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A B S T R A C T   

Plant-based proteins obtained from agricultural by-products have garnered growing interest in response to 
consumer awareness of health and environmental issues. This study aimed to improve the functionalities of the 
proteins recovered from black soybean Aquasoya (PBSA) by modifying their structure via ultrasonication. PBSA 
was ultrasonicated with a frequency of 40 kHz at 350 W for different time periods (0, 20, 40, and 60 min), and its 
structural characteristics, physicochemical properties, and functional properties were investigated. Ultra-
sonication left the primary structure intact but altered the secondary and tertiary structures of the PBSA; α-helix 
and β-sheet contents decreased, random coil contents increased, and buried non-polar amino acid residues were 
exposed. Moreover, ultrasound promoted an increase in free sulfhydryl content and a reduction in particle size. 
Consequently, functional properties, such as solubility, emulsion stability, and foaming performance were 
improved by modifying the structure and physicochemical properties of PBSA. This work demonstrates the 
potential of ultrasound, which is favorable for modifying the spatial conformation and related functionalities of 
proteins, thus meeting the needs of manufacturers to use function-enhanced proteins as food additives.   

1. Introduction 

Recently, there has been increasing interest in adding value to agro- 
industrial waste, especially because the global production of such waste 
amounts to approximately 190 million tons per year. Importantly, this 
waste also contains valuable compounds such as proteins, carbohy-
drates, and bioactive compounds [1,2]. In particular, the demand for 
proteins in the agricultural and food sectors has increased as the global 
population has grown, and plant-based proteins are attracting special 
attention because of increasing consumer awareness about health and 
environmental issues [3]. Therefore, on this basis, recovery of plant 
proteins from by-products has become an indispensable global challenge 
for the environment, economy, and society. 

A promising source of potential protein currently discarded as waste 
is Aquasoya, the thick liquid produced when soybeans are boiled in 
water [1,4,5]. During soybean processing, including the manufacturing 
of tofu, soy milk, and soy sauce, a large volume of wastewater is pro-
duced and subsequently discarded, resulting in environmental pollution. 
However, Aquasoya contains nutrients such as proteins and poly-
saccharides, as well as small molecules that are eluted during boiling; 

thus, this liquid could prove to be a novel, clean, and sustainable source 
of protein. As shown by our previous work, the excellent emulsifying 
and foaming properties of Aquasoya make it suitable for use in vegan 
foods as an egg replacement in, for example, mayonnaise, meringues, 
and muffins [6–8]. 

Proteins not only act as macronutrients but also can be used as sta-
bilizers because of their amphiphilicity, making them excellent techno- 
functional compounds. The structure of proteins strongly affects their 
functional properties, such as solubility and emulsifying ability. There-
fore, many strategies have been developed to change protein structure 
[9]. Among these strategies, ultrasonic treatment is particularly effi-
cient, allowing the modification of the structure, physicochemical 
properties, and functional properties of proteins. In particular, ultra-
sonic treatment is a non-thermal, low-cost, and environmentally friendly 
technique. The key mechanism of ultrasonic treatment is cavitation, 
which releases a large amount of energy as a result of the generation and 
rapid collapse of bubbles during treatment [10]. 

Recently, several studies have investigated ultrasonic treatment of 
proteins, especially with regard to increasing functional properties. In 
one study, the foaming capacity, surface hydrophobicity (H0), and 

Abbreviations: PBSA, Proteins from black soybean Aquasoya. 
* Corresponding author at: Department of Food and Nutrition, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea. 

E-mail address: hime@hanyang.ac.kr (W.-S. Shin).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2022.106220 
Received 18 July 2022; Received in revised form 13 September 2022; Accepted 2 November 2022   

mailto:hime@hanyang.ac.kr
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2022.106220
https://doi.org/10.1016/j.ultsonch.2022.106220
https://doi.org/10.1016/j.ultsonch.2022.106220
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2022.106220&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 91 (2022) 106220

2

solubility of jackfruit protein were improved by 15 min of high-intensity 
ultrasound treatment (200, 400, and 600 W) [11]. In addition, the use of 
an ultrasound intensity of 37 W/cm3 was found to enhance the emul-
sification, oil absorption, foaming, and H0 of hemp seed protein isolates 
[12]. Later, Martínez-Velasco et al. [13] reported that faba bean protein 
isolates treated ultrasonically showed low interfacial tension, ζ-poten-
tial, viscosity, enhanced solubility, and foaming properties compared to 
the untreated control. 

However, investigation of the effects of ultrasonication on proteins 
from the cooking liquid of black soybeans, Aquasoya (PBSA) has been 
limited. Therefore, in this study, we aimed to investigate the relation-
ship between ultrasonic treatment time and the structures and func-
tional properties of PBSA. Briefly, the PBSA was recovered and sonicated 
for different periods (0, 20, 40, and 60 min). Subsequently, the changes 
in the primary, secondary, and tertiary structures, physicochemical 
properties (H0, free sulfhydryl (SH) content, particle size, and ζ-poten-
tial) and functional properties (solubility, emulsifying properties, 
adsorbed protein (AP) content, and foaming properties), were 
examined. 

2. Materials and methods 

2.1. Materials 

Black soybean Aquasoya was prepared following the method 
described in [1]. The beans were cooked under pressure for 160 min at a 
2:3 (w/w) bean-to-water ratio, and the resulting Aquasoya was collected 
and frozen until use. Tris (hydroxymethyl) aminomethane was pur-
chased from Daejung Chemicals and Metals Co. (Korea). Acetic acid, 
ammonium persulfate, hydrochloric acid, dibasic sodium phosphate, 
and monobasic sodium phosphate were purchased from Samchun 
Chemical Co. (Korea). 1-Anilino-8-naphthalene sulfonic acid (ANS), 
Coomassie Brilliant Blue, 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), 
ethylenediaminetetraacetic acid (EDTA), glycerol, β-mercaptoethanol, 
sodium dodecyl sulfate (SDS), and NNNN-tetramethylethylenediamine 
were obtained from Sigma-Aldrich Co. (USA). Acrylamide. bromophe-
nol blue, glycine, and urea were acquired from Junsei Chemical Co. Ltd. 
(Japan). Bisacrylamide was obtained from Alfa Aesar Co., Inc. (USA). 

2.2. Methods 

2.2.1. Protein preparation 
Proteins were recovered from black soybean Aquasoya through acid 

precipitation where Aquasoya (500 ml), thawed at 4 ◦C, was adjusted to 
a pH of 4.5 using 1 M HCl, followed by centrifugation at 4000 ×g for 15 
min. The residue was washed three times with 400 ml distilled water 
(DW). The washed precipitate was then suspended in 200 ml DW, and 
the slurry was adjusted to a pH of 7.0. The dispersion was then stirred for 
10 min and lyophilized using a freeze-dryer (FDS8508, IlshinBioBase, 
Korea). The dried cube was ground with a pestle and mortar and pro-
cessed using a 200 μm sieve. The protein content of the PBSA powder 
was 46.25 ± 0.57%. 

2.2.2. Ultrasound treatment 
PBSA was dissolved in DW until a concentration of 30 mg/ml was 

achieved. An aliquot (50 ml) of the suspension was transferred into a 
150 ml bottle and screw-capped. Ultrasonication was performed ac-
cording to the method described previously with a minor modification 
[14]. The suspensions were sonicated for 20, 40, and 60 min in an ul-
trasound water bath (Power Sonic 505, HWASHIN, Seoul, Korea; in-
ternal dimensions: 300 × 155 × 150 mm3) with a frequency of 40 kHz at 
350 W, where ice was added repeatedly to prevent excessive tempera-
ture rise. Subsequently, all samples were freeze-dried, ground with 
pestle and mortar, and processed using a 200 μm sieve. The powder was 
packed in silica gel and kept at 4 ◦C for later use. 

2.2.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) 

SDS-PAGE was carried out as described previously [15]. A 15% 
running gel and 4% stacking gel were used. Diluted samples (10 mg/ml) 
were added to a sample buffer and incubated at 95 ◦C for 5 min. An 
aliquot (20 μl) of the sample was loaded, and electrophoresis was con-
ducted on the sample at 150 V. Coomassie Brilliant Blue was used for 
protein identification. 

2.2.4. Secondary structure 
A circular dichroism (CD) spectrometer (Chirascan plus, Applied-

Photophysics, UK) was used to obtain CD spectra following the modified 
method described in [16]. Samples were diluted 40-fold with 0.01 M 
phosphate buffer solution (PBS) (pH 7.0) and placed in quartz cuvettes. 
Wavelengths ranging from 190 nm to 250 nm were measured. The 
secondary structures of the samples were interpreted using the BeStSel 
software (https://bestsel.elte.hu/index.php). 

2.2.5. Tertiary structure 
Fluorescence spectra were acquired as described in [17] using 

QuantaMaster™ 400 (HORIBA Scientific, Japan). The emission wave-
length ranging from 300 to 500 nm was recorded with an excitation 
wavelength of 280 nm. 

2.2.6. H0 
ANS was used as a fluorescence probe to determine H0 using the 

method reported in [18]. Samples were diluted with 0.01 M PBS (pH 
7.0) to protein concentrations ranging from 0.005 mg/ml to 0.03 mg/ 
ml. Then, 20 μl of 8 mM ANS was mixed with 2 ml sample suspensions. 
The fluorescence intensity (FI) was detected at 470 nm (emission 
wavelength) with an excitation wavelength of 390 nm using Quanta-
Master™ 400 (HORIBA Scientific, Japan). The FI was plotted as a 
function of protein concentration and the initial slope was calculated as 
H0. 

2.2.7. Particle size and distribution 
The particle size and polydispersity index (PDI) of the samples (10 

mg/ml) were determined using an ELSZ-1000 (Otsuka Electronics, 
Japan) following the method described in [19]. 

2.2.8. Free SH contents 
The free SH content of the PBSA was determined according to the 

method described in [20]. Samples were dissolved in a buffer (86 mM 
Tris-90 mM glycine, 4 mM EDTA, pH 8.0) at a concentration of 2 mg/ml. 
Sample suspension (2 ml) was mixed with 20 μl of DTNB solution (4 mg/ 
ml) and incubated for 1 h at 4 ◦C. The absorbance at 412 nm was 
recorded and the free SH content was calculated using a molar absorp-
tion of 13,600 l/mol⋅cm. 

2.2.9. Solubility 
Protein solubility was measured as described in [17] with slight 

modifications, where 100 mg samples were dissolved in DW (10 ml) and 
stirred for 20 min. The sample underwent centrifugation at 4000 ×g for 
15 min after which the precipitate was dried at 106 ◦C overnight. The 
solubility was determined using the following equation: 

Solubility
(

g/g

)

=
powder weight − dry pellet weight

powder weight
(1)  

2.2.10. Emulsifying properties 
Emulsions were produced using the method described in [21]. The 

samples (7.5 ml of samples (10 mg/ml)) and corn oil (2.5 ml) were 
homogenized at 10,000 rpm for 1 min using an Ultraturrax T25, IKA. 
Emulsions (10 μl) were withdrawn from the bottom after 10 min and 
diluted 100-fold with a 0.1% (w/v) SDS solution. Subsequently, the 
absorbance was measured at 500 nm using a spectrophotometer 
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(Genesys 10S, Thermo Fisher). The emulsifying ability index (EAI) and 
emulsifying stability index (ESI) were calculated using the following 
equations: 

EAI
(
m2/g

)
=

2 × 2.303 × D × A0

C × Φ × 104 (2)  

ESI (min) =
A0

A0 − A10
× 10 (3)  

where D is the dilution factor, A0 and A10 are the absorbance at 0 and 10 
min, respectively, C is the protein concentration (g/ml), and Φ is the oil 
volume fraction of the emulsion. 

2.2.11. AP content 
The emulsions prepared in Section 2.2.10 were centrifuged, followed 

by separating the aqueous phase with a syringe. The Bradford assay was 
conducted to evaluate the unadsorbed protein content. The AP content 
was calculated using Eq. (4) as follows: 

APs content (%) =
initial protein content − unadsorbed protein content

initial protein content
× 100

(4)  

2.2.12. Foaming properties 
The foaming properties were determined following the method 

described in [4]. The sample suspension (7 ml), at a concentration of 10 
mg/ml, was homogenized at 10,000 rpm for 1 min. The initial foam 
volume (V0) was measured immediately after homogenization, and 
again after 10 min (V10) of storage. Foaming ability (FA) and foaming 
stability (FS) were calculated using the following equations: 

FA (%) =
V0 − 7

7
× 100 (5)  

FS (%) =
V10 − 7

7
× 100 (6)  

2.2.13. Statistical analysis 
All values are presented as the mean ± standard deviation (SD) from 

the experiments conducted, at minimum, in triplicate. One-way analysis 
of variance was performed, and significant differences were analyzed by 
means of Duncan’s test at p < 0.05, using the SPSS software (IBM SPSS 
statistics 20). 

3. Results and discussion 

3.1. Ultrasound effects on the structure of PBSA 

3.1.1. Primary structure 
SDS-PAGE was performed to visualize the distribution of molecular 

weights and changes in the primary structure. As illustrated in Fig. 1, the 
samples contained multiple subunits between 10 and 25 kDa. The 
electrophoresis patterns did not vary between samples, indicating that 
the ultrasound treatment did not alter the molecular weight of the 
protein. This suggests that the chemical bonds and primary structures 
were maintained as insufficient energy was supplied. Previous studies 
have also reported no change in the electrophoretic profile of sonicated 
Moringa oleifera seeds and scallop (Patinopecten yessoensis) proteins 
compared to the control [20,22]. 

3.1.2. Secondary structure 
In general, the secondary structure of a protein can be quantitatively 

estimated by CD. Ultrasound decreased the content of α-helix and 
β-sheet structures, while increasing the content of the random coil 
(Table 1). The α-helix proportion decreased by 48% (20 min), 41% (40 
min), and 33% (60 min), and the β-sheet content was reduced by 25% 
(20 min), 24% (40 min), and 24% (60 min), compared to the control. 

The random coil content increased drastically by 57% (20 min), 53% 
(40 min), and 49% (60 min). The interaction within a protein molecule 
determines its secondary structure. The alteration of the α-helix to a 
random coil structure corresponded to the partial unfolding of the 
protein caused by the cavitation effect of the ultrasound used in this 
process [9]. This observation can be attributed to the fact that the shear 
force, induced by cavitation, facilitates the collision of protein mole-
cules, and weakens the intramolecular hydrogen bonding. Zou et al. 
[23], Tang et al. [22], and Cui et al. [24] also observed an increase in the 
unordered random coil content of chicken actomyosin and proteins from 
the Moringa oleifera and Cyperus esculentus seeds, respectively, over a 
certain range of ultrasonic power. Interestingly, as the ultrasonic time 
increased, the ratio of the α-helix and β-sheet also increased, implying 
that certain kinds of hydrogen bonding could be extended by excess 
treatment with ultrasound [25]. 

3.1.3. Tertiary structure 
Intrinsic fluorescence is a widely used tool for detecting modifica-

tions in tertiary protein structures. The polarity of tryptophan/tyrosine 

Fig. 1. Electrophoretic profile of proteins from black soybean Aquasoya with 
different ultrasonic time period (min). 

Table 1 
Secondary structure composition of proteins from black soybean Aquasoya in 
response to the time of ultrasound treatment.  

Composition (%) Ultrasonic time (min) 

0 20 40 60 

α-helix 19.35 10.13 11.40 12.90 
β-sheet 45.02 33.78 34.24 34.01 
β-turn 0 0 0 0 
random coil 35.62 56.09 54.36 53.08  
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residues in the microenvironment is reflected in the changes in FI and 
maximum emission wavelength (λmax) observed [23]. As illustrated in 
Fig. 2, after 20 min and 40 min of ultrasonication, λmax increased from 
342 nm to 345 nm and 348 nm, respectively, and decreased to 339 nm 
after 60 min of treatment. Furthermore, the FI was slightly decreased in 
the ultrasound-treated group compared to that observed in the control. 
The shift of λmax to longer wavelengths (bathochromic shift) indicated 
that the previously buried tryptophan/tyrosine was exposed to a more 
polar environment. This partial unfolding corresponded to the alteration 
of the protein’s tertiary structure provoked by strong shear stress, micro- 
steaming, and turbulent flow by ultrasound. However, when the soni-
cation time reached the upper limit, λmax was blue-shifted, suggesting 
that excess ultrasonic time refolded the tertiary structure. This finding is 
supported by previous studies that observed a bathochromic shift of λmax 
of walnut protein isolate treated after ultrasonic treatment [26]. 

3.2. H0 

ANS, a fluorescence probe, binds to hydrophobic sites on the protein 
molecules’ surface, making it practical for monitoring the H0 of proteins. 
H0 is an efficient parameter that reflects the conformation and dena-
turation of proteins [9]. The effect of ultrasonic time on the PBSA is 
shown in Table 2. There were no significant differences in H0 for any of 
the samples. This result conflicts with the observation reported in [27], 
wherein an increase in H0 was observed for amaranth proteins that were 
treated with ultrasound at 100 W for 15–30 min. Furthermore, Cheng 
and Cui [28] also implemented ultrasonication on pea proteins and 
detected significant increments in H0. Strong cavitation effects gener-
ated by ultrasound can decrease the intermolecular associations of 
protein molecules, resulting in the exposure of interior hydrophobic 
residues to the exterior surroundings [20]. In contrast, a study per-
formed by Kang et al. [29] found that as the ultrasound power increased, 
the H0 of chickpea protein increased to a certain level and decreased 
again. Excessive sonication might inordinately denature proteins, 
resulting in the protein aggregation and concealment of hydrophobic 
residues [23,24]. In the present study, ultrasound did not induce a 
change in H0 at any time, which may be involved with the aforemen-
tioned mutual effect of ultrasound. 

3.3. Particle size and distribution 

Particle size and distribution are critical indicators of protein ag-
gregation [30]. As shown in Table 2, the average particle size of the 
control was 633.8 ± 98.1 nm and was reduced by 10%, 35%, and 49% 
after 20, 40, and 60 min of ultrasonication, respectively. Furthermore, 
the application of ultrasonic treatment was followed by a decrease in 
PDI from 0.383 ± 0.040 to 0.340 ± 0.016, 0.283 ± 0.014, and 0.327 ±
0.011 with an increase in sonication time. The reduction in protein 
aggregate size and PDI after ultrasonication may be attributed to the 

mechanical vibration generated by the ultrasound, which facilitates the 
dissociation of larger protein aggregates into small particles, resulting in 
a narrow size distribution [19]. Li et al. [30] also obtained similar re-
sults; when proteins from sea cucumber gonads were subjected to ul-
trasound power intensities of 100 W and 200 W for 15 min, the proteins 
decreased in size and their distribution narrowed. However, several 
researchers have reported that increasing the rate of particle movement 
and collision, resulting from the cavitation effect, could lead to the 
formation of larger aggregates [14,31]. These conflicting results may be 
because protein types, the power of ultrasound, and the treatment time 
differed among the studies. 

3.4. Free SH group content 

The alteration of SH and disulfide bonds affects the conformational 
stability of protein molecules and, correspondingly, has a strong effect 
on their functionalities [32]. As shown in Table 2, the free SH content 
was significantly increased to 9.23, 9.38, and 9.07 μmol/g after 20, 40, 
and 60 min of ultrasound treatment, respectively, compared to the 
control (8.57 μmol/g). The reactive SH content was at its highest con-
centration after 40 min of ultrasound treatment; however, there was 
insignificant change in the SH content between the treated groups (p >
0.05). The disordered structure may be associated with an increase in SH 
content. Ultrasound can extend and unfold the protein structure, 
exposing the interior SH groups to the solvent [10,33]. This is in close 
agreement with the results of the structural characteristics mentioned in 
Section 3.1. The secondary and tertiary structures were altered, and the 
protein conformation became loose after ultrasound treatment. Addi-
tionally, Malik et al. [14] suggested that cavitational shear and pressure 
caused the breakage of disulfide bonds to form reactive SH groups, 
resulting in an increased free SH content. Kang et al. [29] observed that 
the SH content was time dependent. The free SH content of the chickpea 
protein isolate first increased and then decreased with increasing time of 
ultrasound treatment. The decrease in SH could be owing to the oxida-
tion of the reactive SH by hydrogen peroxide in the cavities provoked 
during ultrasonication. In addition, the reduction in free SH content 
have resulted from the partial aggregation of proteins, which buried the 
SH groups inside again [30]. In this context, conformational alteration 
of proteins could be inferred through changes in the SH content. 

3.5. Solubility 

Solubility, an index of protein aggregation and denaturation, is not 
only one of the functionalities of the protein itself but also affects other 
functions such as emulsifying and foaming properties [22]. As shown in 
Fig. 3, ultrasound increased the solubility up to 0.980 g/g compared to 
the control (0.860 g/g), although differences between the treated sam-
ples was not significant. Solubility enhancement may be because of the 

Fig. 2. Fluorescence spectra of proteins from black soybean Aquasoya with 
different ultrasonic time period (min). 

Table 2 
Effect of ultrasonic time on surface hydrophobicity, free sulfhydryl (SH) content, 
particle size, and polydispersity index of proteins from black soybean Aquasoya.  

Ultrasonic 
time 
(min) 

Surface 
hydrophobicity 

Free SH 
content 
(μmol/g) 

Particle 
size (nm) 

Polydispersity 
index 

0 3151 ± 276NS 8.57 ±
0.00b 

633.8 ±
98.1a 

0.383 ± 0.040a 

20 3024 ± 603NS 9.23 ±
0.02a 

573.2 ±
34.7a 

0.340 ± 0.016ab 

40 3098 ± 69NS 9.38 ±
0.01a 

410.4 ±
17.5b 

0.283 ± 0.014c 

60 3138 ± 254NS 9.07 ±
0.01ab 

324.6 ±
9.1b 

0.327 ± 0.011bc 

abc Means within row with different letters indicate significant differences ac-
cording to Duncan’s test (p < 0.05). 
NSNot significant. 
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cavitation effect, which generates temperature rise, shear force, turbu-
lent flow, micro-steaming, and shock waves [23]. This phenomenon is 
caused by the breakage of hydrogen bonds and hydrophobic in-
teractions, which change the insoluble macromolecular substances into 
soluble protein aggregates [24]. This was in good agreement with the 
results in Section 3.3, where a decrease in the size of the protein ag-
gregates was observed. Moreover, the increased surface area exerted by 
particle size reduction and exposure of hydrophilic groups by the partial 
unfolding of proteins enhanced the interaction between protein mole-
cules and the surrounding water, improving the solubility. In agreement 
with this finding, Tang et al. [22] reported that water-soluble proteins 
from Moringa oleifera seeds showed increased solubility when treated 
with different amplitudes (20–100%) of ultrasound for 15 min. Martí-
nez-Velasco et al. [13] also found that ultrasonication significantly 
improved the solubility of faba bean protein isolate. 

3.6. Interfacial properties 

Proteins, owing to their amphiphilicity, can adsorb at the colloidal 
interfaces, lower the interfacial tension, and thereby stabilize systems 
such as emulsions and foams [34]. Fig. 4 indicates that the ultrasound 
treatment positively affected the surface activity of PBSA. Regarding 
emulsification, ESI reached its maximum value at 37.61 min after 40 
min of treatment, although EAI did not change in response to ultrasound 
(Fig. 4A). In addition, compared to the control, higher AP levels were 
detected in all the treated samples (Fig. 4B). In particular, the foam 
properties of PBSA were significantly improved by ultrasound (p < 0.02) 
(Fig. 4C). FC and FS were significantly enhanced with ultrasonic times of 
20 min (47% and 163%, respectively), 40 min (55% and 181%, 
respectively), and 60 min (53% and 188%, respectively). The interfacial 
properties of proteins are significantly related to several factors such as 
particle size, molecular flexibility, and solubility [9,14,24,35]. Sha et al. 
[36] suggested that smaller particles have the capacity to better adsorb 
on to the oil-water or water-air interface. As discussed in Section 3.3, 
size-reduced particles were obtained using ultrasound treatment; thus, 
they could be loaded more onto the surface of the oil droplets. In 
addition, flexible protein molecules with disordered structures, attrib-
uted to partial denaturation, can be reorganized and reoriented at the 
interface [11]. Furthermore, the high solubility of proteins facilitates 
protein migration, adsorption, and rearrangement at the interface [34]. 
Overall, ultrasonication facilitates changes in the secondary and tertiary 
structures and encourages the dissolution of PBSA in the aqueous phase, 
thereby improving the interfacial properties. Taken together, this study 
reveals that the formation of a strong protein film can be achieved by 
modifying the structure and physicochemical properties of PBSA with 
ultrasonication. 

4. Conclusion 

This study demonstrates the potential of ultrasound as an efficient 
tool for modifying the structure and functional properties of PBSA. Ul-
trasound treatment loosened the protein structure, altering the ordered 
α-helix structure to a random coil and exposed non-polar groups to the 
exterior environment. Consequently, the SH groups buried inside were 
revealed, confirming the changes in the spatial conformation of the 
PBSA. Moreover, ultrasonication disrupted the intermolecular in-
teractions, resulting in a decreased particle size and a more homoge-
neous distribution pattern. This modification imparted ultrasound- 
treated PBSA with improved powder solubility and interfacial proper-
ties such as good emulsion stability and foaming performance. It was 
observed that 40 min of sonication significantly improved the func-
tionalities. Accordingly, the revalorization of black soybean Aquasoya, a 
by-product of soybean processing, can be achieved by ultrasonically 

Fig. 3. Solubility of proteins from black soybean Aquasoya with different ul-
trasonic time period (min). 

Fig. 4. Interfacial properties of proteins from black soybean Aquasoya with 
different ultrasonic time period (min). (A) emulsifying properties (emulsifying 
activity index (EAI) and emulsifying stability index (ESI)), (B) content of 
adsorbed protein on the surface of emulsions, and (C) foaming properties 
(foaming capacity (FC) and foaming stability (FS)). 

M.-J. Kim and W.-S. Shin                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 91 (2022) 106220

6

enhancing the functionalities of proteins recovered from the water. In 
conclusion, ultrasonicated PBSA is a promising food additive for 
manufacturing stable food products. Further studies should be con-
ducted to apply PBSA to real food matrices, such as bakery and beverage 
products. This practical application can meet the needs of people who 
are unable to consume regular products owing to their dietary re-
strictions or preferences. 
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