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ARTICLE INFO ABSTRACT

Keywords: The influence of ultrasound-assisted free radical modification on the structure and functional properties of

Protein ovalbumin-epigallocatechin gallate (OVA-EGCG) conjugates was investigated by experimental measurements

E‘l’lyphen‘;l and computer simulations. Compared with the traditional free radical condition, the ultrasonic-assisted pro-
trasoun

cessing significantly increased the conjugating efficiency of OVA and EGCG and shortened the conjugating from
24 h to 1 h without affecting the equivalent amount of EGCG conjugating. The sodium dodecyl sulfa-
te-polyacrylamide gel electrophoresis and multi-spectroscopy analysis (Fourier transform infrared spectroscopy,
intrinsic fluorescence spectroscopy, and UV spectroscopy) indicated that the covalent conjugates could be formed
between OVA and EGCG. And modification in the conformation of OVA was induced by EGCG. Furthermore,
molecular docking results demonstrated the possession of high-affinity EGCG binding location on OVA, sup-
porting and clarifying the experimental results. In addition, the functional properties of OVA including emul-
sification (emulsifying activity and emulsion stability) and antioxidant properties (DPPH scavenging capacity
and ABTS scavenging capacity) were significantly improved after conjugation with EGCG, especially in
ultrasound-assisted conditions. Overall, OVA-EGCG conjugates produced by ultrasound-assisted free radical
treatment could be applied as a potential emulsifier and antioxidant, thereby expanding the application of OVA
as a dual-functional ingredient.

Molecular docking simulation
Covalent binding

Covalent conjugation between protein and polyphenol has been
verified to be extremely efficient in improving the functional properties

1. Introduction

The development of dual-functional protein-based conjugates with
outstanding emulsifying and antioxidant capacity is of particular
attention since the increasing demand for functional composite food
[1,2]. Ovalbumin (OVA), the main component of egg white protein, was
considered as an excellent source of animal protein and a promising
functional food ingredient because of its high nutritional value and easy
isolation and purification from egg white [3-5]. Nevertheless, more than
half of the amino acids in native OVA were hydrophobic amino acids,
and the intramolecular hydrophobic interaction, results in the formation
of a highly aggregated conformation of OVA, thus exhibiting inferior
functional properties and limiting the application as a functional
ingredient [6-8].

* Corresponding authors.

of proteins, especially in antioxidant stability [9-12]. Generally, enzy-
matic catalysis [13], free radical [14], and alkaline reaction [15,16]
were widely applied for covalent fabricating protein—polyphenol con-
jugates. Among them, protein-polyphenol conjugates prepared by the
enzymatic catalysis method were relatively expensive. Moreover, the
products were accompanied by obvious browning, which is a hurdle to
the industrial application [17]. Unlike enzymatic catalysis, the free
radical and alkaline treatments involve reaction conditions that was
relatively simple, mild, and economic. Furthermore, previous studies
have proved that protein—polyphenol conjugates prepared by the free
radical method have higher functional properties and bio-safety than the
conjugates prepared by the alkali method [18,19]. Eepigallocatechin-3-
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gallate (EGCG), a predominant active ingredient in green tea, has been
considered as an ideal polyphenol material for the development of
protein-based conjugates due to its widely biological activity, especially
excellent antioxidant activities [20,21]. Moreover, several studies have
been evidenced that EGCG possesses high-affinity for protein [22,23].
Based on the above comprehensive analysis, the OVA-EGCG conjugates
were prepared by the free radical method in this study.

However, one of the primary disadvantages of the conventional free
radical method for preparing protein—polyphenol conjugates was the
relatively longer reaction time needed (more than 24 h), which was an
obstacle to the massive commercialized production. In theory, this re-
striction could be solved by combining free radical treatment with ul-
trasonic technology. As is well-known, ultrasound, a non-thermal
processing technology, has been widely applied in the food industry
[24-27], due to its operability, time-saving, and inexpensive. As previ-
ously described, the combination of mechanical, cavitation, turbulence
and microstreaming effects generated by ultrasound could promote the
unfolding of the protein structure and the exposure of reacting groups,
thus increasing the possibility of conjugation between protein and other
molecules [28,29]. For instance, Zhang et al. found that ultrasound-
assisted alkaline treatment could remarkably decrease the conjugated
time from 24 h to 40 min without affecting the binding degree [30].
Similarly, Geng et al. reported that the ultrasonic method could form a
more stable soy protein isolate-epigallocatechin gallate system with
preferable functional properties [20]. Currently, the application of
different ultrasonic time-assisted free radical preparation of pro-
tein—polyphenol conjugates in the development of dual-functional pro-
tein-based conjugates is still limited. Particularly, there has been limited
information on the comprehensive analysis of the protein—polyphenol
binding underlying mechanism by experimental determination and
computer simulation.

Therefore, OVA-EGCG conjugates were fabricated by traditional or
different ultrasonic time-assisted free radical treatments in this study.
And the effects of different ultrasonic treatments on the structural and
functional properties of the EGCG-OVA conjugates were comprehen-
sively analyzed by experimental detection and computer simulation.
The amount of total EGCG content was used to evaluate the degree of
combination of OVA and EGCG. Variations in the physicochemical and
structural properties of OVA were assessed by the sulfhydryl group, SDS-
PAGE, FTIR spectroscopy, intrinsic fluorescence spectroscopy, and UV
spectroscopy. Further, molecular docking was used to explore potential
binding sites between OVA and EGCG. In addition, the influence of ul-
trasound and EGCG on the functional properties of OVA were assessed
by emulsifying capacity (emulsifying activity and emulsion stability)
and antioxidant capacity (DPPH scavenging capacity and ABTS scav-
enging capacity). Therefore, the results of this study will provide a novel
insight and theoretical basis for developing dual-functional OVA in-
gredients with superior emulsification and antioxidant capacity.

2. Material and methods
2.1. Material

Ovalbumin from chicken egg white (OVA, A-5253) was purchased
from Sigma Chemical Co. (St. Louis, Mo, USA). Epigallocatechin-3-
gallate (EGCG, purity >98%) and dialysis membranes (MW:
8000-14,000 KDa) were purchased from Yuanye Reagent Co.
(Shanghai, China). Folin-Ciocalteu phenol reagent, Coomassie Brilliant
Blue Fast Staining solution (P1300), and ColorMixed Protein Marker
(11-245 KD) were purchased from Solarbio Science and Technology Co.,
Ltd. (Beijing, China). 2,2-Diphenyl-1-picrylhydrazyl (DPPH, purity >
96%) and 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS, purity > 98%) were purchased from Macklin
Biochemical Co., Ltd (Shanghai, China). Corn oil was purchased from
Golden dragon fish grain oil Food Co. LTD (Shanghai, China). All other
chemicals were of analytical grade and purchased from Sinopharm
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Chemical Reagent Co., Ltd. (Shanghai, China).
2.2. Fabrication of the OVA-EGCG conjugates

The OVA-EGCG conjugates by ultrasound-assisted free radical
treatment were fabricated according to the method by Geng et al. with
slight modifications [20]. Briefly, 1 g OVA powder was dissolved in 100
mL deionized water and was fully hydrated at 4 °C overnight, and then
the hydrated solution was centrifuged at 4 °C and 10,000g for 20 min to
obtain a fully soluble OVA solution. Afterward, 1 mL of the hydrogen
peroxide (5.0 mol/L) and 0.25 g of ascorbic acid was introduced to the
OVA solution as the radical initiator systems. Subsequently, the mixtures
were incubated with magnetic stirring at 25 °C for 2 h, and then the
EGCG was added and sonicated (50%, 5 on, and 3 off) for different
reacted times (30 min, 60 min, 90 min, and 120 min) using ultrasound
equipment (Scientz Sonifier II D, Xin Zhi Ultrasonics Co., Ltd., China).
Also, the whole ultrasonic process was carried out in an ice bath to avoid
heating during the ultrasonic reaction. After the different times of ul-
trasound treatment, the conjugates were dialyzed at 4 °C for 48 h to
remove unreacted EGCG by dialysis with 8000-14,000 KDa molecular
weight cut-off membrane and then vacuum lyophilized for later anal-
ysis. The ultrasound-assisted free radical of OVA-EGCG conjugates pre-
pared under different ultrasonic response times were named as U-OVA-
EGCG30, U-OVA-EGCG60, U-OVA-EGCG90, and U-OVA-EGCG120. For
the preparation of OVA-EGCG conjugate by traditional free radical
methods, the mixed solution containing EGCG was incubated with
continuous stirring for 24 h and other step was performed as described
above for the preparation of the U-OVA-EGCG conjugates but without
ultrasound treatment. Native soluble OVA without EGCG and OVA-
EGCG conjugate prepared by traditional free radical methods (T-OVA-
EGCG) were used as a comparison. The covalent conjugation of oval-
bumin and EGCG by the ultrasound-assisted free radical method was
exhibited in Fig. 1.

2.3. Characterization of OVA-EGCG conjugates

2.3.1. Total EGCG contents of the OVA-EGCG conjugates

The Folin-Ciocalteu assay was used to measure the total EGCG
contents of T-OVA-EGCG, and U-OVA-EGCG conjugates based on the
Zhang et al with a slight modifications [30]. Briefly, 0.5 mL of each
OVA-EGCG conjugates sample diluted 10 times was added with 2.5 mL
of 0.2 M Folin—Ciocalteu reagent (Solarbio, F8060). The mixtures were
mixed thoroughly and incubated in the dark for 3 min. Next, 2 mL
NayCOs3 solution was introduced and incubated in the dark for 120 min.
Finally, a Varioskan Flash Spectra (Thermo Fisher Scientific Co., Ltd.,
USA) was used to record the absorbance of the mixture solution at 760
nm. The total EGCG content of each T-OVA-EGCG and U-OVA-EGCG
conjugate was expressed as the same amount of EGCG based on a
standard curve (Abs = 3.7363*Concentrationggcg) + 0.0641, R? =
0.9991) prepared by determined the absorbance value of different
concentrations of EGCG (0, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 mg/mL).

2.3.2. Sulfhydryl group (SH) contents of the OVA-EGCG conjugates

The free sulfhydryl groups were measured by Ellman’s reagent
method as reported by Chen et al. with slight modifications [31]. Briefly,
0.5 mL of each native OVA, T-OVA-EGCG, and U-OVA-EGCG conjugates
sample solution was mixed with 4.5 mL of standard buffer solutions
(0.5% (w/v) SDS, 0.086 mol/L Tris, 0.092 mol/L Glycine and 0.004
mol/L EDTA, pH 8.0). Subsequently, the above reaction solutions were
added to 50 uL of Ellman’s reagent (4 mg/mL DTNB in Tris-Glycine
buffer, pH 8.0). The absorbance of the mixture solutions was read at
412 nm on a Varioskan Flash Spectra (Thermo Fisher Scientific Co., Ltd.,
USA) after reacting for 15 min in a dark environment.

73.53 X Ay1p X D

SH(umol/g) = C
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Fig. 1. Covalent conjugation of ovalbumin and EGCG by the ultrasound-assisted free radical method.

Where: A412: the absorbance value of the determined sample at the
wavelength of 412 nm, D is the dilution index, and C is the concentration
of the determined samples.

2.3.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of the OVA-EGCG conjugates

The molecular weight distribution changes of native OVA, T-OVA-
EGCG, and U-OVA-EGCG conjugates were determined by SDS-PAGE
after different ways of conjugation with EGCG. The SDS-PAGE was
performed referring to Luo et al. with slight modifications [32]. The
SDS-PAGE was performed using 5% stacking gel and 12% separating gel.
The different sample solutions were fully mixed with 5x SDS-PAGE
loading buffer containing p-mercaptoethanol, followed by heating the
mixtures solutions at 100 °C for 5 min, and centrifuged at 10,000g and 4
°C for 5 min. The supernatant of each sample (10 pL) was loaded into a
gel (5% stacking gel and 12% separating gel), and migration was per-
formed at 100 V for 95 min. Finally, the Gels were stained and decol-
orized according to the instructions with Coomassie Brilliant Blue Fast
Staining solution (Solarbio, P1300).

2.3.4. Fourier-transform infrared (FTIR) spectroscopy of the OVA-EGCG
conjugates

The FTIR of native OVA, T-OVA-EGCG, and U-OVA-EGCG conjugates
were acquired with an Bruker Tensor-27 FTIR spectrometer (Bruker,
Germany) according to the method reported by Zheng et al [8]. Briefly,
4 mg of freeze-dried samples were fully mixed with 600 mg of potassium
bromide (KBr) in an agate mortar, and pressed into KBr pellets for
measurement. The FTIR spectroscopy was recorded in the scanning
ranges of 400-4000 cm L.

2.3.5. Intrinsic fluorescence spectroscopy of the OVA-EGCG conjugates
The intrinsic fluorescence emission spectroscopy analysis for native
OVA, T-OVA-EGCG, and U-OVA-EGCG conjugates was determined using
a RF-5301 fluorescence spectrophotometer (Shimadzu Co., Ltd., Tokyo,
Japan). The diluted sample solutions were performed at the excitation
wavelength of 280 nm and the emission spectra of 300-500 nm.

2.3.6. Ultraviolet absorption (UV) spectroscopy of the OVA-EGCG
conjugates

The UV absorption spectra of native OVA, T-OVA-EGCG, and U-OVA-
EGCG conjugates were recorded by putting diluted corresponding
sample solution into a 1.0 cm quartz cuvette and scan wavelength range
from 200 to 800 nm at 25 °C using a Cary 60 UV-Vis spectrophotometer
(Agilent technologies Inc. Co., Ltd., USA).

2.4. Molecular docking of OVA and EGCG

The OVA and EGCG were docked and visualized using the Autodock
Vina and PyMol software to further predict potential binding sites and
understand the molecular interaction mechanism. The structure of OVA
(PDB: 10VA) and EGCG (PubChem CID:65064) were collected from the
RCSB Protein Data Bank database (https://www.rcsb.org/) and Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/), respectively. The

mode with the lowest binding energy of Autodock Vina software was
selected and further analyzed by PyMol software.

2.5. Antioxidant activity of OVA-EGCG conjugates

2.5.1. DPPH radical scavenging assay

The DPPH radical scavenging assay was carried out according to the
method described by Geng et al. with a slightly modified [20]. The
different samples were combined with a DPPH-ethanol solution (0.0039
g DPPH was fully dissolved into anhydrous ethanol, diluted into 100 mL,
and stirred away from light for 2 h) at the ratio of 1-4. Subsequently, the
absorbance of the mixture solution was read at 517 nm after 30 min in
the dark using a Varioskan Flash Spectra (Thermo Fisher Scientific Co.,
Ltd., USA). The anhydrous ethanol was a control.

AU - (A] _AZ)

0

DPPH(%) = x 100%

Where, Ag. the absorbance value of water. A;: the absorbance value of
samples. A2: The absorption value of DPPH substituted by ethanol.

2.5.2. ABTS free radical scavenging assay

The ABTS free radical scavenging assay was carried out according to
the method described by Geng et al. with a slightly modified [20]. The
original ABTS solution was prepared by the mixture of ABTS and po-
tassium persulfate solution at the ratio of 1 to 1 and was placed in the
dark for 12 h-16 h. The original ABTS solution was diluted with phos-
phate buffer solution (pH 7.2-7.4, 0.01 M) until the absorption value
was 0.7 + 0.05. Subsequently, the samples were mixed with the diluted
ABTS solution at a ratio of 1-19, and the absorbance value was recorded
at 734 nm after incubation for 6 min using a Varioskan Flash Spectra
(Thermo Fisher Scientific Co., Ltd., USA).

2.6. Emulsifying activity index (EAI) and emulsion stability index (ESI)
of OVA-EGCG conjugates emulsion

The emulsifying properties (EAI and ESI) for the emulsions of native
OVA, T-OVA-EGCG, and U-OVA-EGCG conjugates were measured ac-
cording to the method described by Li et al [33] with slight adjustments.
5 mL of soybean oil was added to 15 mL of each sample solution and
then was emulsified to O/W emulsions using an Ultra-Turrax homoge-
nizer (T18, IKA, Germany) at 12,000 rpm for 3 min. Subsequently, 50 uL
of each homogenized emulsion was taken from the bottom at 0 min and
10 min, and dilution with sodium dodecyl sulfate to 5 mL. Finally, the
absorbance of the dilution emulsion was determined at 500 nm using a
Varioskan Flash Spectra (Thermo Fisher Scientific Co., Ltd., USA).

_ 2x2.303 xAyg X DF

EAI(m?/g) ==———"—— """~ "
(*/s) C <y x 0 x 10,000
. A() x 10
ESI(min) =
( ) A() _Al()

Here, DF: the dilution factor; C: the concentration of protein (g/mL);
P, the optical path (1 cm); 6: the volume fraction of oil (0.25); Ag and
Ajo: the absorbance of emulsions at 0 and 10 min, respectively.
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2.7. Statistical analysis

All the experiments were carried out in triplicate. Figures were
generated by Origin software (Version 8.5). The significant difference
was checked by Duncan’s multiple range test (p < 0.05) using DPS
Statistics software (Version 7.05).

3. Results and discussion
3.1. Determination of total EGCG contents of OVA-EGCG conjugates

The total EGCG contents of OVA-EGCG conjugates were determined
to evaluate the degree of EGCG binding to the OVA molecules. Table 1
presents the total EGCG of corresponding OVA-EGCG conjugates pre-
pared by traditional or different ultrasonic time-assisted free radical
treatments. The total EGCG content of OVA-EGCG conjugates with
traditional free radical treatments alone for 24 h was 21.96 + 0.53 mg/
g, while the total EGCG content acquired by U-OVA-EGCG conjugates
was 22.48 + 1.15 mg/g after a shorter reaction time (60 min) under
ultrasonic-assisted treatment. It exhibited no significant difference from
the traditional free radical treatment, suggesting that the ultrasonic
treatment could markedly accelerate the interaction between OVA and
EGCG, and shorten the time required for a free radical time from 24 h to
1 h without affecting the binding degree of OVA and EGCG. For
ultrasound-assisted treatment, the total EGCG content of OVA-EGCG
conjugates first increased and then decreased over the ultrasonic time,
reaching the highest total EGCG content at 90 min (31.99 + 0.70 mg/g).
These increased results of total EGCG content may be due to the me-
chanical and cavitation effects generated by ultrasonic treatment. Both
effects could accelerate the production of free hydroxyl radicals [20]
and the unfolding of protein molecules [30], thus increasing the reaction
possibility of OVA and EGCG. Moreover, the microstreaming induced by
ultrasound treatment results in the high-speed collision between protein
and polyphenol, and the decrease in particle size and increase in the
specific surface area [20], which attributes to improving the efficiency
of combining the OVA with EGCG. The decrease in total EGCG content
was observed with the extension of ultrasound time to 120 min, which
might be because the excess energy generated by ultrasound promoted
the aggregation of proteins, thereby reducing the reaction sites with
polyphenols. Similarly, previous reports have suggested that excessive
ultrasound treatment leads to the denaturation and aggregation of
proteins and the decomposition of polyphenols, thereby reducing the
ability of polyphenols to bind to proteins [34,35].

Table 1

Total EGCG content in T-OVA-EGCG and U-OVA-EGCG

conjugates.
Samples Total EGCG content

mg/g

T-OVA-EGCG 21.96 + 0.53¢
U-OVA-EGCG30 17.35 + 0.77¢
U-OVA-EGCG60 22.48 +1.15°
U-OVA-EGCG90 31.99 + 0.70%
U-OVA-EGCG120 26.47 + 0.84"

Note: Dates are given as means + standard deviations. Values
with superscript letters in the same column indicate significantly
different at P < 0.05. T-OVA-EGCG: ovalbumin-
epigallocatechin-3-gallate conjugates prepared by traditional
free radical treatment; U-OVA-EGCG30, U-OVA-EGCG60, U-
OVA-EGCG90, and U-OVA-EGCG120: the ultrasound-assisted
free radical of OVA-EGCG conjugates prepared under different
ultrasonic response times of 30 min, 60 min, 90 min, and 120
min, respectively.
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3.2. Sulfhydryl group (SH) contents of the OVA-EGCG conjugates

The sulfhydryl group of protein was a representative group to express
the side chain groups [23], and was also susceptible to phenolic com-
pounds [31]. As shown in Table 2, the contents of free sulthydryl group
in both T-OVA-EGCG conjugates and U-OVA-EGCG conjugates were
markedly decreased compared with that of native OVA. Similarly, Meng
et al. found sulfhydryl groups were lost when whey protein isolate was
bound with three polyphenols [19]. These reasons for a decrease in
sulfhydryl groups could be explained by the fact that the free sulthydryl
group in the protein could interact with the hydroxyl group provided by
the introduced phenolic compound, thus reducing the amount of sulf-
hydryl group in the protein [20]. In addition, the loss of sulfhydryl in the
U-OVA-EGCG conjugates was more pronounced under ultrasonic assis-
tance (P < 0.05), suggesting that ultrasound treatment facilitated the
binding of OVA molecules to EGCG, due to ultrasound-induced cavita-
tion and mechanical effects [36]. These effects were conducive to the
expansion of the internal structure of protein and the lengthening of the
peptide chain, providing more possibilities for binding to EGCG, as
demonstrated by the total EGCG content (Table 1).

3.3. Evidence for the formation of OVA-EGCG conjugates

The molecular weight distribution of the native OVA and OVA-EGCG
conjugates by conventional and ultrasound-assisted free radical
methods was monitored by SDS-PAGE. As shown in Fig. 2, the native
OVA (land 1) mainly had bands at around 75 and 45 kDa, which rep-
resented ovotransferrin and ovalbumin, respectively [18]. The OVA-
EGCG conjugates obtained by traditional free radical and ultrasound-
assisted free radical methods also exhibited the same bands at about
75 and 45 kDa, but the corresponding bands slightly shifted migration,
especially in U-OVA-EGCG conjugates, indicating that ovotransferrin
and ovalbumin might be involved in binding to EGCG. The SDS-PAGE
loading buffer mainly contains SDS, p-mercaptoethanol, bromophenol
blue, etc. SDS contributed to dissociating hydrogen-bonded structures
with unfolding of ordered molecular conformation, while disulfide
bonds could be broken by p-mercaptoethanol, which eliminated the
differences between protein samples. Thus, these results indicated that
the covalent bonds were formed in OVA-EGCG conjugates between OVA
and EGCG. This upward migration trend of bands was consistent with
the above results of the total phenol contents (Table 1), since ultrasonic
treatment helped more proteins to be covalently modified by EGCG to
form higher relative molecule weight conjugates.

Table 2

Free sulfhydryl group in T-OVA-EGCG and U-OVA-EGCG

conjugates.
Samples Free sulfthydryl group

pmol/g

OVA 8.60 + 0.47%
T-OVA-EGCG 4.36 + 0.12°
U-OVA-EGCG30 6.29 + 0.19°
U-OVA-EGCG60 4.31 + 0.05°
U-OVA-EGCG90 3.88 + 0.04¢
U-OVA-EGCG120 4,07 £0.11 ¢

Note: Dates are given as means + standard deviations. Values with
superscript letters in the same column indicate significantly
different at P < 0.05. T-OVA-EGCG: ovalbumin-epigallocatechin-
3-gallate conjugates prepared by traditional free radical treat-
ment; U-OVA-EGCG30, U-OVA-EGCG60, U-OVA-EGCG90, and U-
OVA-EGCG120: the ultrasound-assisted free radical of OVA-EGCG
conjugates prepared under different ultrasonic response times of
30 min, 60 min, 90 min, and 120 min, respectively.
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Fig. 2. The sodium dodecyl sulfate-polyacrylamide gel electrophoresis patterns of ovalbumin during glycosylation. 1: Native ovalbumin; 2: T-OVA-EGCG conjugates
(ovalbumin-epigallocatechin-3-gallate conjugates prepared by traditional free radical treatment); 3-6: U-OVA-EGCG conjugates (the ultrasound-assisted free radical
of OVA-EGCG conjugates prepared under different ultrasonic response times of 30 min, 60 min, 90 min, and 120 min, respectively).

3.4.

FTIR spectroscopy analysis of the secondary structure changes in

OVA-EGCG conjugates

To further prove whether the covalent-linking was formed and to
obtain information about the changes in protein conformation after

Transmittance (%)

traditional free radical or different ultrasonic time-assisted free radical
methods, FTIR spectroscopy was investigated. Fig. 3 illustrated the FTIR
spectra of native OVA, T-OVA-EGCG conjugate prepared by traditional
free radical treatment, and U-OVA-EGCG conjugates prepared by
different ultrasonic time-assisted free radical treatments. The
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Fig. 3. The Fourier transform infrared spec-
troscopy of native OVA, T-OVA-EGCG con-
jugates, and U-OVA-EGCG conjugates. OVA:
native ovalbumin; T-OVA-EGCG: ovalbumin-
epigallocatechin-3-gallate conjugates pre-
pared by traditional free radical treatment;
U-OVA-EGCG30, U-OVA-EGCG60, U-OVA-
EGCG90, and U-OVA-EGCG120: the
ultrasound-assisted free radical of OVA-
EGCG conjugates prepared under different
ultrasonic response times of 30 min, 60 min,
90 min, and 120 min, respectively.
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characteristic absorption band locations and intensities of all OVA-
EGCG conjugates were remarkably different from those of the un-
treated OVA, suggesting that the conjugated reaction of EGCG with OVA
resulted in the rearrangement and conformation alterations of the pro-
tein. For instance, the absorption intensities of 3700-3100 c¢m ™Y, which
corresponds to amide A and related to the stretching vibration of N-H
and hydrogen band [3,30], enhanced remarkably in all the OVA-EGCG
conjugates, which might ascribe to the addition of abundant O-H
bands from the EGCG molecular and the formation of hydrogen bonding
of the OVA-EGCG conjugates when using free radicals or ultrasonic time-
assisted free radical methods. Similarly, Yang et al. suggested the for-
mation of covalent conjugation between pumpkin (Cucurbita sp.) seed
protein isolate and pyrogallic acid (1,2,3-benzene-triol) polyphenol
[37]. Moreover, the changes in the absorption peak at 1700-1600 em™?
(amide T) and 1600-1500 cm ‘(amide II) were attributed to C=0
stretching vibrations and N-H bending vibrations, respectively [38]. The
introduction of EGCG caused a pronounced redshift from 1649 cm™! to
1654 cm ™! in the amide I band, possibly because EGCG could be con-
nected to the C=0 group of protein by hydrophobic interaction [20,36].
Additionally, all absorption peaks of OVA-EGCG conjugates exhibited a
blueshift in amide II from 1541 cm™! to 1537 cm™}, which is possibly
due to EGCG binding to the amino acid in OVA involvement in the C-N
and N-H vibrations. These changes in the amide I and amide II bands
indicated that electrostatic interaction occurred between OVA and
EGCG [38]. Furthermore, the fingerprint region range from 1200 to
1000 cm ™! of OVA-EGCG conjugates changes significantly following the
binding EGCG, indicating possible involvement in hydrogen bonding or
other poor electron interactions, such as n-n and dipole interactions
[3,39].

3.5. Spectroscopy analysis of the conformation and micro-environment
changes in OVA-EGCG conjugates

Since the chromophores of proteins were particularly sensitive to
changes in the polarity of the microenvironment, the introduction of
small molecules could change the microenvironment, leading to changes
in the inherent fluorescence intensity of protein [31]. In addition,
changes in fluorescence intensity could suggest the accessibility of small
molecules to chromophores of proteins, which contributed to under-
standing the binding mechanism of proteins and ligands [22]. Thus, the
intrinsic fluorescence emission spectrum for native OVA and its OVA-
EGCG conjugates obtained by different free radical methods was
employed. As exhibited in Fig. 4 A, the fluorescence intensity was higher
for native OVA than all OVA-EGCG conjugates, with redshifts from 332
nm to 335 nm after grafting with EGCG using the traditional and
ultrasound-assisted free radical methods. The results described above
we consistent with previous studies as reported by Meng et al. [20] and
He et al. [40]. For OVA-EGCG conjugates, the quenching in fluorescence
intensity and the redshift in the maximum absorption wavelength sug-
gested that the hydrophobic group (Trp, Tyr, and Phe resides) within the
OVA possibly participated in the covalent binding. Moreover, the
conjugation result in distinct changes of protein, exposing more chro-
mosomal groups to a hydrophilic environment [40,41]. Interestingly,
the fluorescence intensity was negatively correlated with the total EGCG
content of conjugates (Table 1). The fluorescence intensity of conjugates
with ultrasound-assisted treatment decreased the most, suggesting that
ultrasound could promote the interaction between OVA and EGCG.

Changes in the intensity and location of the UV absorption spectra
could also evaluate the changes in the conformation of proteins and the
microenvironment of the hydrophobic amino acid residues caused by
phenolic introduction [22,31]. Fig. 4 B shows the UV absorption spectra
for native OVA, T-OVA-EGCG conjugates, and U-OVA-EGCG conjugated
induced at different ultrasonic response time-assisted free radical
treatments. The maximum absorption peak wavelength (Amax) of native
OVA was around 280 nm. However, all OVA-EGCG conjugates (T-OVA-
EGCG conjugate and different U-OVA-EGCG conjugates) not only
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Fig. 4. The intrinsic fluorescence spectra (A) and UV spectra (B) of native OVA,
T-OVA-EGCG conjugates, and U-OVA-EGCG conjugates. OVA: native oval-
bumin; T-OVA-EGCG: ovalbumin-epigallocatechin-3-gallate conjugates pre-
pared by traditional free radical treatment; U-OVA-EGCG30, U-OVA-EGCG60,
U-OVA-EGCG90, and U-OVA-EGCG120: the ultrasound-assisted free radical of
OVA-EGCG conjugates prepared under different ultrasonic response times of 30
min, 60 min, 90 min, and 120 min, respectively.

exhibited a significant enhancement in absorption intensity but also a
remarkable blue-shift wavelength. In general, an increase in absorption
strength represents the exposure of the hydrophobic groups (Trp and
Tyr), while the blue shift in Amax represents an enhancement in the
polarity of the microenvironment around hydrophobic groups [31]. In
addition, compared with the OVA-EGCG conjugates by the conventional
free radical method, the blue shift and intensity increasement caused by
the ultrasonic-assisted free radical method was more obvious, suggest-
ing increasing the conjugation between the OVA and EGCG. Moreover,
extending the ultrasonic response time was conducive to exposing aro-
matic amino acids and thus made the microenvironment more hydro-
philic, which was consistent with the results of the intrinsic fluorescence
emission spectrum (Fig. 4A).

3.6. Molecular docking of OVA and EGCG

The combination of computer simulations and experimental mea-
surements was conducive to understanding comprehensive detailed
insight into the potential molecular forces between receptors and li-
gands involved in the binding interaction [42]. Thus, Autodock Vina
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software was applied to perform molecular docking of OVA and EGCG to
locate the preferred binding region. Subsequently, two kinds of pro-
grams, the Pymol software and the Protein-Ligand Interaction Profiler
(PLIP) webpage [43], analyzed the protein-ligand interaction to verify
the experimental results. Previous studies have found that OVA pos-
sesses potential binding sites for flavonoids, such as glabridin [7], nar-
ingenin, genistein, naringin, puerarin, and daidzein [44]. In this study,
Autodock Vina software was used to select the best-docked conforma-
tion of OVA and EGCG based on the lowest binding energy, and obtain
the amino residues, the numbers of and distances of interaction force
(hydron bonds, hydrophobic interactions, and =-Stacking, etc.) that
interact with OVA and EGCG.

Fig. 5A shows the Three-dimensional structure of OVA collected
from the RCSB Protein Data Bank database. Fig. 5B exhibited that the
docked conjugate of EGCG and OVA with the lowest energy conformer
(AG = —7.6 kcal/mol) obtained from Autodock Vina software, revealing

(D)

Fig. 5. Molecular docking analysis results of ovalbumin (OVA) and
epigallocatechin-3-gallate (EGCG). (A) Three-dimensional structure of OVA
collected from the RCSB Protein Data Bank database; (B) the best-docked po-
sition between OVA and EGCG; (C) the best-docked conformation for OVA and
EGCG. The blue represents OVA, the green stick structure represents amino acid
resides, the red-gray represents EGCG, and the yellow dotted line represents
hydrogen-bonding. (D) Protein-ligand docking simulation for the determination
of OVA-EGCG interaction using protein-ligand interaction profiler. Yellow
dotted lines represent hydrogen bonding, gray dotted lines represent hydro-
phobic interaction, and orange dotted lines represent = stacking.
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that the EGCG may conjugate with the special region on the protein
surface. The best-docked conformation of the EGCG binging site to OVA
was identified between o-helix, p-sheets domain, and random coil
(Fig. 5B). Thereinto, EGCG established hydrogen bond contacts with
Lys-199, Asp-202, Ile-224, Lys-285, and Ala-357 amino acid residues
with a distance range from 2.80 A to 3.55 A (Fig. 5C). This finding
validates the experiment result of FTIR (Fig. 3), which indicated that
hydroxyl groups on EGCG could form abundant hydrogen bonds with
the surface of OVA. Moreover, the detailed molecular docking results
including hydrogen bonding (yellow dotted lines), hydrophobic inter-
action (gray dotted lines), and n-stacking (orange dotted lines) were
exhibited in Fig. 5D and summarized in Table 4. Furthermore, EGCG has
been found to form hydrophobic interactions with Tyr-222, Ile-224, and
Ala-353 amino acid residues of OVA (Fig. 5D and Table 3). This finding
testifies to the experiment result of the intrinsic fluorescence emission
spectrum, and UV absorption spectra (Fig. 4), which suggested that
hydrophobic interactions may be involved in the formation of the OVA-
EGCG conjugates.

3.7. Functional properties of OVA-EGCG conjugates

3.7.1. Emulsifying properties analysis of OVA-EGCG conjugates

The emulsifying activity index (EAI) and emulsion stability index
(ESI) are representative indexes for the assessment of emulsifying
properties [8,33]. The EAI and ESI results of native OVA, and OVA-
EGCG conjugates by conventional and ultrasound-assisted free radical
methods were exhibited in Fig. 6. It was worth noting that all OVA-
EGCG conjugates by the introduction of EGCG were remarkably
greater than those of native OVA. The EAI and ESI values of OVA-
EGCG90 conjugates were 1.64 times and 2.32 times that of untreated
OVA, respectively. These findings suggested that the conjugation with
polyphenols could enhance emulsifying properties of OVA. Similarly,
Han et al. found that whey protein isolate-EGCG conjugates induced by
the covalent and non-covalent combination had higher emulsifying
properties including the EAI and ESI than untreated whey protein isolate
[45]. The improvement of emulsifying properties may be due to the
exposure aromatic resides and the reduction of the surface hydropho-
bicity of the protein by binding to polyphenols [19,46], as described in
the intrinsic fluorescence emission spectrum measurements of Fig. 4 A,
thus improving the affinity of the protein to the O/W interface. More-
over, the adsorption capacity of protein on the O/W interface was sus-
ceptible to the change in protein conformation [45]. After conjugation
with polyphenols, the molecular flexibility of OVA was enhanced,
resulting in improved emulsification properties. Interestingly, compared
with T-OVA-EGCG conjugate treated by traditional free radical treat-
ment, the emulsifying properties of U-OVA-EGCG conjugates prepared
by ultrasound-assisted free radical treatment were better, which might
account for cavitation and mechanical effects caused by ultrasound to
accelerate the conjugation and reduce the particle size.

Table 3
The interaction force between OVA and EGCG at the best-docked position.
Index Residue AA Distance Distance
D-H D-A
Hydrogen Bonds 1 199A Lys 2.60 3.55
2 202A Asp 2.20 2.84
3 202A Asp 3.29 3.71
4 224A Ile 211 2.96
5 285A Lys 213 2.80
6 357A Ala 2.36 3.17
7 357A Ala 2.18 3.14
Hydrophobic interactions 1 222A Tyr 3.28
2 224A Ile 3.77
3 353A Ala 3.74
n-Stacking 1 222A Tyr 3.97
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3.7.2. Antioxidant properties of OVA-EGCG conjugates

The antioxidant properties of nature OVA, T-OVA-EGCG conjugate
induced by traditional free radical treatment, and U-OVA-EGCG conju-
gates induced by different ultrasonic time-assisted free radical treat-
ments were assessed using the DPPH scavenging capacity and ABTS
scavenging capacity. As summarized in Table 4, native OVA also had a
little capacity for radical scavenging, owing to amino acid residues like
Try, Tyr, and Met [3,47]. For all OVA-EGCG conjugates, the antioxidant
capacity was remarkably higher (P < 0.05) than that of OVA alone,
especially those prepared by ultrasound-assisted free radical treatments.
The result indicated that the antioxidant capacity of OVA could be
enhanced significantly by conjugating with EGCG. Because of the six
ortho-phenolic hydroxyl groups in the structure of EGCG, it has excellent
antioxidant activity, which could scavenge free radicals and metal ion
chelating and delay the production of reactive oxygen species [20,48].
Thus, the introduction of EGCG enhanced the antioxidant ability of the
system. Similarly, Chen et al. [23] and Tong et al. [41] have also re-
ported that the binding of protein to EGCG enhanced the antioxidant
capacity of protein. In addition, the disparity in the antioxidant capacity
of different samples could be ascribed to the different amounts of EGCG
attached to OVA molecules. This assumption was evidenced by the
measurement of levels of EGCG content (Table 1). Noteworthy, the

Table 4
Antioxidant properties of T-OVA-EGCG and U-OVA-EGCG conjugates.

Samples DPPH scavenging capacity/%  ABTS scavenging capacity/%
OVA 23.16 + 2.90¢ 17.16 + 2.18°
T-OVA-EGCG 68.15 £ 1.35° 61.02 + 1.83¢
U-OVA-EGCG30  46.34 + 3.0¢ 30.08 + 2.60¢
U-OVA-EGCG60 68.61 + 2.75° 60.51 + 1.61°¢
U-OVA-EGCG90 89.50 + 3.31* 78.01 £ 0.90%
U-OVA-EGCG120 75.38 + 1.46" 70.92 + 1.83"

Note: Dates are given as means + standard deviations. Values with superscript
letters in the same column indicate significantly different at P < 0.05. T-OVA-
EGCG: ovalbumin-epigallocatechin-3-gallate conjugates prepared by traditional
free radical treatment; U-OVA-EGCG30, U-OVA-EGCG60, U-OVA-EGCG90, and
U-OVA-EGCG120: the ultrasound-assisted free radical of OVA-EGCG conjugates
prepared under different ultrasonic response times of 30 min, 60 min, 90 min,
and 120 min, respectively.

r -0

U-OVA-EGCG30 U-OVA-EGCG60 U-OVA-EGCGY0 U-OVA-EGCGI120

topmost antioxidant capacity (DPPH:89.50 + 3.31 % and ABTS:78.01
+ 0.90 %) was collected in the U-OVA-EGCG90 conjugate, which may
have happened because the ultrasound-assisted induced modified pro-
tein exhibited superior affinity with EGCG [20]. Moreover, cavitation
and mechanical effects generated during ultrasound facilitated the
partial unfolding of protein and exposure of more aromatic amino acids,
which contribute to the enhancement of antioxidant capacity [28,30].

4. Conclusions

In conclusion, the OVA-EGCG conjugates were successfully prepared
by traditional free radical treatment and different ultrasonic time-
assisted free radical treatments. Compared with traditional free radical
treatment, the ultrasound-assisted greatly reduced the response time
from 24 h to 60 min without affecting the equivalent amount of EGCG
conjugating. Moreover, the content of EGCG increased and free sulfhy-
dryl groups decreased with the prolonged ultrasonic time. The UV and
intrinsic fluorescence spectroscopy analysis suggested that ultrasound
was conducive to exposing aromatic amino acids and accelerating the
interaction between OVA and EGCG. The molecular docking testified
that hydrogen bonding, hydrophobic interaction, and n-stacking may be
involved in the formation of the OVA-EGCG conjugates. Additionally,
the enhancement in the emulsifying properties (EAI and ESI) and anti-
oxidant properties (DPPH and ABTS) of OVA-EGCG conjugates certified
the ultrasound and the addition of EGCG contributed to functional
properties. According to the above results, it was hypothesized that
OVA-EGCG conjugates could be applicable as emulsifiers and antioxi-
dants to broaden the value and application of OVA in functional foods.
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