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Improving the emulsion-stabilizing effect of protein by chemical or physical modification has been paid much
attention recently. Here, sodium caseinate (CS) was treated by high-pressure-microfluidization (HPM) under
0-100 MPa, and was further complexed with (-)-epigallocatechin-3-gallate (EGCG) to form an excellent emul-
sifier that stabilized fish oil emulsions. Results showed that HPM treatment (especially 80 MPa) significantly
changed the secondary structure of CS, and 80 MPa-PCS-EGCG had the best emulsifying and antioxidant ac-
tivities. In addition, after HPM treatment and EGCG bonding, CS formed a thicker interface layer on the surface

of oil droplets, which could better protect the fish oil from the influence by oxygen, temperature and ion con-
centration. Moreover, the fish oil emulsion stabilized by PCS-EGCG complex significantly delayed the release of
free fatty acids subjected to in vitro digestion. Conclusively, HPM-treated CS-EGCG complex could be a potential
emulsifier to improve the stability of fish oil emulsions.

1. Introduction

Sodium caseinate (CS) is the sodium salt of casein, the main protein
in cow’s milk. It can be classified as an intrinsically unstructured protein
aggregate consisting of four phosphoprotein fractions, namely a-g3, a-g2
casein, f-casein and k-casein (El-Messery et al., 2020). CS has various
bioactivities and remarkable emulsifying properties. (-)-Epi-
gallocatechin-3-gallate (EGCG) is a prominent component of tea poly-
phenols, renowned for its exceptional antioxidant properties and various
other bioactivities, particularly its preventing oxidative damage from
reactive oxygen species (Li et al., 2023). At present, many studies have
combined CS and EGCG to improve the performance of the digestion
behaviors of emulsions (Li et al., 2021).

There are two main binding modes of CS and EGCG. These two
compounds can be combined by non-covalent bonds such as hydrogen
bonds, hydrophobic bonds and van der Waals forces, and can also be
covalently combined by enzymatic and non-enzymatic methods (Liu

et al., 2023). However, non-covalent binding is susceptible to environ-
mental factors, and enzymatic covalent grafting process is complex
(Quan, Benjakul, Sae-leaw, Balange, & Magsood, 2019). Studies have
shown that the emulsion stabilized by CS-EGCG covalent complexes can
form a thick film on the droplet surface, preventing the oxidation of the
droplet and improving the stability of the emulsion (Wei, Yang, Fan,
Yuan, & Gao, 2015). Hence CS-EGCG covalent complexes can be used as
an emulsifier to improve the stability of the oil-in-water emulsion.
Furthermore, the physical modification can alter the protein’s
structure and thus enhance its functions. Notably, HPM treatment can
change the conformation of protein and further affect its function and
interaction with polyphenols, during which the mechanical forces of
HPM caused by shear stress, turbulence and cavitation play a key role
(Ozturk & Turasan, 2022). For example, high-pressure could regulate
the interaction between tea polyphenols and soybean isolate protein
(SPI), thus reducing the surface hydrophobicity of SPI and making tea
polyphenols more stable (Chen, Wang, Feng, Jiang, & Miao, 2019).
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According to Zou, Xu, Zhao, Wang, and Liao (2019), HPM promoted the
binding of proteins and anthocyanins, which improved the stability of
anthocyanins. Nevertheless, there are few reports on the CS grafted with
EGCG after HPM treatment, and the in-depth research has been hardly
conducted on the emulsifying activity and antioxidant activities of HPM-
treated CS-EGCG covalent complexes. Therefore, the study of the
structure and function of CS treated under different pressures has
important significance for further improving the performance of CS-
EGCG covalent complexes.

Fish oil with high levels of eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA) has received widespread attention for their
benefits in reducing the risk of heart disease and promoting brain health
(Yesiltas et al., 2021). However, lipid oxidation, stratification, and low
bioavailability in fish oil during processing and storage are a major
concern, leading to the loss of stability and safety as well as sensory and
nutritional quality (Liu et al., 2019). Protein-based emulsifiers for fish
oil can effectively improve the stability of fish oils (Tang et al., 2023). It
was found that CS could effectively improve the oxidative stability of
fish oil, while EGCG with its strong antioxidant effect could enhance the
effect of protein on fish oil against lipid oxidation (Peng & Tang, 2020),
but the stabilizing effect of HPM-treated CS-EGCG complex on fish oil
has been not yet known, and it is not clear how HPM-treated CS-EGCG
further improves the stability of fish oil.

This study aims to explore the effect of HPM-treated CS-EGCG
complex on the emulsifying and oxidation stability, and digestive
properties of fish oil emulsion. Both CS-EGCG complexes with and
without HPM treatment were investigated in detail on their structural
characteristics, emulsifying activity, antioxidant activities, as well as
their effect on fish oil by examining the environmental tolerance, stor-
age stability and digestive behavior. This study provides a valuable
reference for the stabilization of emulsions rich in -3 polyunsaturated
fatty acids using novel protein—polyphenol complex emulsifiers.

2. Materials and methods
2.1. Materials

Sodium caseinate (CS, > 92 % purity) from bovine milk (C8654) was
purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO,
USA), and (-)-epicatechin-3-gallate (EGCG, > 98 % purity) from green
tea polyphenols were purchased from Rhawn Chemical Reagent Co., Ltd
(Shanghai, China). All solutions in this experiment were prepared with
Tris HCI buffer solution. Fish oil was provided by Zhoushan Xinnuojia
Biological Engineering Co., Ltd. (Zhoushan, China).

2.2. Preparation of HPM-treated CS

CS (1 wt%) was prepared according to the method used in a previous
study with minor changes (Tang et al., 2023). Briefly, CS powder was
dispersed in 20 mmol/L Tris-HCI buffers set at pH 7.4. Then, the pH of
CS was adjusted to 9, and the sample solution was prepared by contin-
uous stirring for 2 h. The CS was subjected to a single treatment at 0, 20,
40, 60, 80 and 100 MPa by dynamic high-pressure microfluidization
(Genizer, USA), and the CS treated by HPM was named PCS.

2.3. Complexation of EGCG with CS

The HPM-treated CS-EGCG complex was prepared by alkali-
mediated grafting according to our previous study (Tang et al., 2023).
Briefly, EGCG (0.05 %, 0.10 % and 0.15 % w/v) was slowly added to the
CS dispersion system (Subsection 2.2) in a 1:1 ratio,and the pH of
mixture was adjusted to 9 and then stirred continuously for 24 h in the
presence of oxygen. The solutions were then dialyzed in visking tubes
(MWCO 12-14 kDa) for 48 h to remove free EGCG molecules. The HPM-
treated CS-EGCG samples were obtained after lyophilization.

The total phenolic content of HPM-treated CS-EGCG complex were
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assayed by Folin-Ciocalteu method (Wang et al., 2014). Briefly, 0.5 mL
of adequately diluted sample was blended with 2.5 mL of freshly pre-
pared Folin-Ciocalteu reagent at room temperature. After 5 min, 2 mL
(7.5 % w/v) of sodium carbonate was added and the mixture was swirled
and left in the dark at room temperature for 2 h. The absorbance was
measured at 760 nm using a UV-Vis spectrophotometer (Huyueming
Scientific Instrument Co. Ltd., China).

2.4. Fourier transform-infrared (FTIR) spectroscopy

The infrared spectra (Thermo, USA) of HPM-treated CS (0-100 MPa)
and CS-EGCG complex were performed using the potassium bromide
pellet method (Yang et al., 2022), and the experimental results were
processed by OMNIC 8 and PeakFit (v4.12) software.

2.5. Fluorescence spectroscopy

The fluorescence intensity of each sample (0.5 mg/mL, 20 mM PBS,
pH 6.8) was analyzed using an F-6000 fluorometer (Shimadzu, Japan)
with the method described in previous work (Xu et al., 2024). The
excitation wavelength was set to 280 nm and the emission was recorded
between 300 and 500 nm. The scanning speed was 12,000 nm/min and
the slit widths were 3.3 and 2.0 nm.

2.6. Antioxidant activities

2.6.1. ABTS radical scavenging activity

The ABTS radical cation (ABTS®") radical scavenging assay of the
samples was assessed using the method described in a previous study
(Zhang, Wang, He, Tang, & Liu, 2024). The 100 pL of diluted ABTS
solution was mixed with 100 pL of sample (1 mg/mL) and left in the dark
for 10 min. The absorbance of the resulting solution was measured at a
wavelength of 734 nm.

2.6.2. DPPH radical scavenging activity

The DPPH radical scavenging activity was assessed using the method
described by Zhang et al. (2024) with some modifications. In brief, 100
pL of each sample (0.5 mg/mL) was mixed with 100 pL DPPH solution
(0.1 mM, ethanol) was mixed and kept in the dark at room temperature
for 30 min. The absorbance of the remaining DPPH was determined at
517 nm.

2.6.3. Reducing power

The reducing power assay of HPM-treated CS (0-100 MPa) and HPM-
treated CS-EGCG complex was determined according to a previously
reported method (Zhang et al., 2024), and the results were covered as
absorbance values. The absorbance values were measured at 700 nm
after 10 min.

2.7. Emulsifying activity

The emulsifying activity were determined according to the method
of Guo et al. (2021). Briefly, HPM-treated CS or CS-EGCG complex so-
lution (15 mL, 1.0 mg/mL) was mixed with soybean oil (5 mL), and the
mixture was homogenized (20,000 x g) for 3 min. An aliquot of 50 pL
solution from the bottom of emulsion was mixed with an SDS solution
(0.10 %, w/v), and the absorbance was measured at 500 nm at 0 min.
The emulsifying activity index (EAI) was calculated as follows:

2 x 2.303 x A X dilutionfactor
10000 x A x C

EAI = (@)

Where the Ay was the measured absorbance values for the diluted
emulsion samples taken at O min.
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2.8. Preparation of fish oil emulsion

The HPM-treated CS-EGCG complex (1 wt%) was dissolved in 20 mM
Tris-HCl (pH 7.4), and stirred at 120 rpm for 2 h at constant speed to
form an aqueous phase, and 10 % fish oil (w/w) was added to the above
solution. The crude emulsion was then obtained by shearing with a
homogenizer (Quanjian Electromechanical Co. Ltd., China) at 13,500
rpm for 1 min. The crude emulsion was finally processed into emulsion
by passing it through HPM operating (Genizer, USA) under 60 MPa for
three runs. The emulsion pH was adjusted to 7 and stirred for 1 h to
obtain a stable emulsion. The prepared emulsion was stored at 4 °C.

2.9. Particle size and {-potential

Before testing, 100 pL of each emulsion was taken to dilute 1,000
times, and then the droplet size and potential value of samples were
measured by a Malvern laser particle sizer (LSI3320, Beckman Coulter,
USA) at 24 £ 1 °C.

2.10. Interfacial properties

The time-dependent interfacial pressure (n) and adsorption behavior
of CS/CS-EGCG complex solutions adsorbed at the oil-water interface
were measured at 25 °C by an optical contact angle meter (OCA35,
DataPhysics Instruments Co. Ltd., Germany) as described by Wang et al.
(2020) with some modifications.

2.11. Tolerance to environmental stresses

2.11.1. Thermal stability

The emulsion samples were subjected to heat treatment at 50 to
90 °C for 30 min and then immediately cooled to room temperature (Gu
etal., 2017). After standing for 2 h, the average particle diameter of each
nanoparticle dispersion was measured.

2.11.2. Salt stability

The salt stability of the emulsion was determined by adding different
levels of sodium chloride. The original lotion sample was mixed with 4
volumes of sodium chloride solution (different moles) to make the final
concentration of sodium chloride of the final emulsion reach 0, 30, 50,
100, 200 and 300 mM (Gu et al., 2017). After 2 h standing, the average
particle diameter of each nanoparticle dispersion was measured.

2.12. Storage stability

The prepared emulsion was stored at 4 °C for 49 days, and samples
were taken every 3 days to determine its particle size, light microscopy
and oxidative stability. Among them, the determination method of
particle size was according to Section 2.10. The emulsion was observed
under a 40 x objective lens using a fluorescence inverted microscope
(Olympus Co. Ltd., China). The POV and TBARS values of the samples
were determined with a reference to the method of Kargar, Spyropoulos,
and Norton (2011).

2.13. In vitro digestion

A three-step simulation of oral, gastric and small intestine was used
to evaluate the potential gastrointestinal fate of different samples.
Simulated oral phase [15.1 mM KCl, 3.7 mM KH3PO4, 13.6 mM
NaHCOs, 0.15 mM MgCly(H0)s, 0.06 mM (NH4)2COs, 1.5 mM
CaCly(H20)-], simulated gastric phase [6.9 mM KCl, 0.9 mM KH5POy4,
25 M NaHCOs, 47.2 mM NaCl, 0.1 mM MgCly(H20)s, 0.5 mM
(NH4)2CO3, 0.15 mM CaCly(H20)-] and simulated intestinal phase [6.8
mM KCl, 0.8 mM KHyPO4, 85 mM NaHCOs3, 38.4 mM NaCl, 0.33 mM
MgCly(H20)6, 0.6 mM CaCly(H20)5, and 10 mM bile] were prepared
using the method described by Liu et al. (2019) with some
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modifications.

2.13.1. Oral phase

The fish oil emulsion was mixed 1:1 with the above simulated saliva
in 5.0 mL and finally stirred continuously for 5 min at 37 °C in a water
bath, then 0.1 mL of water (instead of salivary amylase solution) was
added to a final volume of 10.0 mL, and then stirred at a constant
temperature of 37 °C for 2 min. At the end of the oral digestion, 0.5 mL
of sample solution was taken immediately for analysis.

2.13.2. Gastric phase

The oral phase sample solution (9.5 mL) was mixed 1:1 with the
above simulated gastric phase. The pH was then adjusted to 3.0 with 1 M
HCI, and finally 12.7 mg of pepsin was added to a final concentration of
2,000 U/mL. The digestion was held in a water bath at 37 °C for 120
min. At the end of gastric digestion, 0.5 mL of sample solution was taken
for analysis.

2.13.3. Intestinal phase

The gastric digestion sample solution (18.5 mL) was mixed with
simulated intestinal fluid (simulated intestinal fluid hydrochloric acid
adjusted to pH 7) in a 1:1 ratio. The pH was adjusted to 7.0 with 1.0 M
NaOH, and 2 mL of porcine pancreatic enzyme stock solution was added
to make a final concentration of 100 U/mL (making a final volume of 37
mL). The samples were then heated with stirring at 37 °C for 120 min
and the pH in the intestinal phase was maintained at 7.0 with 0.05 M
NaOH. The percentage of free fatty acids released was then calculated
based on the volume of NaOH solution that neutralized the free fatty
acids. At the end of intestinal digestion, 0.5 mL of sample solution was
immediately taken for further analysis.

The particle size, {-potential and microstructure of the samples in
three stages were measured. The determination method of particle size
and {-potential is referred to Section 2.10. The microscopic image of the
emulsion was observed using the method of Drapala, Auty, Mulvihill,
and O’Mahony (2016). In short, the microstructure of the emulsion
during gastrointestinal digestion was observed by Zeiss 800 laser
confocal microscope (OLYMPUS BX41, China), and the magnification
was 10-40 times. Nile red and fast green were used to label droplets and
proteins, respectively.

2.14. Statistical analyses

All the measurements were carried out at least three times, and the
accuracy between the data was represented by an error bar (Figs. 1, 3, 4
and 6) or an error band (Figs. 4 and 5). Statistical analyses were per-
formed using the analysis of variance (ANOVA) procedure of the SPSS
21.0 statistical analysis program, and the differences between means of
the trials were detected by a least significant difference test (P < 0.05).

3. Results and discussion
3.1. Amount of EGCG bound to CS

As shown in Fig. 1A, compared with the original CS-EGCG, the HPM
treated CS-EGCG complex showed an increase in EGCG loading under 40
and 100 MPa, respectively, while it displayed a decrease in EGCG
loading under 20, 60, and 80 MPa, respectively. This change suggested
that HPM had huge effect on the grafting behavior between CS and
EGCG molecules, which varied with the HPM pressures. In fact, different
pressures can cause the change of protein conformation to a different
extent (Ozturk & Turasan, 2022), resulting in different color reactions of
Folin-Ciocalteu reagent (Wang et al., 2014), which might be responsible
for the diversity of EGCG loading in CS-EGCG complexes.
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Fig. 1. Amount of EGCG (0.05 %, 0.10 %, 0.15 % w/v) bound to CS (A), FTIR of CS (B) and secondary structural elements of CS (C). The CS was treated with 0-100
MPa HPM, and the A1, A2 and A3 groups were CS-0.05 % EGCG, CS-0.10 % EGCG and CS-0.15 % EGCG, respectively. Different letters (a, b, ¢ and d) indicated that
there were significant differences between groups (the same sample was treated with different pressures) (p < 0.05).

3.2. Characterization of secondary structure

Fig. 1C shows the FTIR spectra of CS under 0-100 MPa pressure
treatment. Firstly, the band fluctuation of original CS mainly occurs in
the amide A (N—H stretching and hydrogen bonding vibration), amide I
(C=O0 stretching, COO- and hydrogen bonding vibration), amide II
(C—N stretching and N—H in-plane bending vibration) and amide III
(C—N stretching vibration). The amide A, I, II and III band were located
at 3404.76 cm™}, 1654.48 cm™}, 1545.51 cm™ !, and 1241.93 cm 7,
respectively. For the CS, the main changes occurred in the amide A and
amide II bands, where the vibrational amplitude deepened and shifted
mainly in the short-frequency direction (red-shift), and N—H stretching
and hydrogen-bonded C—N stretching as well as bending vibrations in
the N—H plane mainly occurred. The above phenomena indicated that
HPM treatment affected the CS structure to different degrees.

Fig. 1D shows the content of original CS secondary structure treated
at 0-100 MPa. It could be seen that after pressure treatment, the content
of a-helix (33.30-17.31 %) and unordered coil (31.23-13.99 %) of
original CS decreased, while the content of p-turn (13.30-43.20 %) and
B-sheet structure (20.09-23.63 %) increased. Therefore, HPM treatment
has huge impact on the secondary structure of protein.

The a-helix structure was related to the formation of intramolecular
hydrogen bonds, and the decrease of a-helix structure indicated that
HPM had a disruptive effect on the protein hydrogen bond structure,
which increased the number of hydrogen bonds between molecules and

enhanced intermolecular interactions (Chen et al., 2019). This suggested
that HPM treatment not only changed the secondary structure but also
made the protein—protein more tightly linked to each other. Moreover,
the increase of p-sheet and f-turn content indicated that the aggregation
of protein after HPM treatment, which changed the protein structure
(Tang & Ma, 2009).

Overall, with the increase of HPM pressure from 0 to 80 MPa, the
a-helix content decreased but significantly increased at 100 MPa,
conversely the p-turn content showed an increasing trend with
increasing pressure (0-80 MPa) and slightly decreased at 100 MPa. The
same conclusion was obtained by Yang et al. (2022) when the soybean
isolate was treated with 0-120 MPa. Notably, the least amount of a-helix
content (17.31 %) and the most amount of p-sheet content (23.63 %) and
B-turn content (43.20 %) were found at a pressure of 80 MPa. The effects
of structural changes on functional properties (emulsifying activity and
antioxidant activities) were discussed in the following subsections.

3.3. Fluorescence spectroscopy

Fig. 2A-F show the fluorescence emission spectra of CS under
different pressure treatments in the presence of different concentrations
of EGCG. As shown in Fig. 2A, CS had a strong fluorescence emission at
315 nm under 280 nm excitation. Among them, 100 MPa treated sam-
ples had the highest fluorescence emission, followed by 0, 80, 60, 40 and
20 MPa treated samples, indicating that 20-80 MPa treatment exposed
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Fig. 2. Fluorescence spectra of CS (A) and CS-EGCG (B-F) at 0-100 MPa pressure. The CS was treated with 0-100 MPa HPM, and the A1, A2 and A3 groups were CS-

0.05 % EGCG, CS-0.10 % EGCG and CS-0.15 % EGCG, respectively.

hydrophobic amino acids and decrease in the fluorescence intensity (Xu
et al., 2024). After 100 MPa treatment, the degree of protein folding
increased, resulting in tryptophan embedded in the protein and
increased fluorescence intensity (Xu et al., 2024).

As shown in Fig. 2B-E, the grafting of EGCG further reduced the
fluorescence intensity of the complex, indicating that the EGCG mole-
cule could bind to the tryptophan residue in the protein and act as a
quencher to quench the fluorescent substances (Cao et al., 2022).

However, the different EGCG loading and HPM pressure had the irreg-
ular fluctuation effect on the fluorescence intensity. When the pressure
increased to 100 MPa, the binding of EGCG caused severe distortion of
the protein structure such as protein folding, which hence increased
internal hydrophobic groups, and ultimately increased fluorescence in-
tensity (Fig. 2F). In the meantime, it is worth noting that the change in
fluorescence intensity has little correlation with EGCG loading, which
may be attributed to the fact that the binding of polyphenols to proteins
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Fig. 3. ABTS radical scavenging activity (A), DPPH radical scavenging activity (B), reducing power (C) and emulsification activity index (D) of CS and CS-EGCG
complex at 0-100 MPa pressure. The CS was treated with 0-100 MPa HPM, and the Al, A2 and A3 groups were CS-0.05 % EGCG, CS-0.10 % EGCG and CS-
0.15 % EGCG, respectively. Different letters (a, b, ¢ and d) indicated that there were significant differences between groups (the same sample was treated with

different pressures) (p < 0.05).

is not limited to tryptophan. Similar results were also found in the study
that polyphenols could bind to lysine and cystine (Parolia et al., 2022).

3.4. Antioxidant activities

As shown in Fig. 3A-C, the antioxidant capacity of CS changed after
HPM (0-100 MPa) treatment. Overall, the 80 MPa treated CS had the
highest free radical scavenging ability, especially the ABTS free radical
scavenging ability (increasing 132.62 % comparing to original CS),
though the 60 MPa treated CS had the best total reducing power, which
might be due to the different antioxidant mechanisms of samples in
different systems, such as hydrogen atom transfer and sphere electron
transfer mechanisms as described by Tosovi¢c, Markovic, Dimitric
Markovic, Mojovi¢, and Milenkovic¢ (2017). In addition, Perreault et al.
(2017) also proved that high pressure treatment could significantly
enhance the antioxidant activity of proteins.

At the same time, the grafting of polyhydroxy EGCG could signifi-
cantly enhance the antioxidant activities of the protein, which was
consistent with our previous research (Tang et al., 2023) in which the
complexes formed by covalent binding of CS with different concentra-
tions of EGCG significantly improved the antioxidant activity of CS
(increasing 52.73-2211.11 % comparing to original CS), which might be
attributed to the presence of a large number of phenolic hydroxyl groups
on the protein surface (Gu et al., 2017). It was worth noting that the
antioxidant activities of CS-EGCG complex was further improved after
HPM treatment. This indicated that HPM treatment and EGCG loading

played a synergistic role in enhancing the oxidation resistance of CS, so
that the oxidation stability of PCS-EGCG stabilized emulsion was the
best (data in Section 3.9.3). As a consequence, the covalent complex
formed by HPM-treated CS and EGCG had better antioxidant activities,
and the main performance was that the antioxidant activities of PCS-
EGCG enhanced by 52.73-266.15 %.

3.5. Emulsifying activity

As shown in Fig. 3D, compared with the original protein, the CS and
CS-EGCG complex with HPM treatment had better emulsifying activity.
For the original CS, the emulsifying activity index (EAI) of protein at 20
to 100 MPa showed a trend of first increase and later decrease, of which
80 MPa was the lowest. This might be attributed to that the degree of
folding caused by HPM treatment affected its emulsifying properties
(Guo et al., 2021). However, after polyphenols conjugation, the complex
under 80 MPa had higher emulsifying activity, indicating that the
exposed amino and sulfhydryl sites of proteins could exert better
emulsifying activity after grafting with polyphenols under 80 MPa.

On the other hand, the HPM-treated CS-EGCG after 20-60 MPa HPM
treatment showed an enlargement with the increase of EGCG concen-
tration. However, for 80 and 100 MPa treated CS-EGCG complex, the
EAI value varied with different concentrations of polyphenols. And it did
not show a proportional growth trend with the change of concentration,
even showing a downward trend at 100 MPa. This change occurred
mainly because CS itself was a complex protein (a, f, k-CS), and the
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covalent reaction with polyphenols was complex (Xue, Li, & Wang,
2021), so there might be proteins with different molecular weights and
with different concentrations of EGCG have distinct affinity.

In addition, according to the principal component analysis of CS
secondary structure content (Fig. A1) under different HPM treatment

conditions, the difference between P80 and PO was greater than that
under other pressure treatments, indicating that the expansion and
overlap behavior of PCS structure under 80 MPa was significantly
different from other treatment conditions, which was consistent with the
conclusion obtained in section 3.2. At the same time, the correlation
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Fig. 4. (continued).

analysis of protein functional properties (Table A1) showed that the
emulsifying activity and DPPH radical scavenging activity of the com-
plex under 80 MPa treatment were the best among the main contribu-
tion values. Conclusively, 80 MPa treated CS-EGCG complex was
selected to further investigate the effect of HPM treatment on stability of
fish oil emulsion stabilized by this complex.

3.6. Particle size and ¢-potential

As shown in Fig. 4A-B, compared with the original CS-stabilized
emulsion, the HPM treated CS-stabilized emulsion showed larger par-
ticle size and higher electrokinetic potential. This might be ascribed to
the exposure of hydrophobic amino acids to the protein treated at 80
MPa, which caused the hydrophobic groups to re-aggregate or correlate
(Xu et al., 2024). Moreover, the particle size of the complex-stabilized
emulsion after grafting EGCG was significantly smaller than that of
the individual protein-stabilized emulsion (Fig. 4A). This was mainly
because CS/PCS and EGCG formed a complex under the covalent
interaction, which could form an interface film on the oil-water surface
in a more compact form, showing a lower particle size emulsion (Fan,
Liu, Gao, Zhang, & Yi, 2018). Meanwhile, the negative charge of the
emulsion stabilized by CS-EGCG/PCS-EGCG further increased (Fig. 4B).
On the one hand, the covalent binding of CS/PCS to EGCG reduced the
isoelectric point of the protein, thereby reducing its charge. On the other
hand, the intervention of HPM and polyphenols makes the emulsion
have stronger electrostatic interaction, which effectively prevented the
aggregation of emulsion droplets, and further maintaining the stability
of the emulsion (Zhang, Cheng, Luo, Hemar, & Yang, 2021).

3.7. Interfacial tension

In all cases, the water—oil interfacial tension decreased with the in-
crease of adsorption time and increased with the increase of EGCG
concentration (Fig. 4C-D). The former might be related to the adsorption
capacity of CS/PCS or CS-EGCG/PCS-EGCG complexes at the interface
(Pham, Wang, Zisu, & Adhikari, 2019), and the latter might be attrib-
uted to the additional loss of protein hydrophobicity caused by the hy-
drophilic hydroxyl groups provided by polyphenols (Wei et al., 2015).
These observations are consistent with the reports on the complex of
B-lactoglobulin and green tea polyphenols at the oil-water interface, and
the interfacial activity of their interfacial proteins is adversely affected
by the increase in polyphenol content (Von Staszewski, Pizones Ruiz-
Henestrosa, & Pilosof, 2014). Furthermore, PCS and its complexes
have higher interfacial tension than CS and CS-EGCG complexes without
HPM treatment, indicating that HPM treatment decreased the interfacial
activity of protein, which was mainly due to that HPM treatment

changed the protein structure and increased the particle size of emulsion
(Ho, Razzaghi, Ramachandran, & Mikkonen, 2022).

3.8. Thermal and salt stability

After high temperature treatment, the particle size of all samples
increased, indicating that heating would flocculate the emulsion drop-
lets (Fig. 4E-F). However, compared with CS and PCS, the temperature
tolerance of CS-EGCG/PCS-EGCG complex-stabilized emulsion signifi-
cantly enhanced, and a similar conclusion was also obtained in the
study, in which the emulsion stabilized by catechin-egg white protein
complex had better resistance to high temperature due to the stronger
spatial repulsion between the two (Gu et al., 2017). In addition, PCS-
stabilized emulsions showed better thermal stability than non-HPM-
treated proteins, which might be attributed to that HPM treatment
made the unfolding of proteins produced by high temperature change
less, making them more resistant to heat (Tabilo-Munizaga et al., 2014).
Although the temperature tolerance of the complex did not change
significantly after HPM treatment, the thermal stability of the complex
fluctuated under different pressures.

The salt stability of the emulsion stabilized by the protein and pro-
tein—polyphenol covalent complex before and after HPM treatment is
shown in Fig. 4G-H. After grafting EGCG, the change of droplet size
stabilized by all covalent complexes was much smaller than that of the
original protein-embedded droplets, which might be ascribed to the
increase of spatial repulsion on the droplet surface after EGCG bonding,
thereby reducing the aggregation and flocculation between droplets (Gu
et al., 2017). Moreover, after HPM treatment, the salt tolerance of
emulsions stabilized by protein and protein—polyphenol complex
significantly enhanced, indicating that HPM treatment could improve
the salt ion stability of emulsions stabilized by protein and pro-
tein—polyphenol complex.

3.9. Storage stability

3.9.1. Light microscopy imaging

As can be seen from Fig. 5A, at day 0, the size of fish oil emulsions
stabilized by all samples were evenly distributed and the particle
dispersion was better. After 49 days of storage, fish oil emulsions sta-
bilized by the sample without HPM treatment showed obvious
enlargement and aggregation (Fig. 5A). Meanwhile, PCS-stabilized
emulsion also showed aggregation, but its aggregation intensity
greatly weakened compared with CS without HPM treatment. In addi-
tion, the stable emulsion droplets of HPM-treated CS-EGCG complexes
did not change much after 49 days of storage (Fig. 5A). Therefore, the
CS-EGCG complex treated by HPM has better ability to prevent emulsion
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aggregation.

3.9.2. Particle size and multiparticle dispersion

Changes in particle size of the emulsion over a 49-day storage period
(Fig. 5B-C) are similar to the results of light microscope. The particle size
of CS-stabilized emulsion without HPM treatment varied greatly from
0.5 to 4.2 pm, while the particle size of PCS-stabilized emulsion varied
from 0.4 to 1.2 pm. It showed that CS and PCS stabilized emulsions had
flocculation and aggregation, but PCS stabilized emulsions showed good
stability. Interestingly, the particle size of PCS-EGCG-stabilized emul-
sion showed no significant change during days 0-42, and the size of
emulsion increased during days 42-49. It showed that the emulsion
stabilized by PCS-EGCG complex had a strong electrostatic repulsion
effect, and the droplets were not easy to aggregate. Particle dispersion
(PDI) (Fig. 5D-E) showed a similar trend of change.

Microstructure, particle size and PDI are all important indicators for
judging the stability of emulsions from the perspective of particles. The
above results showed that the HPM-treated CS-EGCG complex had a
better protective effect on lipid droplets than the original CS and CS-
EGCG complex. The modified protein—polyphenol complex had a bet-
ter effect on the ability to inhibit lipid droplet aggregation compared
with CS and PCS. Among them, the emulsion stabilized by PCS-0.15 %
EGCG complex showed the best storage stability.

3.9.3. Lipid oxidation stability

The POV value and TBARS value of the emulsion within 0-49 days of
storage are shown in Fig. 5F-I. With the increase of storage time, the POV
value and TBARS value of all emulsions increased first and then
decreased. The overall increasing trend of POV value was CS > Al >
PCS > A2 > A3 > PA1 > PA2 > PA3, and the overall increasing trend of
TBARS value was CS > PCS > Al > A2 > A3 > PA1 > PA2 > PA3. This
might be due to that HPM-treated proteins could form a stronger
interface barrier at the water—oil interface (Perreault, Hénaux, Bazinet,
& Doyen, 2017), and EGCG could provide the ability to scavenge free
radicals for the emulsion system (Ge et al., 2022). This is the same as the
above microscopic particle structure, particle size and PDI research re-
sults. The HPM modified protein—polyphenol covalent complex has the
best inhibitory effect on the oxidation products of the emulsion. The
reason is that HPM modification and EGCG loading provide CS with a
more stable structure and stronger antioxidant activities as mentioned in
Section 3.2 and 3.4, respectively, so that the fish oil emulsions have
better storage stability.
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3.10. Gastrointestinal fate

3.10.1. Zeta-potential and particle size

In the process of simulating gastrointestinal digestion, emulsions are
subject to various disruptions, resulting in phenomena such as stratifi-
cation and large changes in their droplet size and potential. After oral
phase simulation, there was no significant difference among the particle
size of all emulsions (Fig. 6A-B). This is because in the same pH buffer
solution, dairy products do not contain starch and are not affected by
simulated saliva (Chen, Yokoyama, Liang, & Zhong, 2020), and the
charge characteristics of the emulsion have changed (Fig. 6C-D). The
specific performance was as follows: after EGCG grafting, all complex-
stabilized emulsions had more negative charges, and after oral phase
simulation, each emulsion showed irregular changes. This might be
attributed to the anionic carboxyl group carried by EGCG, which
increased the absolute value of the potential (Liu, Liu, Liu, Li, & Liu,
2013).

In the gastric digestion stage, changes in low pH environment, ionic
strength, and enzyme activity led to droplet aggregation (Ge et al.,
2022), and the particle size of all emulsions increased significantly
(Fig. 6A-B). However, compared with CS and PCS, the particle size of the
emulsion stabilized by the complex increased little, indicating its
stronger tolerance in a strong acidic environment (Lamothe, Azimy,
Bazinet, Couillard, & Britten, 2014). Additionally, when the emulsion
entered the gastric phase, the negative charge values on the surface of all
emulsions decreased (Fig. 6C-D). These changes were mainly due to the
lower pH value in the gastric phase (Qiu, Zhao, Decker, & McClements,
2015).

During the small intestinal phase digestion, under the action of
lipase, lipids are hydrolyzed to produce various particles, such as free
fatty acids, bile salts and insoluble calcium soaps, and some unabsorbed
oil droplets are further aggregated (Liu et al., 2013). However, the
emulsion stabilized by PCS and PA1 (PCS-EGCG-0.05 %) were absorbed
and utilized after decomposition, so the droplets were dispersed and the
particle size was small (Fig. 6B). Furthermore, when the emulsion was
exposed to the small intestinal phase, the negative charge of all systems
increased (Fig. 6C-D), which might be due to the large amount of anionic
free fatty acids produced by lipid digestion (Qiu et al., 2015). Notably,
compared with the emulsion without HPM treatment, the particle size
distribution range of PCS and PCS-EGCG stabilized emulsion droplets
was small (Figs. A2-A3), indicating that HPM treatment was helpful to
the uniform dispersion behavior of CS and CS-EGCG complex stabilized
emulsions during gastrointestinal digestion.

3.10.2. Microstructure
Fig. 6E shows the microstructure of the emulsion during simulated
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Fig. 6. Changes in particle size (A and B), zeta-potential (C and D), confocal micrographs (E) and release of free fatty acids (F and G) of fish oil emulsions stabilized
by CS/PCS and CS-EGCG/PCS-EGCG during in vitro gastrointestinal tract (GIT) digestion. Fish oil emulsions were indicated as Initial, Oral, Stomach, and Intestine,
respectively, before and in different phases of GIT digestion. The original group (CS) was treated with 0 MPa HPM, and the PCS was treated with 80 MPa. The A1/
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gastrointestinal digestion. In the initial and oral stages, all samples
showed uniform oil droplets and small droplet sizes, but individual
proteins still aggregated. Since the low pH, proteins in all samples
aggregated and decomposed under the action of proteases during gastric
digestion. In the small intestine stage, the droplet size returned to
normal size under the action of lipase, and the protein-stabilized
emulsions grafted with polyphenols (0.10 % and 0.15 %) contained
more lipid droplets.

Compared with the microstructure of CS-stabilized emulsion during
simulated gastrointestinal digestion, PCS-stabilized emulsion could
resist the influence of droplets in the gastric environment to a greater
extent. Both droplet aggregation and flocculation play a sustained-
release role, benefiting for the digestion and absorption of fish oil
emulsion in the small intestine. This further indicates that HPM treat-
ment can enhance the ability of protein to stabilize droplets in the
external environment, and its thick surface layer can enhance the sta-
bility of droplets during digestion. At the same time, the grafted EGCG
improved the ability of each emulsion to resist the digestive environ-
ment, especially for the HPM-treated protein. Although the emulsion
stabilized by PCS-EGCG complex also aggregated in the gastric phase,
the degree of aggregation was smaller than the emulsions stabilized by
CS, PCS and CS-EGCG. The PCS-EGCG complex enhanced the stability of
the emulsion. Consequently, HPM treatment and EGCG grafting can
increase the thickness of the surface layer of the emulsion, improve the
ability of the emulsion to resist the gastric environment, making it safe
to enter the small intestine, and further decompose for human
absorption.

3.10.3. Free fatty acid release

Under the action of trypsin, the free fatty acid (FFA) release rate of
the emulsion during intestinal digestion was measured by pH titration
(Fig. 6F-G). In the first 15 min, the free fatty acids in CS and CS-EGCG
stabilized emulsions increased sharply, indicating that lipase rapidly
hydrolyzed fish oil triglycerides. However, the FFA of PCS and PCS-
EGCG complex stabilized emulsions increased slowly, indicating that
the rate of triglyceride decomposition by lipase was much lower than
that of other emulsions. In addition, with the increase of digestion time,
the FFA of PCS stabilized emulsion continued to increase significantly,
while its complex stabilized emulsion only slightly increased the release
rate of FFA. These effects were due to the formation of pro-
tein—polyphenol complex, which could reduce the sensitivity of protein
to pepsin or pepsin catalysis (Lamothe et al., 2014). Therefore, HPM
treatment and EGCG bonding can significantly delay the release of free
fatty acids.

4. Conclusion

HPM treatment significantly changed the secondary structure of CS
and its grafting with EGCG, which therefore affected the structure and
physicochemical properties of PCS-EGCG complex. And the PCS-EGCG
complex (80 MPa treated) was further studied on the stability for fish
oil emulsion system due to its best emulsifying activity and antioxidant
activities that increased 52.73-266.15 % comparing to original CS. It
was found that the PCS-EGCG complex formed a thicker interface layer
on the surface of oil droplets, which could better protect the oil layer
from the influence of external environment such as oxygen, temperature
and ion concentration. Notably, the PCS-EGCG complex significantly
delayed the release of free fatty acids. However, the mechanism of HPM
treatment and EGCG grafting affecting the internal structure and inter-
molecular behavior of CS still requires a further and harder study, which
will be further focused on in our future work. This study may help us to
better understand the covalent interaction between HPM-modified
proteins and EGCG, and is of great significance for improving the
physicochemical stability and nutritional delivery of fish oil emulsions.
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