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A B S T R A C T   

In this study, soybean protein isolate (SPI) and pectin emulsion gels were prepared by thermal induction, and the 
effects of high intensity ultrasound (HIU) at various powers (0, 150, 300, 450 and 600 W) on the structure, gel 
properties and stability of emulsion gels were investigated. Fourier transform infrared spectroscopy (FTIR) and X- 
ray diffraction (XRD) showed that the interaction between SPI and pectin was enhanced and the crystallinity of 
the emulsion gels was changed due to the HIU treatment. Confocal laser scanning microscopy (CLSM) and 
scanning electron microscopy (SEM) observations revealed that the particle size of the emulsion gels was 
decreased significantly by HIU treatment. The emulsion gel structure became more uniform and denser, which 
was conducive to storage stability. In addition, according to the low field nuclear magnetic resonance (LF-NMR) 
analysis, HIU treatment had no obvious impact on the content of bound water as the power increased to 450 W, 
while the content of free water decreased gradually and became immobilized water, which indicated that the 
water holding capacity of the emulsion gels was enhanced. Compared with untreated emulsion gel, differential 
scanning calorimetry (DSC) analysis showed that the denaturation temperature reached 131.9 ℃ from 128.2 ℃ 
when treated at 450 W. The chemical stability and bioaccessibility of β-carotene in the emulsion gels were 
improved significantly after HIU treatment during simulated in vitro digestion.   

1. Introduction 

An emulsion gel is a gel-like solid material with a spatial network 
structure formed through a certain induction method on the basis of the 
emulsion. It is characterized by emulsified oil droplets in the gel network 
[1,2]. Recently, emulsion gel has attracted increasing attention because 
it can be used in meat products instead of animal fat. Otherwise, 
emulsion gel can also be used as a delivery system for some biologically 
active substances, such as vitamins, β-carotene, and curcumin [3-5]. 
After being solidified by the spatial structure, these active substances 
can be protected by the emulsion gel, and the chemical stability can be 
improved significantly [6]. 

It is worth noting that emulsion gels, which are prepared with pro
tein or polysaccharide alone, usually have some limitations in practical 
applications, such as poor emulsification and thermal stability. This has 
shifted the research focus gradually to emulsion gels stabilized by 
multiple substances [7,8]. This can not only enhance the emulsification 
of individual substances but also help to resist environmental changes 

such as extreme pH, ionic strength and heat treatment and improve the 
stability of emulsion gels [9,10]. Soybean protein isolate (SPI) is a plant 
protein resource with a wide range of sources. When SPI is used as an 
emulsifier, it is often affected by its natural structure, processing and 
storage, resulting in a decline in its functional properties. Pectin is 
commonly used as a thickener and gelling agent in the food industry. 
Therefore, SPI and pectin were selected as raw materials to prepare 
emulsion gels in this study. In addition, β-carotene has strong antioxi
dant activity, but it is extremely sensitive to light and heat, which may 
lead to the loss of its biological activity. An emulsion gel delivery system 
can effectively protect β-carotene from degradation. 

Moreover, an emulsion gel with a denser and more uniform network 
structure can be obtained through appropriate treatment and modifi
cation, thus affecting the stability and release rate of the embedded 
active substances. High intensity ultrasound (HIU) treatment is a new 
type of physical modification method that has the advantages of high 
energy, high safety, environmental friendliness and strong penetrating 
power [11,12]. HIU emulsification is mainly provoked by the cavitation 
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effect. The high temperature and high pressure generated by instanta
neous bursts of cavitation bubbles will produce physical, chemical and 
thermal effects on the materials in solution. Under these conditions, the 
properties of emulsions can be affected by modification methods 
[13,14]. Among them, the physical effects are mainly produced by 
physical forces, including shear force, high pressure, shock waves and 
microjets [15,16]. The chemical effects mainly refer to the free radicals 
produced by ultrasound, which can oxidize any substance in the emul
sion or react with each other to form H2O2. In addition, amino acids such 
as Trp, His and Cys in proteins are easily oxidized, and free radicals and 
H2O2 can also attack polyunsaturated fatty acids in oil [17,18]. Finally, 
thermal effects may affect the unfolding of proteins, the properties of 
polysaccharides, and the oxidation of lipids. The increase in local tem
perature in the emulsion and the instantaneous high temperature may 
have a great impact on the properties of the emulsion [13]. 

Hence, HIU technology was used to process SPI and pectin emul
sions, and then the emulsion gel system was prepared by thermal in
duction. The effects of HIU treatment on the structure, gel properties and 
stability of the emulsion gel were studied. In addition, in vitro digestion 
simulation experiments were conducted on emulsion gels containing 
β-carotene to explore the influence of HIU treatment on the stability of 
β-carotene during digestion. This research provides a theoretical basis 
for the development of a good emulsification system for the delivery of 
biologically active substances. 

2. Materials and methods 

2.1. Materials 

SPI was prepared in our 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 su
pernatant was adjusted to pH 4.5 and centrifuged at 10000 × g for 30 
min. The precipitate was washed twice with deionized water and then 
neutralized to pH 7.0. The neutral solution was frozen and subsequently 
freeze-dried for further use. The protein content of SPI was 90.62% ±
0.84% by the Kjeldahl method. High methoxy methyl ester pectin 
(derived from citrus, degree of esterification (DE) > 50%) and β-caro
tene were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, 
China). First-grade soybean oil was obtained from Jiusan Huikang Food 
Co., Ltd. (Harbin, Heilongjiang, China). All other chemical agents were 
of analytical grade. 

2.2. Preparation of emulsion 

SPI (final concentration 7%) and pectin (final concentration 3%) 
were dispersed in sodium phosphate buffer (PBS, 0.01 M, pH 7.0). The 
solution was continuously stirred for 3 h at room temperature to ensure 
a complete reaction of the SPI and pectin. Next, the solution was mixed 
with 6% (v/v) soybean oil (with/without 3 wt% β-carotene) and ho
mogenized (Ultra-Turrax T18, Angni Co., Shanghai, China) at 20000 
rpm for 5 min. Incidentally, soybean oil containing β-carotene was ob
tained by heating at 140 ◦C for 2 min with continuous stirring. 

2.3. Preparation of emulsion gel 

The prepared emulsions were placed in a large beaker with ice to 
keep the temperature below 20 ℃, and a titanium probe with a diameter 
of 6 mm was immersed in the emulsions at a depth of 1 cm from the 
bottom, followed by treatment with HIU at different output powers (0, 
150, 300, 450 and 600 W) at 20 kHz for 15 min (pulse duration of 4 s on 
and 2 s off) using an ultrasonic generator (Scientz Biotechnology Co., 
Ltd., Ningbo, China), while ensuring that the probe position in each 
group of samples was at the same depth from the bottom. Finally, the 
emulsions were heated for 30 min at 80 ◦C, allowed to coagulate in a 

water bath, and then cooled in an ice water bath immediately. After 
coagulation, the emulsion gels were stored at 4 ◦C until further analysis. 
The emulsion gels were prepared according to the method outlined 
above with β-carotene dissolved in soybean oil and used for in vitro 
digestion simulation. 

2.4. Fourier transform infrared spectroscopy (FTIR) 

FTIR was used to characterize the interaction between SPI and pectin 
in emulsion gels by KBr tableting [19]. The freeze-dried emulsion gels 
were mixed with KBr at a ratio of 1:100 and ground evenly. Then, the 
samples were pressed and measured from 4000 to 500 cm− 1. 

2.5. X-ray diffraction (XRD) 

The XRD data of emulsion gels treated with different ultrasound 
powers were obtained using an X-ray diffractometer (D/MAX 2500 V, 
Rigaku Corporation, Japan) at 40 kV. The samples were laid flat in the 
circular hole on the test piece and scanned from 5◦ to 150◦ (2θ) [20]. 
Then, the degree of crystallinity was calculated. 

2.6. Confocal laser scanning microscopy (CLSM) 

The distribution and size of the emulsion gels were evaluated using 
CLSM (Leica Microsystems, Heidelberg GmbH, Germany). First, Nile 
blue and Nile red were dissolved in isopropanol to prepare 1% and 0.1% 
staining solutions, respectively, and then mixed uniformly and filtered. 
Next, 25 μL Nile blue solution and 20 μL Nile red solution were added to 
0.5 mL of emulsion treated with different ultrasound powers and 
allowed to stain for 30 min. The gelation process was carried out in 
accordance with the method mentioned above. Confocal images were 
obtained with a 100X magnification lens [21]. 

2.7. Scanning electron microscopy (SEM) 

The microstructure of the emulsion gels was observed by SEM (S- 
3400 N, Hitachi, Tokyo, Japan) according to the method of Wang et al. 
[22]. The emulsion gels were cut into small pieces and immersed in 2.5% 
glutaraldehyde for 24 h, rinsed with PBS (0.1 M, pH 7.2) three times and 
dehydrated with 50%, 70%, 90% and 100% ethanol. After dehydration, 
the samples were freeze-dried and sputter-coated for microscopic 
observation. 

2.8. Water holding capacity (WHC) 

The WHC of emulsion gels was measured using a method described 
by Bi et al. [23]. The emulsion gels were weighed and centrifuged at 
10,000 × g for 20 min at 4 ◦C. The calculation formula for WHC was 
expressed as: 

WHC =
W1 − W2

W1
× 100%  

where W1 is the mass of the emulsion gel before centrifugation, and W2 
is the mass of the water removed after centrifugation. 

2.9. Gel strength 

A texture analyzer (Stable Micro Systems Co. Ltd., Surrey, UK) was 
used to perform a puncture test on emulsion gels treated with different 
ultrasound powers at room temperature to measure the breaking 
strength [24]. 

2.10. Low field nuclear magnetic resonance (LF-NMR) 

LF-NMR was used to determine the water distribution in the 

X. Zhang et al.                                                                                                                                                                                                                                   



Ultrasonics Sonochemistry 79 (2021) 105756

3

emulsion gels treated with different ultrasound powers according to a 
method outlined by Zhang et al. [25]. The emulsion gels were placed in a 
cylindrical glass tube (15 mm diameter) and inserted into the NMR 
probe. The transverse relaxation time (T2) was measured with an LF- 
NMR analyzer (Bruker Optik GmbH, Ettlingen, Germany). 

2.11. Differential scanning calorimetry (DSC) 

A DSC 250 (TA instrument, USA) was used to measure the thermal 
behavior of the emulsion gels. Two milligrams of emulsion gel was 
placed in an aluminum disc and sealed with an aluminum cover. The 
initial scanning temperature was set at 20 ◦C and increased to 150 ◦C at a 
heating rate of 5 ◦C/min. 

2.12. In vitro digestion 

2.12.1. Simulated gastrointestinal tract digestion 
Gastric stage: Emulsion gel samples with β-carotene treated by 

different ultrasound powers were dispersed in 10 mL of distilled water, 
which was adjusted to pH 6.0, and mixed with simulated gastric fluid 
containing 3.2 mg/mL pepsin at a ratio of 1:1 (v/v) in conical flasks. 
Subsequently, the pH of the samples was adjusted to 2.5 with 1 M HCl 
solution, and then gastric digestion was simulated at 37 ◦C with 
continuous shaking for 1 h. 

Intestinal stage: The pH of the samples after the gastric digestion 
stage was adjusted to 7.5 with a 1 M NaOH solution to inactivate pepsin. 
A 10 mL sample was mixed with simulated intestinal fluid containing 20 
mg/mL bile salt, 10 mg/mL lipase, and 10 mg/mL pancreatin at a ratio 
of 1:1 (v/v), and the pH was adjusted to 7.5 again. The samples were 
kept at 37 ◦C for 2 h to simulate intestinal digestion. 

2.12.2. Bioaccessibility and chemical stability of β-carotene 
At the end of the in vitro digestion simulation, the samples were 

centrifuged at 10,000 × g for 30 min to collect the intermediate micellar 
phase. β-Carotene was extracted with a mixed solvent of n-hexane, 
acetone and ethanol (v/v, 2:1:1). The absorbance at 450 nm was 
recorded to determine the content of β-carotene. The equations for 
calculating the bioaccessibility and chemical stability of β-carotene were 
as follows [26]: 

Bioaccessibility =
CM

CD
× 100%  

Chemical stability =
CD

CG
× 100%  

where CM is the concentration of β-carotene in the micelle phase, CD is 
the concentration of β-carotene in the sample after intestinal digestion, 
and CG is the concentration of β-carotene in the emulsion gel. 

2.13. Statistical analysis 

All test indicators in this study were repeated at least three times. The 
average and standard error were calculated and analyzed, and the data 
were recorded by Excel. Origin 8.5 was used for drawing, SPSS 22.0 was 
used for one-way analysis of variance (ANOVA), and Duncan’s test (p <
0.05) was used to verify the significance of the data differences. 

3. Results and discussion 

3.1. FTIR analysis 

The FTIR spectroscopy results of the emulsion gels treated with 
different ultrasound powers are shown in Fig. 1. The broad peak at 3406 
cm− 1 was attributed to the stretching vibration of OH, and asymmetric 
and symmetric stretching vibrations of CH were observed at 2930 cm− 1 

and 2855 cm− 1 [27]. With increasing HIU power, the stretching vibra
tion peaks of CH increased, which may be due to the enhanced hydrogen 
bonding between the methylene group of pectin and the hydroxyl group 
of SPI [28]. The bands in the region of 1200–1800 cm− 1 belonged to the 
main functional groups present in pectin [29]. For example, the band at 
1743 cm− 1 was attributable to the C=O stretching of the methyl ester 
(usually used to detect the degree of esterification of pectin). The peaks 
at 1653 cm− 1 and 1373 cm− 1 were related to the C=O asymmetric and 
symmetric stretching of the COO— group of polygalacturonic acid in 
pectin, respectively. The peak at 1456 cm− 1 was due to the bending 
vibration of CH2, and the peak at 1161 cm− 1 was the stretching vibration 
of C–O–C. In addition, with increasing HIU processing power, the peak 
intensity at 1161 cm− 1 increased, which was related to the extension of 
C–O–C. It can be seen from the spectrogram that the interaction of the 
internal groups in the emulsion gels was affected by HIU treatment; 
however, the basic gel structure was not destroyed. This may be 
attributed to the shear force and turbulence caused by HIU, which 
played an important role in the structure of SPI and pectin. Moreover, 
the heat and oxidation produced by the cavitation effect also affected the 
structure of SPI and pectin. Furthermore, the peak intensity of the 3406 
cm− 1 region corresponding to hydrogen bonds increased, which in
dicates that the interaction between SPI and pectin was enhanced due to 
HIU treatment. 

Fig. 1. FTIR analysis of emulsion gels treated with different ultrasound powers.  Fig. 2. XRD analysis of emulsion gels treated with different ultrasound powers.  
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3.2. XRD analysis 

Fig. 2 shows the XRD spectra of emulsion gels treated with different 
ultrasound powers. All samples exhibited a clearly broad diffraction 
peak at approximately 2θ = 29◦. Compared with the untreated emulsion 
gel, the crystallinity of the sample with an HIU power of 450 W 
increased from 22.7% to 26.4%. Moreover, the diffraction peaks of HIU- 
treated emulsion gels moved to higher angles with respect to the XRD 
pattern of the untreated emulsion gel. These results indicated that the 
crystal size of the emulsion gel decreased after HIU treatment [30,31]. 
This is probably because the regular arrangement of protein and pectin 
molecules was destroyed as a result of HIU treatment. This reduced the 
overall rigidity and therefore caused the crystal size of the emulsion gels 
to decrease after heat induction. 

3.3. Microstructure analysis 

The micrographs of emulsion gels were observed by CLSM. Fig. 3A 
shows that the droplet size of the emulsion gel gradually decreased when 
treated at low HIU powers of 150 and 300 W, but there was still obvious 
aggregation. However, when treated at 450 and 600 W, the aggregation 
was significantly improved, and the emulsion gels were composed of 
homogeneous small particles. This may be due to the exposure of more 
hydrophobic groups in SPI after being processed by HIU [18,32]. This 
enhanced the interaction between the unadsorbed/adsorbed SPI and 
pectin on the surface of oil droplets, as well as the interaction between 
free proteins and interfacial proteins, to better encapsulate the oil phase, 
which is conducive to the gelation of emulsions. Furthermore, the uni
formity of the emulsion gel was improved by high HIU treatment power. 
Smaller droplets were coated with SPI and pectin, which had larger 
surface areas and aggregated through stronger physical and chemical 
interactions, resulting in a denser emulsion gel structure [33]. 

The SEM images of emulsion gels are shown in Fig. 3B. The sphe
roidal particles formed by the oil droplets wrapped by SPI and pectin 
and the SPI and pectin that were not adsorbed into the oil–water 
interface were the main structural units, which constructed a complete 
emulsion gel network [34]. The untreated emulsion gel had a coarser 
structure and larger particle size, which was consistent with that 
observed by CLSM. Moreover, a small amount of SPI and pectin was 

apparently not adsorbed onto the interface, and the gel structures 
composed of these SPIs and pectin and spherical particles were relatively 
loose, which may lead to a decrease in the ability of the emulsion gel to 
bind water. With the increasing power of HIU treatment, the interaction 
between SPI and pectin and the oil droplets increased, resulting in the 
emulsion gel becoming more uniform and denser [35], and there was no 
obvious aggregation of SPI and pectin on the surface of the emulsion gel 
when the HIU power was greater than 450 W. 

In addition, HIU treatment significantly improved the storage sta
bility of the emulsion gel. Fig. 3C shows that after storage at room 
temperature for 7 days, part of the water was separated from the 
emulsion gel without ultrasound treatment, and the gel structure 
became loose. However, this situation was improved with increasing 
ultrasound power. When the emulsion gels were treated with HIU at 450 
W and 600 W, the initial gel structure was maintained after storage, and 
only a minute quantity of water precipitated. 

3.4. Gel strength and WHC analysis 

Table 1 shows the strength of the emulsion gel, and the gel strength 
after HIU treatment at different powers showed a trend of first 
increasing and then decreasing with increasing ultrasound power. This 
may be attributed to the cavitation effect caused by HIU, which fully 
unfolded the structure of SPI and pectin. The interaction between SPI, 
pectin and oil droplets was enhanced by hydrogen bonding, Van der 
Waals forces and hydrophobic interactions. This is beneficial to the 
formation of a more compact and uniform emulsion gel in a three- 

Fig. 3. CLSM micrographs (A), SEM micrographs (B) and storage stability (C) of emulsion gels treated with different ultrasound powers.  

Table 1 
Gel strength and WHC of emulsion gels treated with different ultrasound powers.  

Ultrasound power (W) Gel strength(N) WHC(%) 

0 0.2732 ± 0.0260 e 92.56 ± 0.09 e 

150 0.3317 ± 0.0207 d 94.49 ± 0.03 d 

300 0.4472 ± 0.0252 bc 96.87 ± 0.06c 

450 0.5283 ± 0.0184 a 98.82 ± 0.08 a 

600 0.4758 ± 0.0173b 97.25 ± 0.07b 

Note: The values with different superscript letters (a-e) within a column are 
significantly different (p < 0.05). 
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dimensional network structure, resulting in higher gel strength [36]. 
However, the gel strength decreased when the power of HIU treatment 
increased to 600 W, probably due to excessive ultrasound treatment. 
This resulted in aggregation of protein particles and formation of 
insoluble aggregates; thus, the interaction between the emulsion gel and 
water was weakened. In addition, the structure of these insoluble ag
gregates was more compact than a three-dimensional network structure. 
In this case, the emulsion gel was more likely to break when an external 
stress was applied. The macroscopic performance was the decrease in gel 
strength, which was consistent with that observed by SEM. 

WHC, which is one of the important characteristics of evaluating the 
structure of the emulsion gel, indicates the ability of emulsion gel sys
tems to fix water [37]. According to Table 1, the WHC of emulsion gels 
increased significantly (p < 0.05) after HIU treatment compared with 
that of untreated emulsion gel (92.56% ± 0.09%). It may be that the 
particle size of emulsion gel was decreased under the action of ultra
sound and that the interface area between oil and water in the emulsion 
gel increased. This resulted in a more stable gel system formed, which 
can effectively combine water into the emulsion gel matrix. Therefore, 
the WHC and strength of the emulsion gel increased. On the other hand, 
the structure of the emulsion gel became loose due to the insoluble ag
gregates produced by excessive ultrasound at 600 W, and thus the WHC 
was weakened. Overall, these results further proved that HIU could 
effectively make the emulsion gel more uniform and denser, which also 
contributed to the enhancement of gel strength and WHC. 

3.5. LF-NMR analysis 

LF-NMR has been widely used to study proton mobility in protein/ 
polysaccharide gel systems, as it can intuitively reflect the water dis
tribution in emulsion gels [38]. Fig. 4A shows the relaxation time (T2) of 
the emulsion gels treated with different ultrasound powers. In this study, 
three peaks were observed, where T2b (1–10 ms) reflected the bound 
water in the gel network, T21 (10–600 ms) represented immobilized 
water, and T22 (600–1000 ms) corresponded to free water, indicating the 
movement of water in the emulsion gel. P2b, P21, and P22 were the 
corresponding area fractions, as shown in Fig. 4B. HIU treatment had no 
significant effect on the bound water in the emulsion gel. However, the 
immobilized water and free water began to move toward the direction of 
the bound water as the ultrasound power increased. This indicated that 
the HIU treatment enhanced the ability of the emulsion gel to bind 
water. It is worth noting that the area fraction of P22 was the smallest 
when the HIU power was 450 W, indicating that the free water was 
converted to immobilized water, which helped to enhance the WHC of 
the emulsion gel (Table 1). Moreover, the particle size of SPI and pectin 
were effectively reduced by the appropriate ultrasound power, which is 
conducive to the emulsion gel network capturing more water [39]. 

3.6. DSC analysis 

The effect of HIU treatment on the thermal properties of emulsion 
gels was studied by DSC. As shown in Fig. 5, all samples exhibited an 
obvious absorption peak between 125 and 132 ℃ of the thermal char
acteristic curves, which may be related to the evaporation of the bound 
water and represented the denaturation temperature of the emulsion 
gel, indicating that all the emulsion gels had good thermal stability [40]. 
The denaturation temperature of the emulsion gel without HIU treat
ment was 128.2 ◦C. The absorption peak began to gradually shift to the 
right with increasing HIU treatment power; that is, the denaturation 
temperature was increased. The emulsion gel reached the highest 
denaturation temperature (131.9 ℃) when treated with HIU at 450 W. 
This may be due to the loose structure of the emulsion gel when treated 
at low HIU powers of 150 and 300 W, which led to weak resistance to 
heat. The interaction between SPI and pectin was strengthened after 
450 W ultrasound treatment, and the interfacial area of oil–water was 
increased; thus, a more stable emulsion gel structure with a smaller 
particle size was formed (Fig. 3 AB). In other words, the complete 
denaturation of the emulsion gel required more heat absorption due to 
the HIU treatment, which led to the improvement of the thermal sta
bility. In addition, the absorption peak shifted slightly to the left when 
treated with HIU at 600 W. These results were consistent with the above 

Fig. 4. Distribution of the LF-NMR T2 relaxation times (A) and T2 peak ratio (B) 
of emulsion gels treated with different ultrasound powers. 

Fig. 5. DSC curves of emulsion gels treated with different ultrasound powers.  
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analysis, which indicated that excessive ultrasound treatment had an 
adverse effect on the structural properties and stability of emulsion gels. 

3.7. In vitro digestion 

β-Carotene has strong antioxidant activity, but its biological activity 
is easily lost due to its extreme sensitivity to light and heat. Studies have 
shown that β-carotene can be well protected from degradation by de
livery systems such as emulsions, gels, and nanoparticles [41]. For this 
purpose, in vitro digestion experiments were carried out to investigate 

the effect of HIU treatment at different powers on the chemical stability 
and bioaccessibility of β-carotene in the emulsion gel. Fig. 6A shows 
pictures of β-carotene-containing emulsion gels treated with HIU at 
different powers. The chemical stability and bioaccessibility of β-caro
tene in the emulsion gel after in vitro digestion are shown in Fig. 6B. The 
bioaccessibility of β-carotene was significantly improved by HIU treat
ment. This may be attributed to the reduction of oil droplet aggregation 
during the digestion of the emulsion gel network processed by HIU 
treatment, resulting in the probability of lipase approaching the surface 
of oil droplets being promoted. Therefore, the content of β-carotene 
released into the micelles increased [42]. Furthermore, the chemical 
stability of β-carotene after in vitro digestion was 78.3 ± 2.0% when 
treated with HIU at 450 W, which was significantly higher than that of 
the emulsion gel without ultrasound treatment (54.8% ± 1.5%) (p <
0.05), indicating that the degradation of β-carotene encapsulated in the 
emulsion gel was reduced [43]. In summary, the network structure of 
the emulsion gel was more stable after HIU treatment, and the diffusion 
of substances such as oxygen and free radicals to the surface of oil 
droplets slowed down; therefore, the degradation of β-carotene in the 
gastrointestinal tract was effectively delayed. 

Based on the results outlined above, the effect of HIU treatment on 
the formation mechanism of emulsion gels is shown in Fig. 7. Cavitation 
caused by HIU mainly affected the structure and stability of the emulsion 
gels through physical, chemical and thermal effects. First, the large 
droplets in the emulsion were directly broken into small particles due to 
physical forces during the HIU process. The shear force and high pres
sure generated by the instantaneous bursting of cavitation bubbles 
reduced the particle size of SPI and pectin and caused the molecular 
structure to unfold, which was conducive to the enhancement of inter
molecular interactions (Fig. 1). Therefore, the interfacial tension of the 
emulsion was effectively reduced, and an emulsion gel with a smaller 
particle size and a more uniform gel network was formed after heating 
(Fig. 3AB). Furthermore, free radicals and high temperature generated 
by cavitation resulted in a certain extent of SPI and pectin oxidation, 
which also promoted the unfolding of molecular structure, improving 
storage and thermal stability of the emulsion gel (Fig. 3C and Fig. 5). 
However, excessive ultrasound treatment gave rise to more free radicals 
and heat when treated at 600 W. The H2O2 formed by the mutual re
action of free radicals and the high local temperature of emulsion caused 

Fig. 6. Photographs of β-carotene-containing emulsion gels treated with 
different ultrasound powers (A) and the chemical stability and bioaccessibility 
of emulsion gels after in vitro digestion (B). 

Fig. 7. Schematic diagram of improving the stability of emulsion gel by HIU.  

X. Zhang et al.                                                                                                                                                                                                                                   



Ultrasonics Sonochemistry 79 (2021) 105756

7

by the burst of cavitation bubbles led to the protein being oxidized and 
aggregated into insoluble aggregates, which adversely affected the sta
bility of the emulsion gel. 

4. Conclusions 

The influence of HIU at various powers on the structure, gel prop
erties and stability of SPI and pectin emulsion gels was evaluated. The 
interaction between SPI and pectin was enhanced, and the emulsion gels 
had smaller crystal sizes after HIU treatment. Microstructure, gel 
strength and DSC analysis showed that the emulsion gel had the most 
compact and densest network and the best thermal stability when 
treated at 450 W. LF-NMR results revealed that the WHC of emulsion 
gels was improved by HIU treatment. The results of in vitro simulated 
digestion showed that the chemical stability and bioaccessibility of 
β-carotene in emulsion gels were increased significantly after treatment 
at proper ultrasound power. Overall, this research provides a theoretical 
basis for the construction of SPI and pectin emulsion gel systems, which 
is conducive to the development of functional food delivery systems 
loaded with biologically active substances. 
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