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The interaction between egg white (EW) and faba bean protein (FP) observed during the heat-inducing gelling
process impaired the properties of the final products, which cannot be neglected in food processing. In this study,
protein behaviors during gelation and the structural characterization of gel matrix in EW/FP ratios of 10:0, 8:2,
6:4, 4:6, 2:8, and 0:10 were investigated to explore the mechanism. The results showed that the EW-FP inter-
action increased the protein surface hydrophobicity during gelation than the predicted linear change by 7.28%,

11.45%, 13.11%, and 5.43% in groups 8:2, 6:4, 4:6, and 2:8, respectively, which led to asynchronous network
formation and further delivered a microstructure with more porosity and a higher proportion of free water.
Meanwhile, higher ratios of hydrophobic interaction and fewer disulfide bonds were detected in the composite
gel's structure. This series of chain reactions caused patterned losses in texture and water-holding capacity.

1. Introduction

The partial substitution of animal-based protein using plant-based
protein nowadays is widely used in food industries to lower the cost of
production and to meet the increasing consumption, as well as to ach-
ieve the goal of sustainable development (Augustin & Cole, 2022).
Animal-based proteins such as milk, eggs, meat, and seafood remain the
most important protein sources, which offer numerous advantages from
nutritional, sensory, and functional perspectives that cannot be
completely replaced by plant-based protein (Alves & Tavares, 2019;
Day, 2013; Silva et al., 2019). The partial replacement by plant-based
protein not only reduces the usage amount of animal protein but also
has great potential to introduce novel functional properties into the
complex system (Wu et al., 2019; Wu et al., 2021). Moreover, novel
properties arise from the interaction between different protein fractions,
which occurs when there are two or more types in a mixing system. An
increasing number of studies have focused on this, which promoted
partial substitution into realistic production (Alves & Tavares, 2019;
Grasberger et al., 2021; Lin et al., 2017; Su et al., 2015; Ye et al., 2024;
Zou et al., 2025), including the research of composite protein gels,
which were from the perspective to take advantage of the excellent
gelling function from both animal and plant-based proteins.
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Faba bean (broad bean, Vicia faba L.), as a future source of protein, is
regarded as a sustainable agricultural product because of its better
symbiotic nitrogen fixation ability than other legumes and the high
protein content (32-36%), which is almost twice that of cereal grains
(Manickavasagan & Thirunathan, 2020; Rahate et al., 2021). Also, it is
one of the cheapest sources of lysine-rich protein (Punia Bangar & Bala
Dhull, 2022). Furthermore, Faba protein (FP) presented excellent gelling
properties according to previous studies. Johansson et al. (2023)
demonstrated the different gelling properties between 7S and 11S
globulin fractions from faba and the changes in rheology, mechanical
properties, and microstructure with the different NaCl additions. Lang-
ton et al. (2020) concluded that the finest gel microstructure can be
obtained at pH 7 independent of the extraction method and NaCl con-
centration. While Guldiken et al. (2021) found that both NaCl and CaCl,
could strengthen the network. In addition, FP could form a gel with
significantly lower protein concentration compared to soy and pea, and
the highest values on water and oil absorption (Fernandez-Quintela
et al.,, 1997). As well, Kim and Chin (2024) reported that FP showed
good water-holding capacity (WHC) as an addition to meat products.
Therefore, for the preparation of food gel products, introducing FP into
animal protein can be used as a way to develop its application.

Egg white (EW) is a widely used protein in people's daily lives, and its
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commercial products are also an important raw material in the food
industry. The heat-induced gelling process was well understood by a
great number of studies. Under the heating process, the protein mole-
cules firstly partially unfold to aggregate via intermolecular g-sheet with
the consumption of helical structure, and further cross-link to gel
network driven by the surface hydrophobicity and disulfide bonds (Li
et al., 2018). The protein fractions of ovalbumin and ovotransferrin have
dominant effects on the formation of the network (Croguennec et al.,
2007). Furthermore, a few studies have attempted to mix it with legume
proteins to investigate the gelling properties. Su et al. (2015) blended
the egg white with soy protein to prepare the composite gel, where the
texture, WHC, and microstructure were investigated, and the 1:1 ratio
group had the highest springiness and WHC. Zhao et al. (2024)
considered the mixing of EW and pea protein isolate and obtained a gel
with a denser microstructure in which the EW acted as a filler in the pea
protein network. The WHC was also improved with the 5:1 ratio of pea
protein-EW. However, a phase separation of the gel structure was also
presented in the EW-pea protein composite gel, where pea protein
promoted the formation of aggregates embedded in the EW network and
loosened the gel strength (Kuang et al., 2025). Both synergistic and
antagonistic effects were observed in the composite gels when mixing
EW and legume protein, such as soy and pea. Nevertheless, the gelling
properties of mixing EW with FP have not been explored yet, and the
partial substitution is worth comprehensively investigating before uti-
lization to exert its potential for food products, such as protein bars,
puddings, and the filling of sandwich biscuits, as well as the medical uses
such as drug delivery and dysphagia food (Li et al., 2025; Ozcan et al.,
2023; Thakur et al., 2018).

The aim of the present study was to investigate the gelling properties
of the EW-FP composite gels as influenced by the mixing ratio, and to
determine whether synergistic or antagonistic effects occur in their
textural properties and WHC. In addition, changes in protein structure
and intermolecular interactions were examined to elucidate the mech-
anisms of gel formation and the nature of the interactions between EW
and FP.

To address these objectives, composite gels were prepared using
different EW: FP protein ratios (respectively 10:0, 8:2, 6:4, 4:6, 2:8, and
0:10). The textural profile analysis, rheology, and WHC were performed
on the mixed protein gels. The fluorescence spectroscopy, mid-infrared
spectroscopy, scanning electron microscopy (SEM), low-field nuclear
magnetic resonance (LF-NMR), and determination of the intermolecular
forces were exploited to understand the changes in protein structure and
the EW-FP interactions.

2. Materials and methods
2.1. Materials

The liquid pasteurized egg white (10.71 g protein, 0.20 g fat, 0.81 g
carbohydrate per 100 g) was supplied by Lodewijckx Group & Cocovite
(Laakdal, Belgium) and freeze-dried before use. Faba bean (Vicia faba L.
var. Nebraska) was cultivated in Germany and sampled during the 2017
agriculture campaign.l-Anilinonaphthalene-8-sulfonic acid (ANS) was
purchased from Cayman Chemical Company (supplier — Sanbio B-V,
Netherlands). All other chemicals were analytical grade.

2.2. Wet extraction and composition characterization of FP

The wet fractionation of the faba protein concentrates was referred
to the method of Dumoulin et al. (2021) and Nahimana et al. (2023)
with some modifications. Briefly, 184.50 g faba bean was first dehulled
in a TMO5 test Mill (Satake Corporation, Hiroshima, Japan), 15 s per
run, then milled below 1 mm (PULVERISETTE 19, Fritsch, Germany),
32.07 g hulls and 136.50 g flour were obtained. The faba bean flour was
dispersed in distilled water with the flour: water ratio of 1:10 w/v and
vigorously stirred for 30 min. Then, the pH has been adjusted to 9.5 with
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2 M NaOH and stirred for 30 min for the alkaline extraction. Liquid and
solid were separated by centrifugation (14,300 xg, 30 min, 4 °C). The
acid precipitation of the supernatant was performed by adjusting to pH
4.5 with 2 M HCI and stirring for 30 min, and the precipitated protein
was separated by centrifugation (14,300 xg, 30 min, 4 °C). The collected
protein fraction was then dissolved in 500 mL Milli-Q water, and the pH
was adjusted to 7.0. The obtained neutral proteins were freeze-dried and
ground into powder, 24.94 g protein concentrates were obtained. The
extraction process was repeated 3 times to have enough FP for the
following experiments.

The protein content of FP was determined by the Dumas method (N
x 6.25) using Elementar (Rapid N Exceed). The fat and fiber content was
performed according to Commission Regulation (EC) No.152/2009, in
terms of “H. Determination of Crude Oils and Fats”, and “I. Determi-
nation of crude fiber”. The total starch was determined using a Total
Starch HK assay kit (Megazyme, Wicklow, Ireland). The compositions by
weight of FP are listed as follows: dry matter 97.12 + 0.06%, protein
82.16 + 0.67%, fat 5.03 + 0.12%, fiber 0.16 + 0.01%, starch 1.05 +
0.00%, ash 6.56 + 0.01%.

2.3. Preparation of gels

The gels (12% w/w protein) were prepared according to the methods
of Li et al. (2023) and Guldiken et al. (2021) with some modifications.
BrieflyBriefly, the EW and FP powders were mixed in the ratios of 10:0,
8:2, 6:4, 4:6, 2:8, and 0:10, respectively (based on the protein mass) and
were well dispersed in Milli-Q water. Next, the dispersions were
adjusted to pH 7.0 with tiny amounts of 2 M NaOH and hydrated
overnight at 4 °C under stirring. Then, the dispersions were carefully
poured into 50 mL beakers (38 mm x 66 mm) while avoiding the foam
being poured with the solution. The gelling process was performed by
heating the beakers in a 95 °C water bath for 20 min and cooling them in
an ice-water bath for 15 min, and after, gels were placed in 4 °C for 24 h
before analysis.

2.4. Textural profile analysis

The gels prepared in section 2.3 were taken out from beakers by a
hollow thin-walled metal tube (inner diameter 20 mm) and trimmed
with fishing wire into a diameter 20 mm x height 13 mm cylinders. The
textural profile was determined by TA XT2 Texture Analyzer (Stable
Micro Systems, Godalming, UK) fitted with a 35-mm-diameter metal
plunger (P/35, 35 mm diameter cylinder aluminum) according to the
method of Li et al. (2018) and Blecker et al. (2000) with some modifi-
cations. Gel samples were subjected to 50% deformation with the
crosshead speed of 1 mm/s, 5 s interval between two compression cy-
cles. Hardness was defined as the peak force of the first compression.
Resilience is calculated by dividing the upstroke force area of the first
compression by the downstroke force area of the first compression.
Cohesiveness was defined as the ratio of the positive area of the second
compression to that of the first compression. Springiness was defined as
the percentage of height that the samples recovered during the time
elapsed between the end of the first bite and the start of the second bite.
Gumminess was expressed as the product of hardness and cohesiveness.

2.5. WHC

The WHC (%) was determined according to the method of Blecker
et al. (2000) with some modifications. The gel samples (around 8 g)
were transferred to 50 mL centrifuge tubes (fitted with a plastic filter
and an 11 pm filter paper to separate the pellet and water) and centri-
fuged at 10000 xg for 15 min at 4 °C. The WHC was expressed as the
percentage of the pellet weight relative to the original weight of the gel.
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2.6. Rheology

The rheological properties were measured based on the method of Li
et al. (2023) with some modifications. The mixed EW-FP protein dis-
persions (total protein content 12% w/w) were characterized by the
oscillatory test on the MCR 302 Rheometer (Anton Paar, Graz, Austria)
fitted with a parallel plate and a PP50-SN30993 probe. The measuring
gap was 1 mm, and silicon oil was used to prevent evaporation. For the
temperature sweep (angular frequency of 1 Hz and strain of 0.1%), the
samples were equilibrated at 25 °C for 1.5 min, then the temperature
increased from 25 to 95 °C at the rate of 5 °C / min, maintained at 95 °C
for 10 min, and then, cooled to 25 °C at the rate of 5 °C / min. The
following dynamic frequency sweep was performed at 25 °C from 0.1 to
100 Hz at 0.1% strain. The storage modulus (G') and loss modulus (G")
were recorded throughout the measurement. At the end of each mea-
surement, an amplitude sweep was used to confirm the formed gel was
performed within the linear viscoelastic region. The extrapolation
method was used to identify the relative onset temperatures of the
protein's gelation based on the G' curve during heating (Ma et al., 2023),
where the temperature at the intersection of the tangent line along the
baseline (initial G') and the tangent line at the steepest region of the G'
was regarded as the onset temperature. Moreover, the power-law model
(G'=K* ™) was also curve-fitted with the frequency profile to elucidate
the gelling properties where, o is the frequency (Hz), K’ indicates the
sample's stiffness, and n’ represents the relative amount of covalent
bonds (the closer the value is to zero, the more covalent bonds the
sample has).

2.7. Surface hydrophobicity and intrinsic fluorescence

One percent mixed EW-FP dispersions, which were much lower than
the critical gelling concentration (4% w/w of EW and 11% w/w of FP),
were heated according to the process in section 2.3 to simulate the
intermediation state before the final formation of gels, where the surface
hydrophobicity and intrinsic fluorescence were determined to describe
the change of tertiary structure of protein molecules/aggregates and the
microenvironment.

The surface hydrophobicity was determined according to the method
of Diana Kerezsi et al. (2024) and Guldiken et al. (2021) with modifi-
cations. In brief, the mixed EW-FP dispersions were diluted into 0.005%,
0.010%, 0.015%, 0.020%, and 0.025% (w/w) using 10 mM sodium
phosphate buffer (pH 7.0). For each concentration (0.005-0.025%), 1.6
mL of samples were mixed with 20 pL of 8 mM ANS solution (dissolved
in 10 mM sodium phosphate buffer (pH 7.0)), then the samples were
mixed well and reacted in the dark for 5 min. Fluorescence intensity (FI)
was measured using a Fluoromax-4 spectrofluorometer (Jobin Yvon,
Horiba, NJ, USA) equipped with a temperature controller (T Haake A25
AC200) with excitation and emission wavelengths of 390 and 470 nm,
and the temperature of the measuring cell was kept at 25 °C, respec-
tively. The slope of the maximum FI values against protein concentra-
tions was calculated as the index of the protein surface hydrophobicity.

A null model was used to predict the surface hydrophobicity values
of the mixed protein groups as Spregicea =X ® Sgw + (1 — X) ® Spp, where x
refers to the protein mass fraction of EW; Sgy and Sgp refer to the surface
hydrophobicity of EW (group 10:0) and FP (group 0:10) (Zhao et al.,
2024).

The intrinsic fluorescence of the dispersions was determined by the
same spectrofluorometer as above, according to the method of Diana
Kerezsi et al. (2024). 1% dispersions were incubated in a measuring cell
for 3 min to reach the measuring temperature. Exciting wavelength was
set at 290 nm, and the emission was collected between 305 and 450 nm.

2.8. Scanning electron microscopy (SEM)

The sample preparation before the SEM observation was conducted
as the method of Wu et al. (2019). Gel samples were cut into thin slices
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(2 mm), and these cuboids were immersed in 2.5% glutaraldehyde for
48 h. Immobilized samples were rinsed with deionized water three
times, then they were dehydrated by using a series of graded ethanol
solutions ranging from 20% to 100% (v/v) and freeze-dried. The
observation of the microstructure of protein gels was performed by the
Scanning Electron Microscope FlexSEM 1000 II (Hitachi, Tokyo, Japan)
at an acceleration voltage of 10 kV.

2.9. Middle field infrared

According to the method of Nahimana et al. (2023), the secondary
structure of the mixed protein solution before gelling and the freeze-
dried gel powder was analyzed using the Fourier Transform Infrared
Spectroscopy method on the spectrometer IRTracer-100 (Shimazu,
Duisburg, Germany). The samples were detected in a horizontal atten-
uated total reflectance (ATR) cell with zinc selenide crystal. The wave-
length was in the range of 700-4000 cm™!. The number of scans was 64
with a resolution of 16 cm ™. The background of the solutions was Milli-
Q water, and the background of the gel powders was air. The secondary
structure was calculated by the LabSolution IR software (Easy Macro
function).

2.10. Intermolecular forces in gels

The intermolecular forces were determined according to the method
of Xia et al. (2022) with modifications. Briefly, different reagents were
used to dissociate the gel structures by shielding different types of
intermolecular forces as follows: reagent A (MiliQ water, as reference),
reagent B (0.086 M Tris, 0.09 M glycine, 4 mM NayEDTA buffer, pH 8.0,
to shield electrostatic interactions), reagent C (reagent B containing 1%
SDS and 8 M urea, to disrupt hydrophobic interactions and hydrogen
bonds), reagent D (reagent C containing 0.5% 2-mercaptoethanol, to
break disulfide bonds). Gel samples were ground into fine pastes and
placed in 50 mL centrifuge tubes with a sample size of 5.00 + 0.01 g, and
10 mL dissociative reagents were added, respectively. Then the tubes
were incubated for 48 h with string, then centrifuged at 15000 xg for 10
min. The protein content of the supernatant was determined by the
Pierce™ BCA protein Assay Kit - Reducing Agent compatible (Thermo
Fisher Scientific Inc., Rockford, Illinois, USA). The gel solubility was
calculated as the ratio of protein content in supernatant to the total
protein content, and the solubility differences between different disso-
ciative reagents reflected the proportions of different types of intermo-
lecular force maintaining the gel structure (i.e., reagent B — reagent A,
reagent C — reagent B, reagent D — reagent C).

2.11. Water distribution

T, relaxation time was determined by the MiniMR-60 LF-NMR
analyzer (Niumag, Suzhou, China) equipped with a 0.5 T permanent
magnet according to the method of Xie et al. (2024). The test conditions
were set as follows: the proton resonance frequency, 23.2 MHz; the
working temperature, 32 °C; the time waiting, 2000 ms; the time echo,
0.5 ms; the number of echoes, 12000; the number of scans, 4. Multi-
exponential model within the MultiExp Inv Analysis program was
used to analyze T2 distribution curves.

2.12. Statistical analysis

Significant differences (p < 0.05) in all data were determined by
Duncan's multiple range test in one-way ANOVA on the software IBM
SPSS Statistic (v29.0.1.0); Power-law fittings were analyzed using the
least-squares method in scipy.optimize of Python package SciPy
(v1.13.0) (Virtanen et al., 2020); Correlation analysis was determined
by the Pearson method using the Python package Pandas (v2.2.2)
(Team, T. Pandas Development, 2024); Figures were plotted with the
Python package Matplotlib (v3.8.4) (Hunter, 2007). All measurements
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were triplicated at least.

3. Results and discussion

3.1. Textural properties and WHC

3.1.1. Textural properties

The two-cycle compression was subjected to obtain the textual pro-
files of mixed EW-FP gels, and the results are shown in Fig. 1 (A, B, C, D,
and E). EW gel (group 10:0, same as below) had high values of hardness,
resilience, and gumminess, exhibiting a high strength, while those of FP
gel (group 0:10, same as below) were significantly lower, exhibiting a
low strength. Moreover, the values of springiness and cohesiveness of
EW and FP gels were close. For the mixed groups, the hardness and
gumminess decreased significantly with the increase in the ratio of FP,
and the greatest decrease occurred between groups 8:2 and 6:4, and the
decline rate slowed down at groups 4:6 and 2:8, presenting both concave
trends between group 10:0 and 0:10. Besides, the gumminess, as the
product of hardness and cohesiveness, is proportionally and signifi-
cantly more impacted by hardness than cohesiveness. Also, the resil-
ience and cohesiveness showed a slight “U” defection, and the groups
6:4 and 4:6 were the lowest, respectively. These concave and U-shaped
trends exhibited the negative effects of mixing EW and FP on the textural
properties. Except for the springiness, showing a synergic increase,
group 4:6 had the highest value.

The results in this study are partially consistent with the study of Su
et al. (2015), who substituted EW using soybean protein, presenting the
highest springiness at a 1:1 ratio, which was in good agreement with the
synergistically increased springiness of 6:4 and 4:6 groups in this study.
However, Su et al. (2015) reported a linear change in hardness without
synergistic behavior between EW and soybean protein, while the study
of Zhao et al. (2024) reported that the composite gels of EW and pea
protein exhibited synergistic increments in hardness for most of the
mixing ratios. Differently, the EW-FP combination in this study exhibi-
ted the antagonistic effects in terms of all the textural parameters. It was
concluded by many studies that textural properties are highly related to
the homogeneity of microstructure (Johansson et al., 2024; Liu et al.,

Food Chemistry 512 (2026) 148910

2024), and the asynchronous protein aggregation may be the reason that
led to the heterogeneous gel and further defected the hardness, resil-
ience, cohesiveness, and gumminess (Su et al., 2015), but the increase in
springiness of the composited gels, maybe it was due to the porous
structure generated provided the flexibility to gel.

3.1.2. WHC

WHC is one of the most important functional properties of heat-
induced protein gels (Li et al., 2018). As shown in Fig. 1F, EW had a
relatively low WHC, which was 63.75%, while FP showed a high value
of 94.18%, indicating that the FP gel had an excellent WHC, which
corresponded to the research of Johansson et al. (2024) where the FP gel
had almost 100% WHC at pH 7.0 after the 5000 xg centrifugation.
However, the mixed protein gel groups also exhibited a clear U-shaped
trend of WHC; among them, group 8:2 had a reduced WHC of 58.47%,
and group 6:4 had the lowest of 56.97%. For the following increase in FP
content, the WHC showed an uptrend in groups 4:6 and 2:8, which were
63.16% and 76.1%, respectively. The results showed a negative inter-
action for WHC between EW and FP. Moreover, the WHC of protein gels
is not only influenced by the coarseness of microstructure and the
number of hydrogen bonds but also closely positively correlated to the
textural properties (hardness) and the rheology (G') due to the stiffness
of the gel structure, which prevents the water from being expelled under
mechanical deformation (He et al., 2024; Min et al., 2022; Urbonaite
etal., 2016; Xia et al., 2022). However, this study presented the opposite
phenomenon: when the ratio of FP came to 40% and 80%, the WHC
increased, while the hardness significantly decreased.

Based on the results, it was hypothesized that the change in texture
and WHC originated from the protein-protein interaction during gel
network formation. To explore the mechanism, the rheological tem-
perature sweep, the determination of protein's intrinsic fluorescence and
surface hydrophobicity were exploited to investigate the proteins'
behavior during the gelling process; the determination of microstruc-
ture, secondary structure, intermolecular forces, water distribution, and
rheological frequency sweep were used to characterize the structure of
the gel matrix.
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Fig. 1. The textural profile of hardness (A), resilience (B), cohesiveness (C), springiness (D), gumminess (E), and WHC (F) of the mixed EW-FP gels prepared in
different ratios (The ratios in figures refer to the protein mass ratio of EW to FP). Different letters in each subplot represent significant differences (p < 0.05).
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3.2. Protein behaviors during the gelling process

3.2.1. Oscillatory temperature sweep

The gelling process of the protein solution can be monitored by the
temperature sweep, the denaturation and aggregation of protein frac-
tions on the temperature ramp contributed to the formation of the gel
structure, exhibiting the increase of the storage modulus (G') as shown in
Fig. 2A. For the EW's gelling curve, there were two increasing G' regions:
the “first slow-rising region” started around 66 °C, which was attributed
to the denaturation and aggregation of ovotransferrin, and the “second
rapid-rising region” was ovalbumin taking place around 78 °C (Li et al.,
2023; Renzetti et al., 2020). Also, ovalbumin, which is the main gelling
protein in the egg white, dominates the formation of the gel network
(Razi et al., 2023). For the FP gelling process, the initiation temperature
of G' was around 45 °C and steadily increased, then slowed at the 95 °C
temperature platform, which highly corresponded to the study of
Johansson et al. (2024). The denaturation temperature of 7S globulin
(vicilin) and 118 globulin (legumin) can vary from 76.5 °C to 83.8 °C
and 85.0 °C to 95.4 °C, respectively, depending on the ionic strength
(Kimura et al., 2008). Nevertheless, those could not be identified in the
G' curve in this study, also, each protein fraction's contribution to the G'
increase is still not well understood by far. In addition, the G' of both EW
and FP increased during the cooling stage, that of the EW group due to
the formation of hydrogen bonds, which can combine more water into
the protein structure and further strengthen the network (Wang et al.,
2020). While the FP group, Johansson et al. (2022) reported the increase
during cooling was also attributed to the presence of the starch
(17.5-35% w/w), the amylose re-association and its network formation
restrengthened the gel, whereas the starch content of the FP samples in
this study was very low (1.05%). Hence, the mechanism of the increase
in FP gel is likely the same as that given for EW gel.

For the mixed EW-FP groups, the overall storage modulus decreased
with the increased FP ratio, and the thermal behaviors showed the
combination of both EW and FP at different extents in terms of the
initiation temperature around 45 °C featuring the FP group, the “slow-
rising region” related to ovotransferrin, and the “rapid-rising region”
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related to ovalbumin. Besides, the main increase of G' of all mixed
groups was more attributed to ovotransferrin and ovalbumin, which
dominated the network formation by providing the backbone of the gel
(Razi et al., 2023), while the FP acted more like a filler and diluted the
network formed from EW to deliver a lower G' with the increase in its
content. What is worth noting is, as shown in Table 1, the onset tem-
perature of “slow-rising region” of all mixed groups became lower with
the increase in FP content and dropped to 62 °C when the FP content
reached 80%, as well, the “rapid-rising region” also exhibited advanced
onset points of all mixed groups, which dropped from 79 °C to 70 °C
when the FP content increased from 0 to 60%, and back to 73 °C in group
2:8. The earlier increase in G' related to ovotransferrin and ovalbumin
indicated the interactions between FP and these two proteins, respec-
tively, presenting that the denaturation and aggregation of these two
proteins happened earlier. The advanced protein behavior also implied a
faster and asynchronous aggregation during the gel formation. Accord-
ing to the correlation analysis (Supplementary Fig. 2), the onset tem-
perature of ovotransferrin had highly significant correlations with the
gel's mechanical properties in terms of hardness (r = 0.972, p < 0.01),
resilience (r = 0.961, p < 0.01), cohesiveness (r = 1.00, p < 0.01),
gumminess (r = 0.985, p < 0.01), final G' (R2 =0.971, p < 0.01), in the
meantime, the onset temperature of ovalbumin also showed high cor-
relation with hardness (r = 0.894, p < 0.05), resilience (r = 0.896, p <
0.05), cohesiveness(r = 0.925, p < 0.05), gumminess (r = 0.899, p <
0.05), which can be concluded that the preinitiation of gelation can
deliver changes to the gel structure and further affected the mechanical
properties.

Moreover, Fig. 2B displays the increasing G" during the temperature
sweep, by comparing with Fig. 2A, the rheological gelation point (G' >
G”) of most groups cannot be clearly identified because the EW protein
had similar G' and G" at the beginning of the temperature sweep, and it
showed the fluctuate curves under the unstable conditions when the
temperature started to grow (The details of each group showed in
Supplementary Fig. 1).
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Fig. 2. Dynamic rheological behavior of the mixed EW-FP gelation in different protein ratios. Storage modulus (A), loss modulus (B) in the temperature sweep,
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Table 1
The onset temperatures of each region, final G' of temperature sweep, and Power-Law model fitting results (K, n’, R?) based on the frequency sweep of the mixed EW-FP
gels.
10:0 8:2 6:4 4:6 2:8 0:10
Onset T°C (FP, °C) N.D. N.D. 46 46 N.D. 46
Onset T°C (ovotransferrin, °C) 66 64 63 62 62 N.D.
Onset T°C (ovalbumin, °C) ~79 ~77 ~73 ~70 ~73 N.D.
Final G' (Pa) 35,400 23,800 20,900 16,800 11,200 1710
K (Paes, x 10%) 29.80 + 1.69% 24.24 + 2.20° 18.92 4 0.34° 14.74 + 0.45¢ 9.43 + 0.78° 1.46 + 0.01°
o 0.10 + 0.01° 0.10 + 0.00° 0.11 + 0.01™ 0.11 + 0.00° 0.10 + 0.00° 0.13 + 0.01*
R? 0.9965 0.9987 0.9992 0.9987 0.9975 0.9745

Note: The ratios refer to the protein mass ratio of EW to FP (Onset T°C: onset temperature. N.D.: not detected). Different letters in each row represent significant

differences (p < 0.05).

3.2.2. Surface hydrophobicity

The proteins' surface hydrophobicity implies the tendency of protein
molecules to adhere to one another in an aqueous environment
(Alizadeh-Pasdar & Li-Chan, 2000), which is the driving force of gel
formation. One percent EW-FP dispersions after heating were applied to
simulate the intermediate stage of protein molecule/aggregates during
the gelling process, so that the hydrophobic driving force for the gelation
can be determined. It is assumed that the surface hydrophobicity can be
predicted by the EW-FP ratios using the null model, where the total
surface hydrophobicity is proportional to the number of hydrophobic
groups and their affinity to ANS, and the value is the sum of the hy-
drophobicity of EW and FP, respectively (Cardamone & Puri, 1992; Kato
& Nakai, 1980; Zhao et al., 2024). When the two proteins individually
bind to ANS without affecting each other, the hydrophobicity values
should be linear with the EW-FP ratio; otherwise, the extent of EW-FP
interaction can be observed and quantified. Results of the surface hy-
drophobicity are shown in Fig. 3A, where the dashed lines signify the
predicted linear change as a function of EW-FP ratios. Before heating,
the EW group (3.49 x 10°) exhibited significantly lower surface hy-
drophobicity than the FP group (13.91 x 10°), and for the mixed groups,
the changes highly aligned with the predicted values (except for 2:8,
maybe due to the experimental variability), showing no EW-FP in-
teractions when only mixing the two proteins. After heating, the surface
hydrophobicity of all groups increased greatly, among which, the EW
group was 55.37 x 10°, which was higher than that of the FP group
(39.10 x 109), indicating EW protein exposed more hydrophobic groups
than FP under heating (Lee et al., 2024). Moreover, all EW-FP mixtures
(8:2, 6:4, 4:6, and 2:8) exhibited higher values than the predicted linear
trend, with the 6:4 and 4:6 ratios having the greatest deviations (5.59 x
10 and 5.98 x 10°, respectively). These findings indicate that heating-
induced EW-FP interactions resulted in extra increments of the surface
hydrophobicity, approaching saturation between ratios of 6:4 and 4:6.

Furthermore, the too-high hydrophobicity of protein can reduce the
bonding with water, resulting in the low stability of the spatial structure
of protein molecules, which can further accelerate the formation of
hydrophobic aggregation and cause the ‘too-fast’ asynchronous gelation
(Leeetal., 2024; Suet al., 2015; Xue et al., 2023). It also corresponded to
the phenomenon in the rheological temperature sweep (section 3.2.1),
where the pre-initiated denaturation and aggregation of ovotransferrin
and ovalbumin, respectively, evidenced an accelerated gelation driven
by the overexposure of hydrophobic groups. In addition, surface hy-
drophobicity showed significant correlations with gel hardness (r =
0.83, p < 0.05), final G' (r = 0.90, p < 0.05), and WHC (r = —0.96, p <
0.01), presenting a strong link between the process during the gel for-
mation and the apparent properties. Therefore, it can be speculated that
the excessively increased surface hydrophobicity was the direct outcome
of the EW-FP interaction, which drove the change in gelling pattern and
further affected the gelling properties.

3.2.3. Intrinsic fluorescence

One percent (w/w) of EW-FP dispersion was also exploited to
determine the fluorescence of aromatic amino acids, represented by
tryptophan (Trp), which has the strongest fluorescence at around 360
nm, that can signal protein conformational changes during the gelling
process (Diana Kerezsi et al., 2024). As shown in Fig. 3B, before heating,
the fluorescence intensity (FI) decreased with the increase of FP ratio
due to EW having more aromatic amino acids than FP (Attia et al., 2020;
David et al., 2024). After heating, two peaks were presented in groups
10:0 and 8:2, where the maximum fluorescence wavelengths were
around 360 nm and 400 nm. Besides, all groups had increased FI after
heating, and the increments of maximum fluorescence intensity
decreased rapidly with the increase in FP content, where group 2:8 had
the lowest increment of 3.60%, which is also lower than group 0:10 of
12.62%. Moreover, the first peaks of the groups 10:0 and 8:2 had blue
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Fig. 3. The surface hydrophobicity (A) and intrinsic fluorescence (B) of 1% protein dispersions prepared from different ratios of EW-FP before and after heating (The
ratios in figures refer to the protein mass ratio of EW to FP). The dashed line in (A) refers to the predicted linear change with the EW-FP ratio. Different letters in

subplot (A) represent significant differences (p < 0.05).
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shifts of around 12 nm and 8 nm after heating, respectively.

The second peak observed in groups 10:0 and 8:2 can be explained by
the existence of the excimers during the EW gelation, where the excimer
was formed by the combination of an aromatic residue in the excited
state with another in the ground state, having a wide emission band
between 400 and 480 nm (Bains et al., 2011; Keleti, 1970). This type of
excimer potentially existed in all the EW-containing groups. In addition,
the increased FI of all groups suggested that when proteins underwent
unfolding, the Trp residues were exposed to a higher “non-polar”
microenvironment with being surrounded by the adjacent hydrophobic
groups or embedded in the formed EW-EW, FP-FP, or EW-FP aggregates
instead of entering the aqueous phase and causing fluorescence
quenching (Diana Kerezsi et al., 2024; Vivian & Callis, 2001). The in-
crease of FI is also supported by the results of Zang et al. (2025), while
on contrary to the study of Lee et al. (2024), where the 0.5 mg/mL EW
solution were used and showed a decrease from 776.23 to 129.28 after
95 °C-heating, maybe due to the low protein concentration couldn't
initiate the hydrophobic aggregation where the fluorescence was
quenched by water.

Besides, the blue shifts of the first peak in groups 10:0 and 8:2
confirmed that the high “non-polar” microenvironment to which the Trp
residues were exposed. When the FP content continued to increase, the
“blue shift” of the EW protein part stopped accompanying the rapid
decreases in FI increments (as proved by the lower increments in group
2:8 of 3.60% than 0:10 of 12.62%), indicating the asynchronous ag-
gregation caused by EW-FP interaction hampered Trp residues linking to
the hydrophobic groups, therefore, the gelation pattern was evidenced
to be altered.

3.3. Structural characterization of gel matrix

3.3.1. Microstructure

As a consequence of the asynchronous protein aggregation promoted
by the changes of protein's unfolding and the hydrophobic groups'
exposure, the gel microstructure changed with the EW-FP ratio and was
observed by SEM under magnification of 80 x, 500 x, and 3000 x as
shown in Fig. 4. EW and FP gel had relatively fine and dense sectional
profile under the magnification of 80 x, 500 x, and 3000 x. EW had a
structured network composed of small protein aggregates around 3-4
pm (Fig. 4A3), which were consistent with the images of Wang et al.
(2020). In addition, FP gel showed an amorphous structure with
smoother and larger aggregates stacked together (Fig. 4F3).

For the mixed groups, the images of groups 8:2, 6:4, and 4:6 in Fig. 2
(B1, C1, and D1) became much coarser, showing random larger protein
clusters under 80 x. With further increasing of FP, the group 2:8
(Fig. 2E1) presented the denser surface with less porosity which was
closer to the FP gel. Moreover, pores can be observed under 500 x as
marked by the circles (Fig. 4, B2, C2, D2, and E2), the group 8:2 had
small and large pores in range from 10 pm to 50 pm diameter coexisting
in the gel matrix, and group 6:4 had the largest pores over 130 pm,
showing the most irregular structure. When the FP accounted for more,
the pore sizes were increased, of 60-100 pm in group 4:6, and presented
more dense structure with shallow pores around 50 pm in group 2:8.
Under the magnification of 3000 x (Fig. 4, B3, C3, D3, E3), with the
increase of the FP ratio, the backbone of the structure had been gradu-
ally substituted by the FP protein, and the surface of aggregates became
smoother and thicker, the structure tended to diminish, while the FP
came to dominate the gel structure as the gel appearance turned to neat
from coarse, and less space was generated with the filling of FP.

Compared with the textural properties and G, the changes in gel
strength were highly related to the density of the gel microstructure,
where the generated irregular aggregates also weakened it. While the
increase in springiness may be due to the heterogeneous structure
providing more space for the protein strands when under deformation,
the strands can spring back instead of being squeezed apart by mutual
compression. Besides, under 500 x magnification, where the mixed
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groups showed porosity to different extents with the change of FP ratio,
hence the greater proportion of the free water was stored in the pores
rather than binding to the network, especially for group 6:4, which
showed the most porosity and corresponded to the lowest WHC.

3.3.2. Middle-field infrared

The second derivative analysis was applied to quantify the relative
percentage of the secondary structure of the mixed EW-FP gels based on
the amide I region in the range of wavenumber 1700-1610 em L. The
a-helix, f-sheet, p-turn, random coil, and the unordered aggregate Al
and A2 were presented in Fig. 5. The a-helix content showed a syner-
gistic growth in groups 8:2, 6:4, and then decreased with the increased
FP ratio, respectively. The f-sheet and f-turn had a paired change where
the f-sheet decreased significantly when it composed a high proportion
of EW or FP in groups 8:2 and 2:8, where the content of g-turn showed a
high percentage, presenting an opposite decrease-and-increase trend in
the composite gels. The changes in the random coil were also similar to
the trend in a-helix, exhibiting an inverted U-shaped trend. Besides, both
unordered aggregates A1 and A2 had non-monotonic relationships with
the EW-FP ratios. Al accounted for less content in the composite gels,
and A2 also exhibited fluctuating change, which acted similarly to the
p-turn.

The unfolding of a-helix has a promotion to the formation of the
network (Niu et al., 2025), and the heat treatment changes the hydrogen
bonding to proceed the extension of a-helix, and its exposed terminal
residues can be transited to the random coil and g-turn unfolded inter-
mediate, which further facilitates the formation of $-hairpin connected
by p-turn, the adjacent g-strands in g-hairpin can be interacted by each
other to form the p-sheet (Carbonaro et al., 2008; Lee et al., 2024). As a
consequence, the slightly increased a-helix content implied the unfold-
ing was hindered by the EW-FP interaction in the mixed groups. Besides,
the transition from p-turn to g-sheet was affected in groups 8:2 and 2:8.
It can be inferred that the high proportion of EW or FP hampered the
formation of f-sheet. According to the correlation analysis, Surface hy-
drophobicity had strong correlations with the proportions of a-helix (r
=0.90, p < 0.05), unordered Al (r = —0.88, p < 0.05), and the random
coil (r = 0.98, p < 0.01). This indicated that the interaction between EW
and FP had a synchronous effect on the interconversion of secondary
structures and the exposure of surface hydrophobic groups, evidencing
the alteration of the gelation pattern. Besides, the significantly negative
correlation between random coil and WHC (r = —0.99, p < 0.01)
implied that the existence of unordered structure could reduce the
uniformity of the gel network; thus, this may be a negative factor for
textural properties and WHC.

3.3.3. Oscillatory frequency sweep

The frequency sweep results of the mixed EW-FP groups were pre-
sented in Fig. 2 (C and D). All groups showed frequency dependence,
presenting higher viscoelasticity with the increase in frequency and
“solid-like” behaviors, except for the FP gels, when the frequency
reached around 100 Hz, G" exceeded G', showing more “liquid-like”. The
powder-law model (G = K x ") was curve-fitted to the frequency
sweep results as shown in Table 1. K’ indicates the gel mechanical
strength. EW and 8:2 showed similar K’ values, and for the further in-
crease of the FP proportion, the gel strength decreased significantly,
which significantly correlated to the hardness (r = 0.970, P < 0.01) and
gumminess (r = 0.93, P < 0.01). n’ represents the relative amount of
covalent bonds (the closer the value is to zero, the more covalent bonds
the sample has). According to the values of n’, the EW gel had a
significantly higher amount of covalent bonds than the FP gel. In most of
the mixed groups, the slight increment of n’ values implied that fewer
covalent bonds than EW gel participated in the gel formation and
maintained the gel structure. The covalent bonds in the gel matrix
mainly refer to disulfide bonds (Wang et al., 2020), which cooperate
with other non-covalent interactions to establish the gel network.
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Hence, the intermolecular forces were investigated to deeper demon-
strate the gel structure and are detailed below.

3.3.4. Intermolecular forces in gel

The gel formation and the maintenance of its structure involved the
linkages of covalent bonds, which mainly refer to disulfide bonds (Zhang
et al., 2022), and non-covalent bonds, including electrostatic interac-
tion, hydrogen bonds, and hydrophobic interaction etc. (Xia et al.,
2022). These relative proportions of molecular interactions can be
investigated by determining the gel solubility by screening each type of
interaction. In Fig. 6A, the disulfide bonds, hydrophobic interaction &
hydrogen bonds, and electrostatic forces in the EW gels were 73.61%,
22.82%, and 3.56%, respectively, where the disulfide bonds played a
dominant role in maintaining the structure. Those of FP were 55.12%,
37.08%, and 7.80%, showing less difference between disulfide bonds
and the “hydrophobic & hydrogen” than that of EW gels. The mixed gels,
with the increase of FP content, had a decreasing trend in disulfide

bonds proportion, and an increasing trend in “hydrophobic &
hydrogen”, which were 24.60%, 41.00%, 41.87%, and 57.04%, and it
exceeded the disulfide bonds in the 2:8 group. Besides, the electrostatic
interaction accounted for small proportions, also showing visible de-
creases in the mixed groups, where the 8:2 group had the lowest, 0.75%,
and it continuously increased to 2.86% when the FP content was 80%.

In this experiment, the hydrophobic interaction and the hydrogen
bonds were not separated to detect, due to the dissociative reagents such
as SDS, urea, or guanidine hydrochloride, which can not only shield the
hydrophobic interaction but also disrupt the hydrogen bonds, making it
hard to detect each individually. Thus, the increment of the “hydro-
phobic & hydrogen” consisted of two changes. Xia et al. (2022) indicated
that the higher surface hydrophobicity of the soy protein aggregates
contributed to the enhancement of the hydrophobic interactions in gels.
Similarly, the excessively increased surface hydrophobicity presented in
section 3.2.2 potentially dominated the increase. Moreover, according
to the results of WHC, the FP gels had excellent water binding capacity,
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implying that the hydrogen bonds could be increased with more FP
content. Therefore, the changes of the “hydrophobic & hydrogen” in
mixed gels were attributed to the increments of both.

For the heat-induced protein gelation without involving the ionic
and enzymatic cross-linking, the disulfide bonds are considered the
strongest attractive force positively correlating with the gel strength,
followed by hydrophobic interactions, and the hydrogen bonds are
regarded as weak forces, while electrostatic interaction is a repulsive
force which acts between weak and strong depending on the ionic
strength of the aqueous phase (Bryant & McClements, 1998; Hoffmann
& van Mil, 1997).

The real amount of the disulfide bonds of the FP gel should be much
lower than that of EW and gradually decrease in mixed groups with the
increase in FP content due to the sulfur-containing amino acids, such as
cysteine and methionine, account for 6.24% in EW (dry matter)
(McNamara, 2013), while only 0.75-2.95% in FP (based on crude pro-
tein, dry matter) (David et al., 2024), which was roughly consistent with
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the n’ value resulting in the low gel strength of FP presented in the gel
hardness and G'. Combined with the proportions of the intermolecular
force, the EW-FP interaction reduced the ratio of disulfide bonds and
electrostatic interaction, meanwhile, enlarged the ratio of weaker forces
(hydrophobic and hydrogen bonding) in mixed gels, causing heteroge-
neous microstructures, and further impaired the gel textural properties
and rheological strength.

3.3.5. Water distribution

The water distribution can be determined by LF-NMR, where the Ty
relaxation time reflects the binding degree and the mobility of the water,
which can be divided into bound water (T5;), generally stabilized by the
hydrogen bonds; immobilized water (T32), trapped within the network;
and free water (Ty3), presenting the peaks at 1-10 ms, 20-200 ms, and
over 200 ms, respectively (Chen et al., 2025), as shown in Fig. 6B, The
ratios of each peak area to the total indicating the proportions of the
distribution, were exhibited in Fig. 6 (C, D, E). To; accounted for a small
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proportion (0.23-0.78%) of all groups, showing an increasing trend with
the higher FP ratio. Toy was the main state of water distributing in EW-
FP gels, since EW and FP groups had similar ratios of it (94.84% and
96.82%, respectively), and To3 was considered to have no interaction
with protein, accounting for 4.94% and 2.40% in EW and FP gels,
respectively. For the mixed groups, Ty, showed lower proportions than
those of both EW and FP gels and a “decrease-and-increase” with the
increase in ratio of FP, reaching the low proportions at groups 6:4 and
4:6 of 91.80% and 92.25%, respectively. Correspondingly, the Ta3
exhibited a reversed trend, where groups 6:4 and 4:6 had the relatively
higher proportions of 7.74% and 6.91%, respectively. Besides, the
relaxation times of T, Tog, and Ta3 had shifts among all groups, which
were shortened with the increase in FP ratio.

The increase in the ratio of FP accompanied by the increase of Ty
indicated that more hydrogen bonds formed, which was consistent with
the speculation in section 3.3.4, further proving that the FP was more
capable of establishing hydrogen bonds with water. Besides, the shifts of
the relaxation times also indicated that the FP had more binding degree
with water and corresponded to the change of electrostatic interaction
shown in Fig. 6A. The study of Zhang et al. (2015) also mentioned that
the increase in negative electric charges would shorten the T, relaxation
time to enhance the binding. Thereby, it can be speculated that the high
WHC of FP was attributed to the high hydrogen bonding and high
electrostatic interaction.

Furthermore, the decrease of the Ty, in mixed groups exhibited that
the water binding facilitated by hydrophilic residues was disrupted and
reduced the limitation of water migration (Chen et al., 2025). Conse-
quently, the free water accounted for more and existed in the pores of
the gel matrix, evidenced by the changes of T3 proportions, which were
highly consistent with the pore sizes observed in section 3.3.1, and also
has strongly negative correlation with WHC (r = —0.85, p < 0.05). Thus
far, the WHC losses can be concluded with two reasons: firstly, the
asynchronous gelation caused by excessively increased surface hydro-
phobicity delivered a more porous structure, causing the higher pro-
portion of free water; secondly, the deviations of the gel strength made
the water more easily released by the mechanical deformation (Barbut,
1995).

4. Conclusion

The heat-induced EW-FP mixed gels at various ratios exhibited spe-
cific structural, textural, and rheological characteristics, including
antagonistic reductions in hardness, resilience, cohesiveness, gummi-
ness, but a synergistic enhancement of springiness. These effects were
attributed to the EW-FP interactions, which modulated protein unfold-
ing and aggregation during the thermal structuring. Specifically, the
excessively exposed hydrophobicity accelerated the gelation process,
which was characterized by the pre-initiated aggregation of the ovo-
transferrin and ovalbumin, respectively. This subsequently resulted in
the formation of heterogeneous microstructures with high porosity. As
well, the asynchronous gelation accompanied the changes in the inter-
molecular forces, where the proportion of strong covalent bonds (di-
sulfide bonds) decreased, and the weaker hydrophobic interaction
increased, which reduced the textural and rheological strength.
Furthermore, the more porous microstructure, the higher proportion of
free water, and the decreased gel strength collectively contributed to the
loss of WHC in composite gels. The secondary structure was also affected
due to the protein-protein interaction, where the changes in a-helix and
random coil were synchronously increased with the change of surface
hydrophobicity, which was detrimental to the uniformity of the gel
network and presented strong correlations with gel strength and WHC.

Although antagonistic interactions were observed in the EW-FP gels,
these findings provide a systematic understanding of partial substitution
to mitigate formulation risks and also highlight the necessity of intro-
ducing appropriate process or structural modulation strategies, such as
pH regulation, thermal control, and microfluidization, to regulate EW-
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FP interactions characterized by the over-increased surface hydropho-
bicity and further achieve optimal gelling properties. Furthermore, the
distinctly porous structures observed in the 6:4 and 4:6 groups, com-
bined with their higher springiness and greater free water content, could
potentially be leveraged to impart a moist and palatable mouthfeel in gel
products, including puddings, cakes, and sandwich cookies.
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