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A B S T R A C T   

Ultrasound technology was used to treat rice bran protein (RBP), and the structural and functional properties of 
ultrasonically treated RBP (URBP) and its chlorogenic acid (CA) complex were studied. When ultrasonic power of 
200 W was applied for 10 min, the maximum emission peak λmax of the URBP-CA complex in the fluorescence 
spectrum was red-shifted by 3.6 nm compared to that of the untreated complex. The atomic force microscope 
(AFM) analysis indicated that the surface roughness of the complex was minimized (3.89 nm) at the ultrasonic 
power of 200 W and treatment time of 10 min. Under these conditions, the surface hydrophobicity (H0) was 
1730, the contents of the α-helix and β-sheet in the complex were 2.97% and 6.17% lower than those in the 
untreated sample, respectively, the particle size decreased from 106 nm to 18.2 nm, and the absolute value of the 
zeta-potential increased by 11.0 mV. Therefore, ultrasonic treatment and the addition of CA changed the 
structural and functional properties of RBP. Moreover, when ultrasonic power of 200 W was applied for 10 min, 
the solubility, emulsifying activity index (EAI), and emulsion stability index (ESI) were 68%, 126 m2/g, and 37 
min, respectively.   

1. Introduction 

Rice bran, with a protein content of approximately 15% [1], is the 
main by-product of rice processing [2]. Rice bran protein (RBP) is the 
main nutrient component in rice bran [3]. RBP is easy to digest and 
absorb in the body [4] and exhibits low allergenicity [5,6], which ren-
ders it highly suitable for infants, the elderly, and individuals with al-
lergies [7,8]. Therefore, RBP is a desirable alternative for people with 
sensitive physique. Rafe et al. [9] mixed RBP with whey protein 
concentrate (WPC) to prepare a WPC-RBP mixed gel, which could be 
used as a functional food for infants and/or adults. However, RBP is 
mainly extracted from rice bran meal through alkali-soluble acid pre-
cipitation. This traditional process can lead to solubility and foaming, 
and the other functional and antioxidant properties of the extracted RBP 
may be deteriorated to a certain extent. 

Ultrasound treatment is an emerging technology, and its application 
in the food industry has attracted widespread attention [10,11]. Ultra-
sonic modification is based on the principle that ultrasonic waves can 
generate mechanical vibrations between particles in the medium. Such 

vibrations release a certain amount of energy, which can trigger the 
interaction of medium particles to produce thermal, cavitation, and 
mechanical effects [12]. The cavitation effect, as a key aspect of ultra-
sound, produces strong micro jet and shear forces [13]. Ultrasonic 
technology has been widely used to modify the protein structure and 
functional properties. Gülseren et al. [14] studied the changes in protein 
structure after high-intensity ultrasonic treatment and noted that ul-
trasonic treatment could induce changes in the free sulfhydryl groups, 
particle size, surface hydrophobicity, and protein secondary structure. 
Albano et al. indicated that ultrasound treatment decreased the size of 
whey protein concentrate-pectin complexes and improved their func-
tional properties [15]. Moreover, Marcuzzo et al. confirmed that ultra-
sonic treatment reduced protein aggregation and enhanced the 
uniformity of gluten-based films [16]. 

As the main antioxidant in food [17], polyphenols can interact with 
proteins, thereby affecting the structure, function, and nutritional 
properties of proteins, as well as the stability and bioavailability of 
polyphenols [18,19]. The essence of the interaction between poly-
phenols and proteins is the penetration of polyphenols into protein 
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molecules, and the two entities can be combined through covalent and 
non-covalent interactions. Non-covalent interactions mainly include 
hydrogen bonding, electrostatic adsorption, and hydrophobic interac-
tion [20]. Chlorogenic acid (CA) is a common active phenolic acid found 
in coffee beans and citrus fruits. CA exhibits anti-oxidation capabilities, 
can inhibit obesity, and enable the treatment of the metabolic syndrome 
[21–23]. Zhang et al. [24] studied the non-covalent binding of CA with 
three kinds of whey proteins. The authors screened and obtained the 
most stable complex to prepare the CA-protein complex. Liu et al. [25] 
assessed the binding properties of CA with five milk proteins and 
highlighted that the van der Waals forces and hydrogen bond in-
teractions were predominant between CA and α-casein and between CA 
and α-lactalbumin, respectively. Hydrophobic interactions were domi-
nant between other complexes. However, the existing research on the 
properties of the complex of RBP and CA remains limited. 

In this study, ultrasonic technology was used to treat RBP, and ul-
trasonically treated rice bran protein (URBP) was non-covalently com-
bined with CA to prepare the URBP-CA complex. The effects of the 
treatment time and ultrasonic power on the structure and functional 
properties of the RBP and complex were examined. The objective was to 
enhance the functional properties of RBP and its complex and broaden 
the application range of RBP and its emulsion, thereby promoting the 
application of the URBP-CA complex in hypoallergenic products. 

2. Materials and methods 

2.1. Materials 

Low-temperature defatted rice bran powder was purchased from 
Heilongjiang Beidahuang Agriculture Co., Ltd. (Harbin, China). 
Chlorogenic acid was purchased from Sinopharm Group Chemical Re-
agent Co., Ltd. (Shanghai, China). Soybean oil was purchased from Jiu 
San Grain and Oil Industry Group Co., Ltd. (Harbin, China). All other 
chemicals were commercially available and of analytical grade. 

2.2. Extraction of RBP 

Defatted rice bran was mixed with deionized water at a ratio of 1:10, 
and the pH was adjusted to 8.5 by using 2 mol/L NaOH solution. The 
mixture was stirred at 45 ◦C for 2 h and centrifuged at 5500×g for 15 
min. The supernatant was extracted for subsequent steps. Next, 2 mol/L 
HCl solution was added to the supernatant to adjust the pH to 4.5, and 
the solution was centrifuged at 4500×g for 10 min to obtain a precipi-
tate. The precipitate was washed three times using deionized water and 
centrifuged at 5000×g for 10 min. Subsequently, the pH was adjusted to 
7.0 by using NaOH solution. The sample was freeze-dried to obtain the 
RBP with a protein content of 89.53%. 

2.3. Ultrasonic treatment of RBP and preparation of URBP-CA complex 

2.3.1. Ultrasonic treatment of RBP 
A certain amount of RBP was dissolved in deionized water, and the 

pH was adjusted to 9.0 by using 2 mol/L NaOH solution. The RBP so-
lutions were placed in a large beaker with ice to maintain the temper-
ature at <20 ◦C, and the ultrasonic treatments were implemented using 
a Scientz-II D ultrasound generator (Scientz Biotechnology Co., Ltd., 
Ningbo, China). The titanium probe with a diameter of 6 mm was 
immersed in the solutions at a depth of 1 cm from the bottom, followed 
by treatment with ultrasound at 20 kHz for 10 and 20 min with ultra-
sonic power at 100 W and 200 W, respectively. After centrifugation at 
4500×g for 10 min and freeze-dried treatment, the URBP was obtained. 

2.3.2. Preparation of URBP-CA complex 
The URBP was separately dissolved in phosphate buffer and prepared 

into a solution with a concentration of 1 g/100 mL. Subsequently, 0.1 g/ 
100 mL CA was added to the solution. The mixture was stirred for 2 h at 

25 ◦C and pH 7.4, centrifuged at 4500×g for 10 min, and freeze-dried to 
obtain URBP-CA complexes via treatment with ultrasonic power at 100 
W and 200 W for 10 and 20 min, respectively. The process of ultrasonic 
treatment of RBP and preparation of URBP-CA complex is shown in 
Fig. 1. 

2.4. Structural properties of URBP and URBP-CA complex 

2.4.1. Analysis of fluorescence spectra 
The prepared sample was added to deionized water to prepare a 

complex solution with a concentration of 0.1 g/100 mL. The parameter 
settings for the fluorescence spectrum measurement were as follows: 
The excitation wavelength was 280 nm, fluorescence excitation slit and 
emission slit wavelengths were 5 nm and 10 nm, respectively, and op-
tical path of the quartz sample cell was 0.4 cm. Fluorescence in the range 
of 300–400 nm was analyzed. 

2.4.2. Atomic force microscopy (AFM) analysis 
The sample was scanned in the “tap” mode, and the height of the 

probe resonance fluctuation was recorded according to the fluctuation 
of the sample surface. The change in the height was controlled to obtain 
the sample surface morphology. The sample with a concentration of 10 
ppm was smeared on the surface of the mica sheet and dried in air 
overnight. The dried samples were collected at room temperature with a 
driving frequency of 320 kHz and scanning frequency of 1.0 Hz, 
respectively. AFM images were collected with a scanning area of 2 × 2 
μm. NanoScope Analysis 1.5 (Veeco, USA) was used to analyze the image 
and data. 

2.4.3. Analysis of surface hydrophobicity (H0) 
H0 was measured according to the method proposed by Kato & Nakai 

[26]. Specifically, 0.01 mol/L phosphate buffer (pH 7.4) was added to 
the sample to prepare a solution with a concentration range of 0.05–0.4 
mg/mL. Subsequently, 4.0 mL of the solution was extracted and added 
to 20 μL of 10.0 mmol/L 8-anilino-1-naphthalenesulfonic acid (ANS). 
After mixing, the fluorescence intensities of the protein, complex solu-
tion, and phosphate buffer solution (blank sample) were determined. 
The fluorescence settings were as follows: The excitation wavelength 
was 390 nm, emission wavelength was 468 nm, and slit width was 5 nm. 

2.4.4. Analysis of Fourier transform infrared (FTIR) spectroscopy 
One milligram of sample was extracted, and 100 mg of KBr was 

added to it. Next, the sample was evaluated using an 8400S Fourier 
infrared spectrometer. The scanning range was 500–4000 cm− 1, and the 
resolution was 4 cm− 1. The content distribution of each secondary 
structure of the protein was obtained using the Peakfit 4.12 software 
[27]. 

2.4.5. Analysis of the particle size and zeta-potential 
A Zetasizer Nano ZS potential and particle size distribution meter 

was used to determine the particle size distribution and zeta-potential of 
the sample. The sample solution was diluted with 0.01 M phosphate 
buffer (pH 7.0) as a dispersant. The particle and dispersant refractive 
indices were set as 1.46 and 1.33, respectively. The particle size distri-
bution was measured at 25 ◦C, and the zeta-potential of the sample was 
simultaneously measured. 

2.5. Functional properties of URBP and URBP-CA complex 

2.5.1. Analysis of solubility 
Ten milliliters of sample solution with a concentration of 100 μg/mL 

was centrifuged at 3000×g for 15 min. The protein content in the su-
pernatant was determined according to Lowry’s method [28]. A stan-
dard curve was drawn using bovine serum albumin as the standard 
substance, and the total protein content of the sample solution was 
determined according to the Kjeldahl method. The solubility of the 
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samples was calculated as follows: 

Solubility(%) =
Concentration of protein in supernatant

Concentration of total protein
× 100 (1)  

2.5.2. Analysis of emulsification properties 
Nine milliliters of the sample solution was obtained. Subsequently, 3 

mL of soybean oil was added to the solution [29]. The sample was ho-
mogenized (Ultra-Turrax T18, Angni Co., Ltd., Shanghai, China) at 
10,000 rpm for 3 min. The emulsion was further homogenized in a high- 
pressure homogenizer (FPG12805, Standard Fluid Power Ltd., England, 
UK) at 80 MPa for two cycles. Next, 50 μL of the sample was pipetted at 
the bottom and diluted with 0.1% (w/v) sodium dodecyl sulfate solu-
tion. The absorbance value A0 of the sample solution and absorbance 
value A10 after retaining the mixture for 10 min were measured at a 
wavelength of 500 nm. The emulsifying activity index (EAI) and emul-
sion stability index (ESI) were calculated as follows: 

EAI
(
m2/g

)
= 2 × 2.303

A0 × N
C × φ × 10000

(2)  

ESI(min) =
A0

A0 − A10
× (T10 − T0) (3)  

where N represents the dilution factor, C represents the sample con-
centration (g/100 mL), Φ represents the volume fraction of oil phase in 
the composite emulsion, A0 and A10 represent the absorbance values at 
0 min and 10 min, respectively, and T10-T0 is the time difference, which 
is 10 min. 

2.6. Statistical analysis 

All the measurements were conducted at least in triplicate, and the 
mean value and standard deviations were analyzed. Origin 9.0 and 
Peakfit 4.12 were used to analyze the data. Statistics17 was used to 
analyze the variance, and Duncan’s test (p < 0.05) was used to evaluate 
the significance of the data differences. 

3. Results and discussion 

3.1. Effect of ultrasonic treatment of RBP on the structural properties of 
URBP and URBP-CA complex 

3.1.1. Fluorescence spectrum analysis of URBP and URBP-CA complex 
The endogenous fluorescence was considered to analyze the changes 

in the RBP and complex structure in different ultrasonic conditions. In 
general, at a wavelength of 280 nm, the main chromophores in the 

fluorescence spectrum of the samples are tryptophan and tyrosine. These 
two groups are often considered to analyze the interaction between the 
proteins and various small molecules [30]. Fig. 2 shows that the fluo-
rescence intensity of untreated RBP was higher than that of URBP, and 
this phenomenon also occurred in the URBP-CA complex. This indicates 
that the structure of the RBP was changed to a certain extent owing to 
the ultrasonic treatment. Compared with that of the untreated RBP, λmax 
of URBPs exhibited different degrees of red-shift. The red-shift was the 
most notable (3.6 nm) when the ultrasonic conditions were 200 W and 
10 min (Fig. 2a). This was because ultrasonic treatment unfolded the 
structure of the protein, the originally buried aromatic amino acid res-
idues were exposed to the surface of the protein, and the polarity of the 
microenvironment increased [31,32]. When CA was added to form a 
complex, the λmax of the complex was red-shifted compared with that 
before complexing. The red-shift of λmax could be attributed to the for-
mation of intermolecular hydrogen bonds between the hydroxyl groups 
of CA and sulfhydryl groups or hydroxyl groups of the protein [33]. In 
addition, as the ultrasound time increased, the fluorescence intensity of 
the URBP and its complexes significantly decreased. The phenomenon 
occurred because the formation and collapse of bubbles during ultra-
sonic treatment led to cavitation effects, which increased the shear force. 
Consequently, the protein structure was fully unfolded, and more hy-
drophobic groups were exposed to the surface of the protein molecules. 
The hydrophobic interaction between the molecules was promoted, the 
protein formed aggregates, and the exposed aromatic amino acids were 
buried again, resulting in a decreased fluorescence intensity. 

3.1.2. AFM analysis of URBP and URBP-CA complex 
AFM is a powerful analysis method to clarify the surface morphology 

and particle size distribution of proteins and complexes. As shown in 
Fig. 3, the radius and height of the RBP and complexes after ultrasonic 
treatment were reduced, and the surface roughness (Rq) of the untreated 
RBP was 15.4 nm. Ultrasound treatment can unfold the spatial structure 
of the protein and turn the protein, which was originally in a disorderly 
aggregate state, into more regular and dispersed aggregates [34]. The 
addition of CA facilitated the hydrophobic interaction of the complex 
and formation of intermolecular hydrogen bonds, leading to the for-
mation of more dispersed soluble aggregates. The minimum Rq of the 
complex was 3.89 nm at 200 W for 10 min. When the ultrasound time 
and power were high, the soluble aggregates continued to aggregate, 
and the size of the protein particles increased, resulting in an increase in 
the radius and height of the soluble aggregates as well as an increase in 
Rq. 

3.1.3. H0 analysis of URBP and URBP-CA complex 
H0 is usually used to clarify changes in the protein conformation 

Fig. 1. Schematic of ultrasonic mechanism of RBP and URBP-CA complex.  
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before and after sample processing. Notably, the distribution of hydro-
phobic residues on the protein surface is usually characterized by H0. As 
shown in Fig. 4, the addition of CA caused the H0 of the complex to 
exhibit a downward trend compared with the untreated RBP. This 
phenomenon occurred because the introduction of CA caused a certain 
aggregation of exposed groups under hydrophobic action. The formed 
aggregates had a shielding effect on the hydrophobic region of RBP, 
reduced the binding degree of the hydrophobic groups to the fluorescent 
probe ANS, and led to a decrease in H0. Moreover, after ultrasonic 
treatment, the H0 value of the complex significantly increased. With the 
increase in the ultrasonic power, the H0 value exhibited a rising trend. 
This might be due to the gradual unfolding of the RBP structure after 
ultrasonic treatment, which promoted the exposure of more hydropho-
bic groups [35], causing the H0 of the solution to increase. However, 
with the increase in the ultrasonic time, the unfolded structure aggre-
gated, and the binding degree between the hydrophobic groups and 
fluorescent probe ANS reduced, resulting in a decrease in H0 [36]. 

3.1.4. FTIR analysis of URBP and URBP-CA complex 
FTIR spectroscopy is an optical detection method for analyzing the 

secondary structure of protein. The absorption peak of the protein amide 
I band in the RBP and RBP-CA complex ranges from 1700 to 1600 cm− 1, 
which is the most commonly used band to reflect the changes in the 
protein secondary structure [37]. The changes in the FTIR spectra of 
RBP and complex under different conditions are shown in Fig. 5. 

According to existing studies, the wave number ranges 1646–1664 
cm− 1 corresponding to an α-helix structure. The wave number ranges 
1615–1637 cm− 1 and 1682–1700 cm− 1 corresponding to a β-sheet 
structure. The wave number ranges 1664–1681 cm− 1 and 1637–1645 
cm− 1 corresponding to β-turn and random coil structures, respectively 
[38]. The Gaussian integration method is used to fit and calculate the 
content of each secondary structure. The results of the secondary 
structure content of RBP and complex under different conditions are 
presented in Table 1. After the addition of the CA, the α-helix content of 
the complex decreased from 22.62% to 21.81%; β-sheet content 
decreased from 41.01% to 39.43%; β-turn content increased signifi-
cantly (p < 0.05), from 17.39% to 18.45%; and random coil content 
increased from 18.98% to 20.31%. These trends can be explained by the 
formation of hydrogen bonds and hydrophobic interaction between the 
CA and RBP, resulting in the rearrangement of the peptide chain of the 
RBP and modification of the secondary structure of the RBP, which can 
prove the interaction between the RBP and CA. 

Moreover, in different ultrasonic conditions, the α-helix content and 
β-sheet content of the complex decreased, and the β-turn and random 
coil content increased. The α-helix and β-sheet structures gradually 
changed to β-turn and random coil structures. This is because, in gen-
eral, the secondary structure of protein mainly depends on the sequence 

of amino acids and hydrogen bonds. In the ultrasonic treatment, the 
formation and collapse of bubbles led to cavitation effects, which 
increased the physical forces such as turbulence and shear force. 
Moreover, ultrasonic treatment changed the arrangement of hydrogen 
bonds in the RBP molecules, resulting in several α-helix structures 
converting to β-turn and random coil structures [39]. Therefore, the 
α-helix content decreased and the β-turn and random coil contents 
increased. However, with the increase in the ultrasonic time, a consid-
erable amount of heat and oxidation was generated, which promoted the 
aggregation of the RBP. Therefore, the content of the α-helix and β-sheet 
structures increased, and the content of the β-turn and random coil 
structures decreased. This result is consistent with Xia et al.’s research 
regarding the secondary structure of soy protein isolate at different ul-
trasound periods [40]. 

3.1.5. Analysis of particle size and zeta-potential of URBP and URBP-CA 
complex 

The particle size of a protein is often used to characterize the degree 
of aggregation of the protein, which influences the solubility and other 
functional properties of the protein [41]. Fig. 6 shows that the particle 
size of the RBP and complex solution without ultrasonic treatment 
exhibited a bimodal distribution. The particle size distribution of the 
pure RBP solution was narrower than that of the complex solution, and 
the particle size was smaller. The hydroxyl groups on the surface of the 
CA bound to the RBP through non-covalent interactions, thereby 
reducing the surface hydrophobicity and increasing the particle size of 
the complex. During the ultrasonic treatment, physical forces such as the 
turbulence and shear generated by cavitation destroyed the spatial 
structure of the protein. This phenomenon induced collisions between 
the proteins and reduced the particle size. The particle size distribution 
range of the URBP-CA complex solution at 200 W for 10 min was rela-
tively narrow and the particle size was small. However, as the ultra-
sound time increased, the average particle size of the protein and 
complex particles increased, which indicated that the protein formed 
uneven aggregates after a long period of treatment. 

The zeta-potential can reflect the stability of the solution system. 
Changes in the zeta-potential of the RBP and complex in different con-
ditions are shown in Fig. 7. The absolute value of the zeta-potential of 
the untreated RBP and complex was the lowest. The zeta-potential of the 
URBP increased with the increase in the ultrasonic power. When the 
ultrasonic power was 200 W, the absolute value of the zeta-potential was 
relatively high. This phenomenon occurred because under the action of 
the ultrasound, the originally dense structure of the RBP unfolded, the 
polar groups originally buried inside were exposed to the surface of the 
protein particles, and the exposed charge increased. Under the same 
ultrasonic treatment conditions, the absolute value of the complex po-
tential was slightly lower than that of the RBP, likely because the 

Fig. 2. Fluorescence spectra of URBP (a) and URBP-CA complex (b) under different ultrasonic conditions.  
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Fig. 3. AFM images of URBP and URBP-CA complex under different ultrasonic conditions.  
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ultrasonic treatment exposed the internal structure of the protein 
molecule and increased the contact between the inner protein and CA. A 
large number of CA molecules were observed to be in the solution, and 
electrostatic interaction occurred between the carboxyl groups on CA 
and cationic region of the protein [42], which reduced the absolute 
value of the complex solution potential. When the ultrasonic power was 
200 W, a higher treatment time caused the protein to aggregate to a 
certain extent, which masked the polar sites on the surface of the pro-
tein, resulting in a reduction in the absolute value of the zeta-potential. 

3.2. Effect of ultrasonic treatment of RBP on the functional properties of 
URBP and URBP-CA complex 

3.2.1. Solubility analysis of the URBP and URBP-CA complex 
The solubility of protein in food components is closely related to its 

emulsifying and gelling properties. The changes in the solubility of the 
RBP and complexes under different conditions are shown in Fig. 8. 
Compared with pure RBP, the solubility was reduced after the addition 
of CA. The addition of CA facilitated the hydrophobic interaction of the 
complex, which led to a reduced solubility. The solubility of URBP was 
higher than that of RBP without ultrasonic treatment. As the ultrasonic 
power increased, the solubility of the complex significantly increased. 
The solubility of URBP and the complex were the largest when the ul-
trasonic power was 200 W and treatment time was 10 min. It is likely 
that the strong physical force generated by the ultrasonic cavitation 
destroyed the non-covalent bonds (electrostatic interaction, 

hydrophobic interaction, etc.) that maintained the protein spatial 
structure and promoted the unfolding of the RBP structure. Further-
more, the hydrophobic and polar groups inside the protein molecule 
were exposed to the surface, increasing the interaction between the 
protein particles and water [43], thereby improving the solubility of the 
RBP. Notably, long-term ultrasonic treatment caused the unfolded pro-
tein structure to re-aggregate, which modified the solubility of the 
protein in water [44]. This result is consistent with those of the particle 
size. 

3.2.2. Analysis of emulsification properties of URBP and URBP-CA 
complex solution 

Emulsification properties are key properties of the RBP. EAI and ESI 
can be used as indicators of the emulsification properties. The EAI of 
protein can reflect the ability of the complex to form an emulsified layer 
at the oil–water interface [45]. Fig. 9 shows that the EAI of the complex 
was significantly higher than that of the RBP, indicating that the addi-
tion of CA can increase the binding of the protein at the oil–water 
interface, thereby enhancing the emulsification ability of the protein. 
Compared with the untreated RBP and complex, the EAI of URBP and 

Fig. 4. Surface hydrophobicity analysis of URBP and URBP-CA complex under 
different ultrasonic conditions. Note: The superscript letters in the same group 
indicate significant differences among the data (p < 0 0.05). 

Fig. 5. FTIR analysis of URBP (a) and URBP-CA complex (b) under different ultrasonic conditions.  

Table 1 
Changes of secondary structure content of RBP and RBP-CA complex under 
different ultrasonic conditions.  

Sample α -helix 
(%) 

β-sheet (%) β-turn (%) random coil 
(%) 

Non-ultrasound 
RBP 

22.62 ±
0.30a 

41.01 ±
0.12a 

17.39 ±
0.20 h 

18.98 ± 0.12 
g 

Non-ultrasound 
RBP-CA 

21.81 ±
0.08b 

39.43 ±
0.11c 

18.45 ±
0.12f 

20.31 ±
0.10e 

URBP 100 W 10 
min 

22.53 ±
0.15a 

39.85 ±
0.12b 

18.07 ±
0.12 g 

19.55 ± 0.14f 

URBP-CA 100 W 
10 min 

22.04 ±
0.11b 

38.64 ±
0.18d 

18.75 ±
0.13e 

20.57 ±
0.19d 

URBP 100 W 20 
min 

22.01 ±
0.12b 

38.43 ±
0.12d 

19.05 ±
0.13d 

20.51 ±
0.17de 

URBP-CA 100 W 
20 min 

21.05 ±
0.13c 

37.37 ±
0.16e 

18.59 ±
0.13ef 

22.99 ±
0.15b 

URBP 200 W 10 
min 

20.05 ±
0.15e 

34.82 ±
0.12 h 

22.84 ±
0.13b 

22.29 ±
0.11c 

URBP-CA 200 W 
10 min 

18.84 ±
0.19f 

33.26 ±
0.13i 

24.88 ±
0.11a 

23.02 ±
0.11b 

URBP 200 W 20 
min 

21.83 ±
0.11b 

36.02 ±
0.11f 

18.68 ±
0.11ef 

23.47 ±
0.13a 

URBP-CA 200 W 
20 min 

20.64 ±
0.12d 

35.45 ±
0.10 g 

20.72 ±
0.16c 

23.19 ±
0.10b 

Note: The different superscript letters in the same column indicate significant 
differences between data (p < 0.05). 
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complex was significantly higher, and the EAI was high when the ul-
trasonic condition was 200 W for 10 min. After ultrasonic treatment, the 
structure of the RBP unfolded; consequently, its hydrophobic groups 
extended into the oil phase, and the hydrophilic group extended into the 
water phase to form a liquid film that could stabilize the oil droplets and 
increase the EAI. However, when the time was excessively high, part of 
the RBP denatured, the solubility decreased, and the EAI decreased. 

The ESI reflects the stability of the emulsion formed by the protein 
and complex. The changes in the ESI of RBP and complex under different 
conditions are shown in Fig. 10. The trend of the ESI of RBP is consistent 
with that of the EAI. The ESI of the RBP and complex after ultrasonic 
treatment were significantly higher than those of the untreated samples, 
and the ESI of the complex was higher than that of the RBP at the ul-
trasonic conditions of 200 W for 10 min. The ultrasonic treatment 
unfolded the protein structure and strengthened the affinity of the 
oil–water interface [46], thereby enhancing the ESI. However, an 
excessively high ultrasound time affected the distribution of the proteins 
and complexes at the oil–water interface and caused conformational 
rearrangement, resulting in a decrease in the ESI. The addition of the CA 
promoted the hydrophobic interaction of the URBP-CA complex, which 
enhanced the adsorption of protein onto the oil–water interface and 
increased the ESI of the complex [24,47]. Overall, the structure and 
functional properties of the URBP-CA complex are superior when an 
ultrasonic power of 200 W was applied for 10 min. 

Fig. 6. Particle size of URBP (a) and URBP-CA complex (b) under different ultrasonic conditions.  

Fig. 7. Zeta-potential of URBP and URBP-CA complex under different ultra-
sonic conditions. Note: The superscript letters in the same group indicate sig-
nificant differences among the data (p < 0 0.05). 

Fig. 8. Solubility of URBP and URBP-CA complex under different ultrasonic 
conditions. Note: The superscript letters in the same group indicate significant 
differences among the data (p < 0 0.05). 

Fig. 9. EAI of URBP and URBP-CA complex solution under different ultrasonic 
conditions. Note: The superscript letters in the same group indicate significant 
differences among the data (p < 0 0.05). 
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4. Conclusions 

The structure of the RBP was modified by ultrasonic treatment and 
the resulting protein was combined with CA via non-covalent in-
teractions to form URBP-CA complexes. After ultrasonic treatment, the 
fluorescence intensity of the RBP decreased, and λmax exhibited a certain 
degree of red-shift. After the addition of CA, the performance enhanced. 
According to the AFM results, the radius and height of the RBP and 
complex treated with ultrasound were reduced, as well as the Rq value. 
The analysis of the secondary structure content of the URBP and URBP- 
CA complexes demonstrated that the content of the α-helix and β-sheet 
structures decreased, and the content of the β-turn and random coil 
increased. Under the ultrasonic conditions of 200 W and 10 min, the 
URBP-CA complex exhibited a superior surface hydrophobicity, smaller 
particle size, and larger absolute value of the zeta-potential. Moreover, 
the research regarding the functional properties of URBP and URBP-CA 
complex highlighted that the URBP-CA complex subjected to ultrasound 
treatment could effectively increase the solubility, EAI, and ESI of RBP. 
The findings can promote the application of the URBP-CA complex. 
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[10] C. Arzeni, O.E. Pérez, A.M.R. Pilosof, Functionality of egg white proteins as 
affected by high intensity ultrasound, Food Hydrocolloid. 29 (2) (2012) 308–316, 
https://doi.org/10.1016/j.foodhyd.2012.03.009. 

[11] J. Gu, Q. Li, J. Liu, Z. Ye, T. Feng, G. Wang, W. Wang, Y. Zhang, Ultrasonic–assisted 
extraction of polysaccharides from Auricularia auricula and effects of its acid 
hydrolysate on the biological function of Caenorhabditis elegans, Int. J. Biol. 
Macromol. 167 (2021) 423–433, https://doi.org/10.1016/j.ijbiomac.2020.11.160. 

[12] K.H. Kampert, R. Albrecht, T.C. Awes, P. Beckmann, F. Berger, R. Bock, 
G. Claesson, G. Clewing, L. Dragon, A. Eklund, R.L. Ferguson, A. Franz, 
S. Garpman, R. Glasow, H.Å. Gustafsson, H.H. Gutbrod, G. Holker, J. Idh, 
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