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A B S T R A C T   

In this study, an emulsion stabilized by soy protein isolate (SPI)-pectin (PC) complexes was prepared to inves-
tigate the effects of high-intensity ultrasound (HIU) treatment (150–600 W) on the physicochemical properties, 
microstructure, and stability of emulsions. The results found that the emulsion treated at 450 W showed the best 
emulsion stability index (ESI) (25.18 ± 1.24 min), the lowest particle size (559.82 ± 3.17 nm), the largest 
ζ-potential absolute value (16.39 ± 0.18 mV), and the highest adsorbed protein content (27.31%). Confocal laser 
scanning microscopy (CLSM) and atomic force microscopy (AFM) revealed that the emulsion aggregation was 
significantly improved by ultrasound treatment, and the average roughness value (Rq) was the smallest (10.3 
nm) at 450 W. Additionally, HIU treatment reduced the interfacial tension and apparent viscosity of the emul-
sion. Thermal stability was best when the emulsion was treated at 450 W, D43 was minimal (907.95 ± 31.72 nm), 
and emulsion separation also improved. Consequently, the creaming index (CI) was significantly decreased 
compared to the untreated sample, indicating that the storage stability of the emulsion was enhanced.   

1. Introduction 

Soy protein isolate (SPI) is a high-quality and inexpensive plant 
protein. Due to its amphiphilic characteristics, it can absorb at the 
oil–water interface, and is often used as an emulsifier in the food in-
dustry [1,2]. However, SPI is affected by processing conditions such as 
pH [3], resulting in protein aggregation and precipitation. The addition 
of stabilizers can improve the stability of protein emulsions, and studies 
have proved that polysaccharides are the preferred stabilizers [4,5]. 
Pectin (PC) is a natural anionic polysaccharide in plant cell walls [6]. 
Due to its wide availability and low price, it is a commonly used additive 
in the food industry and has excellent properties such as gelling and 
thickening [7]. Therefore, protein and polysaccharide complexation 
studies have received great attention recently to improve emulsion 
performance [8]. 

In emulsions stabilized by protein-polysaccharide complexes, pro-
teins and polysaccharides are complexed through hydrogen bonding, 
van der Waals forces, electrostatic and hydrophobic interactions [9–11], 
and wrapped on the surface of oil droplets, which effectively prevents 
droplet aggregation and improves emulsion stability. Xu et al. [12] used 
soybean polysaccharides and sodium caseinate to stabilize emulsions, 

forming a dense interfacial membrane through electrostatic attraction 
and hydrophobic interactions, thus promoting emulsion stability. 
Taherian et al. [13] obtained a whey protein isolate and fish gelatin 
complex through layer-by-layer interfacial deposition, and found that 
the complex emulsion had better physical and chemical stability than an 
emulsion stabilized by protein alone. 

High-intensity ultrasound (HIU) treatment can promote emulsifica-
tion. Different from commonly used methods of reducing emulsion 
particle size through high shear and high pressure, HIU treatment 
emulsifies through its unique cavitation effect. The cavitation effect and 
physical force generated by ultrasound directly affect the oil droplets 
and liquid in the emulsion. Then, the droplets are broken into small 
particles to obtain the emulsion with smaller particle size [14]. 
Concurrently, the large amount of energy generated by the cavitation 
effect will also cause chemical, physical, and thermal effects on the 
substances in the emulsion [15]. Therefore, under the above effects, the 
emulsion properties will be affected by the treatment [16]. Taha et al. 
[17] explored the effect of different ultrasound conditions on the char-
acteristics of SPI-stabilized emulsions containing medium chain tri-
glycerides. They found that the treated emulsion had better emulsion 
stability and a higher amount of interfacial proteins. Liu et al. [18] 
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evaluated the effect of different HIU powers on the stability of myofi-
brillar protein (MP) emulsions, and found that the MP emulsion stability 
was significantly improved at 450 W. 

Herein, based on the advantages of HIU technology, such as high 
energy, low price, convenient operation, environmental friendliness, 
and high safety, an SPI-PC complex emulsion was prepared by HIU 
treatment. The effects of different HIU powers on the physicochemical 

properties, microstructure, and stability of emulsion were investigated, 
and the mechanism of the HIU effect on SPI-PC emulsions was explored 
to solve the problem of large particle size and unstable combination, 
enhance the emulsification characteristics of the complex, and increase 
the stability of the emulsification system, which provided emulsifiers 
with low price and good functional properties for the food industry. 

2. Materials and methods 

2.1. Materials 

SPI was self-made in the laboratory. Defatted soybean powder was 
mixed with deionized water and the pH was adjusted to 8.0. The 
dispersion was subjected to protein extraction with magnetic stirring for 
2.5 h and then centrifuged at 10000 × g and 4 ◦C for 30 min. The pH of 
the supernatant was adjusted to 4.5 and centrifuged at 10000 × g for 30 
min. The precipitate was washed twice with deionized water, and then 

Fig. 1. Emulsifying properties analysis under different ultrasound powers Note: 
The superscript letters in the same group indicate significant differences among 
the data (p < 0.05). 

Table 1 
Changes of mean particle size (D43), PDI and ζ-potential of emulsion treated by 
high intensity ultrasound under different powers.  

Ultrasound power (W) D43 (nm) PDI ζ-potential 

0 1706.00 ± 6.46 a 0.801 ± 0.098 a − 8.55 ± 0.32 a 

150 1142.20 ± 4.66 b 0.349 ± 0.039 bc − 11.47 ± 0.25 b 

300 834.87 ± 5.78 c 0.263 ± 0.064 c − 13.11 ± 0.47 c 

450 559.82 ± 3.17 e 0.265 ± 0.045 c − 16.39 ± 0.18 e 

600 638.80 ± 6.53 d 0.433 ± 0.072 b − 15.71 ± 0.22 d 

Note: The different superscript letters in the same column indicate significant 
differences between the data (p < 0.05). 

Fig. 2. CLSM and particle distribution under different ultrasound powers.  

Fig. 3. Interfacial proteins distribution under different ultrasound powers 
Note: The superscript letters in the same group indicate significant differences 
among the data (p < 0.05). 
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neutralized to pH 7.0. The neutral solution was frozen and subsequently 
freeze-dried for further use. The protein content of the SPI was deter-
mined to be 90.34 ± 0.91% by the Kjeldahl method. High methoxy 
methyl ester pectin was obtained from Yuanye Bio-technology Co., Ltd 
(Shanghai, China). First grade soybean oil was purchased from Yihai 
Kerry (Harbin) Oils, Grains & Foodstuffs Industries Co., Ltd (Harbin, 
China). 

2.2. Preparation of complex 

SPI and PC were dissolved in phosphate buffer solution (pH 7.0, 0.01 
M), respectively. After stirring, the SPI and PC solutions were mixed, and 
the SPI and PC mass fractions in the final solution were 1% and 0.3%, 
respectively. Then, citric acid was added to the solution to adjust the pH 
to 3.5 and stirred. Consequently, 0.01% NaN3 was added to the solution 
and stored at 4 ◦C overnight to obtain SPI-PC complexes. 

2.3. Preparation of emulsion 

The SPI-PC mixed solution was taken, and 10% (v/v) soybean oil was 
added. The emulsion stabilized by the SPI-PC complex was prepared 
with a homogenizer (Ultra-Turrax T18, Angni Co., Shanghai, China) at 
20000 rpm for 5 min. Then, the freshly prepared emulsion was ice- 
bathed to maintain the temperature below 20 ◦C, and the emulsion 
was subjected to 150, 300, 450, and 600 W HIU treatment for 15 min by 
using a Scientz-II D ultrasound generator (Scientz Biotechnology Co., 
Ltd., Ningbo, China). Ultrasonic conditions: frequency 20 kHz, pulse 
working time 4 s, intermittent time 2 s, and an ultrasonic titanium probe 
with a diameter of 6 mm was immersed into the emulsion at a depth of 1 
cm from the bottom. Consequently, the emulsions were stored at 4 ◦C 
until further analysis. 

2.4. Determination of emulsifying properties 

Emulsifying properties were measured by the method of Li et al. [19] 
with some modifications. Briefly, 0.1% (w/v) sodium dodecyl sulfate 
was diluted 100-fold and added to 50 μL of fresh emulsion. The absor-
bance of the diluted emulsion at 500 nm was measured with a spec-
trophotometer. The emulsion activity index (EAI) and emulsion stability 
index (ESI) were calculated as follows: 

EAI(m2/g) =
2 × 2.303 × A0 × DF
10000 × θ × L × C  

ESI(min) =
A0 × 10
A0 − A10 

Here, A0 is the absorbance at 0 min, DF is the dilution factor (100), C 
is the protein concentration (g/mL) before emulsification, θ is the oil 
volume fraction (v/v) of the emulsion, L is the optical path (1 cm), and 
A10 is the absorbance at 10 min. 

2.5. Determination of particle size and ζ-potential 

The particle size of the emulsions treated with different ultrasound 
powers was measured by a Mastersizer 2000 particle size analyzer 
(Malvern Instrument Co., Ltd., UK.). The volume mean diameter (D43) 
was used to describe the particle size of the samples. Moreover, the 
ζ-potential of the emulsions was measured. 

2.6. Confocal laser scanning microscopy (CLSM) 

The distribution of the emulsions under different ultrasound powers 
was evaluated according to the method of Geremias-Andrade et al. [20]. 
First, Nile red was dissolved in isopropanol to obtain a 0.1% dyeing 
solution. Subsequently, 20 μL Nile Red was added to 0.5 mL of emulsions 
and stained for 30 min. Then, the stained emulsions were placed on 
concave microscope slides and covered with glycerol-coated coverslips 
to obtain confocal images. 

2.7. Distribution of interfacial proteins 

Emulsions were centrifuged at 10000 × g for 30 min to separate the 
non-adsorbed and adsorbed proteins as reported by Jiang et al. [21]. 
Afterward, the cream phase was removed, and the serum phase was 
collected using a long needle syringe and filtered through a 0.45 μm 
filter. The amounts of non-adsorbed and adsorbed proteins present in 
the serum and cream phase were calculate using Lowry’s method. 

2.8. Atomic force microscopy (AFM) 

The micromorphology of the emulsions under different ultrasound 
powers was observed by AFM. The emulsions were placed on a freshly 
cleaved mica sheet and then air dried at room temperature. The images 
and average roughness value (Rq) of the emulsions were analyzed by 
Nanoscope Software. 

Fig. 4. AFM analysis under different ultrasound powers.  
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2.9. Contact angle 

The contact angle of the emulsions was determined by the sessile 
drop method. Briefly, a small amount of emulsion was smeared on a 
glass slide to form a film with a diameter of approximately 10 mm. A 
high-precision syringe was used to put a drop of water on the surface of 
the film formed by the emulsion, and then the image of the drop was 
recorded immediately after falling from the syringe. The contour of the 
drop was numerically solved and fitted to the Laplace-Young equation to 
determine the interfacial tension. 

2.10. Apparent viscosity 

Static rheological measurements of the emulsions under different 

ultrasound powers were recorded using a rheometer. The shear rate was 
increased from 0.1 s− 1 to 1000 s− 1. The relationship between the shear 
rate and the apparent viscosity was recorded and analyzed. 

2.11. Thermal stability 

The emulsions treated with different ultrasound powers were heated 
in a boiling water bath with a temperature of 100 ◦C for 20 min, then 
cooled to room temperature. After standing for 30 min, the particle size 
distribution was evaluated by a particle size analyzer. 

2.12. Storage stability 

The freshly prepared emulsions were stored at 25 ◦C for 30 days. The 

Fig. 5. Contact angle and interfacial tension analysis under different ultrasound powers.  
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creaming index (CI) was obtained by determining the height of the clear 
liquid (Hc) and the total height of the emulsion (Ht), and the calculation 
equation can be expressed as follows: 

CI(%) =
Hc
Ht

× 100  

2.13. Statistical analysis 

All data were obtained in triplicate. The standard error was analyzed 
and the data were recorded by Origin 9.1. Statistics 22.0 was used to 
analyze variance, and Duncan’s test (p < 0.05) was utilized to evaluate 
the significance of differences in the data. 

3. Results and discussion 

3.1. Emulsifying properties analysis 

Emulsifying properties reflect the ability of emulsifiers to form and 
stabilize emulsions by adsorbing to the oil–water interface and reducing 
the interfacial tension [22]. Fig. 1 exhibits the emulsifying properties of 
SPI-PC complexes stabilized emulsions treated by HIU at different 
powers. Compared with the untreated emulsion, the EAI and ESI of the 
HIU-treated emulsions increased with increasing HIU powers from 0 to 
450 W. The emulsion treated at 450 W had the best emulsifying prop-
erties, and the EAI and ESI increased by 69.69% and 145.66%, respec-
tively. Wang et al. [23] found that HIU treatment could effectively 
reduce the particle size of the complex and improve the dispersion and 
solubility of the complex. In addition to modifying proteins and poly-
saccharides, HIU usually generates powerful micro jets to make the 
emulsion system more uniform. However, the emulsifying properties did 
not continue to increase when the emulsion was treated at 600 W (p >
0.05). This may be because excessive HIU power may destroy the 
spherical structure of SPI and form large aggregates, resulting in reduced 
emulsifying properties [24]. 

3.2. Particle size, PDI, and ζ-potential analysis 

The D43, PDI, and ζ-potential values of the emulsions treated at 
different powers are exhibited in Table 1. The D43 and PDI of the 
emulsions decreased with increasing HIU power. When the emulsion 
was treated at 450 W, the D43 of the emulsion was the smallest. During 
the ultrasound treatment, the energy generated by cavitation caused the 
complexes and droplets to be violently agitated resulting in a reduction 
of the particle size. When the HIU power was 600 W, the D43 and PDI of 

the emulsion increased again. This may account for the aggregation of 
the complex. The role of ultrasound in particle size reduction has been 
widely demonstrated [25]. Wang et al. [26] showed that the shear force 
and turbulence generated by cavitation could cause protein dispersion, 
and the particle size of complexes significantly reduced. The decrease in 
particle size allowed more complexes to be adsorbed on the oil–water 
interface, which was beneficial to improve emulsion stability. ζ-poten-
tial can characterize the degree of electrostatic attraction or repulsion 
between adjacent particles in an emulsion system, and it is also a key 
indicator of emulsion stability. Compared with the untreated emulsion, 
the absolute value of the ζ-potential increased significantly after HIU 
treatment, and reached the maximum at 450 W. The increase in the 
absolute value of the ζ-potential would enhance the electrostatic 
repulsion between protein and inhibit aggregation, thereby promoting 
emulsion stability [27]. This was also one of the reasons for the 
improved emulsifying properties. 

3.3. CLSM and particle distribution 

Fig. 2 presents the CLSM micrographs and particle size distribution 
of the emulsions. The untreated emulsion had a large particle size and 
uneven distribution, and local aggregation occurred. With increasing 
HIU treatment power, the emulsion aggregation was significantly 
improved. When the treatment power reached 450 W, the particle size of 
the emulsion was the smallest, which was consistent with the results in 
Section 3.2. This was attributed to the physical force caused by ultra-
sound, which resulted in the emulsion droplets being effectively broken, 
thus the particle size decreased. Zhu et al. [28] reported that the 
emulsifying properties of walnut protein were improved by ultrasound 
treatment, which may be due to the formation of smaller droplets and 
the higher surface hydrophobicity of the ultrasound-treated protein 
particles. 

3.4. Distribution of interfacial proteins 

The interfacial protein distribution will affect the stability of the 
emulsion interface layer, which is closely related to the stability of the 
emulsion [29]. The change in protein content at the emulsion interface 
under different HIU treatments is shown in Fig. 3. As the HIU power 
increased from 0 W to 450 W, the adsorbed protein content in the 
emulsion gradually increased from 7.12% to 27.31%, and the non- 
adsorbed protein content decreased from 92.88% to 72.69%. The in-
crease in adsorbed protein content might be due to the cavitation caused 
by ultrasound treatment, which reduced the droplet size, and increased 
the surface area of the droplets [30]. Concurrently, HIU treatment 
induced the changes in the spatial arrangement of protein molecules, 
and proteins with smaller particle diameters were spread to the surface 
of the oil droplets faster, which increased the content of the adsorbed 
protein. Therefore, the interfacial protein content increased during 
emulsion formation, and the emulsion stability was improved. When the 
HIU power reached 600 W, the adsorbed protein content in the emulsion 
was slightly reduced, and the non-adsorbed protein content increased. 
This phenomenon indicated that high-power treatment might cause the 
protein to form aggregates, reduce the content of adsorbed protein on 
the surface of the oil droplets, and increase the droplet size, which was 
not conducive to the formation of stable and uniform emulsions. The 
results were consistency with the results of particle size and ζ-potential. 

3.5. AFM analysis 

AFM was used to study the microstructure and surface morphology 
of the emulsions treated by HIU at different powers. In Fig. 4, the un-
treated emulsion showed significant aggregation. As the HIU power 
increased, the aggregation phenomenon was alleviated. When the 
emulsion was treated at 450 W, the peaks in the AFM image were more 
uniform, demonstrating that the formed emulsion was evenly dispersed 

Fig. 6. Apparent viscosity analysis under different ultrasound powers.  
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with small particles and had good stability, which was consistent with 
the CLSM results. Besides, Rq, as an indicator of surface roughness, can 
reflect the degree of aggregation. The Rq of the untreated emulsion was 
the largest (38.5 nm). In contrast, the Rq of the emulsion after ultra-
sound treatment decreased significantly (p < 0.05). The minimum Rq 
(10.3 nm) at 450 W suggested that the emulsion had the best dis-
persibility. Nevertheless, when the emulsion was treated at 600 W, the 
Rq increased to 14.6 nm, and the AFM image showed a tendency to 
aggregate, which may be related to the formation of insoluble aggre-
gates [31]. Xiong et al. [32] found the similar phenomenon that 

excessive ultrasound caused changes in the molecular structure of pro-
teins and reduced their emulsifying properties. Therefore, an appro-
priate HIU treatment power can significantly improve emulsion 
aggregation. 

3.6. Contact angle and interfacial tension analysis 

The contact angle (θ) is an important indicator to evaluate the 
wettability of emulsions. When θ < 90◦, it indicates that the sample is 
hydrophilic, and the smaller the angle, the better the wettability. Good 

Fig. 7. Thermal stability analysis under different ultrasound powers.  
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wettability favors emulsion processing and absorption in the human 
body [33]. In Fig. 5A, the θ of all emulsions was<90◦, which demon-
strated that all samples were hydrophilic. Among them, the θ of the 
emulsion treated at 450 W was the smallest (29.4 ± 0.4◦), which was 
significantly lower than that of the untreated emulsion (66.2 ± 0.2◦) (p 
< 0.05). When the HIU power reached 600 W, θ increased again. This 
may be due to excessive ultrasound treatment resulting in heat and free 
radicals, which lead to the formation of insoluble aggregates. Further-
more, emulsion stability is closely related to interfacial tension. 
Decreasing the interfacial tension will enhance the emulsion stability. As 
shown in Fig. 5B, with increasing HIU power, the particle size of the 

emulsion gradually decreased, the interfacial distribution of protein 
increased, which explained the decrease in interfacial tension. When the 
emulsion was treated at 450 W, the interfacial tension was the smallest, 
revealing that the emulsion stability was the best. This agreed with the 
results of adsorbed proteins and droplet size. 

3.7. Apparent viscosity analysis 

The association between apparent viscosity and shear rate of the 
emulsions treated at different HIU powers is shown in Fig. 6. With 
increasing shear rate, the flow behavior of all emulsions significantly 
reduced. The untreated emulsion exhibited significant shear thinning 
behavior and high viscosity. With increasing ultrasound power, the 
apparent viscosity of the emulsion decreased. Emulsions with smaller 
particle sizes usually have higher viscosity [34]. The particle size of the 
emulsion was reduced by ultrasound treatment (Table 1), but the 
apparent viscosity had the opposite result, probably due to the greater 
influence of pectin on the emulsion viscosity. This was consistent with 
the results of Zhang et al. [35]. They found that the molecular weight 
and apparent viscosity of pectin decreased rapidly after ultrasound 
treatment. 

3.8. Thermal stability analysis 

Heat treatment is one of the most commonly used methods in food 
processing. It can not only exterminate microorganisms but also effec-
tively inactivate protease inhibitors in SPI and improve the nutritive 
value of SPI. Hence, good thermal stability is essential for emulsion 
quality. Fig. 7 shows the particle size distribution and appearance 
changes of the emulsion under different HIU powers after heating. The 
D43 of the untreated emulsion was the largest (2441.07 ± 68.41 nm), 
implying that the heating treatment caused the emulsion droplets to 
coalesce and the particle size distribution became uneven [36]. 

Fig. 8. Storage stability analysis under different ultrasound powers.  

Fig. 9. Mechanism of HIU effect on the SPI-PC emulsion.  
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Compared with the untreated emulsion, the D43 of the HIU-treated 
emulsion decreased significantly after heating. The D43 was minimal 
(907.95 ± 31.72 nm) when the emulsion was treated at 450 W, and the 
emulsion separation was also significantly improved. However, the D43 
increased when the emulsion was treated at 600 W. This may be because 
the emulsion stability after the 600 W HIU treatment was weaker than 
that of the 450 W treatment. Concurrently, the heating treatment 
destroyed the emulsion stability to some extent, causing emulsion 
droplets to aggregate and D43 to increase. The results demonstrated that 
high HIU power was detrimental to the thermal stability of the emulsion. 

3.9. Storage stability analysis 

The CI refers to the degree of aggregation and separation of oil 
droplets from the water phase of the emulsion during storage, which can 
be used to evaluate the storage stability of emulsion [37]. Fig. 8 shows 
the CI of the emulsions during storage after HIU treatment at different 
powers. The freshly prepared emulsion exhibited a uniform milky white 
color. With prolonged storage time, all the emulsions appeared 
evidently separated. The CI value of the untreated emulsion during 
storage was the highest, indicating the worst stability, while HIU 
treatment can significantly improve this phenomenon. Moreover, the 
cavitation effect can lead to stronger repulsion between oil droplets, 
effectively inhibiting coalescence and phase separation of the emulsion 
[38]. The storage stability of the emulsion was better when the treat-
ment power was higher than 450 W. This was because ultrasound 
treatment favored the close combination of the complex with the oil 
droplets, thus promoting emulsion stability. 

3.10. Mechanism of the HIU effect on the SPI-PC emulsion 

In the HIU emulsification process, three main processes occur: 
deformation and fracture of the oil droplets, emulsifier transfer and 
adsorption to the surface of the oil droplets, and emulsified droplets 
collide with each other and fuse together [39]. The instantaneous 
rupture of the cavitation bubbles during the HIU process will cause the 
pressure and volume around the bubbles to change rapidly, resulting in 
shear force, microjets, and other effects that will affect the emulsion 
characteristics. The high pressure generated by the bubble rupture will 
also cause the solid particles and larger droplets suspended in the liquid 
to be destroyed. In Fig. 9, compared with the untreated emulsion, when 
the HIU power was 450 W, the particle size of the droplets after the HIU 
process was significantly reduced and the distribution was more uni-
form, indicating that the oil droplets were broken and formed small 
dispersed oil droplets. Concurrently, the SPI-PC complex was subjected 
to ultrasound treatment, the spatial arrangement changed, and then 
adsorbed to the surface of the oil droplets quickly to form emulsified 
droplets. When the HIU power was 600 W, the particle size of the 
emulsion droplets increased slightly. This might be because the high 
treatment power caused the local temperature of the sample to increase, 
and the generated instantaneous high temperature would affect the 
emulsion performance [40], causing some of the emulsion droplets to 
collide, aggregate, and fuse. 

4. Conclusions 

HIU was used successfully to treat emulsions stabilized with SPI-PC 
complexes. The physicochemical properties, microstructure, and sta-
bility of the emulsion were explored. The results demonstrated that HIU 
treatment significantly enhanced the emulsifying properties of the 
emulsion. CLSM and AFM images showed that the particle size of the 
emulsion decreased after treatment, and droplet aggregation was 
significantly improved. Besides, HIU treatment reduced the interfacial 
tension and apparent viscosity of the emulsion, and increased its thermal 
and storage stability. These results demonstrated that HIU can be used in 
the food industry as a useful technology to enhance emulsion stability. 
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