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Protein binding to bile salts (BSs) reduces cholesterol levels, but the exact mechanism is unclear. In this study, we
performed simulated gastrointestinal digestion of egg white protein hydrolysate (EWPHs) and included an
unenzyme digestion group (CK) to investigate the changes in BSs binding capacity before and after digestion, as
well as the relationship between egg white protein (EWP) structure and BSs binding capacity. In addition,
peptidomics and molecular docking were used to clarify EWP's binding mechanism. We found that the BSs

binding ability of EWPHs was slightly decreased after digestion, but significantly higher than that of the CK
group and the digested CK group (D-CK). Particle size analysis and electrophoresis demonstrated that smaller
particles and lower molecular weights exhibited enhanced binding capacity to BSs. Fourier Transform infrared
spectroscopy (FTIR) results revealed that a disordered structure favored BS binding ability enhancement. Pep-
tides FVLPM and GGGVW displayed hypocholesterolemic efficacy.

1. Introduction

Cardiovascular disease is the leading cause of human mortality, and
high cholesterol is one of its risk factors. Currently, statins have
demonstrated significant effectiveness as cholesterol-lowering agents
(Besseling, Kastelein, & A, 2016). However, these medications also pose
potential safety concerns, primarily due to their possible side effects,
including abnormal blood sugar levels, muscle weakness and myalgia,
liver enzyme abnormalities, as well as impairments in memory and
cognitive function. Therefore, prevention and cholesterol lowering
through dietary modifications are of great importance. Among them,
bile salts-binding (BSs-binding) is one of the ways to lower cholesterol.
The BSs-binding ability of proteins has been reported, but the mecha-
nism of both binding is not clear.

BSs are sodium or potassium salts formed by the combination of bile
acids secreted by hepatocytes with glycine or taurine. When BSs are
excreted into the small intestine with liver bile, about 95% of them are
absorbed into the blood at the end of the ileum, and then enter the liver
through the portal vein to synthesize bile again and then excreted into
the intestine. This process is part of the intestinal-hepatic circulation
(Alberto, Ignasi, Sofia, Jaume, & Enric, 2023). Since cholesterol is

degraded into bile acids in the body, it plays a vital role in regulating
cholesterol metabolism and is an important factor in preventing heart
attacks and other cardiovascular diseases. Therefore, inhibition of bile
acid reabsorption allows for cholesterol degradation in the liver, thus
reducing blood cholesterol levels (Bellesi & Pilosof, 2021). The most
abundant BSs in the human body are taurocholate, glycocholate, and
deoxycholate. These particular types of surfactants have unusual prop-
erties closely related to their biological functions. A bile acid binding
protein known as MRJP1 (major RJ protein 1) was isolated from royal
jelly, which is a cholesterol-lowering food, and the isolated protein binds
taurocholate in vitro and reduces cholesterol uptake by Caco-2 enter-
ocytes (Kashima et al., 2014). Chen et al. (2020) found that the hydro-
lysate obtained by fermentation of celery seed protein with Bacillus
subtilis showed strong bile salt binding ability in vitro, and the molecular
weight range was 7.8-11.5 kDa. However, although these studies
illustrated the cholesterol-lowering function of the protein bound to BSs,
they did not delve into the mechanism of action of its binding.

Egg whites are the main component of eggs, consisting of 88% water
and 12% solids, of which >90% is protein and the rest is a very small
amount of lipids, vitamins and minerals. There are >40 types of proteins
in egg whites, containing 8 essential amino acids, with a human
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digestibility and absorption rate of >98%, making them one of the most
desirable protein resources in food (Abeyrathne, Huang, & Ahn, 2018).
Ovalbumin (OVA), ovotransferrin (OVT), and ovomucoid are the major
proteins, while lysozyme, ovalbumin, oval mucin, and yolk protein are
the minor proteins in egg whites. Therefore, egg white protein (EWP) is
considered to be a very valuable protein resource and has better excel-
lent functions such as foaming, emulsification and gelling. Currently, a
small number of studies have found that EWP has the ability to lower
cholesterol (Abeyrathne et al., 2018). However, studies investigating the
cholesterol-lowering efficacy and binding mechanism of EWP through
the BSs binding pathway have not been reported.

Therefore, in this study, the EWP was used as a raw material,
modified by enzymatic digestion technique. And the effect of digestion
on the structural and functional properties of EWP was explored based
on in vitro simulated gastrointestinal digestion. Furhtermore, peptido-
mics were used to find the target functional peptides, and the binding
mechanism was clarified by prediction and molecular docking between
egg white protein and BSs molecules.

2. Materials and methods
2.1. Materials

EWP were obtained from special grade grass eggs (purchased from
RTF, Hefei, Anhui Province), neutral protease (S10013, 100 U/mg),
artificial gastric fluid (Chp), artificial small intestine fluid (containing
pancreatic enzymes and phosphate) and sodium taurocholate (STC)
were purchased from Yuanye Biological Co., Ltd. (Shanghai, China).
Sodium cholate (SC) and sodium deoxycholate (SDC) were purchased
from Macklin Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. Preparation of the EWPHs

EWP solution with a substrate concentration of 8% (v/v) was pre-
pared and pH 7.0 was maintained using 0.5 M HCl and 0.5 M NaOH.
Neutral protease was used and enzymatic digestion was performed at an
enzyme specific activity of 6000 U/g (enzyme/EWP), enzymatic diges-
tion time of 6 h, enzymatic digestion temperature of 37 and pH 7.0. The
enzyme was subsequently inactivated at high temperature (90 °C, 10
min), cooled in an ice bath and then centrifuged at 10000 r/min for 10
min at 4 °C. The supernatant was freeze-dried and stored in a refriger-
ator at 4 °C for the determination of BSs-binding rate.

2.3. In vitro simulation of gastrointestinal digestion

Referring to the method of Yang et al. (2021) with slight modifica-
tions, 80 mg/mL of EWP solution was prepared, and the pH was adjusted
to 2.0 with 1 M of HCI solution. EWP solution (10 mL) was mixed with
gastric digestion (20 mL) solution (containing pepsin, 2000 U/mL), and
the mixed solution was shaken continuously (110 r/min) at 37 °C to
simulate gastric digestion for 60 min. Immediately after the gastric
digestion phase, the pH was adjusted to 7.0 with 1 M NaOH, and 30 mL
of the gastric digestion mixture was mixed with an equal volume of
artificial small intestine solution (containing pancreatic enzyme, 2000
U/mL), and the mixture was shaken continuously (110 r/min) at 37 °C
for 120 min to simulate intestinal digestion. Then, the reaction was
terminated at high temperature and cooled in an ice bath for 30 min to
stop the digestion process. At the end of the reaction, the digest was
centrifuged at 4 °C and 4500 r/min for 15 min. The supernatant was
freeze-dried and stored at —20 °C for subsequent determination of the
BSs binding rate.

2.4. BSs-binding capacity

2.4.1. Standard curve of BSs
The standard curve was prepared accroding to the method with
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slight modifications (Milkiewicz, Roma, Elias, & Coleman, 2002). STC,
SC and SDC solutions (0.4 mM) were prepared using phosphate buffer
solution (0.1 M, pH 6.3, phosphate buffer solution, PBS). Into separate
centrifuge tubes, 0, 0.5, 1.0, 1.5, 2.0, 2.5 mL of STC, SC, or SDC solutions
were added, followed by the addition of 2.5 mL of sample solution and
7.5 mL of sulfuric acid solution (H2SO4, 60%, v/v). After cooling the
samples rapidly with ice water, the enzyme marker was used to deter-
mine the absorbance value at 387 nm. Each BS was plotted as a hori-
zontal coordinate and a vertical coordinate based on its concentration.
Each group of samples was subjected to three parallel tests.

2.4.2. Determination of BSs binding capacity

Referring to the method of Yoshie-Stark and Waesche (2004), 1 mL
(60 mg/mL) of EWP samples and 4 mL of BSs solution (0.4 mM STC, SC,
and SDC, prepared with PBS solution) were taken, shaken in an incu-
bator at 37 °C for 2 h, and then centrifuged in a centrifuge (4000 r/min,
20 min). Supernatant (2.5 mL) is mixed with 7.5 mL of HySO4 solution
(60%, v/v), soaked for 20 min at 70 °C, removed and cooled immedi-
ately with ice water. A 387 nm absorbance value can be determined
using an enzyme marker, and a standard curve can be used to calculate
the concentration of BSs in the solution. As a control, 1 mL of PBS buffer
solution was used instead of the sample [Eq.1]:.

G -G
=~ x

0

BS(%) = 100 (@D
where Cj is the BSs concentration of the control solution, mM; C; is the
BSs concentration in the supernatant of EWP, mM.

2.5. Determination of total sulfhydryl groups

For the determination of total sulfhydryl groups refer to the method
of Shen, Fang, Gao, and Guo (2017). Following the methodology
described by Shen et al. (2017), EWP samples were diluted to a con-
centration of 5 mg/mL. Subsequently, 0.2 mL of the diluted sample was
added to a centrifuge tube along with 1 mL of buffer solution 3 and 0.02
mL of mercaptoethanol. The solution was then thoroughly mixed. The
reaction was carried out at 25 °C for 1 h, then 10 mL of 12% TCA was
added and centrifuged at 5000 rpm for 15 min. The supernatant was
removed and suspended in 5 mL 12% TCA, centrifuged for 10 min, and
then centrifuged twice. After the supernatant was removed, 3 mL buffer
solution 2 and 0.03 mL Ellman reagent were added. The calculation
formula is as follows [Eq.2]:

—SH <(pmol/g prot) = —(73'53 ><é\412 xD) 2)

where A4, is the absorbance value at 412 nm; D is the dilution of EWP
samples; D = 15.15; C is the protein concentration, mg/mL.

2.6. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Tricine-SDS-PAGE analysis

Based on the method described by Li et al. (2021), the preparation of
12% isolate and 5% concentrate gels were conducted. Subsequently, the
molecular weight distribution of the samples was analyzed using SDS-
PAGE. For this analysis, a Tricine-SDS-PAGE system with 16.5% sepa-
ration gel, 10% interlayer gel, and 4% concentration gel was employed.
The specific experimental process can be found in the appendix.

2.7. UV absorption spectroscopy

The protein samples were diluted to 0.1 mg/mL with PBS solution
(0.01 mol/mL, pH 7.0), and distilled water was used as a blank, and the
UV spectra were scanned at a scan rate of 100 nm/min in the range of
200-600 nm (Pi et al., 2021).
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2.8. Intrinsic fluorescence spectrum

According to the method of Xu, Xia, and Jiang (2012) with slight
modifications, protein samples were diluted to 0.1 mg/mL with PBS
solution (0.01 mol/mL, pH 7.0), distilled water was used as a blank, and
endogenous fluorescence spectra were measured by fluorescence spec-
trophotometer. The excitation wavelength is 295 nm, the width of
excitation and emission slit is 5 nm, the scanning speed is 1200 nm/min,
and the scanning range is 300-450 nm.

2.9. Surface hydrophobicity (Hp)

The surface hydrophobicity (Hp) of the samples was determined
according to the method of Pessato et al. (2016) with slight modifica-
tions. A solution of ANS at a concentration of 8 mM was obtained using
1-phenylnaphthalene-8-sulfonic acid (ANS) as an anionic fluorescent
probe dissolved in 0.01 M, pH 7.0, sodium phosphate buffer. The sam-
ples were diluted in 0.01 M sodium phosphate buffer (pH 7.0) in the
range of 0.05-0.25 mg/mL. 10 pL of ANS solution was mixed with 2 mL
of sample diluent and reacted in a dark environment for 15 min. Then
the fluorescence intensity of the obtained solution was monitored by a
fluorescence spectrophotometer. The excitation wavelength is 390 nm
and the scanning emission spectrum is 400-750 nm. A linear regression
was used to fit a plot of fluorescence intensity (the highest fluorescence
intensity at the same emission wavelength for different concentrations)
versus protein concentration, and Hy for EWP samples was expressed as
the slope of the curve.

2.10. FTIR

Changes in EWP functional groups in different treatment groups
were investigated by FTIR of lyophilized samples according to the
method of Li et al. (2021) and changes in secondary structure were
estimated after cross-linking. In order to prepare the spectra, a mixture
of 100 mg of potassium bromide (KBr) and 1 mg of sample was ground
and sliced into thin slices. With a resolution of 4 cm™!, the scanning
wave number was between 4000 cm ™! and 400 cm™!. These bands are
attributed to the secondary structure of the protein in the amide I region
(1600-1700 cm ™). The amide I band in the spectrum was analyzed by
OMSNIC and Peakfit software. In order to visualize the secondary
structure components of proteins, we created stacked plots using Origin
software.

2.11. Rheological properties

Referring to the method of Gu, Campbell, and Euston (2009), the
EWP sample solution (100 mg/mL) was slowly poured onto a 40 mm
diameter plate fixture. The apparent viscosity and shear stress of the WPI
samples were measured using a rheometer at a shear rate of 0.1-300 S ™.
A 500 mL of LEWP solution was prepared. The dynamic rheological
properties of different WPI solutions were determined using a 40 mm
diameter plate with a spacing of 1 mm. This plate had a measurement
temperature of 20 °C, a strain of 10%, and an angular frequency of
0.1-100 rad/s. Under these conditions, different EWP solutions exhibit
different dynamic rheological properties.

2.12. Scanning electron microscopy (SEM)

The experiment was conducted using a scanning electron microscope
(SU1510, Hitachi, Japan). Images were observed at a gold spray current
of 15 mA, at an accelerating voltage of 15.0 kV, at a working distance of
9.4 mm, at a working temperature of 25 °C, and at a magnification of
150 x .

Food Chemistry: X 23 (2024) 101577
2.13. Measurement of particle size

Using laser particle size analyzer, the particle size of each sample was
determined according to Hu, Li-Chan, Wan, Tian, and Pan (2013): 5%
(w/v) protein solution was prepared by dispersing the sample in distilled
water, using water as dispersant, the refractive index of particles was
1.45, 1.33 and 0.001 respectively. The average particle size is expressed
by volume average diameter D [4, 3].

2.14. Peptidomics analysis

The peptidomic analysis was based on high-performance liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The specific
experimental process can be found in the appendix.

2.15. Molecular docking

Docking simulations of proteins in egg white interacting with BSs
molecules were performed using AutoDock software and modified to
follow the method of Wang et al. (2022). To predict the interaction
forces between ovalbumin and BSs molecules, the PLIP website was used
(https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index). Further-
more, PubChem (https://pubchem.ncbi.nlm.nih.gov) contains 3D
structures of ovalbumin (https://doi.org/10.2210/pdb1JTI/pdb). Pub-
Chem was used to obtain three-dimensional structures of sodium
cholate, sodium taurocholate, and sodium deoxycholate. To reveal the
interactions between ligands and receptors, default docking parameters
are applied, a docking simulation is run with AutoDockTools, and
selected docking results with the lowest docking energy are drawn using
PyMol software.

2.16. Statistical analysis

The data were statistically processed by Excel (Microsoft 2019) and
analyzed by SPSS software (IBM SPSS Statistics 22). LSD multiple
comparison method was used for analysis of variance. Results were
expressed as mean =+ standard deviation, with p < 0.05 as the signifi-
cance criterion. Plots were made using Origin 2019. All experiments
were repeated three times.

3. Results and discussion
3.1. BSs binding capacity of EWP before and after digestion

The BSs binding capacities of the CK and EWPHs groups after in vitro
simulated gastrointestinal digestion were shown in Fig. 1 (A). EWPHs
were significantly higher than that of CK (p < 0.05). There was a certain
tendency for the BSs binding rate of the CK group to increase following
digestion, while the BSs binding rate of the EWPH group decreased to
some extent following digestion. However, the BSs binding rate of
digested EWPHs (D-EWPHs) in both groups after digestion was still
significantly higher than that of the D-CK group (p < 0.05). Barbana,
Boucher, and Boye (2011) found that lentil proteins subjected to in vitro
simulated gastrointestinal digestion had significantly lower BSs binding
capacities than undigested samples, suggesting that hydrophobic in-
teractions may be responsible for this difference.

3.2. Total sulfhydryl groups

Sulfhydryl changes affect the structure and function of proteins,
reflecting the formation and breaking of intramolecular and intermo-
lecular disulfide bonds (Ai, Xiao, & Jiang, 2020). As shown in Fig. 1 (B),
both enzymatic treatment and simulated gastrointestinal digestion
resulted in a significant decrease in sulfhydryl content (p < 0.05). As
compared to CK, the sulfhydryl content of the enzymatically treated
EWP was significantly lower in the EWPH group. In this case, its
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Fig. 1. (A) Bile salt binding rate of EWP in simulated gastrointestinal digestion before and after enzymolysis. Means with different lowercase (apply to comparisons
among different bile salt at a distinct treatment) superscripts differ significantly (p < 0.05), (B) Total sulfhydryl content of CK, EWPHs, D-CK and D-EWPHs, (C)
Surface hydrophobicity of CK, EWPHs, D-CK and D-EWPHs, (D) Particle sizes of CK, EWPHs, D-CK and D-EWPHs, and (E) SDS-PAGE (E1) and Tricine-SDS-PAGE (E2)
of CK, EWPHs, D-CK and D-EWPHs.
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conversion into disulfide bonds resulted in more disulfide bonds being
formed. As a result of simulated gastrointestinal digestion, the sulfhy-
dryl contents of both CK and EWPHs decreased. This was due to the
further hydrolysis of proteins by pepsin and trypsin in the digestive
fluid. This resulted in some hydrophobic groups being exposed, protein
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aggregation, and sulfhydryl groups constantly being converted into di-
sulfide bonds. Additionally, D-EWPHs contained significantly fewer
sulfhydryl groups than D-CKs. As a result of simulated gastrointestinal
digestion, enzymatically treated EWPs displayed significantly higher
levels of protein defolding than untreated EWPs, resulting in a greater
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Fig. 2. (A) UV spectra of CK, EWPHs, D-CK and D-EWPHs, (B) Intrinsic fluorescence spectra of CK, EWPHs, D-CK and D-EWPHs, (C) FTIR spectra (C1) and secondary
structure-occupied stacking maps (C2) of CK, EWPHs, D-CK and D-EWPHs, and (D) SEM images of EWP under different treatments (D1) CK group (D2) EWPHs group

(D3) D-CK group (D4) D-EWPHs group.
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amount of hydrophobic groups being exposed to the environment. In
consequence, EWPHs were more able to bind to BSs due to the disulfide
bond. This culminated in a cholesterol reduction.

3.3. UV absorption spectroscopy

As shown in Fig. 2 (A), the maximum UV absorption wavelength of
EWPs experienced varying degrees of blue or red shift before and after
digestion by enzymes and simulated digestion by gastrointestinal tract.
This was due to the combined effect of tyrosine, tryptophan and
phenylalanine residues (Huang, Ding, Dai, & Ma, 2017). Compared with
the CK group, EWPH UV absorption intensity increased and a certain
amount of redshift occurred. It is probable that this is a result of the
enzymatic digestion of EWP promoting its degradation and affecting its
exposure to tyrosine and tryptophan residues. Pi et al. (2021) found that
peanut proteins were autoclaved and fermented by Bacillus subtilis,
resulting in an increase in UV absorption intensity and a red shift of 1-5
nm at 210 nm. This suggests that peanut proteins have been partially
degraded and that peptide bonds hidden in protein aggregates are
increasingly exposed, which confirms the hypothesis that they cause
peanut proteins to unfold and tryptophan and tyrosine residues to be
exposed. Upon simulated gastrointestinal digestion, D-CK showed an
increasing trend compared to the CK group in terms of maximum ab-
sorption intensity. This was as a result of the altered structure of EWP
protein caused by the combination of pepsin and trypsin actions,
resulting in the exposure of additional peptide bonds hidden in protein
aggregates. Although a slight decrease in maximum absorption intensity
was observed compared to the pre-digestion group, it remained higher
than in the post-digestion CK.

3.4. Intrinsic fluorescence spectrum

The endogenous fluorescence of proteins arises from the leap be-
tween different electronic energy levels of aromatic amino acids (tyro-
sine, tryptophan, and phenylalanine), and the fluorescence intensity is
determined by the energy difference between these different levels.
Additionally, the polarity of the microenvironment in which the amino
acids are located influences their excited and ground state energies
(Viseu, Carvalho, & Costa, 2004). Consequently, the endogenous fluo-
rescence of proteins can provide a reliable indicator of changes in their
tertiary structure.

Fig. 2(B) shows endogenous fluorescence spectra of EWP after
simulated gastrointestinal digestion before and after enzymatic diges-
tion. Compared with the CK group, the fluorescence intensity of both
enzymatic digestion and digestion-treated samples was significantly
enhanced. After enzymatic digestion of EWP, its maximum fluorescence
emission wavelength was red-shifted and its maximum fluorescence
intensity was significantly increased. This indicates that enzymatic
digestion unfolded the internal structure of the protein molecule and
exposed the tryptophan residues. Consequently, some hydrophobic
groups were exposed, resulting in a greater intensity of fluorescence for
EWP. When simulated gastrointestinal digestion was simulated in vitro,
the maximum fluorescence emission wavelength was redshifted and the
fluorescence intensity increased in the CK group. As a result of the
digestion process, which involved the action of digestive enzymes, the
protein structure and amino acid sequence were altered, which
improved the exposure of tryptophan residues to polar environments
(Nandy, Chakraborty, Nandi, Bhattacharyya, and Mukherjee, 2019).
After digestion, EWPHs lost fluorescence intensity, but their maximum
emission wavelength shifted toward a longer wavelength. Therefore,
EWPHs are still capable of maintaining high fluorescence intensity after
digestion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.5. Surface hydrophobicity (Hp)

Surface hydrophobicity (Hy) of a protein is a measure of the change
in the hydrophobic group on the surface of the protein upon contact with
the aqueous environment (Celus, Brijs, & Delcour, 2007). The degree of
interaction between hydrophobic groups and the protein surface is
usually reflected by changes in hydrophobic groups. Additionally, they
reflect changes in the conformation and stability of proteins.

As shown in Fig. 1 (C), the Hy of EWPHSs was significantly higher (p <
0.05) compared to the CK group. This may be due to the fact that
enzymatic treatment of EWP unfolded its internal structure and exposed
hydrophobic residues, which in turn triggered a change in the distri-
bution of hydrophobic regions of the protein (Li, Yang, Zhang, Ma, &
Mahunu, 2016). According to Wang et al. (2023), proper enzyme
digestion of EWP facilitated the appearance of hydrophobic sites, which
led to a significant increase in Hy. Despite this, Hy exhibited a decreasing
trend as enzyme addition increased. The aggregation of the protein may
result in exposed hydrophobic groups hiding within the protein. Simi-
larly, the surface hydrophobicity of EWPHs decreased after digestion in
the present study. The reason for this is excessive enzymatic digestion
that causes protein to aggregate and hide some hydrophobic groups.
Conversely, the CK group was digested by digestive enzymes and pH,
which resulted in protein deformation and unfolding, promoting protein
de-folding, and exposing more hydrophobic groups, leading to an in-
crease in Hy.

3.6. FTIR

As shown in Fig. 2 (C), the percentages of helixes and sheets of
EWPHs in the enzymatic digestion group decreased by 8.07% and
7.34%, respectively, compared to the control group. In contrast, the
percentages of turns and disordered curls increased by 15.41%. In this
respect, it should be noted that enzymatic digestion contributes to the
transition from ordered to disordered structures. Wang et al. (2023)
found a significant reduction in the proportion of o-helix in EWP after
enzymatic digestion. Ashraf, Liu, Awais, Xiao, and Zhou (2020) previ-
ously reported that after sonication, pro-sheets to irregular curls were
converted in mung bean proteins, indicating that the sonication can
disrupt cross-linkage bonds and alter amino acid sequences, thus
affecting the function of hydrolysates, i.e. reducing cholesterol produc-
tion. Liu et al. (2022) examined the secondary structure of soy protein
and found that the ordered structure was converted into a disordered
structure when enzymatic digestion, screw speed and heat were applied.
It is believed that this phenomenon is the result of denaturation of the
proteins and increased protein cross-linking under these conditions.
After digestion of the CK group, the ratio of helix-to-sheet was reduced
due to the digestive enzymes and a decrease in digestion fluid pH, which
resulted in the enzymatic degradation of EWP, which in turn resulted in
the unfolding of certain structures. Comparatively, the observed changes
in the ordered and disordered structures of the EWPHs group were not
statistically significant. According to Wang et al. (2023), no significant
changes in EWP secondary structure occurred when enzymes were
added to the mixture. The presence of digestive enzymes in the digestion
solution does not significantly affect the secondary structure of enzy-
matically processed EWP. Thus, enzymatic digestion of EWP causes
degradation of the protein and unfolding of the internal molecular
structure, resulting in changes in its secondary structure with an in-
crease in f-turns angle and some reduction in o-helix, p-sheets and
irregular coiling, as well as affecting the BSs binding capacity of EWP,
indicating the effect of secondary structure on the cholesterol-lowering
function of EWP.

3.7. SDS-PAGE, and Tricine-SDS-PAGE analysis

3.7.1. SDS-page
As shown in Fig. 1 (E) after enzymatic treatment, compared to the
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control group, egg transferrin and ovalbumin protein bands were
significantly thinner, and the protein bands of lysozyme disappeared
and new bands appeared in the part with a molecular weight <14 kDa,
indicating that enzymatic digestion resulted in the degradation of EWP
to produce small molecular peptides. It was found that after heating egg
white powder and enzymatic treatment, all bands near 75 kDa dis-
appeared and new bands appeared below ovalbumin located near 45
kDa, which was consistent with the results reported in this paper. Ac-
cording to Wang et al. (2023), enzymatic digestion promotes the
degradation of protein macromolecules and produces peptides of func-
tional small molecules. After simulated gastrointestinal digestion it was
observed that new bands appeared near 22-43 kDa for D-CK, and new
bands appeared below the bands of oval transferrin, ovalbumin and
lysozyme for D-EWPHs, due to further degradation of proteins by
digestive enzymes to generate more small molecules.

3.7.2. Tricine-SDS-PAGE

Since enzymatic digestion and simulated gastrointestinal digestion
generated some small molecule polypeptides from EWP, small molecule
gel electrophoresis was performed using SDS-PAGE. As shown in Fig. 1
(E2), the EWPH bands were mainly distributed between 6.5 and 31 kDa
compared with the CK group. Therefore, it can be concluded that the
large-molecule proteins in EWP have been degraded and the small-
molecule bands have been aggregated under neutral proteases to pro-
duce more small-molecule polypeptides. In the D-CK (lane 4) group,
after the digestive process was simulated, the bands became thinner,
darker, and more numerous. Accordingly, EWP was enzymatically
degraded after digestion by trypsin and pepsin to produce small mole-
cule peptides. It is possible that this may be attributed to the increased
ability to bind BSs. The binding capacity of pea hydrolysates obtained by
alkaline protease enzymatic digestion was found to be between 7.8 and
11.5 kDa at the molecular weight of Klost, Giménez-Ribes, and Drusch
(2020). It can be concluded that the peptides produced after enzymatic
digestion of EWP may affect its ability to bind BSs.

3.8. Microstructure

In order to investigate the changes of microstructure of EWP before
and after enzymatic treatment and simulated gastrointestinal digestion
treatment, SEM was used for observation and analysis. From Fig. 2 (D1),
it can be seen that the surface structure of the unenzymatic CK group
was smooth and the proteins were in the shape of lamellar structures,
while Fig. 2 (D2) shows the EWPHs obtained after enzymatic treatment.
After the enzymatic treatment of EWP, the lamellar structure of the
protein surface was destroyed and showed irregular small fragment
shapes with a looser structure. This is because enzymatic digestion de-
stroys the internal structure of the protein and forms proteins or peptides
with smaller molecular weights. Fig. 2 (D3) shows the D-CK group, after
digestion, the protein surface became rough and partially cleaved,
which may be the result of the action of digestive enzymes. In contrast,
the particle distribution in the D-EWPHSs group (Fig. 2 (D4)) was more
fragmented than that in the EWPHs group and there was protein ag-
gregation. This phenomenon may be attributed to the unfolding of
proteins after enzymatic and digestive treatment, which exposes excess
hydrophobic groups and thus improves the BSs binding ability of EWPs.

3.9. Particle size

As shown in Fig. 1 (D), enzymatically modified EWP had a different
mean particle size before and after digestion. A significant difference
was observed between the mean particle size of the EWPHs group and
the CK group after enzymatic digestion. The reason for this was that the
EWP generally aggregated with large proteins molecules and consisted
of larger particles when it was not enzymatically digested. As a result of
enzymatic digestion, these proteins were destroyed and degradation
took place to produce small molecules. This is in accordance with the
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results published by Xie et al. (2023) regarding rice protein hydroly-
sates. It was found that both groups of CK and EWPHs showed a
reduction in mean particle size after simulated digestion in the gastro-
intestinal tract. It is possible that digestive enzymes are responsible for
this. It was observed in the study by Colosimo, Mulet-Cabero, Warren,
Edwards, and Wilde (2020) that intestinal digestion with trypsin resul-
ted in an overall decrease in particle size when BSs were bound to fungal
proteins. Overall, the average particle size of EWP kept decreasing as the
BSs binding capacity increased, suggesting a relationship between par-
ticle size and BSs binding capacity, and the results shown in Fig. 1 (D)
correspond to those of SEM, secondary structure, suggesting that enzy-
matic digestion disrupts the non-covalent fitness and electrostatic and
hydrophobic interactions between EWP molecules, thus reducing the
particle size of the protein and increasing the BSs binding capacity.

3.10. Rheological dynamics

3.10.1. Static rheology

As shown in Fig. 3 (A), it was observed that the apparent viscosity of
different treatment groups decreased with the increase of shear rate,
indicating a thinned shear layer. According to Karaman, Yilmaz, Dogan,
Yetim, and Kayacier (2011), this is a pseudoplastic fluid for non-
Newtonian fluids. Among the other treatment groups, the CK group
had the lowest level of viscosity. However, the viscosity of the enzy-
matically treated EWP was the highest. It was followed by D-EWPHs and
D-CK. The apparent viscosity of the CK group increased at the same
shear rate after enzymatic treatment, which may be due to the increased
hydrophobic groups exposed to EWP due to the neutral protease activ-
ity. Consequently, protein molecules formed a three-dimensional mesh
structure, which reduced mobility, resulting in tighter connections be-
tween protein molecules and increased apparent viscosity (Liu & Tang,
2014). In both the CK and EWPH groups, the apparent viscosity changed
differently after digestion. As a consequence, D-CK's apparent viscosity
increased while D-EWPH's viscosity decreased at the same shear rate. As
a result of enzymatic activity and pH fluctuations during the process of
digestion, this phenomenon may occur. Due to excessively acidic or
alkaline pH levels, proteins undergo partial denaturation, leading to a
weakened hydration layer on the surface of the protein solution.
Consequently, intermolecular aggregation of proteins takes place,
resulting in larger molecules that enhance the viscosity of the protein
solution. In addition, it may be due to an increase in viscosity as the
amount of homogeneous charge on the protein surface increases as it
moves away from the isoelectric point (Malhotra & Coupland, 2004). As
shown in Fig. 3 (B), with the increasing shear rate, the shear stresses all
show an upward trend, in the following order: EWPHs > D-EWPHs > D-
CK > CK. Where the shear stress of EWPHs is the highest, and the cor-
responding apparent viscosity is also the highest. Hence, apparent vis-
cosity trends are correlated with shear stress.

3.10.2. Dynamic rheology

Fig. 3 (C) and (D) shows the variation of energy storage modulus (G')
and loss modulus (G*) of EWPs with the increase of angular frequency
for different treatment groups, where the elastic properties are repre-
sented by G' and the viscosity is represented by G". It can be seen from
Fig. 1-5 that both G' and G* of the four groups of samples increase with
angular frequency, in the following order: EWPHs > D-EWPHs > D-CK >
CK. And G'is obviously larger than G", which indicates that EWP's elastic
property is larger than the viscous property. Compared with the CK
group, the viscoelasticity of EWPHs increased, which indicates that
enzymatic treatment of EWP can promote the formation of a homoge-
neous, compact and high-strength protein network gel structure (Liu,
Xu, Zhao, & Yang, 2017). The CK group also showed a significant in-
crease in viscoelasticity after digestion, which, in addition to the effect
of digestive enzymes, may also be caused by changes in pH in the
digestive environment. The pH changes cause denaturation of subunits
in the protein and oxidation of sulfhydryl groups to generate disulfide
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Fig. 3. Effect of different treatments on rheological properties of EWP: (A) Apparent viscosity, (B) Shear stress, (C) Storage modulus, and (D) Loss modulus.

bonds, and the new disulfide bonds further strengthen the covalent in-
teractions within the protein molecules and make the gel structure of the
protein stronger, thus improving the BSs binding ability of EWP (Du
et al., 2022). The decrease in viscoelasticity of EWPHs occurred after
digestion but remained higher than that of the CK group, which could be
due to the decrease in the viscoelasticity of D-EWPHs as the structure of
the protein shifted from an ordered to a disordered structure in the
presence of digestive enzymes, resulting in increased mobility and
disruption of the existing network structure (Du et al., 2022). It is also
possible that extreme pH disrupts hydrophobic interactions and van der
Waals forces. This breaks the disulfide bonds between protein subunits
and partially unfolds the tertiary structure of the molecule, making it
less viscoelastic.

3.11. Peptidomics analysis

In this experiment, qualitative and quantitative peptidomic analysis
was performed on the EWP samples before and after enzymatic diges-
tion, and a total of 6071 peptides were identified, and the abundance
analysis of the peptides was performed, and the abundance ratio > 10 or
< 0.1 and P value adjust <0.05 were used as the differential peptide
screening conditions, and more significantly differentially expressed
peptides were screened, as shown in Table 1(A).

Following the identification of peptides with hypocholesterolemic
activity, 67 peptides with similar amino acid sequences were screened
from EWPHs, D-CK, and D-EWPHs with significant differences in
expression compared to the CK group. As shown in Table 1(B), most of
the results were derived from ovalbumin. Most of these peptides had a
molecular weight between 300 and 2300 Da. According to Ye et al.
(2023), cholesterol-lowering peptides in tea proteins have a molecular
weight below 3 kDa. Further, based on the probability prediction of
biological activity of the differentially significant peptides by the pep-
tide library (http://distilldeep.ucd.ie/PeptideRanker/), the selection
was adjusted upward from 0.5 to 0.8, reducing false positives, and
peptides with scores >0.8 were identified as potentially biologically
active peptides (Mudgil et al., 2022). Comparatively, FVLPM and
GGGVW, which contain cholesterol-lowering fragments, have a bioac-
tivity potential of >0.8. As a consequence, these two peptides may be
effective in lowering cholesterol levels.

The relative abundance of EWP can be determined by analyzing the
thermogram results of EWP before and after enzymatic digestion, as well
as peptide abundance, as depicted in Fig. 4 (A). A darker red color in-
dicates a greater relative abundance of peptides, whereas a lighter blue
color indicates a lower relative abundance. A comparison of CK and
EWPHs groups revealed that EWP released more peptides after enzy-
matic digestion, and both groups were subjected to simulated
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gastrointestinal stimulation. Due to the action of digestive enzymes and
pH, which further degraded the protein and created more small mole-
cule peptide fragments after digestion, the abundance of peptides
increased significantly. Further, the changes in thermogram analysis
results were associated with the changes in protein structure, which
were caused by an increased degree of protein folding and the exposure
of more binding sites.

The thermogram analysis performed for the potential hypo-
cholesterolemic peptides of EWP screened in Table. 1(B) according to
their abundance is shown in Fig. 4 (B). Compared to the CK group, the
four groups of cholesterol-lowering fragments showed a significant in-
crease in the abundance of peptides corresponding to EWPHs, D-CK and
D-EWPHs. These peptides with hypocholesterolemic activity may play a
role in EWP after enzymatic digestion and digestion, giving EWP a high
hypocholesterolemic efficacy, providing the foundation for an in-depth
study of the hypocholesterolemic activity of these peptides and provides
a basis for future designing and simulation of hypocholesterolemic
peptides.

3.12. Molecular docking

The schematic diagram in Fig. 5 (A1-A3) depicts the intermolecular
forces between ovalbumin and BSs molecules, as predicted by PLIP
analysis. It is evident from the figure that hydrophobic interactions and
hydrogen bonds are the predominant interactions between OVA and BSs
molecules.

As shown in Fig. 5 (B1-B3), the interaction types and docking posi-
tions between OVA and three BSs molecules respectively, the binding
force between OVA and BSs molecules is mainly hydrogen bonding, and
its binding is more stable at low docking energy. SC mainly interacts
with GLY-1 (glycine), ASN-54 (asparagine), LYS-61 (lysine), LEU-62
(leucine), etc. in OVA. The lowest molecular docking energy is —8.25;
STC mainly interacts with GLU-108 (glutamic acid), ARG-110

(arginine), TYR-111 (tyrosine) and other amino acid residues in oval-
bumin, and the lowest molecular docking energy is —7.16; SDC mainly
interacts with GLU-108, ARG-110, TYR-111, GLU-275 and other resi-
dues in ovalbumin, and the lowest molecular docking energy is —7.16.
TYR-111 and GLU-275 in ovalbumin, with a minimum molecular
docking energy of —7.33.

Consequently, these hydrophobic amino acids interact with BSs
molecules to influence egg white proteins' functional properties (Gao
et al., 2018). There may be a reason why BSs binds more strongly to the
enzymatically modified EWP and digested CK groups because more
hydrophobic residues are exposed. As a result, egg white proteins' ability
to bind to BSs molecules may be enhanced through enhanced hydro-
phobic interactions.

4. Conclusions

This study investigated the effect of neutral protease digestion on the
BSs-binding capacity of EWPHs through an in vitro simulation of
gastrointestinal digestion. The results showed that the BSs-binding ca-
pacity of EWPHs remained strong after digestion, mainly due to the
exchange of sulfhydryl groups and disulfide bonds, promoting hydrogen
bond formation. Structural analysis revealed that smaller particle sizes
and low molecular weights promoted BSs-binding, and a disordered
structure enhanced the binding capacity. Additionally, the exposure of
tryptophan and tyrosine residues, increased apparent viscosity, visco-
elasticity, and surface hydrophobicity, as well as decreased sulfthydryl
content, all contributed to enhanced BSs-binding. Although D-EWPHs
exhibited a more stable secondary structure after digestion, its BSs-
binding capacity decreased slightly. However, compared to CK, the
exposure of more hydrophobic groups still resulted in a higher BSs-
binding capacity. Peptidomic analysis identified potential cholesterol-
lowering active peptides, such as FVLPM and GGGVW. Molecular
docking analysis further indicated that the interaction between EWP and
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Fig. 5. (A1-A3) Prediction of the interaction between ovalbumin and bile salt molecules. Where A1 is the interaction force between ovalbumin and sodium cholate
molecules; A2 is the interaction force between ovalbumin and sodium taurocholate molecules; A3 is the interaction force between ovalbumin and sodium deoxy-
cholate molecules; where blue bar structures represent amino acid residues in ovalbumin that interact with bile salt molecules, yellow bar structures are bile salt
molecules, gray dashed lines connect hydrophobic interactions, and blue solid lines connect hydrogen bonding interactions. (B1-B2) Three-dimensional molecular
docking image of ovalbumin and bile salt. Where B1 is the molecular docking image of ovalbumin with sodium cholate; B2 is the molecular docking image of
ovalbumin with sodium taurocholate; B3 is the molecular docking image of ovalbumin with sodium deoxycholate; where the green bar structure represents the amino
acid residues in ovalbumin that interact with the bile salt molecule, and the blue bar structure is the bile salt molecule. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

BSs primarily involves hydrophobic interactions and hydrogen bonds,
and enzyme digestion may expose more hydrophobic amino acid residue
sites.

This study explored the relationship between BSs binding capacity
and EWPs structure under in vitro simulated gastrointestinal digestion
conditions, revealing that enzyme digestion significantly affects the
binding capacity between EWPs and BSs. Through in-depth research, we
clarified the mechanism of structural changes, providing new insights
into the structural modification and biological activity enhancement of
EWPs. Simultaneously, peptidomic analysis revealed changes in small
molecule structures after enzyme digestion and identified potential
cholesterol-lowering active peptides. Furthermore, we conducted mo-
lecular docking studies to gain a deeper understanding of the interaction

10

mechanisms between EWPs and BSs. However, this study has not yet
involved in vivo experiments to validate the effectiveness of in vitro re-
sults, and the biological function verification of cholesterol-lowering
active peptides is still insufficient. Future work will focus on vali-
dating these findings and exploring their potential for practical
applications.
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(A) Number of different peptides screened by EWP before and after enzymolysis
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Table 1 (continued)
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