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A B S T R A C T   

In this work, the effect of dual-frequency ultrasound-assisted ionic liquids (ILs) pretreatment on the functional 
properties of soy protein isolate (SPI) hydrolysates was investigated. The degree of hydrolysis (DH) of SPI pre-
treated by ultrasound and [BMIM][PF6] increased by 12.53% as compared to control (P < 0.05). More peptides 
with low molecular weight were obtained, providing support for the changes in DH. The trichloroacetic acid- 
nitrogen soluble index presented an increase, suggesting a better protein hydrolysate property. The increase 
in the calcium-binding activity showed the ultrasound-assisted ILs pretreatment could potentially improve bone 
health. The foaming capacity and stability of SPI hydrolysates pretreated by ultrasound-assisted [BMIM][PF6] 
always increased remarkably as compared to ultrasound-assisted [BDMIM][Cl] pretreatment. However, the 
synergistic effect of ultrasound-assisted [BMIM][PF6] on the emulsifying activity and antioxidant activities 
(DPPH and hydroxyl radical scavenging activity) was not as ideal as ultrasound-assisted [BDMIM][Cl] pre-
treatment, which may be affected by the structure of peptide. In conclusion, these results indicated the com-
bination of dual-frequency ultrasound and ionic liquids would be a promising method to improve the functional 
properties of SPI hydrolysates and broaden the application scope of compound modification in proteolysis 
industry.   

1. Introduction 

Soy protein isolate (SPI), as a prime source of high-quality protein in 
the world, has been extensively used in beverage, baking and dairy al-
ternatives due to its high nutritional value [1]. Compared with other 
plant proteins, SPI is rich in essential amino acids needed by human 
body, especially for the amount of lysine, which is normally lacking in 
other cereal [2]. Previous research demonstrated the essential amino 
acids in SPI could prevent cancer and reduce the levels of serum 
cholesterol [3]. Besides, SPI has a good supply of phytic acid, which is 
considered to be useful to inhibit the growth of cancer cells and reduce 
inflammation [4]. Due to the present of phytoestrogen, SPI could also 
prevent bone loss and promote a healthy heart in menopausal women. 
Therefore, the consumption of SPI containing at least 90% protein (dry 
basis) is increasing worldwidely. However, the natural SPI has compact 
globular structures, which leads to low molecular flexibility and limited 
functional properties, such as poor solubility, low emulsifying properties 
and antioxidant activities [5]. Therefore, a lot of efficient modification 
methods have been used to provoke expected property changes of SPI 

[6,7]. 
Enzymatic modification is a safe and attractive method to improve 

the functional properties of SPI, as it can simplify the operational con-
ditions, reduce by-products and be friendly to our environment [8]. 
Generally, the enzymatic hydrolysis process shows three important ef-
fects: smaller molecular weight, less secondary structure and more hy-
drophobic groups [9]. These changes can effectively modify the protein 
structure and conformation so as to enhance its properties. However, the 
enzymatic modification still has its drawbacks, such as longer reaction 
time, strict reaction temperature and pH, and low utilization rate of the 
enzyme [10]. This phenomenon indicates that single modification 
treatment does not have a satisfactory efficiency. So most work focuses 
on integrating various approaches to enhance the properties of protein. 

In recent years, ultrasound technology has been commonly used to 
improve the efficiency of traditional enzymatic method. Due to its 
thermal and cavitation effects, ultrasound could disrupt the compact 
globular structures by affecting hydrogen bonds and hydrophobic in-
teractions [11], increase the contact frequency between substrate and 
enzyme and break down protein aggregates [12]. These effects can 
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increase the efficiency of protein enzymatic hydrolysis significantly. 
Therefore, many systematic types of research have been conducted on 
the ultrasound-assisted enzymolysis to improve the functional proper-
ties of protein [13,14]. 

In general, ionic liquids (ILs) are organic salts and it was commonly 
formed by anions and cations [15]. ILs have strong potential applica-
tions in advanced biological reactions because of its unique character-
istics, such as negligible vapour pressures, high chemical stability and 
enhanced reaction rates [16]. For example, ILs could be utilized as an 
attractive solvent for some insoluble components, including cellulose, 
chitin and collagen fibers [17,18,19]. Meng et al. [17] reported that the 
IL 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) could destroy the 
triple helical structure of collagen during the dissolution and regenera-
tion, which indicated that [BMIM]Cl could become a green solvent for 
insoluble collagen fibers during the process of heating. It has also been 
reported that ILs can affect the protein refolding, aggregation and 
structural stability, which leads to the change in functional properties of 
the protein [20]. Apart from the application in protein, ILs can be also 
used to affect the enzyme performance, selectivity and stability [21]. Hu 
et al. [22] found [C10mim]Cl could bind and interact with the cell 
membrane, resulting in the changes of cell permeability and integrity. 
Therefore, it was necessary to remove ILs from product before its 
application. Further toxicological research should be carried out so as to 
determine the application scope of the product. 

Recently, research on compound modification has attracted more 
and more attention, since it can combine the advantages of various 
modification methods [13,14,23]. The overall purpose of this research 
was to compare the synergistic effect of dual-frequency ultrasound and 
ionic liquid pretreatment on the hydrolysis of SPI. The functional 
properties (foaming and emulsifying properties, calcium-binding activ-
ity) and antioxidant activities were assessed. This research will provide 
ideas for the development of ultrasound-assisted ionic liquids in the 
proteolysis industry. 

2. Materials and methods 

2.1. Materials 

Soybean protein isolate (SPI) was purchased from Shansong Bio-
logical Products Co. Ltd. (Shandong, China). 1-butyl-3-methyl imida-
zolium hexafluorate phosphate ([BMIM][PF6]) and 1-butyl-2,3- 
dimethyl imidazolium chloride ([BDMIM][Cl]) were obtained from 
Aladdin Industrial Corporation (Shanghai, China). 1, 1-diphenyl-2-pic-
rylhydrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzthiazoline-6-sul-
fonic acid) (ABTS) were bought from Sigma-Aldrich (St. Louis, MO, 
USA). Alcalase was supplied by Novozymes Biotechnology Co. Ltd. 
(Beijing, China). Other solvents were analytical grades. 

2.2. Pretreatment of SPI by ultrasonic-assisted ionic liquids 

SPI was initially dissolved in distilled water (1:50, w/v) and stirred at 
25 ◦C for 30 min. Then ILs were added into the suspension, and the 
mixture was stirred at 25 ◦C for 2 h. The ratios of IL/SPI were 0.1 and 1 
(by weight). The IL types and ratios were optimized by the previous 
research [24]. The pH of the mixture was kept at 7.0 using NaOH (0.25 
M) during the whole stirring process and the condition of the magnetic 
stirring process was the same. Next, the SPI mixture was treated in an 
ultrasonic bath reactor equipped with frequency generators, which was 
manufactured by Jiangsu University as described by Wang et al [25]. 
The selected frequency was the combination of 20 and 28 kHz in a 
simultaneous working mode (pulsed on-time 2 s and off-time 2 s) with a 
temperature of 25 ◦C. The pretreatment time and power density were 40 
min and 100 W/L, respectively. For control, the SPI without ultrasound 
and ionic liquids were treated by a magnetic stirring apparatus at the 
same conditions. The effect of dual-frequency ultrasound pretreatment 
(US) was used to compare the combined effect of dual-frequency 

ultrasound and ILs ([BMIM][PF6] and [BDMIM][Cl]). 

2.3. Regeneration of SPI 

SPI was regenerated based on a slightly modified procedure of Huang 
et al. [20]. Following ultrasound treatment, the mixture was con-
densed to 70–80 mL. Then the concentrated sample was mixed with 
ethanol (1:4, v/v) at 25 ◦C for 1 h and centrifuged (4500 g, 10 min). The 
resulting precipitate was washed by ethanol to remove the residual ionic 
liquids and the Folin-phenol reagent was used to check the existence of 
ILs according to Zhang et al [26]. Finally, the resulting residue was 
gathered and freeze-dried for 48 h to acquire the regenerated SPI. 

2.4. Enzymatic hydrolysis method of SPI 

The regenerated SPI was dissolved in distilled water (1: 50, w/v) and 
stirred for 1 h at 25 ◦C. Next, the SPI suspension was put into the water 
bath with a temperature of 50 ◦C for 10 min and 0.25 M NaOH was used 
to adjust the pH to 8.0. Then the hydrolysis reaction was started by the 
addition of Alcalase (E/S, 4000 U/g). The mixtures’ pH was kept stable 
during hydrolysis by adding 0.25 M NaOH. After 1 h, the mixture was 
heated to deactivate the enzyme in boiling water for 10 min, and 
centrifuged (4500 g, 10 min) to get the supernatant. All the supernatant 
was gathered and stored (4 ◦C) for further study. 

2.5. Degree of hydrolysis (DH) 

Memon et al. [7] procedure was used to determine the DH of SPI by 
the formula below: 

DH(%) =
bNb

αMphtot
∗100 (1)  

where b stands for the NaOH consumed to maintain constant pH, Nb is 
NaOH concentration, α is the average degree of dissociation of the α-NH2 
groups, which is 0.93 at 50 ◦C and pH (8.0), Mp is the proteins’ weight 
(g), htot is the total number of peptide bonds, which is 7.8 mmol/g for 
SPI. 

2.6. Molecular weight distribution (MWD) 

The MWD of SPI hydrolysates was analyzed on HPLC system (Waters 
2695 E-2487, USA), using a TSK gel G2000 SWXL column (7.8 × 300 
mm, Tosoh, Japan) with a UV detector at a wavelength of 220 nm. 
Acetonitrile with trifluoroacetic acid and water (the ratio is 40:0.1:60, 
v/v) in Milli-Q water was used as a mobile phase. An amount of 10 mg/ 
mL samples were first treated by ultrasound for 5 min and filtered (0.45 
µm filter) to remove the contaminants before injection. The flow rate 
was 0.5 mL/min and the column temperature was 30 ◦C. Five protein 
products, cytochrome c (12.38 kDa), bacitracin (1.42 kDa), aprotinin 
(6.5 kDa), Glycine-glycine-tyrosine-arginine (0.451 kDa), Glycine- 
glycine-glycine (0.189 kDa) were taken to make the molecular weight 
standard curve. Finally, peptide molecular distribution was calculated 
by the standard curve. 

2.7. Functional properties 

2.7.1. Trichloroacetic acid-nitrogen soluble index (TCA-NSI) 
The TCA-NSI of SPI hydrolysates was calculated based on a slightly 

modified procedure of Wu et al. [27]. 2.5 mL of trichloroacetic acid 
(10%, w/v) was mixed with hydrolyzed SPI (2.5 mL), then centrifuged 
(4500 g, 15 min) to collect the supernatant. The protein supernatant was 
mixed with deionized water to obtain a suitable concentration. The 
soluble nitrogen content was analyzed by Lowry et al. [28], using bovine 
serum albumin (BSA) as standard. The solubility was expressed as the 
percentage of soluble nitrogen in the supernatant compared with the 

W. Zhang et al.                                                                                                                                                                                                                                  



Ultrasonics Sonochemistry 73 (2021) 105546

3

total amount of nitrogen in the samples. 

2.7.1.1. Foaming capacity (FC) and stability (FS). Hydrolysates of SPI 
and deionized water were mixed to obtain a concentration of 10 mg/mL. 
Then the hydrolysate dilution was homogenized using a mechanical 
homogenizer (HG-15A, Daihan Scientific Co., Ltd, Korea) at 6,500 rpm 
for 1 min. Finally, FC was calculated as follows: 

FC(%) =
Vb − Va

Va
*100 (2)  

where Va represents the volume (mL) before whipping; Vb represents the 
volume (mL) after whipping. 

Forming stability (FS) was expressed as the percentage of the foam 
that remained after 30 min of whipping at 25 ◦C. 

2.7.1.2. Emulsifying properties. Emulsifying properties of SPI hydroly-
sate was evaluated by the method of Pearce and Kinsella [29] with some 
modifications. The emulsions were prepared with 20 mL of proteins 
hydrolysate and soybean oil (5 g) in a 50 mL polypropylene tube. Then 
the mixture was homogenized (10,000 rpm, 1 min). 50 μL portions of 
pipetted emulsion from the bottom of the container were instantly 
mixed with 5 mL 0.1% SDS. The absorbance was read at a wavelength of 
500 nm using spectrophotometer (Unic 7200, Unocal Corporation, 
China). The emulsifying activity (EA) and emulsion stability index (ESI) 
of SPI hydrolysate were calculated using the equations below. 

EA(m2/g) =
2*2.303*A0*D2

C2*I*(1 − φ)*10000
(3)  

ESI =
A0

A0 − A60
∗60 (4)  

where D2 represents the dilution ratio, C2 represents the initial SPI hy-
drolysates concentration (g/mL), φ represents the fraction of the oil 
phase (φ = 0.2), I represents the optical path (I = 1 cm), A0 and A60 are 
the absorbances at 0 min and 60 min, correspondingly. 

2.7.1.3. Creaming index (CI) of emulsion. The emulsion (10 mL) was 
placed in a cleaned sample bottle (15 cm height and 1.4 cm internal 
diameter) and stored (4 ◦C). The serum phase (H0) and the height of 
emulsion (Ht) were read for 7 continuous days. Then, the CI was 
calculated as follows: 

CI(%) =
H0

Ht
∗100 (5)  

2.7.1.4. Calcium-binding activity. A slight modified procedure of Wang 
et al. [30] was used for the calcium-binding activity. 10 mL of hydro-
lysates were put into a 50 mL polypropylene tube and the pH was 
adjusted to 7.8 using NaOH or HCl (0.25 M). 1 mL CaCl2 (0.2 M) was 
then added and the mixture was placed in a thermostatic oscillator with 
the temperature of 40 ◦C for 1 h. After that, the solution was centrifuged 
(4500 g, 15 min). The supernatant was collected, placed in a beaker and 
mixed with ethanol (ethanol: supernatant = 7:1, v/v) for 1 h at 25 ◦C. 
Next, the mixture was centrifuged (4500 g, 10 min) to obtain the sedi-
ment. The sediment was dried at 40 ◦C. Finally, atomic absorption 
spectrometry was used to determine the content of calcium. 

2.8. Determination of antioxidant activity 

2.8.1. DPPH radical scavenging activity (DPPH-RSA) 
A slight modified procedure of Liang et al. [31] was used to deter-

mine the DPPH-RSA. Briefly, DPPH was dissolved in 95% ethanol to 
obtain 0.1 mM solution. The SPI hydrolysates were diluted with 
deionized water to obtain different concentrations. 2 mL of diluted 
sample was added to 2 mL of 0.1 mM DPPH and kept in the darkness (30 

min, 25 ◦C). At a wavelength of 517 nm, the absorbance was measured 
using the spectrophotometer. The DPPH-RSA was calculated as follows: 

DPPH − RSA(%) = (1 −
Ai − Aj

A0
)∗100 (6)  

where Ai is the absorbance of the sample in DPPH at 517 nm, Aj is the 
absorbance of the sample in 95% ethanol at 517 nm, A0 is the absor-
bance of DPPH with 95% ethanol at 517 nm. 

2.8.2. ABTS radical scavenging activity (ABTS-RSA) 
Chen et al. [32] method with a minor adjustment was used to assess 

the ABTS-RSA. Potassium persulfate (2.6 mM) was mixed with ABTS 
(7.4 mM) at the ratio of 1:1 (v/v) and held in darkness (16 h) to obtain 
the ABTS radical cation. Prior to its usage, the radical cation solution 
was diluted in 0.2 mM phosphate buffer (pH = 7.4) to achieve an 
absorbance value of 0.70 ± 0.02 at 734 nm. 60 µL of sample was added 
to ABTS radical cation solution (4 mL) and kept in the dark for 6 min to 
react. At a wavelength of 734 nm, the absorbance value of the mixture 
was recorded using the spectrophotometer. The ABTS-RSA was calcu-
lated as follows: 

ABTS − RSA(%) = (1 −
Ai − Aj

A0
)∗100 (7)  

where Ai represents the absorbance value of the sample in ABTS radical 
cation solution at 734 nm, Aj represents the absorbance value of the 
sample in 0.2 mM phosphate buffer (pH = 7.4) at 734 nm, A0 represents 
the absorbance value of phosphate buffer with ABTS radical cation so-
lution at 734 nm. 

2.8.3. Hydroxyl radical scavenging activity (OH-RSA) 
The OH-RSA was performed based on the slightly adjusted procedure 

of Zhao et al. [6]. 1 mL of sample was mixed with 1 mL 3 mM FeSO4 and 
1.0 mL 3 mM H2O2 and the mixture was kept at 25 ◦C (10 min) to react. 
Then 1.0 mL salicylic acid (6 mM) was added and allowed to react (15 
min) at the same temperature. Finally, the absorbance values were 
recorded at wavelength of 510 nm using the spectrophotometer. The 
OH-RSA was calculated as follows: 

OH − RSA(%) = (1 −
Ai − Aj

A0
)∗100 (8)  

where Ai is the absorbance of the sample in a mixture of FeSO4, H2O2 
and salicylic acid at 510 nm, Aj is the absorbance of the sample in a 
mixture of FeSO4, H2O2 and deionized water at 510 nm, A0 is the 
absorbance of water with the mixture of FeSO4, H2O2 and salicylic acid 
at 510 nm. 

2.8.4. Reducing power (RP) 
Escudero et al. [33] procedure with a minor modification was 

applied for reducing power assay. 1 mL of sample was mixed with 2.5 
mL phosphate buffer (0.2 mM, pH 6.6) and 2.5 mL 1% (w/v) potassium 
ferric cyanide (K3Fe(CN)6) in a 15 mL polypropylene tube. Then the 
mixture was placed in the water bath with a temperature of 50 ◦C to 
react. After 20 min, 2.5 mL trichloroacetic acid (10%, w/v) were added 
to stop the reaction and centrifuged (3000 g, 10 min). Next, 2.5 mL of 
supernatant was mixed with 2.5 mL deionized water and 0.5 mL ferric 
chloride solution (0.1% w/v). Finally, the absorbance value was recor-
ded at wavelength of 700 nm using the spectrophotometer. 

2.9. Statistical analysis 

All experiments were conducted at least in triplicate. The data were 
evaluated by analysis of variance (ANOVA) under the significance level 
of P < 0.05 using Tukeys’ test and presented as mean ± SD using Minitab 
V.18. The figures and graphs were drawn using Origin Pro 8.0 software 
(Origin Lab Corporation, USA). 
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3. Results and discussion 

3.1. Effect of ultrasonic-assisted ionic liquid pretreatments on DH of SPI 

The degree of hydrolysis (DH) value was used to evaluate the extent 
of enzymatic proteolysis, as it is closely related to functional properties 
of protein hydrolysates. It was found high DH of protein hydrolysates 
could have the potential to enhance the antioxidant activities and sur-
face hydrophobicity [6,14,34]. Fig. 1 shows the DH of SPI with different 
pretreatments. In the first 40 min, the DH increased rapidly, then slowed 
down thereafter, suggesting that the optimum SPI cleavage happened 
within 40 min of hydrolysis. The reason for the slow hydrolysis speed is 
mainly attributed to the reduction in the available substrate, product 
inhibition and enzyme auto-digestion [34]. 

Compared to the control, the DH of SPI increased after single ultra-
sonic pretreatment (P < 0.05), which was in line with previous study on 
other proteins [6,35]. This result may be due that the ultrasound 
treatment destroyed the compact globular structures of SPI, thus, 
exposing more protein fractions to react with the enzyme [36]. 

When SPI was pretreated by ultrasound and ionic liquids, the DH of 
SPI increased significantly compared with the control and single ultra-
sound pretreatment (P < 0.05). This was mainly because the ILs could 
modify the protein conformation and caused change in the refolding 
state of protein, which resulted in loosened structure of SPI. In return, 
the binding rate between enzyme and protein got increase. When SPI 
was pretreated with ultrasound-assisted [BMIM][PF6], the highest DH 
was found at an IL/protein ratio of 0.1. However, the DH reduced 
slightly by adding more ILs, showing the ratio of IL/protein does play a 
significant role in affecting the protein hydrolytic process. A similar 
result was also observed in [BDMIM][Cl] pretreatment. This could be 
that high ILs concentration caused protein aggregation, thus, reducing 
the exposure of protein fractions. The higher DH was found in [BMIM] 
[PF6] rather than that in [BDMIM][Cl] pretreatment, suggesting the 
type of ILs has a significant effect on the protein hydrolytic process. This 
can be explained by the fact that it is related to the ILs hydrophobicity 
[37]. In summary, the synergistic effects between ultrasound and ionic 
liquids were heavily dependent on the ILs type and its IL/protein ratio. 

3.2. Molecular weight distribution (MWD) of SPI 

Changes in MWD of SPI hydrolysates pretreated with ultrasound- 
assisted ILs are shown in Table 1. Compared to the control, the single 
ultrasound pretreatment caused an increase for 180–500 Da peptide 

fractions and the fractions below 180 Da peptide. It was found ultra-
sound treatment could produce high temperature, pressure and shear 
forces at the same time, which might help to break the cross-linkage 
between protein molecules. Thus, more protein molecules were easily 
broken down to release more peptide wih low molecular weight during 
the enzymatic process [38]. Moreover, the mechanical effects of the 
ultrasound may also help to expose more hydrophobic cores buried 
within the protein. Alcalase prefers to react with protein containing 
more hydrophobic residues [39]. 

When SPI was pretreated by ultrasound and [BMIM][PF6] at 
different concentrations, the percentage of low molecular weight pep-
tide (sum of 180–500 Da and < 180 Da) was 55.36% and 53% for US- 
BPFa and US-BPFb, respectively. Furthermore, among all the pre-
treatments, US-BPFa had the highest percentage of low molecular 
weight peptide. This result indicates that the US-BPFa significantly 
resulted in the structural changes of protein molecules compared to the 
other pretreatments. This reason also explained the lower fractions with 
> 5 kDa, 3–5 kDa, and 1–3 kDa for US-BPFa. The relative percentage of 
the peptides with molecular weight (MW) over 3 kDa significantly 
increased in the pretreatment of US-BClb. The differences in the mo-
lecular weight distribution of SPI hydrolysates may indicate totally 
differences in their functional properties. In short, the changes in per-
centage of low molecular weight peptide are in consistent with the 
changes in DH. 

3.3. TCA-NSI 

TCA-NSI is a very important value that can reflect the degree of DH, 
hence becoming the most practical and convenient means to measure 
the hydrolysis process [40]. The TCA-NSI value of SPI hydrolysates is 
shown in Fig. 2. The highest TCA-NSI value of 45.67% was obtained 
during the combination of ultrasound and [BMIM][PF6] (ratio of 1) 
pretreatment, followed by the single ultrasound pretreatment (45.30%), 
whereas the lowest value was observed in the control pretreatment 
(42.33%). This data trend was consistent with the results of [BMIM] 
[PF6] in DH. 

However, the combined effect between ultrasound and [BDMIM][Cl] 
is not as ideal as single ultrasound treatment. This result could be due to 
the interaction between ionic liquids and proteins, which resulted in the 
different aggregation state of protein molecules and a decrease in the 
effectiveness of ultrasound, thus influencing the TCA-NSI value. 

3.4. Foaming capacity (FC) and stability (FS) 

The FC and FS generally depend on the surface activity of protein and 
the interfacial activity in the fluid-air interface, which keeps air bubbles 
in the suspension. Fig. 3 displays the impact of ultrasound-assisted ionic 
liquids on the foam formation and stability of SPI hydrolysates. 

With single ultrasound pretreatment, the FC and FS of SPI hydroly-
sates increased by 5% and 9.5% as compared to the control, respectively. 
The ultrasound and sonochemistry effects could destroy the partial 

Fig. 1. Effects of ultrasound-assisted ILs on the degree of hydrolysis of SPI. (CK, 
control; US, ultrasound pretreatment; US-BPFa and US-BPFb were ultrasound- 
assisted [BMIM][PF6] at IL/SPI ratio of 0.1 and 1, respectively; US-BCla and 
US-BClb were ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 0.1 and 1, 
respectively). 

Table 1 
Effects of ultrasound-assisted ILs on the molecular weight distribution of SPI 
hydrolysates.  

Samples Percentage of SPI hydrolysates fractions (%) 

>5KDa 3- 
5KDa 

1- 
3KDa 

500–1000 
Da 

180–500 
Da 

≤180 
Da 

CK  2.62  3.13  16.72  26.19  45.67  5.67 
US  2.6  3.19  16.21  25.55  46.02  6.43 
US- 

BPFa  
1.8  2.65  14.67  25.51  48.61  6.75 

US- 
BPFb  

2.34  2.97  16.1  25.59  46.95  6.05 

US-BCla  2.17  2.92  15.79  25.82  47.17  6.12 
US-BClb  3.43  3.45  16.48  23.86  46.73  6.04  
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tighten structure or loosen the protein structure by damaging chemical 
bonds [41]. Thereby, the loosened structure would lead to the changes 
for SPI hydrolysates properties and improve the interfacial adsorption 
capacity of protein hydrolysates and the foaming properties. The 
maximum FC value observed was 86% for ultrasound-assisted [BMIM] 
[PF6] pretreatment at an IL/protein ratio of 0.1. However, compared 
with control and single ultrasound pretreatment (P < 0.05), the FC value 
reduced significantly with adding high concentration ionic liquids. This 
can be explained as the high level of salts could change the structure of 
SPI, resulting in the increase of surface tension of hydrolysates and the 
screening of the electrostatic double-layer forces [42]. Another reason is 
mainly due to protein aggregation. A similar result was found in ultra-
sound combined [BDMIM][Cl] pretreatment. 

Interestingly, the FS was the highest for the ultrasound-assisted 
[BMIM][PF6] pretreatment at an IL/protein ratio of 1, proving that 

the effect of ionic liquids is complex. For the combination of ultrasound 
and [BDMIM][Cl] pretreatment, the FS result is not as good as the 
ultrasound-assisted [BMIM][PF6] pretreatment (P < 0.05). A possible 
reason is that the different hydrogen bond-forming capability of ionic 
liquids, which caused changes in protein structure and refolding state 
and further affected the FS of SPI hydrolysates. 

3.5. Emulsion properties (EA and ESI) 

Emulsion activity (EA) is an important index since it not only in-
dicates the effectiveness of emulsifiers but also represents the ability of 
polypeptides for being adsorbed at the oil–water interface [29]. The EA 
of SPI hydrolysates pretreated by different methods was shown in Fig. 4. 

Compared to control, the EA of SPI hydrolysates increased remark-
ably after single ultrasound pretreatment (P < 0.05), indicating a 
smaller number of dispersed fat droplets were obtained. One possible 
reason may be attributed that the high levels of hydrodynamic shear 
associated with ultrasonic cavitations could reduce the particle size of 
protein and increase the uniformity of protein distribution [43]. Thus, it 
will further influence the size of SPI hydrolysates. The highest EA value 
was observed in the sample treated by ultrasound-assisted [BDMIM][Cl] 
at an IL/protein ratio of 0.1. One possible reason is that ultrasound- 
assisted [BDMIM][Cl] treatment could affect the structure of SPI by 
improving molecular flexibility and surface hydrophobicity, which 
further induced the production of peptide that could be adsorbed at the 
oil–water interface. 

Emulsion stability index (ESI) reflects the emulsion ability to resist 
breakdown. As shown in Fig. 4, the ESI value of SPI hydrolysates 
decreased significantly after US-BPFb, US-BCla and US-BClb pre-
treatments in comparison with that of US (P < 0.05). The decrease in ESI 
value could be attributed to the low molecular weight peptides (below 
180 Da) present in the SPI hydrolysates (confirmed in Table 1). The 
small peptide cannot unfold and re-orient at the interface as the large 
peptides do, causing less efficiency in plummeting the interfacial tension 
and stabilizing the emulsions. Similarly, Zou et al. [35] and Mintah et al. 
[44] also found that emulsion stability reduced significantly with 
decreasing size of peptides. However, the lowest percentage of low 
molecular weight peptide and high ESI in control is not consisitent with 
this conclusion. The structure of peptide may also influence the ESI 
significantly. 
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Fig. 2. Effects of ultrasound-assisted ILs on the TCA-NSI. (CK, control; US, ul-
trasound pretreatment; US-BPFa and US-BPFb were ultrasound-assisted [BMIM] 
[PF6] at IL/SPI ratio of 0.1 and 1, respectively; US-BCla and US-BClb were 
ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 0.1 and 1, respectively). 
Note: the different letter reveals significant differences (P < 0.05). 
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Fig. 3. Effects of ultrasound-assisted ILs on the foam capacity and stability. 
(CK, control; US, ultrasound pretreatment; US-BPFa and US-BPFb were 
ultrasound-assisted [BMIM][PF6] at IL/SPI ratio of 0.1 and 1, respectively; US- 
BCla and US-BClb were ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 0.1 
and 1, respectively). Note: the different letter reveals significant differences (P 
< 0.05). 
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Fig. 4. Effects of ultrasound-assisted ILs on the emulsion properties of SPI 
hydrolysates. (CK, control; US, ultrasound pretreatment; US-BPFa and US-BPFb 
were ultrasound-assisted [BMIM][PF6] at IL/SPI ratio of 0.1 and 1, respectively; 
US-BCla and US-BClb were ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 
0.1 and 1, respectively). Note: the different letter reveals significant differences 
(P < 0.05). 

W. Zhang et al.                                                                                                                                                                                                                                  



Ultrasonics Sonochemistry 73 (2021) 105546

6

3.6. Creaming index 

Creaming index (CI) is a critical indicator to evaluate the creaming 
stability. Fig. 5. shows the changes in CI for emulsions stabilized by SPI 
hydrolysates during 1 week storage. 

The emulsions formed rapidly into two layers within 1 day, as shown 
in Fig. 5. And then during the following days, the creaming rate slowed 
down. The lowest CI was obtained in a sample pretreated by combined 
ultrasound and [BMIM][PF6] at an IL/protein ratio of 1. The result of DH 
indicates that the highest DH was found after the combination ultra-
sound and [BMIM][PF6] pretreatment. Therefore, it can be inferred that 
the DH was closely related to the CI. However, there is no obvious 
change among the other different pretreatments, indicating that the 
creaming stability was on the same level. 

3.7. Calcium-binding abilitiy 

The effect of ultrasound and ionic quids pretreatment on the calcium- 
binding ability of SPI hydrolysates was shown in Fig. 6. After ultrasound 
pretreatment, the calcium-binding ability of SPI hydrolysates signifi-
cantly increased when compared to control (P < 0.05). It was reported 
that hydrophobic amino acids play a significant role in the process of 
binding calcium ions [45]. The ultrasonic cavitation was beneficial to 
change the secondary structure of protein and expose more hydrophobic 
groups and regions, which could provide more contact chance between 
enzyme and protein. Then the number of hydrophobic amino acids in 
SPI hydrolysates will be increased and it will subsequently bind with the 
calcium ions. Therefore, the calcium-binding ability of SPI hydrolysates 
could be improved significantly. 

For ultrasound-assisted [BMIM][PF6] pretreatment, a slight increase 
in calcium-binding ability was observed at an IL/protein ratio of 0.1. 
While at an IL/protein ratio of 1, a significant decrease in the calcium- 
binding ability was seen. This was possibly influenced by the differ-
ence in the degree of hydrolysis. Chen et al. [46] reported that the 
proper hydrolysis might result in the exposure of hydrophobic groups, 
therefore promoted calcium-binding ability. However, there was a total 
opposite trend for [BDMIM][Cl] pretreatment, further indicating the 
complex effects of ionic liquids. The highest calcium-binding ability 
with US-BClb pretreatment may be due to the highest relative percent-
age of the peptides with molecular weight (MW) over 3 kDa. The mo-
lecular weight of the peptides from the protein hydrolysates is always 

one of the most important factors concerning desired functional prop-
erties [47]. 

3.8. Antioxidant activity 

3.8.1. DPPH-RSA 
The DPPH-RSA is one of the in vitro assessments of the free RSA of 

various antioxidants [48]. The effect of ultrasound-assisted ionic quids 
pretreatment on the DPPH-RSA of SPI hydrolysates was shown in 
Table 2. IC50 (50% inhibitory concentration) value (mg/mL) is the 
concentration at which DPPH radicals were scavenged by 50%. The final 
result was expressed by the IC50 value. The lower IC50 value indicates 
the higher effect of free RSA. 

The lowest IC50 value was obtained in the sample pretreated by ul-
trasound and [BDMIM][Cl] pretreatments at an IL/protein ratio of 1. 
This result indicates that the synergistic effect is beneficial to improve 
the DPPH-RSA of SPI hydrolysates. After a single ultrasound pretreat-
ment, the IC50 value of SPI hydrolysates decreased compared to the -
control (P < 0.05). The increase in free RSA may be attributed to the 
difference in the small peptide or amino acids. Several researchers also 
reported that smaller molecular weight of the peptides could have 
higher DPPH-RSA [35,49]. However, the IC50 value increased signifi-
cantly for the other three pretreatments (US-BPFa, US-BPFb and US- 
BCla). Compared to the ultrasound-assisted [BDMIM][Cl] pretreat-
ment, combined ultrasound and [BMIM][PF6] pretreatment always 
showed a negative effect on the DPPH-RSA of SPI hydrolysates. This 
phenomenon could be attributed to the different compound about 

Fig. 5. Effects of ultrasound and ILs on the creaming index of SPI hydrolysates. 
(CK, control; US, ultrasound pretreatment; US-BPFa and US-BPFb were 
ultrasound-assisted [BMIM][PF6] at IL/SPI ratio of 0.1 and 1, respectively; US- 
BCla and US-BClb were ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 0.1 
and 1, respectively; A: CK, B:US-BPFa, C: US-BPFb, D: US-BCla, E: US-BClb, 
F: US). 
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Fig. 6. Effects of ultrasound-assisted ILs on the calcium binding ability of SPI 
hydrolysates. (CK, control; US, ultrasound pretreatment; US-BPFa and US-BPFb 
were ultrasound-assisted [BMIM][PF6] at IL/SPI ratio of 0.1 and 1, respectively; 
US-BCla and US-BClb were ultrasound-assisted [BDMIM][Cl] at IL/SPI ratio of 
0.1 and 1, respectively). Note: the different letter reveals significant differences 
(P < 0.05). 

Table 2 
Effects of ultrasound-assisted ILs on the antioxidant activity of SPI hydrolysates.  

Samples DPPH-IC50 (mg/mL) ABTS-IC50(mg/mL) Hydroxyl-IC50 (mg/mL) 

VC 0.0068 ± 0.001f 0.145 ± 0.003c 0.10 ± 0.02f 

CK 12.04 ± 0.04c 0.960 ± 0.065a 1.45 ± 0.03 cd 

US 11.21 ± 0.03d 0.827 ± 0.017b 1.34 ± 0.05d 

US-BPFa 14.26 ± 0.21a 0.955 ± 0.015ab 1.51 ± 0.04bc 

US-BPFb 13.55 ± 0.04b 0.945 ± 0.035ab 1.64 ± 0.03a 

US-BCla 13.28 ± 0.32b 1.055 ± 0.005a 1.23 ± 0.02e 

US-BClb 9.59 ± 0.23e 0.935 ± 0.035ab 1.62 ± 0.03ab 

Note: Mean value ± standard deviation from three separate samples. Different 
letters in the same column indicate significant differences at P < 0.05. 
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anions and cations, thus leading to the different hydrogen bond forming 
capability and aggregation state of protein. The more aggregates of SPI, 
the less enzyme’s sensitive sites of protein fractions, thus bring the lower 
antioxidant activity of hydrolysates. In conclusion, all the IC50 values 
were higher than the that of Vc, suggesting that the DPPH radical 
scavenging ability of SPI hydrolysates was lower than Vc. 

3.8.2. ABTS-RSA 
ABTS-RSA is an outstanding tool for measuring the hydrophilic and 

hydrophobic antioxidants. Table 2. displays the impact of ultrasound 
and ionic liquids pretreatment on the ABTS-RSA of SPI hydrolysates. The 
final result was also expressed by IC50. 

Compared with the control, the IC50 value reduced significantly after 
single ultrasonic pretreatment (P < 0.05), indicating the improved 
ABTS-RSA. This could be linked to the fact that ultrasound treatment 
could produce high turbulence and shear energy in shaped cavitations, 
which could emerge smaller molecules and expose more hydrophobic 
ends [31]. It was reported that peptide with low molecule weight and 
high hydrophobic ends could have high ABTS radical scavenging ability 
[35]. With the addition of ionic liquids, the value of IC50 started to in-
crease. These results showed the synergistic effect is not as effective as 
single ultrasound pretreatment. 

3.8.3. OH-RSA 
Among the oxygen free radicals, OH-RSA is the most reactive free 

radical, since it reacts with everything in living organisms, such as DNA, 
lipids and proteins. This special nature could cause harmful effects on 
our body, including the ageing, cancer and other diseases. The effect of 
ultrasound and ionic liquids pretreatments on the hydroxyl radical 
scavenging activity of SPI hydrolysates was shown in Table 2. 

Compared to the control, the IC50 value of SPI pretreated with single 
ultrasound and ultrasound-assisted [BDMIM][Cl] treatment at an IL/ 
protein ratio of 0.1 decreased by 7.6% and 15.2%, respectively. The 
decrease in the IC50 value shows the hydroxyl radical scavenging ac-
tivity get improved. One possible reason is that ultrasound treatment 
destroyed the protein’s compact structure and exposed more hydro-
phobic amino acids. The hydrophobic amino acids could play an 
important role on radical scavenging [50]. However, the IC50 value of 
SPI increased after the other three (US-BPFa, US-BPFb and US-BClb) 
pretreatments, especially for the ILs pretreatment at an IL/protein 
ratio of 1. This may be due that ILs type and concentration have different 
influences on the structure of SPI, which leads to different properities of 
hydrolysates. 

3.8.4. RP 
The RP could be used to evaluate the ability of an antioxidant in 

reducing ferric (Fe3+) to ferrous (Fe2+) ion by transferring electrons. The 
effect of ultrasound and ionic liquids pretreatments on the reducing 
power assay of SPI hydrolysates was shown in Fig. 7. 

When the concentration of hydrolysates is 4 mg/mL, there was no 
significant difference between control and the pretreatments. However, 
with the increase of concentration, the reducing power of SPI hydroly-
sates prepared with different pretreatments increased remarkably, 
compared with the control (P < 0.05). This suggests the reducing power 
of SPI hydrolysates increased significantly after ultrasound and ILs 
pretreatments. The difference can be attributed to the specific amino 
acid or peptide. Moreover, Zhao et al. [48] also found that the reducing 
power of peptide mainly depends on the concentration of hydrolysates, 
thus, the higher the hydrosylate concentration, the higher the reducing 
power. 

4. Conclusion 

In this study, a combination of dual-frequency ultrasound and ILs 
with different types or concentrations was found to change the func-
tional properties of SPI hydrolysates differently. The effect of 

ultrasound-assisted [BMIM][PF6] at a IL/protein ratio of 0.1 had the 
most significant influences on most of the functional properties of SPI 
hydrolysates. However, the synergistic effect for the ultrasound and 
[BDMIM][Cl] is not as good as the [BMIM][PF6] or single ultrasound 
pretreatment. Especially, the ionic liquids with high concentration 
possibly led to the protein aggregation, thus presenting the negative 
effect sometimes. Compared to the control, the degree of hydrolysis 
(DH) of SPI treated by ultrasound and ILs increased significantly and 
more peptides with low molecular weight were obtained. The result 
showed these important two indexes (DH, MWD) were closely related to 
its functional and antioxidant properties. In a word, application of ul-
trasound combined with suitable ionic liquid could affect the structure 
of the protein and change its refolding state, resulting in an improved 
antioxidant and functional properties. 
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