference
to be adsorbed on the fat surface.16,17 Ice cream containing the
highest relative composition of b-subunits through pepsin-driven
hydrolysis showed good emulsion stability, while pepsin-driven
hydrolysis ice cream exhibited comparable functionality to Skim
milk powder in rheological and meltdown properties.18

Despite extensive research on the properties of SPI hydroly-
sates, there is still a gap in understanding the characteristics
and interactions within the composite protein gel network
containing active emulsion droplets coated by structurally
hydrolyzed proteins. This research employed pepsin and papain
to modify soy protein isolate into various hydrolysates and
investigated their impact on soy protein emulsions and gel
properties. This included analyzing polypeptide proles,
molecular weight distribution, emulsifying activity index (EAI),
emulsion stability index (ESI), and emulsion microstructure, as
well as rheological analysis, texture attributes, water-holding
capacity, and gel microstructure. The study aims to elucidate
the action mechanism and application effects of modied soy
protein as ller emulsion particles, providing a theoretical
foundation for the development of high-performance soy
protein emulsion-lled gel systems.
2. Materials and methods
2.1 Materials

Soybeans were sourced from the local market in Wuxi, China.
Pepsin (3000 U mg−1) was procured from Sangon Biotech in
Shanghai, China, and papain (2000 U mg−1) was obtained from
Regal, Co, Ltd, also in Shanghai, China. Trinitro-benzene-
sulfonic acid (TNBS) solution and b-mercaptoethanol (bMe)
were purchased from Sigma-Aldrich (St, Louis, USA). All other
chemicals used were of analytical grade.
2.2 Preparation of soy protein hydrolysates

Native soy protein isolate (NSPI) was prepared following the
procedure given by Diis and Kiosseoglou.19 Defatted soy
protein powder was dispersed in a 9-fold weight of distilled
water at 25 °C. The slurry was adjusted to pH 8.0 with 2 M
NaOH, stirred for 120 min and centrifuged (10 000×g, 20 min,
25 °C) to remove the insoluble portion. The supernatant was
adjusted to pH 4.5 with 2 M HCl. The resulting curd was
collected by centrifugation (3300×g, 10 min, 25 °C) and divided
710 | Sustainable Food Technol., 2024, 2, 709–716
into three portions. The rst portion of curd was diluted with 4-
fold water weight and neutralized to pH 7.0 with 2 M NaOH
before freeze drying.

The second portion of curd was used to prepare soy proteins
hydrolyzed by pepsin (SPHPe). The curd was dispersed in water
to the nal protein concentration of 7% (w/v) at 40 °C, and pH
was adjusted to 2.0 with 2 M HCl. With stirring, pepsin was
added to the SPI dispersion (7%, w/v) with an enzyme-to-SPI
ratio of 0.3 wt%. The slurry was incubated at 40 °C for 2 h
and terminated with heat treatment using an automatic elec-
trically heated steam generator (Yangnuo Boiler Manufacturing
Co., Shanghai, China) at 120 °C for 15 s. Then the mixture was
neutralized to pH 7.0 with 2 M NaOH and centrifuged (10
000×g, 10 min, 25 °C) for the supernatant before freeze drying.

The third portion of curd was used to prepare soy proteins
hydrolyzed by papain (SPHPa). The curd was dispersed in water
to the nal protein concentration of 7% (w/v) and adjusted to
pH 7.0 with NaOH. With stirring, papain was added with an
enzyme-to-SPI ratio of 0.5 wt%, followed by incubation for
30 min at 50 °C, and the papain-induced hydrolysis was
terminated with heat treatment at 120 °C for 15 s. Then the
mixture was centrifuged (10 000×g, 10 min, 25 °C) for the
supernatant before freeze drying.

The degrees of hydrolysis (DH) of SPI, SPSHe, and SPHPa
were 0%, 4.78%, and 15.69%, respectively, determined using
the TNBS method outlined by Liang et al.20

2.3 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

The polypeptide proles of SPI and its hydrolysates were
determined by SDS-PAGE according to the procedure by Li
et al.,21 with slight modication. All samples were centrifuged at
3000×g for 30 min to obtain soluble portions. A mini-protein
electrophoresis system (Bio-Rad Laboratories, Hercules, CA,
U.S.A.) was used for analysis. SPI and its hydrolysates were
dissolved in the buffer (0.0625 M of Tris–HCl, 10% glycerin, 2%
SDS, and 0.0025% bromophenol blue) to prepare a 1 mg per mL
protein solution with and without bMe (5%, v/v). Aer heating
for 3 min in boiling water, aliquots (20 mL) of the prepared
samples were loaded onto the gels. Coomassie brilliant blue (G-
250) was used to stain the gel. A computing densitometer
scanned all gels and Image Lab soware (Bio-Rad, U.S.A.) was
used to integrate band intensities. All insoluble and soluble
samples were measured.

2.4 Molecular weight distribution by HPLC

The molecular weight distribution of samples was measured by
HPLC equipped with a gel permeation chromatographic (GPC)
column (Shodex Protein KW-804 column; 8 mm I.D × 30 cm,
Shodex Co., Tokyo, Japan) and a waters 2487 dual l absorbance
detector (Waters Co., USA). The elution buffer consisted of
50 mM phosphate (pH 7.0) with 0.3 M NaCl (ow rate: 1.0
mL min−1). Bovine thyroglobulin (669 kDa), amylase (200 kDa),
alcohol dehydrogenase (150 kDa), albumin (66 kDa), carbonic
anhydrase (29 kDa) and cytochrome c (12 kDa) were used as
markers.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5 Emulsifying properties

The emulsifying activity index (EAI) and emulsion stability
index (ESI) of the samples were determined following the
method described by Guo et al.22 Emulsions were prepared with
5 mL soy oil and 15 mL of 1% specic soy protein solution (w/v)
through a disperser (T 18 basic ULTRA-TURRAX@, IKA Corp,
Staufen, Germany) at 13 500 rpm for 2 min at 25 °C. All emul-
sions were transferred into 25 mL beakers, and 20 mL was
pipetted into 5 mL of 0.1% sodium dodecyl sulfate (SDS).
Absorbance was measured at 500 nm at 0 (A0) and 30 (A30) min
aer emulsion formation. EAI and ESI were calculated with the
following equations:

EAI (m2 g−1) = 4.606 × N × A0/(C × f × 104)

ESIð%Þ ¼ A30

A0

� 100%

where A30 and A0 represent the absorbance at 30 and 0 min,
respectively, the dilution factor (N) is 251, C is the initial
concentration of protein (g mL−1), and f is the oil volume
fraction of emulsion (0.2).
2.6 Emulsion preparation

Untreated SPI, SPHPe, and SPHPa samples were used for O/W
emulsion preparation. Briey, a mixture of SPI suspension
(8% protein, w/v, pH 7.0) and soybean oil at a nal ratio of 6 : 4
(v/v) was homogenized with a Model Ultra-Turrax18 homoge-
nizer (I.K.A. Works GmbH & Co., Staufen, Germany) at 13
500 rpm for 2 min, followed by homogenization through
a homogenizer (AH-BASIC, ATS Engineering Inc., Canada) at
40 MPa for one pass.
2.7 Confocal laser scanning microscopy (CLSM)

Samples were prepared on single concave slides (Sail Brand,
Jinliu Instrument Co., Ltd, Nanjing, China) coated with nail oil
to prevent water evaporation. Fluorescence dyes, FITC and Nile
red were employed for protein (green-colored) and oil (red-
colored) phases (0.05 mL of 0.1 wt% uorescence dye + 5 mL
of stock emulsion) with excitation wavelengths at 488 and
552 nm. The gelation process was carried out as previously
mentioned. CLSM images were obtained by a sequential scan
(TCS SP8, Leica Microsystems Inc., Heidelberg, Germany) with
a 10× magnication lens.
2.8 Preparation of SPI-emulsion composite sols

Predetermined amounts of fresh emulsions (Section 2.6, NSPI,
SPHPa, SPHPe) were gently stirred into native SPI suspensions
using a glass rod, respectively, to produce composite sols with
a nal protein concentration of 16% (w/v) and oil content of
10% (v/v).7 The composite sols were adjusted to pH 7.0 and
thoroughly stirred for subsequent gelation tests.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.9 Dynamic rheological measurement

The formation of emulsion gels and their rheological properties
were measured using a controlled-stress rheometer (HAAKE-
MARS III, Thermo Fisher Scientic, Karlsruhe, Germany) with
parallel plates (d = 35.002 mm), and the gap between the two
plates was set to 1 mm. The protein solution was transferred to
the button plate of the rheometer. Low-viscosity silicon oil was
used to prevent water loss during measurement. The gels were
oscillated at 1% strain (within the linear viscoelastic region,
LVR) and at a frequency of 1 Hz. The temperature was increased
from 25 °C to 95 °C at 5 °C per minute, followed by incubation
at 95 °C for 30 min before cooling to 25 °C at 5 °C per minute
(controlled by an electrical temperature module). The storage
modulus (G0) and loss modulus (G00) were recorded.
2.10 Gel properties

2.10.1 Gel strength. A composite protein dispersion (10 g in
a 25 mL beaker) was heated at 95 °C and maintained at this
temperature for 30 min in a water bath. Aer coagulation, gel
samples were chilled in an ice slurry, and then brought to room
temperature before measurement. The compression test was
performed according to the method of Wang et al.23 to deter-
mine gel hardness. Test conditions included a speed before the
test of 2 mm s−1, a test rate of 1 mm s−1, a compression degree
of 50%, a dwell time interval of 5 s, and a load-bearing probe
type auto-5g.

2.10.2 Water holding capacity (WHC). WHC was deter-
mined according to the method of Wu et al.24 The gels (around 5
g) were transferred to 50 mL centrifuge tubes and centrifuged at
10 000×g for 15 min at 4 °C. The ratio of the pellet weight to the
original gel weight multiplied by 100 was dened as the WHC
(%).
2.11 Gel microstructure scanning electron microscopy
(SEM)

Small blocks (approximately 5 × 5 × 5 mm) were excised from
intact gel samples and immersed in a 2.5% glutaraldehyde
xing solution for 12 h. The samples were quickly frozen in
liquid nitrogen and then lyophilized. Dry samples were stored
in a desiccator. The microstructure of gold-sputtered samples
was observed under a SU8100 electron microscope (Hitachi,
Tokyo, Japan) at an acceleration voltage of 3 kV.25
2.12 Chemical forces in the composite gels

To determine the chemical forces involved in emulsion-lled
SPI composite gels, 2 g of gel samples were blended with
18 mL of dissolving solutions using a Model Ultra-Turrax18
homogenizer (I.K.A. Works GmbH & Co., Staufen, Germany).
The dissolving solutions were 8 M urea, 50 mM sodium phos-
phate (pH 7.0); 0.5% SDS, 50 mM sodium phosphate (pH 7.0);
and 0.25% bME, 50 mM sodium phosphate (pH 7.0).

The blended solutions were chilled to room temperature for
4 h, and centrifuged at 5000×g for 30 min. The amount of
extracted protein aer different dissolving buffer treatments
was used to indicate the leading forces in the gels.26
Sustainable Food Technol., 2024, 2, 709–716 | 711
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2.13 Statistical analysis

The experiments and measurements were conducted in tripli-
cate. Statistical analysis was carried out using a two-way ANOVA
(p < 0.05) via Statistics 9.0 (Statistix, Tallahassee, FL, USA).
3 Results and discussion
3.1 Composition of SPI and SPI hydrolysates

The protein proles of SPI and its hydrolysates were analyzed by
SDS-PAGES under non-reducing and reducing conditions
(Fig. 1A and B). The intact protein prole of NSPI, including b-
conglycinin subunits (a, a0 and b) and glycinin (acidic and basic
subunits), was observed, consistent with previous research
ndings.9 In SPHPe, the main subunits were b-conglycinin,
aligning with studies indicating the preference of pepsin for
glycinin degradation and limited impact on b-conglycinin.27

SPHPa exhibited complete hydrolysis of all subunits from gly-
cinin and b-conglycinin, with only peptides below 20 kDa
identied. Under non-reducing conditions, protein aggregates
were observed in the stacking gel well (Fig. 1A), while reducing
conditions revealed corresponding subunits, such as the acidic
subunit and basic subunit in NSPI.
3.2 Molecule weight distribution of SPI and its hydrolysates

Size exclusion chromatography was utilized to ascertain the
molecular weight distribution of SPI and its hydrolysates. Fig. 2
illustrates the shi in the molecular weight prole (MW) of SPI
with the enzymatic treatment. Four fractions (<10 kDa, 10–200
kDa, 200–1000 kDa, and >1000 kDa) depicted the molecular
weight distribution of SPI and its hydrolysates. They corre-
sponded to small MW polypeptides with <10 kDa, b-conglycinin
and glycinin subunits with MW in the range of 10 kDa to 200
kDa, b-conglycinin and glycinin subunits with MW in the range
of 200 kDa to 1000 kDa, and aggregates with MW > 1000 kDa.
The main protein fraction in NSPI and SPHPe was evident in the
Fig. 1 Sodium dodecyl sulfate-polyarylamide gel electrophoresis (SDS-
with b-mercaptoethanol.

712 | Sustainable Food Technol., 2024, 2, 709–716
10–200 kDa range, indicating the prevalence of peptides and
subunits. SPHPa, due to complete hydrolysis, exhibited a major
fraction with a MW less than 10 kDa. The relative proportion of
hydrolysate in the 10–200 kDa range decreased with further
hydrolysis, from 71.78% in NSPI to 0.0% in SPHPa.
3.3 Emulsifying properties

The emulsifying properties of all samples were investigated via
formulating oil-in-water emulsions at pH 7.0, as shown in Fig. 3.
The EAI of SPHPe increased compared to NSPI, indicating
improved surface characteristics and functionality. The elevated
molecular exibility and increased exposed hydrophobic sites
resulting from enzymatic hydrolysis contributed to the
enhanced emulsifying ability. The residual constituent (b-con-
glycinin) could play an essential role in the emulsifying ability
in the neutral pH ranges. The b-Conglycinin rich SPI fraction
had better emulsifying properties than the glycinin-rich SPI
fraction in the neutral pH region.21

SPHPe exhibited the highest ESI, while SPHPa displayed the
lowest ESI among all samples (Fig. 3). The stability of emulsions
is linked to the electrical charge of the droplet and the prop-
erties of the adsorbed protein lm.28 The observed variations in
stability were associated with the molecular weight distribution
among peptides generated during hydrolysis. The consistent
decrease in molecular weight facilitated better alignment at the
oil–water interface, enhancing emulsifying properties.
However, excessive hydrolysis led to a decline in emulsifying
properties due to the creation of more hydrophilic peptides.
Severin and Xia29 suggested that this decline might be attrib-
uted to the creation of more hydrophilic peptides that are
weakly associated with the oil–water interface. Additionally, the
inadequacy of the viscoelastic lm formed at the interface with
the smaller peptides failed to resist the coalescence of adjacent
droplets and led to the formation of large fat globules. The
percentage of molecules larger than 10 kDa in SPHPe was
PAGE) patterns of the hydrolysates (A) without b-mercaptoethanol (B)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular weight characterization of SPI and hydrolysates.

Fig. 3 Emulsifying activity index (EAI) and emulsion stability index (ESI)
of soy protein isolate and its hydrolysates. *Superscripts (A–C, a–c)
represent significant differences at p < 0.05 level.
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higher than that in SPHPa (Fig. 2). As a result, a strong visco-
elastic layer was formed on the fat globule surface and pre-
vented fat globule coalescence. Once adsorbed on the fat
surface, they provided more protection to fat globules and
achieved higher emulsion stability than SPHPa. However, for
SPHPa, too many small peptides cannot provide a sufficiently
strong layer against the destabilization of fat globules. Hence,
the ESI of SPHPa was the lowest among all samples.
3.4 Confocal laser scanning microscopy (CLSM)

The images of CLSM provided detailed insights into the stabi-
lized emulsion by SPI and its hydrolysates. Red uorescence
represented the oil phase, while green uorescence represented
the protein component. SPI-stabilized emulsion exhibited
larger oil droplets, indicating lower emulsifying capability and
stability (Fig. 4). NSPI is prone to occulation and droplet
aggregation.30 SPHPe stabilized emulsion displayed tiny,
© 2024 The Author(s). Published by the Royal Society of Chemistry
uniformly distributed droplets, consistent with its excellent EAI
and ESI (Fig. 3). The presence of b-conglycinin elucidated these
observations. SPHPa stabilized emulsion formed tiny droplets
with pronounced aggregation, indicative of a weaker layer and
the most uneven distribution.
3.5 Dynamic rheological properties

Fig. 5 illustrates the storage modulus (G0) of emulsion sols
stabilized by NPSI, SPHPe and SPHPa, revealing temporal and
temperature-related changes during dynamic oscillation
cycles. A consistent pattern emerged across all samples, indi-
cating a notable increase in G0 at 65 °C, suggesting the initia-
tion of gel network formation. The G0 of SPHPe demonstrated
accelerated gel network formation compared to NSPI, while
excessive hydrolysis in SPHPa delayed gel formation due to
fewer molecular interactions.

Table 1 provides a comparison of endpoint G0 and gelation
temperatures. The SPHPe-lled emulsion gel exhibited
a decreased gelation temperature and a signicantly higher G0

value compared to the NSPI-lled gel (p < 0.05). This difference
is likely attributed to the hydrophobic interactions induced by
b-conglycinin. The G0 value of the SPHPa-lled emulsion gel
signicantly differs, being lower than those of both NSPI and
SPHPe (p < 0.05), which suggests that small molecular weight
peptides cannot contribute to a robust gel structure. The
enhanced emulsifying properties of SPHPe, resulting in smaller
fat globule sizes, could enhance gel strength by reducing the
distance between fat droplets.31 As a result, the reduction in oil
droplet size heightened the likelihood of their interaction,
thereby bolstering the gel strength.32,33 However, the weak layer
formed by SPHPa resulted in reduced interactions among fat
globules, weakening the gel strength.
3.6 Gel microstructure

The SEM images of gels offer insights into the overall structural
integrity of samples undergoing hydrolysis (Fig. 6). Gels lled with
NSPI emulsions exhibited larger pores, while those formed with
SPHPe emulsions appeared denser, promoting improved
Sustainable Food Technol., 2024, 2, 709–716 | 713
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Fig. 4 CLSM of emulsion-filled SPI composite gels. Emulsions were prepared with SPI, SPHPe, and SPHPa.

Fig. 5 Dynamic changes in storagemodulus (G0) of emulsion-filled SPI
composites during thermal gelation. The inclusion emulsions were
prepared with NSPI, SPHPe, SPHPa.
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cohesion between protein molecules. Gels lled with SPHPa
exhibited the largest structural voids, aligning with the observed
outcomes in the protein-emulsifying properties (Fig. 3).
3.7 Gel hardness and WHC

Consistent with rheological performance, gels lled with SPHPe
emulsion showed the highest hardness value, while gels lled
Table 1 Effect of emulsion-filled SPI composite gels as influenced by
soy protein isolate and its hydrolysates on gelation temperature and
final storage modulusa

Sample Tgel (°C) Final G0 (Pa)

SPI 80.39 � 0.62b 145 182.58 � 4756.24b

SPHPe 77.87 � 0.74c 195 127.39 � 5 845.35a

SPHPa 82.59 � 0.45a 98 465.24 � 2589.59c

a The temperature at which G0 started to increase over 0.5 Pa K−1 was
dened as the gelation temperature.38 Different letters (a, b, and c )
used in the table indicate signicant differences ( p < 0.05).

714 | Sustainable Food Technol., 2024, 2, 709–716
with SPHPa emulsion displayed the weakest gel strength
(Fig. 7). WHC signies the gel capacity to bind water.34 A
consistent polymer network size and a sturdy framework
contribute to bolstering gel strength and preserving adequate
water retention. This results in stronger and more abundant
cross-links, enhancing the stability of the network and conse-
quently elevating both gel strength and WHC.35 A denser
structure, as indicated by SEM, provides an increased surface
area for water retention, enhancing WHC.36 This enhanced
cohesion effectively prevents water from escaping, further
improving water retention properties. Among the samples, the
gel-lled with SPHPe emulsion exhibited the highest gel
strength and superior WHC compared to the gel-lled with
NSPI emulsion.
3.8 Molecular forces involved in SPI composite gels

The physicochemical bonds responsible for gel structure
formation were evaluated by treating gels with different
disruptive solvents (Fig. 8). Elevated urea concentrations can
disrupt hydrogen bonds and weaken hydrophobic interactions,
SDS functions by disrupting hydrophobic interactions, and
bME acts by breaking disulde bonds.37 SPHPe displayed
heightened hydrophobic interactions due to pepsin-induced
SPI hydrolysis, exposing more hydrophobic groups and signi-
cantly increasing hydrophobicity. Conversely, SPHPa show-
cased reduced hydrophobic interactions due to excessive
hydrolysis, causing aggregation and precipitation of hydro-
phobic groups. The Urea treatment indicated that intermolec-
ular hydrogen bonds were a dominant force for strengthening
gel lled with NSPI emulsion, as evidenced by the highest
protein solubility among all treatments for NSPI (61%).

Among all emulsion-lled gels, SPHPa exhibited the stron-
gest hydrogen bonding forces due to the higher quantity of
small molecular weight peptides, while SPHPe showed fewer
disulde bond interactions. As 11S undergoes hydrolysis, the
soluble protein released by bME decreased with increasing
hydrolysis degree, reecting the weakening of disulde bond
interactions in SPHPe. SPHPa primarily consists of small
peptides, exhibiting the fewest disulde bond interactions.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM of emulsion-filled SPI composite gels. Emulsions were prepared with SPI, SPHPe, and SPHPa. The scale bar was 25 mm in the images.

Fig. 7 Gel hardness and WHC of emulsion-filled SPI composite gels.
Emulsions were prepared with SPI, SPHPe, and SPHPa. Means (n = 3)
without a common letter across differ significantly (p < 0.05).

Fig. 8 Solubility of emulsion-filled SPI composite gels in different
dissolution solvents (urea, SDS, or bME). Emulsions were prepared with
SPI, SPHPe, and SPHPa. Means (n= 3) without a common letter across
all the gels differ significantly (p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

The selective enzymatic hydrolysis of SPI by pepsin and papain
resulted in distinct compositional changes within the hydroly-
sates. SPHPe exhibited the emergence of low molecular weight
peptides alongside b-conglycinin, while SPHPa exclusively
featured peptides with molecular weights below 20 kDa. Notably,
SPHPe, characterized by a higher b-conglycinin ratio, demon-
strated superior emulsifying activity and stability, while SPHPa
displayed weakened emulsifying properties. The variation in
emulsifying capacity inuenced emulsion fat globular size,
impacting the strength and nature of intermolecular interactions.
Gels lled with SPHPe emulsion exhibited the highest gel strength
and WHC, forming denser gels. Hydrophobic interactions
emerged as the primary force governing intermolecular interac-
tions crucial for robust water retention and gel strength. While
hydrogen bonding contributes to protein molecular interactions,
it may not be the dominant force inuencing the strength and
WHC of gels. In conclusion, the exploration of enzymatically
digested active emulsion-lled gels holds signicant promise for
developing meat substitutes and animal-free food alternatives.
This model introduces an innovative approach to expanding the
applications of plant proteins across diverse food products.
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