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A B S T R A C T   

Due to the existence of many disulfide bonds in japonica rice bran protein (JRBP) molecules, their solubility is 
poor, which seriously affects other functional properties. To improve the functional characteristics of JRBP 
molecules, they were processed by ultrasound technology, and JRBP-catechin (CC) covalent complex was pre-
pared. The structural and functional properties of indica and japonica rice bran proteins and their complexes 
were compared; furthermore, the changes in the structural and functional properties of JRBP-CC under different 
ultrasound conditions were investigated. The results showed that compared with indica rice bran protein (IRBP), 
the secondary structure of JRBP-CC was very different, the water holding capacity (WHC) was higher, and the 
emulsification performance was better. Different ultrasound conditions had different effects on the functional 
properties of JRBP-CC. When the ultrasound power was 200 W, the λmax redshift of the JRBP-CC complex was the 
most significant, the particle size was the smallest, the absolute value of the zeta potential was the largest, and 
the hydrophobicity and microstructure of the JRBP-CC complex were the best. Concurrently, the maximum WHC 
and oil holding capacity (OHC) of JRBP-CC under these conditions were 7.54 g/g and 6.87 g/g, respectively. 
Moreover, the emulsifying activity index (EAI) and emulsifying stability index (ESI) were 210 m2/g and 47.8 
min, respectively, and the scavenging activities of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and ABTS+ were 71.96 
% and 80.07 %, respectively.   

1. Introduction 

Rice, as one of the most important food crops worldwide, contains 
abundant nutrients [1]. In China, rice is usually divided into two sub-
species: japonica and indica rice [2]. Compared with indica rice, 
japonica rice is mainly planted in northeastern China and has the 
advantage of greater viscosity [3]. Although the protein content in 
japonica rice is lower than that of other common cereals (such as wheat, 
jade rice, wheat, and millet), japonica rice protein is rich in nutrients, 
has a reasonable ratio of amino acids, and its lysine and methionine 
content is higher than that of other grain proteins, so it has a high bio-
logical effect. In addition, it is a low antigenic protein which is not likely 
to produce allergic reactions [4]. Japonica rice bran is an underutilized 
by-product of japonica rice milling, which is nutritious and rich in 
protein, fat, carbohydrates, and other components [5–7]. Japonica rice 
bran protein (JRBP) is rich in albumin, globulin, glutelin and prolamin 
[8], and the content of gluten is higher than that of indica rice [9]. JRBP 
is a fully valent protein containing 18 amino acids and eight essential 

amino acids, rich in nutrients, and can be used as a hypoallergenic food 
ingredient in infant formula [10]. JRBP contains many disulfide bonds, 
which causes poor solubility and greatly affects other functional char-
acteristics, especially emulsifying properties and foaming characteris-
tics, limiting the application of native JRBP in processing. Therefore, the 
spatial structure of protein molecules is often modulated by various 
methods to change the intramolecular structure and binding mode of the 
protein to improve its functional properties. 

Currently, ultrasound treatment emerges as a new type of protein 
modification method, with a frequency and intensity ranging between 
20 and 100 kHz and 10–1000 W/cm2, respectively [11]. Ultrasound 
modifies the molecular structure and spatial conformation of proteins 
due to unique cavitation and microstreaming currents [12]. When ul-
trasonic waves propagate in aqueous media, the rupture of gas bubbles 
in the system generates high temperature (5000 K) and high pressure 
(50 MPa, 3 × 10–4) in a short time [13]. At this time, mechanical shear, 
heating, dynamic agitation, intense shear forces, and turbulence will 
further process the protein, thereby changing its structure and 
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properties [14]. Studies have shown that ultrasound treatment of pro-
tein can reduce particle size and improve its solubility and emulsifi-
ability [15]. The study by Sun et al. [16] demonstrated that ultrasound 
treatment improved the solubility, emulsifying properties, and stability 
of rice bran protein. A similar conclusion appeared in the study of Wang 
et al. [17], where the structure of JRBP was changed by the combined 
treatment of ultrasound and chlorogenic acid to obtain a complex with 
good functional properties to broaden its application in food processing 
emulsifiers. Therefore, ultrasound is considered to be a safe and effective 
food processing technology that can be applied to protein modification. 

Polyphenols, the main group of antioxidants, are aromatic com-
pounds in which at least one hydrogen of the aromatic hydrocarbon ring 
is replaced by a hydroxyl group (–OH). The interaction between proteins 
and polyphenols can modify their structural and functional properties 
[18]. The covalent interaction of polyphenols with proteins refers to the 
oxidation of phenolic compounds under alkaline conditions to form the 
corresponding quinones, and then undergo a nucleophilic addition re-
action with the nucleophilic groups in the protein (such as amino, thiol, 
or certain amino acid residues) to form covalent complexes [19]. In the 
study of Karefyllakis et al. [20], the establishment of covalent binding 
between sunflower protein isolate and chlorogenic acid at pH 9 
increased the polarity of the interfacial binding site, leading to a 
decrease in the hydrophobicity of the protein surface. Catechin (CC) is a 
type of flavonoid widely found in plants such as tea. Its antioxidant 
capacity is higher than that of other antioxidants such as butylated 
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), alpha- 
tocopherol, vitamin E, and other plant extracts [21]. Binding of CC to 
protein can improve the solubility, thermal stability, oxidative stability, 
and emulsification properties of the complexes [22]. For example, Tian 
et al. [23] studied that the binding of CC with sodium caseolate to obtain 
protein–polyphenol complexes with improved physical and oxidative 
stability. 

In this study, JRBP was treated with ultrasound and JRBP-CC com-
plexes were prepared to investigate the effects of ultrasound on the 
structural and functional properties of JRBP and its complexes. The 
JRBP treated at different ultrasound strengths was covalently bound to 
CC, and the effects of ultrasound treatment on the secondary structure 
and sulfhydryl content of JRBP and its complexes were discussed. We 
expect that ultrasound treatment improves the water-holding capacity 
(WHC), oil holding capacity (OHC), emulsifying properties, and oxida-
tive stability of JRBP-CC complexes. This provides a theoretical basis for 
the application of polyphenol-protein covalent complexes in emulsifiers, 
broadens their application in the food processing industry, and promotes 
economic and social benefits. 

2. Materials and methods 

2.1. Materials 

Japonica rice bran powder was purchased from Xingwang Rice Bran 
Oil Co., ltd. (Liaoning, China). CC (≥90 %) was purchased from Nanjing 
Dulai Biotechnology Co., ltd. Additionally, 1,1-diphenyl-2-picrylhydra-
zyl (DPPH) was purchased from Shanghai Ika Biotechnology Co., ltd. 
All other reagents were of analytical grade. 

2.2. Preparation of JRBP 

Defatted rice bran was mixed thoroughly with five volumes of 
distilled water, and then adjusted to pH 8 with 1 mol/L NaOH. The 
mixture was stirred for 30 min at room temperature and then centri-
fuged at 5000 rpm and 4 ◦C for 30 min. The supernatant containing the 
protein was collected and adjusted to pH 4.5 with 1 mol/L HCl, and the 
protein was collected by centrifugation at 5000 rpm and 4 ◦C for 30 min. 
The precipitate was washed with water and the pH value was adjusted to 
7.0. The samples were lyophilized to obtain JRBP. 

2.3. Ultrasound treatment of JRBP 

JRBP was dissolved in phosphate buffer (0.01 mol/L, pH 7.0) at a 
ratio of 1:25 (m/v), and then poured into a 250 mL beaker. Ultrasound 
treatment was performed following the study of Wang et al [24]. The 
beaker with the JRBP solution was placed in ice water to maintain a 
temperature below 20 ◦C. Furthermore, the solution was treated using 
an ultrasonic generator. At an ultrasound frequency of 20 kHz, different 
ultrasound powers (0, 100, 200, 300, and 400 W) were selected for ul-
trasound treatment for 10 min, and the ultrasonic pulse system was set 
to operate for 2 s and rest for 2 s. 

2.4. Preparation of JRBP-CC 

The JRBP-CC complex was prepared according to the method of Sui 
et al [25]. JRBP was dissolved in phosphate buffer and the pH was 
adjusted to 9.0. CC (0.15 %, w/v) was dissolved in the protein solution 
separately and the pH was adjusted to 7.0 after stirring for 24 h at 25 ◦C. 
JRBP-CCs were obtained and freeze-dried. The sample treatment is 
shown in Table 1. 

2.5. Sulfhydryl (SH) content analysis 

The sulfhydryl content of JRBP was measured by Ellman’s reagent 
method [26]. Samples were mixed with Ellman’s reagent at 25 ◦C for a 
certain time. The absorbance of the sample was measured at 412 nm. 

2.6. Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra were determined using a Fourier Transform Infrared 
spectrometer at a temperature of 25 ◦C. The scan range was set from 450 
to 4000 cm− 1, the resolution was 4 cm− 1, and 64 scans were performed. 
Peak fitting software version 4.12 was used to calculate the relative 
amounts of secondary structures in the proteins. 

2.7. Determination of fluorescence spectra 

The sample solution was diluted with distilled water to a protein 
concentration of 0.2 mg/mL. The excitation wavelength was set at 295 
nm and the emission wavelength range was set at 300–500 nm. The 
scanning speed was 600 nm/min and the slit width was 5 nm. Fluores-
cence emission spectra were measured at 20 ◦C with distilled water as 
blank. 

2.8. Particle size / potential determination 

The sample solution was diluted with distilled water to a protein 
concentration of 2 mg/mL. The refractive indices of protein and water 
were set at 1.46 and 1.33, respectively. Particle size was measured with 
a laser diffraction particle size analyzer. After calibrating the instrument 
for 2 min, the Zetasizer Nano ZSP particle size analyzer was used to 
measure the zeta potential. 

2.9. Confocal laser scanning microscopy (CLSM) 

A confocal laser scanning microscope was used to study the 

Table 1 
The samples of different ultrasonic treatment conditions.   

Native A B C D E 

Sample 0 W 
JRBP 

0 W 
JRBP- 
CC 

100 W 
JRBP-CC 

200 W 
JRBP-CC 

300 W 
JRBP-CC 

400 W 
JRBP-CC 

Note: The JRBP indicates Japonica rice bran protein, and the CC indicates 
catechin. 
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microstructure of the samples. The samples were diluted following the 
method of Geremias-Andrade et al. [27]. Briefly, 1 mL of diluted sample 
was mixed with 40 μL of Nile Blue solution and stained for 30 min. The 
samples were observed with a confocal laser scanning microscope (Leica 
Microsystems, Heidelberg GmbH, Germany). 

2.10. Water holding capacity (WHC) and oil holding capacity (OHC) 

WHC quantification was performed using the techniques reported by 
Li et al. [28]. A 0.20 g protein sample was placed in a centrifuge tube and 
weighed, then added into 5 mL of deionized water and mixed thoroughly 
to obtain the protein sample emulsion. The protein emulsion was 
allowed to stand for 24 h at room temperature and centrifuged at 3000g 
for 15 min. The supernatant was discarded and then the total mass of the 
centrifuge tube and the residue were weighed. The WHC formula was as 
follows: 

WHC =
w2 − w1

w0
× 100%  

where w0 is the weight of the protein sample, g; w1 is the weight of the 
tube and protein sample, g; and w2 is the weight of the tube and residue, 
g. 

OHC was determined according to the method of Zhu et al. [29]. A 
0.10 g protein sample was placed in a centrifuge tube and weighed, then 
added into 4 mL of soybean oil and mixed thoroughly. The mixture was 
allowed to stand for 6 h at room temperature and then centrifuged at 
2000g for 30 min. The supernatant was removed and the centrifuge tube 
was inverted for 20 min, and then the total mass of the tube and the 
residue were weighed. The OHC formula was as follows: 

OHC =
W2 − W1

W0
× 100%  

where W0 is the weight of the protein sample, g; W1 is the weight of the 
tube and protein sample, g; and W2 is the weight of the tube and residue, 
g. 

2.11. Analysis of emulsifying properties 

The sample solution was prepared with phosphate buffer solution at 
a concentration of 10 μg/mL, and then corn oil (3:1, v/v) was added to 
prepare the emulsion and diluted 100 times with sodium dodecyl sulfate 
solution. The absorbance of the sample was measured at 500 nm. The 
emulsifying activity index (EAI) and emulsifying stability index (ESI) 
were calculated as follows: 

EAI
(

m2/
g

)

=
2 × 2.303 × A0 × D × F

10000 × θ × L × C  

ESI(min) =
A0 × (T10 − T10)

A0 − A10  

where A0 is the absorbance at 0 min, A10 is the absorbance at 10 min, C is 
the protein concentration (g/mL), D and F are the dilution factor (100), 
L is the optical path (1 cm), θ is the oil volume fraction (0.25), and T10-T0 
is the time difference. 

2.12. Measurement of the antioxidant activity of DPPH 

DPPH free radical scavenging activity was determined according to 
the method of He et al. [30] with a slight modification. DPPH was dis-
solved in methanol and configured into a solution with a concentration 
of 10–4 mol/L, and then 2 mL of sample solution (0.5 mg/mL) was added 
into 2 mL of DPPH solution. The mixture was kept in darkness for 60 
min, and the absorbance was measured at 517 nm using an ultraviolet 
(UV) spectrophotometer. The formula for determining the DPPH radical 
scavenging rate (%) was as follows: 

DPPH radical scavenging rate (%) =
AC − AS

AC
× 100%  

Where Ac is the absorbance of the DPPH working solution at 517 nm, 
and As is the absorbance of the DPPH and sample mixed solution at 517 
nm. 

2.13. Measurement of the antioxidant activity of ABTS+

ABTS+ scavenging activity was determined according to the method 
of Zhou et al. [31] with slight modifications. The 7 mM ABTS solution 
was mixed with 2.45 mM potassium persulfate solution at a ratio of 2:1 
(v/v) and reacted at room temperature in the dark for 16 h. The ABTS+

radical working solution was obtained by diluting the ABTS+ solution 
with distilled water to an absorbance of 0.70 ± 0.02 at 734 nm. More-
over, 0.8 mL of ABTS+ radical working solution was mixed with 200 μL 
of sample. The reaction was carried out at room temperature for 6 min, 
and then 200 μL of the mixed solution was transferred to the 96-well 
plate. The absorbance of the sample was measured at 734 nm using an 
enzyme label. The formula for the determination of the ABTS+ radical 
scavenging rate (%) was as follows: 

ABTS+ radical scavenging rate (%) =
A0 − A

A0
× 100%  

Where A0 is the absorbance of the ABTS+ free radical working solution 
at 734 nm, and A is the absorbance of the ABTS+ free radical working 
solution and the mixed sample solution at 734 nm. 

2.14. Statistical analysis 

All experiments were performed at least three times and test data 
were analyzed using means and standard errors. Origin 2018 was used to 
record and analyze the data. Analysis of variance was performed using 
SPSS 26.0 with Duncan’s test (p < 0.05). 

3. Results and discussion 

3.1. FTIR analysis 

The secondary structures of the samples were analyzed by FTIR after 
ultrasound treatment. Amide I band was composed of bands corre-
sponding to different secondary structures. The FTIR spectra of the 
samples are shown in Fig. 1(a). The interactions between JRBP and CC 
induced changes in the amide I compared with the control. This result 
revealed that the secondary structure of the samples was modified. In 
agreements with previous studies, the interaction between milk casein 
and tea polyphenols caused significant changes in the secondary struc-
ture [32]. With increasing ultrasound power, the amide I band changed 
to different degrees. When the ultrasound power was 200 W, the change 
in the amide I band was the most significant. 

The amide I bands of the JRBP and JRBP-CC samples were fitted with 
the Gaussian area method, and the results are shown in Fig. 1(b). The 
contents of α-helix, β-sheet, β-turn, and random coil in the secondary 
structure of the JRBP-CC without ultrasound treatment were 18.95, 
35.25, 20.18, and 23.74 %, respectively. Shi et al. prepared a rice bran 
protein catechin complex by combining indica rice bran protein (IRBP) 
with CC. Compared with the IRBP-CC complex prepared by Shi et al. 
[33], the JRBP-CC prepared in this study had a higher content of α-helix, 
β-sheet, and random coil, and a lower content of β-turn. The content of ɑ- 
helix and β-sheet decreased with increasing ultrasound power, and the 
content of β-turn and random coil increased. When the ultrasound power 
was increased to 200 W, each secondary structure reached its maximum 
value. However, the trend changed when the power was too high (>200 
W). These results showed that the molecular conformation of JRBP 
loosened during the ultrasound treatment, which agrees with the report 
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of Meng et al. [34]. This phenomenon occurs for two reasons: first, the 
introduction of CC caused the structure of JRBP to loosen, causing CC 
and JRBP to covalently bind. Second, after ultrasound treatment, the 
cavitation effect caused by bubble bursting made the protein structure 
loosen and stretch, so that the hydrophobic and polar groups inside the 
protein were exposed to the surface, and the degree of interaction be-
tween JRBP and CC increased. 

3.2. Sulfhydryl content 

As one of the important functional groups in proteins, sulfhydryl has 
high biological activity and plays an important role in the formation of 
gluten and gels [35]. The changes in the sulfhydryl content of JRBP and 
JRBP-CC were measured using an UV spectrophotometer, and the results 
are shown in Table 2. Compared with the control group, the introduction 
of CC reduced the content of sulfhydryl groups in JRBP. A significant 
effect of CC on the sulfhydryl content of JRBP through covalent in-
teractions was observed. The decrease in sulfhydryl content was prob-
ably caused by their interaction with the hydroxyl groups of CC. 

Furthermore, ultrasonication of the JRBP-CC complex also resulted 
in a decrease of sulfhydryl content within a certain extent. With 
increasing ultrasound power, the sulfhydryl content tended to decrease 
and then increase, and the increasing trend was not significant. The 
lowest value occurred at a power of 200 W. The effect of ultrasound 
treatment on the sulfhydryl content of the complexes can be explained 
by cavitation and mechanical shear [36]. The exchange reaction be-
tween –SH and disulfide bonds occurred readily within the JRBP 
molecule, leading to a decrease in the free –SH content. In the study of 
Ma et al. [37], it was found that the high intensity amplitude of ultra-
sound could change the sulfhydryl content of β-lactoglobulin by 
increasing the acoustic energy. When the power was above 200 W, the 
sulfhydryl group content in the JRBP-CC complex increased, but not 

significantly. This may be because the higher ultrasound power caused 
the JRBP structure to unfold and the hydrophobic amino acids to be 
exposed, which increased the hydrophobic group content. However, the 
higher ultrasound power promoted the covalent bonding of JRBP and 
CC to some extent, which resulted in the decrease of the hydrophobic 
group content. Therefore, although the sulfhydryl content increased, it 
was no significant difference [38]. Similar findings appear in the study 
of Rahman et al., in which high-power ultrasound treatment of soy 
protein was chosen, and this treatment exposed the buried sulfhydryl 
groups and increased the sulfhydryl content [39]. 

3.3. Fluorescence spectrum analysis 

Fluorescence spectroscopy is usually used to study the binding 
interaction between proteins and polyphenols, and can reflect the 
change in fluorescence intensity of tryptophan in proteins at the exci-
tation wavelength of 280 nm. The fluorescence spectra of JRBP and its 
complex are shown in Fig. 2. As can be seen from Fig. 2, the λmax of 
JRBP-CC was redshifted compared with that of JRBP, and the maximum 
fluorescence intensity was much lower than that of JRBP. This may be 
due to the interaction between JRBP and CC and the formation of a 
covalent bond in a covalent way. 

Fig. 1. FTIR analysis of JRBP and JRBP-CC complex under different ultrasonic conditions. (a) Fourier infrared spectrum. (b) Secondary structure content.  

Table 2 
Effect of ultrasonic power on the sulfhydryl content of JRBP and JRBP-CC 
under different ultrasonic conditions.  

Sample Sulfhydryl group (×10− 5 mol/g protein) 

Native 10.0813 ± 0.38a 

A 1.5269 ± 0.41b 

B 1.1026 ± 0.22bc 

C 0.7456 ± 0.11c 

D 0.7658 ± 0.26c 

E 0.7747 ± 0.14c 

Note: The difference in letters indicates significant difference (P < 0.05). 
Fig. 2. Fluorescence spectra of JRBP and JRBP-CC complex under different 
ultrasonic conditions. 
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In addition, ultrasound treatment can make the λmax of the complex 
exhibit different degrees of redshift. When the ultrasound power was 
200 W, the redshift was the most significant. This may be because the 
ultrasound treatment unfolded the protein structure, the originally 
buried aromatic amino acid residues were exposed to the protein sur-
face, and the polarity of the microenvironment was increased [40]. With 
the ultrasound power increasing from 0 W to 400 W, the maximum 
fluorescence intensity of JRBP-CC first increased and then decreased. 
When the ultrasound power was 200 W, the maximum fluorescence 
intensity was the lowest, which was similar to the study of Zhao et al. 
[41]. The reason for this phenomenon may be that the appropriate ul-
trasound treatment unfolded the protein structure. After the addition of 
CC, the binding of JRBP to CC caused the protein to form aggregates, and 
the originally exposed aromatic amino acids were buried again, which 
caused the fluorescence intensity to be reduced. 

3.4. Particle size and zeta potential analysis 

Particle size distribution usually reflects the degree of protein ag-
gregation. The particle size distribution of the JRBP and JRBP-CC 
complex are shown in Fig. 3(a). As can be seen in Fig. 3(a), the parti-
cle size of JRBP and JRBP-CC without ultrasound treatment both 
exhibited double peaks, and the particle size of JRBP was smaller. This 
may be due to the unfolding of the internal structure of JRBP after the 
addition of CC, which covalently bound to the hydroxyl on the CC sur-
face, thus increasing the particle size of the JRBP-CC complex. With 
increasing ultrasound power, the particle size of the complex first 
decreased and then increased with increasing ultrasound power. When 
the ultrasound power was 200 W, the particle size of the complex was 
the smallest and mainly concentrated at 7–100 nm. This may be because, 
after proper ultrasound treatment, the turbulence and shear caused by 
cavitation destroyed the spatial structure of the protein, aggravated the 
collision between molecules, and reduced the particle size. 

The zeta potential usually reflects the charge density on the protein 
surface and the stability of the solution. The changes in the zeta potential 
of JRBP and its complexes are shown in Fig. 3(b). As can be seen in Fig. 3 
(b), the absolute value of the zeta potential of JRBP was lower than that 
of the JRBP-CC complex without ultrasound treatment. This may be due 
to the covalent binding of JRBP and CC, which increased the electro-
static repulsion between ions and increased the absolute value of the 
zeta potential. With increasing ultrasound power, the absolute value of 
the zeta potential of the JRBP-CC complex first increased and then 

decreased. When the ultrasound power was 200 W, the absolute value of 
the zeta potential was the highest. The results indicated that an appro-
priate ultrasound treatment was beneficial to increase the absolute value 
of the zeta potential of the JRBP-CC complex to obtain better stability. 
This may be because ultrasound treatment unfolded the structure of 
JRBP, promoted the covalent bonding between JRBP and CC, caused the 
polar group to be exposed to the protein surface, and increased the 
charge [42]. 

3.5. CLSM observation 

CLSM images of the JRBP and JRBP-CC complex are shown in Fig. 4. 
It can be seen that sample B, which was covalently bound to CC, was 
better dispersed compared to the untreated control. The JRBP-CC 
complex particles were inhomogeneous and the particle size increased 
after covalent bonding. Meanwhile, the dispersion of JRBP-CC particles 
improved with increasing ultrasound power of the treated complexes. 
The best results were presented at a treatment power of 200 W. Notably, 
at higher power (>200 W), the particles indicated a tendency to 
aggregate, which may be related to overtreatment. Overall, the ultra-
sound treatment resulted in a more uniform dispersion of the JRBP-CC 
complex in the solution system. 

3.6. WHC and OHC analysis 

The WHC and OHC values of JRBP-CC before and after ultrasound 
treatment by RPB are shown in Fig. 5(a). As can be seen in Fig. 5 (a), the 
WHC and OHC values of JRBP are 4.25 g/g and 1.82 g/g, respectively. 
Zhang et al. prepared IRBP by the co-precipitation method. Compared 
with the IRBP studied by Zhang et al. [43], the WHC content of the JRBP 
prepared in this study was higher and the OHC content was lower. A 
significant effect of different ultrasound powers on the WHC and OHC of 
the JRBP and JRBP-CC complexes was observed. With increasing ul-
trasound powers, the WHC and OHC of the JRBP-CC increased and then 
decreased. At an ultrasound power of 200 W, the WHC and OHC reached 
the maximum values of 7.54 g/g and 6.87 g/g, respectively. With 
increasing ultrasound power (>200 W), both WHC and OHC showed a 
decreasing trend. First, the addition of CC effectively enhanced the WHC 
and OHC of JRBP. Besides, the improvement of the WHC of the JRBP and 
JRBP-CC complexes can be attributed to the effect of ultrasonic waves on 
the molecular structure of proteins. The cavitation effect generated by 
the ultrasonic waves can promote the exposure of the polar amino acid 

Fig. 3. Particle size and Zeta-potential of JRBP and JRBP-CC complex under different ultrasonic conditions. (a) Particle size. (b) Zeta-potential.  
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side chains of JRBP, which in turn may cause changes in the hydro-
phobic/hydrophilic groups of JRBP, making it easier for JRBP and JRBP- 
CC to interact with water, leading to an increase in WHC. In addition, the 
OHC of JRBP and JRBP-CC showed a similar trend to that of WHC. 
Similarly, ultrasound treatment of JRBP can also change its spatial 
conformation, unfolding the protein structure, obtaining a larger spe-
cific surface area, and providing numerous lipophilic sites to bind more 
oil. Zhang et al. [44] suggested that the hydrophobic group was related 
to the change in OHC; Wu et al. [45] considered OHC to be closely 
associated with its own structure, especially the side chain groups and 
molecular size. This indicated that ultrasound improved the WHC and 
OHC of JRBP and JRBP-CC to some extent. 

3.7. Emulsifying properties 

The EAI and ESI of the samples were measured and the results are 

shown in Fig. 5(b). It can be seen from the figure that the EAI and ESI of 
JRBP were 100 m2/g and 68.79 min, respectively. Compared with the 
IRBP prepared by Zhang et al. [43], JRBP had relatively better emulsi-
fication performance. Compared with the control group, the EAI and ESI 
of the JRBP-CC complexes increased by 45.0 % and 57.1 %, respectively 
(Sample B). The covalent bonding between CC and JRBP can be 
considered to have improved the emulsification properties. A similar 
situation occurred in the study of El-Maksoud et al. where covalent 
coupling of caffeic acid with β-lactoglobulin under alkaline conditions 
resulted in better emulsifying properties than natural lactoglobulin [46]. 
CC can change the surface properties of proteins, which not only im-
proves the emulsification properties, but also facilitates the binding of 
polyphenols and proteins. Furthermore, the addition of CC would 
restrict protein movement, improve emulsion stability, and extend 
storage time [47]. Besides, changing the ultrasound power also resulted 
in the change of the EAI and ESI of the samples, both of which increased 

Fig. 4. Confocal laser scanning microscopy of JRBP and JRBP-CC complexes under different ultrasonic conditions.  

Fig. 5. Water holding capacity, oil holding capacity and emulsification of JRBP and JRBP-CC complexes under different ultrasonic conditions. (a)WHC and OHC. (b) 
Emulsifying properties. 
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with increasing ultrasound power at a lower power (<200 W), and the 
maximum value appeared at 200 W, when the EAI and ESI were 210 m2/ 
g and 47.8 min, respectively. The reason for this trend may be the tur-
bulence and shear that ultrasound cavitation can generate. On the one 
hand, these forces temporarily dispersed or broke the non-covalent 
bonds maintaining the protein spatial structure, unfolding the protein 
structure. On the other hand, the smaller particle size of the samples 
formed by the above reasons would also favor rapid adsorption to the 
oil–water interface and promote the increase of the EAI and ESI values. 
Wang et al. discussed the influence of ultrasound on the functional 
properties of the rice bran protein-chlorogenic acid complex, and found 
that the emulsifying performance was the best when the ultrasound 
power was 200 W, indicating that cavitation induced protein unfolding 
and exposed the buried hydrophobic groups, thereby enhancing the 
emulsifying properties [17]. 

3.8. Antioxidant activity 

3.8.1. Antioxidant activity of DPPH 
The antioxidant capacity of the samples is shown in Table 3(a). CC 

was characterized by its high antioxidant activity because of its phenolic 
hydroxyl groups. In contrast, the antioxidant activity was relatively 
weak for proteins. The DPPH radical scavenging capacity of CC was as 
high as 86.76 %, whereas the value for JRBP was much lower (9.60 %). 
When complexation between CC and JRBP occurred through covalent 
interactions, the antioxidant activity of the JRBP-CC complexes was 
improved compared to the control. This phenomenon was mainly due to 
the covalent bonds formed between the side chains of JRBP and the 
aromatic rings of CC. 

In addition, ultrasonic treatment of the complexes also altered the 
antioxidant properties of the samples. The DPPH radical scavenging rate 
of the complexes increased and then decreased with increasing ultra-
sound power. Among them, the DPPH radical scavenging rate of the 
JRBP-CC complex reached the maximum value of 71.96 % at the 
treatment power of 200 W. The increased antioxidant activity was 
probably explained by the following two factors: on the one hand, the 
ultrasonic waves produced bubble rupture, which to some extent 
unfolded the protein structure and promoted the covalent binding of 
JRBP to CC [48]. On the other hand, ultrasound induced exposure to 
antioxidant amino acids. This phenomenon was mainly due to the co-
valent bonds formed between the side chains of JRBP and the aromatic 
rings of CC. It has been shown that some amino acids produce protons 
that can react with free radicals and improve the antioxidant properties 
of JRBP-CC complexes [49]. 

3.8.2. Antioxidant activity of ABTS+

The ABTS+ scavenging ability of JRBP and samples under different 
ultrasound conditions are shown in the Table 3(b). As can be seen from 
the table, the ABTS+ scavenging ability of CC was 90.31 %, while that of 
JRBP was relatively low (only 16.38 %). When CC was bound to JRBP, 
the ABTS+ scavenging ability increased. This may be due to the covalent 
bonding between JRBP and CC, which improved the antioxidant activity 
of JRBP. In addition, the ABTS+ scavenging ability first increased and 
then decreased with the increase of ultrasound power. When the ultra-
sound power was 200 W, the ABTS+ scavenging ability of the JRBP-CC 
complex was 80.07 %, and that of the JRBP-CC complex increased by 
8.29 % compared with that without ultrasound treatment. This further 
indicated that ultrasound treatment could improve the antioxidant ac-
tivity of the JRBP-CC complex. Similar results were observed by Tong 
et al. [50], and the reason for this phenomenon may be the exposure of 
hydrophobic groups and hydrophobic amino acids of proteins after ul-
trasound treatment. 

4. Conclusions 

In this paper, a JRBP-CC complex was prepared after ultrasound 

treatment of JRBP. The results showed that, compared with IRBP, the 
secondary structure of JRBP was very different, and it had a higher WHC 
content and better emulsification performance. After ultrasound pro-
cessing, the secondary structure of the protein was gradually unfolded, 
and the particle size of JRBP-CC was small and well dispersed in the 
CLSM image. When the ultrasound power was 200 W, the λmax of the 
JRBP-CC showed a redshift, the particle size was the smallest, the ab-
solute value of the zeta potential was the largest, the hydrophobicity was 
the strongest, and the emulsification and oxidation resistance were the 
best. This discovery seeks to promote the application of JRBP-CC in the 
food industry to provide economic and social benefits. 
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