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Abstract: This study evaluated the effects of different levels of ultrasonic power (200, 400, 600 W)
and treatment time (0, 10, 15 and 30 min) on the structure, emulsification characteristics, and in vitro
digestibility of chickpea protein isolate (CPI). The changes in surface hydrophobicity of CPI indi-
cated that ultrasound treatment exposed more hydrophobic amino acid residues. The analysis of
sulfhydryl content and zeta potential showed that ultrasound caused the disulfide bond of CPI to be
opened, releasing more negatively charged groups, and the solution was more stable. In addition,
Fourier Transform Infrared Spectroscopy (FT-IR) and intrinsic fluorescence spectroscopy showed that
ultrasound changes the secondary and tertiary structure of CPI, which is due to molecular expansion
and stretching, exposing internal hydrophobic groups. The emulsification and foaming stability of
CPI were significantly improved after ultrasonic treatment. Ultrasonic treatment had a minor effect
on the solubility, foaming capacity and in vitro digestibility of CPI. All the results revealed that the
ultrasound was a promising way to improve the functional properties of CPI.

Keywords: ultrasonic treatment; chickpea protein isolate; chemical structure; functional properties;
in vitro digestibility

1. Introduction

Due to the increasing application of vegetable protein in food- and non-food-grade
markets, the investigation of vegetable protein has attracted widespread attention in
industrial production. Chickpeas (Cicer arietinum Linn.) are legumes of the genus Chickpeas,
and are the second most consumed beans in the world and the third largest in the world in
production. The protein content of CPI accounts for 15–30% of its total dry basis. Chickpea
is a good source of protein with eight essential amino acids that are needed by the human
body, especially lysine which is lacking in most grain proteins [1–3]. Chickpea protein
isolate (CPI) is often investigated as an emulsifier, gelling agent and fat substitute in food
due to its good functional properties [4]. However, due to the complexity of plant cell walls
and the existence of various anti-nutritional factors, the actual application and production
of chickpea protein is limited, and its nutritional value is affected by digestibility [5,6].
Therefore, it is necessary to seek different processing methods to improve chickpea protein
to meet different functional and nutritional needs. At present, chemical methods and
enzymatic methods have been used for the modification of chickpea protein, but there are
disadvantages such as long operation time, high cost, large environmental pollution, and
complicated follow-up processing [7]. Therefore, it is of great significance to explore green
and efficient chickpea protein modification methods to improve its functional properties
and expand its application in the food industry.

In recent years, ultrasound, as a new and promising technology, has been used for
structural modification and functional optimization of biological macromolecules due to
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its green and efficient characteristics, especially for proteins [8–11]. The working mech-
anism of ultrasound is mainly the cavitation effect caused by the pressure difference in
the ultrasound process, which makes the local energy density extremely high, which in
turn produces micro-jet and turbulent motion. Ultrasound can achieve physical modi-
fication of protein through multiple effects such as cavitation, high shear, crushing and
stirring. Compared with the traditional thermodynamic method, the ultrasonic technology
reduces the processing cost with faster processing speed and better preserves the heat-
unstable food ingredients, and also makes food processing implementation and operation
more easier [12].

Protein has become an important emulsifier in food emulsions system due to its surface
properties. The ability of protein to form and stabilize emulsions depends on the relative
balance between its molecular size, charge, surface hydrophobicity and molecular flexibility.
This study used chickpea protein as the research object, and measured the solubility,
zeta potential, physicochemical properties, protein structure, in vitro digestibility, and
emulsification properties of chickpea protein after different ultrasonic treatment conditions.
In addition, the effects of ultrasonic treatment conditions on protein structure, functional
properties, and in vitro digestibility of chickpeas were also discussed.

2. Materials and Methods
2.1. Materials and Reagents

The chickpeas used in the experiment were purchased from Ying Ge Biotechnology
Co., Ltd., Mu lei, Xinjiang, China, and chickpeas were harvested in the current season.
Pepsin (T4799) and trypsin (P7000) were purchased from Sigma-Aldrich. The reagents
used in the experiment were of analytical grade. The water used in the experiment was
deionized water.

2.2. Preparation of Chickpea Proteins

Chickpea proteins were extracted according to the method reported by Ghribi et al.
with some modification [13]. Chickpea powder was defatted with n-hexane (1:3 [w/v])
for 4 h with a magnetic stirrer, repeated three times. 100 g defatted chickpea powder was
mixed with water in the ratio of 1:10 (w/v). The pH value of defatted chickpea powder
suspension was adjusted to 9.0 with 1 M NaOH solution, and then mechanically stirred at
500 rpm for 2 h at room temperature (25 ◦C). The mixture was centrifuged (4 ◦C, 5000× g,
15 min) to collect the supernatant. The precipitate was resuspended in water at a ratio of
1:5 (w/v), adjusted to pH 9.0, stirred at room temperature for 2 h, and centrifuged (5000× g,
15 min, 4 ◦C) to collect the supernatant. The supernatants were combined and adjusted
to pH 4.5 with 0.1 M HCl to precipitate the protein. The precipitate was dissolved with
water and then freeze-dried. The obtained chickpea protein isolate (CPI) was stored in a
desiccator until further analysis. The protein, moisture, fat and ash content of CPI were
91.66% w/w, 4.50% w/w, 0.99% w/w, and 2.31% w/w, respectively.

2.3. Ultrasonic Treatment of CPI

Briefly, 6.0 g of CPI was dissolved in 100 mL distilled water and stirred at 25 ◦C
for 2 h until fully hydrated. Then, the sample was sonicated in an ultrasound processor
(SCIENTZ-IID, Ningbo Xinzhi Biological Technology Co., Ltd. Ningbo, China) equipped
with a 2.0 cm flat tip probe. The sample was treatment with different power (200 W, 400 W,
or 600 W) and different time (10 min, 15 min, or 30 min). The turn-on and turn-off time
of the ultrasound was 2 s. We performed an ice-water bath on the sample to keep the
temperature of the sample at 25 ± 2 ◦C. The protein solution after ultrasonic treatment was
freeze-dried and then stored at 4 ◦C. The untreated CPI was the control sample.

2.4. Solubility

A total of 1% (w/v) sample solution was prepared, and the protein content in the
sample solution was measured by the biuret method. The samples were centrifuged (25 ◦C,



Foods 2022, 11, 880 3 of 13

15 min, 10,000× g), and the supernatant was collected for absorbance measurement. Protein
solubility is the ratio of the protein content in the supernatant to the total protein content in
the CPI.

2.5. Zeta Potential

Zeta Potential of the samples was determined using Nano Particle Zeta Potential
Analyzer (NanoPIUS-3, Mike Instruments, New York, NY, USA). It is measured under the
condition of pH = 7 and protein concentration of 2% (w/v).

2.6. Physicochemical Characterization
2.6.1. Surface Hydrophobicity

The surface hydrophobicity was determined through bromophenol blue (BPB) method
that was reported by Chelh et al. [14]. The results were expressed as bound BPB (µg).

2.6.2. Free and Total Sulfhydryl Groups

The free sulfhydryl and total sulfhydryl content in the sample were determined by the
previous reported method with some modification [15].

Free sulfhydryl determination: The protein sample was dissolved in Tris buffer (0.1 M,
pH 8.0) with 5.0% SDS at a concentration of 5 mg/mL. Then, the sample solution was
heated at 80 ◦C for 45 min followed by centrifuged at 8000× g for 10 min. The supernatant
was used for the determination of free sulfhydryl content.

Total sulfhydryl determination: Firstly, 0.3 mL β-mercaptoethanol (β-ME) was mixed
with 1.8 mL sample solution (5 mg/mL, dissolved in SDS-Tris buffer) followed by incubated
at 25 ◦C for 1 h. Secondly, 10 mL 12% TCA solution was added to that mixture, and continue
to incubate for 1 h. Then, the incubated solution was centrifugated at 3000 rpm for 10
min. Subsequently, the precipitate was washed twice with 12% TCA. Finally, the washed
precipitate was dissolved in the SDS-Tris buffer for the determination of total sulfhydryl
content.

The above-mentioned solutions for sulfhydryl determination (0.75 mL) were mixed
with 3.0 mL 5.0% SDS-Tris buffer followed by adding of 0.3 mL DTNB solution (10 mM).
The solution absorbances were measured at 412 nm after incubation in the dark for 30 min.
Formula (1) was used to calculate sulfhydryl content:

C−SH (µmol/g) =
D× 75.53× A412

c
(1)

D was the dilution factor, c was the weight of protein per volume (mg/mL), A412 was
the absorbance of the solution at 412 nm.

2.7. Protein Structural Characterization
2.7.1. SDS-PAGE

SDS-PAGE electrophoresis was performed at room temperature using a modified
version of the method reported by Laemmli [16]. The concentration of CPI was adjusted
to 2 mg/mL and mixed with loading buffer (with or without β-ME). The mixture was
heated in a boiling water bath for 5 min. After centrifugation, the supernatants (10 µL) were
added into the well of the gel. The gel consisted of 5% stacking gel and 12% separating gel.
Electrophoresis was performed using the mini protean electrophoresis system (Bio-Rad
Laboratories, Hercules, CA, USA) and the voltages were set to 80 V and 120 V, respectively.
After completion of electrophoresis, the gel was stained with 0.25% Coomassie Brilliant
Blue R-250 for 30 min. A 7.5% acetic acid, 25% methanol and a deionized-water-mixed
solution was used for destaining. Untreated CPI solution was used as a negative control.
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2.7.2. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR information of samples were recorded by an FT-IR spectrometer (Bruker Ver-
tex 70V, Shanghai, China) with scanning the whole band of (400–4000 cm−1) at
room temperature [17].

2.7.3. Intrinsic Fluorescence

The spatial conformation of chickpea protein was determined by fluorescence spec-
trometer [18]. The protein sample was dissolved in 10 mM phosphate-buffered solution
(pH 7.0) with a concentration of 0.2 mg/mL. The test parameters of fluorescence spectrom-
eter were set as follows: excitation wavelength 283 nm, slit width 5 nm, scanning speed
240 nm/min, and the fluorescence emission spectrum in the range of 300~450 nm was
collected. The blank control was phosphate-buffered solution without chickpea protein.

2.8. Determination of CPI Emulsifying Properties
2.8.1. Preparation of Emulsions

CPI solution (2% w/v) and corn oil were mixed in a ratio of 85:15 (v/v). Then, the mix-
tures of protein solution and corn oil were homogenized using a high-speed homogenizer
at 13,000 r/min for 2 min to prepare emulsion.

2.8.2. Emulsifying Activity Index (EAI) and Emulsifying Stability Index (ESI)

The emulsifying properties of CPI were determined by the method reported by Abir
et al. [13]. In total, 25 µL emulsion (emulsion after homogenized 0 min or 10 min) was
transferred into glass tube, then dilute it with 5 mL 0.1% sodium dodecyl sulfate solution.
The absorbance of the diluted emulsions at 500 nm was measured on an ultraviolet spec-
trophotometer. Equations (2) and (3) were used to calculate emulsification activity index
(EAI) and emulsification stability index (ESI):

EAI
(

m2/g
)
=

2× 2.303×A0 ×DF
c × (1− φ)× 10000

(2)

ESI (min) =
A0

A0 −A10
× 10 (3)

A0 was the absorbance of the coarse emulsion after 0 min of homogenization, DF
was the dilution factor, c was the weight of protein per volume (g/mL), ϕ is the volume
fraction of oil in the emulsion, and A10 is the absorbance of the emulsion after 10 min
of homogenization.

2.9. Foaming Capacity (FC) and Foaming Stability (FS)

The protein sample was fully dissolved in distilled water, and 25 mL of protein solution
was measured in a high foot beaker, and the homogenizer was used to stir at high speed
for 1 min. The stirred solution was quickly transferred into the measuring cylinder. The
volume of the foam was V0, and the FC of the protein was calculated by Formula (4):

FC(%) =
V0 − 25

25
× 100 (4)

V20 was the foam volume that was placed at room temperature for 20 min. The foam
stability of the protein was calculated by Formula (5):

FS(%) =
V20 − 25
V0 − 25

× 100 (5)

2.10. In Vitro Digestibility

The in vitro digestibility of CPI was conducted by Zhou et al. previous reports meth-
ods, with slight modification [19]. The protein sample was dissolved in distilled water
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(2% w/v) followed by the pH was adjusted to 1.6 with 1 M HCl. Then, pepsin (4% w/w,
based on protein) was added. Afterwards, the mixture was incubated at 37 ◦C for 2 h.
Subsequently, the pH of the solution was adjusted to 7.5 with 1 M NaOH, trypsin (4% w/w,
based on protein) was added. The suspension was continuously incubated at 37 ◦C for
2 h, and then it was incubated in a boiling water bath for 10 min to stop the digestion.
The gastrointestinal digestion product was obtained by centrifugation method (11,000× g,
15 min, 4 ◦C), and the supernatant was collected. The in vitro digestibility of CPI was
expressed as the ratio of the protein content in the solution before and after digestion.

2.11. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using IBM SPSS Statistics
25 software (SPSS Inc., Chicago, IL, USA). The results presented were the mean ± standard
deviation, and the Duncan multiple range test analysis was used to compare the significance
of the three-replicate data (p < 0.05).

3. Results
3.1. Solubility

Solubility is a key indicator of protein hydration that could significantly affect protein
functional properties, and further determines protein applications [8]. As shown in Table 1,
ultrasonic treatment enhanced the solubility of CPI, especially under the treatment con-
ditions of 15 min and 600 W. Under the same ultrasonic power, the solubility increased
with the increase in the ultrasonic time. Under the same ultrasonic time, the solubility
firstly increased and then decreased with the increase in the ultrasonic power. These were
due to that the cavitation and shear forces generated by ultrasound could depolymerize
protein aggregates [20]. Therefore, the solubility of CPI was increased. However, excessive
sonication would cause the protein to re-polymerize and reduce the solubility of the protein.
Compared with the other treatment methods, the sonication treatment had a more direct
effect on the protein solubility. Ultrasound could immediately generate high pressure
that causes shear, cavitation, turbulence, surface static electricity and thermodynamics
which would lead to protein denaturation, opening structure, and the surface being more
negatively charged [21,22]. Hence, the sonication treatment could enhance the hydration of
chickpea protein.

Table 1. The solubility, surface hydrophobicity, free and total sulfhydryl groups, and in vitro di-
gestibility of different CPI samples (with or without ultrasonic treatment).

Ultrasonic
Treatment Solubility/% BPB Bound

(µg)
Total-SH
(µmol/g)

Free-SH
(µmol/g)

In Vitro
Digestibility (%)

Control 89.40 ± 2.69 cd 12.96 ± 3.36 b 59.95 ± 0.39 e 9.52 ± 0.53 b 89.28 ± 0.21 a

10 min-200 W 93.66 ± 2.85 abcd 6.70 ± 1.71 de 55.84 ± 0.98 f 9.77 ± 0.72 ab 87.23 ± 0.51 fg

10 min-400 W 96.46 ± 2.31 ab 11.42 ± 1.02 bc 50.93 ± 0.66 h 9.87 ± 0.31 ab 86.42 ± 0.73 gh

10 min-600 W 93.09 ± 2.01 bcd 13.76 ± 1.28 a 53.25 ± 0.29 g 9.34 ± 0.38 b 85.41 ± 0.57 h

15 min-200 W 92.85 ± 0.33 bcd 9.05 ± 2.51 cd 79.76 ± 0.64 a 6.60 ± 0.55 d 88.83 ± 0.09 e

15 min-400 W 98.85 ± 2.47 a 12.11 ± 0.24 b 76.89 ± 0.79 b 6.90 ± 0.11 d 87.68 ± 0.21 f

15 min-600 W 88.93 ± 3.16 d 7.95 ± 1.04 de 69.59 ± 0.62 c 6.87 ± 0.40 d 92.15 ± 0.64 de

30 min-200 W 97.83 ± 5.19 ab 5.70 ± 1.19 e 62.31 ± 0.26 d 10.52 ± 0.46 a 90.21 ± 0.15 cd

30 min-400 W 94.73 ± 3.52 abc 5.29 ± 0.93 e 60.51 ± 0.61 i 9.06 ± 0.46 b 90.47 ± 0.01 bc

30 min-600 W 89.08 ± 0.97 cd 13.94 ± 1.36 a 59.12 ± 0.41 e 8.21 ± 0.55 c 91.36 ± 0.77 ab

a–h different letters in the same column indicate statistically significant differences at p < 0.05.

3.2. Zeta Potential

Zeta potential, the surface shear layer potential of charged particles in solution, is used
to describe the electrostatic interactions between particles in solution, and its value is related
to the suspended particle surface charge distribution [23]. As an important parameter,
the surface charge of a particle not only affects its stability, but also affects the interaction
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with the other particles [24]. A larger absolute value of zeta potential indicates a stronger
electrostatic interaction between protein molecules and its better dispersion stability in
solution. As shown in Figure 1, after ultrasonic treatment, the absolute value of the zeta
potential of CPI sample was higher than that sample without ultrasonic treatment. With the
increase in the ultrasonic time, its absolute value shows a trend of first decrease and then
increase. Those phenomena showed that ultrasonic treatment obviously increased the CPI′s
degree of ionization (DI). This was probably due to the fact that more negatively charged
groups of protein were exposed after ultrasonic treatment. However, its absolute value
showed a decreasing trend when the sonication time was prolonged and/or the ultrasonic
power was increased. The possible explanation for this trend was that the cavitation effect
of ultrasound could cause the protein to re-aggregate which made the effective charge on
the protein surface decreases.
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3.3. Physicochemical Characterization
3.3.1. Free and Total Sulfhydryl Groups

The disulfide bond is a covalent that was formed by the binding of the sulfhydryl
groups of two cysteine residues through dihydroxylation. It is an important chemical
bond that can stabilize the conformation of protein [25]. As shown in Table 1, with the
prolongation of ultrasonic treatment time, the total sulfhydryl content of CPI showed a
trend of first increase and then decrease. Interestingly, compared with untreated CPI, when
the ultrasound time was 15 min, the total sulfhydryl content of CPI significantly increased,
whereas the free sulfhydryl content obviously decreased. This was probably since the
appropriate time of sonication exposed the sulfhydryl groups in the protein interior to its
surface which could effectively promote the disulfide bond generation of CPI. However,
the free sulfhydryl groups of the CPI significantly increased after sonication for 30 min.
The possible explanation for this phenomenon was that prolonged ultrasound would
further destroy disulfide bonds of CPI which caused the free sulfhydryl groups of protein
to increase.

3.3.2. Surface Hydrophobicity

Protein surface hydrophobicity, an important parameter, reflects the surface properties
and the degree of deformation of the protein which can affect the functional properties
of protein [26]. As shown in Table 1, when ultrasonic treatment time was the same, the
CPI surface hydrophobicity showed a trend of increase first and then decrease with the
increase in the ultrasonic power. This was because that shorter time or lower power
cannot destroy the compact three-dimensional structure of the protein, leading to most
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of the hydrophobic amino acid residues which were still in the interior of the protein
molecule. Although a longer time or higher power of ultrasonic treatment condition could
increase the surface hydrophobicity of proteins. These were mainly due to the fact that
the cavitation effect and mechanical stress generated by ultrasound destroyed the spatial
structure of proteins leading to hydrophobic amino acids buried in the interior of proteins
were exposed, resulting in the increase in protein surface hydrophobicity [10]. Whey
protein concentrate, soy protein isolate, egg white protein and peanut protein isolate also
showed similar results [26–29].

3.4. Protein Structural Characterization
3.4.1. SDS-PAGE

The molecular weight distribution of CPI (with or without ultrasonic treatment) was
analyzed by non-reducing (-β-ME) and reducing (+β-ME) SDS-PAGE. As shown in Figure 2,
CPI had clear bands at 20–25 kD and 32–72 kD. Regardless of whether SDS-PAGE was
under reducing or non-reducing conditions, it can be observed that the molecular weight
distribution of all samples was similar, which indicated that subunits of the CPI had not
changed obviously after ultrasonic modification. This was because that ultrasonic treatment
neither broke the original covalent bonds nor induced the formation of new ones [30]. These
results were consistent with some reported researches [31].
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(from 200 W to 600 W); 7–9: 30 min sonication group (from 200 W to 600 W).

3.4.2. Secondary Structure

FT-IR is usually used to evaluate the secondary structure of proteins. The amide I band
(1700–1600 cm−1) of protein is mainly based on the C=O stretching vibration of the amide
group (about 80%) which can be used to analyze the protein secondary structure [31,32].
As shown in Figure 3, the amide I band of the CPI changed obviously after sonication
indicating that the secondary structure of CPI was possibly changed. Hence, the spectrum
of the amide I band of all CPI samples was analyzed by peakfit version 4.0 software. The
1648~1660 cm−1, 1626~1640 cm−1, 1662~1684 cm−1, and 1640~1650 cm−1 represented α-
helix, β-sheet, β-turn, and random coil of protein, respectively [17,33]. Table 2 showed
the content of each secondary structure of CPI samples. The contents of α-helix and
random coils of CPI after ultrasonic treatment was significantly reduced (p < 0.05), whereas
the content of β-structure (β-sheet and β-turn) was significantly increased (p < 0.05).
The possible explanation for this result was that the cavitation and mechanical action
produced by ultrasound destroyed the hydrogen bonds between the carbonyl group and
the amino group on the polypeptide chain that stabilizes the α-helix structure, resulting
in the content of α-helix decreasing and the content of β-structure increasing [26,28].
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Under long-term sonication (30 min), more random coiled structures were transformed
into β-sheet structures, which indicated that long-term sonication could promote protein
cross-linking. Therefore, ultrasonic treatment was an effective method to modify protein
secondary structure.
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Table 2. The secondary structure of different CPI samples (with or without ultrasonic treatment).

Ultrasonic
Treatment α-Helix β-Sheet β-Turn Random Coil

Control 25.49 ± 0.24 a 21.71 ± 0.01 bc 26.04 ± 0.04 d 25.85 ± 0.08 a

10 min-200 W 23.35 ± 0.30 d 21.87 ± 0.22 abc 27.64 ± 0.45 c 24.06 ± 0.13 b

10 min-400 W 24.75 ± 0.17 b 22.10 ± 0.04 abc 28.26 ± 0.11 bc 23.63 ± 0.54 bc

10 min-600 W 24.00 ± 0.02 bcd 22.27 ± 0.11 abc 28.22 ± 0.19 bc 23.08 ± 0.37 bcd

15 min-200 W 24.33 ± 0.19 bc 21.38 ± 0.30 c 28.05 ± 0.28 c 22.50 ± 0.25 bc

15 min-400 W 24.45 ± 0.17 bc 22.38 ± 0.07 ab 25.68 ± 0.05 d 23.78 ± 0.01 bc

15 min-600 W 24.54 ± 0.18 b 22.70 ± 0.28 a 25.92 ± 0.29 d 24.51 ± 0.50 ab

30 min-200 W 23.75 ± 0.18 cd 21.55 ± 0.24 bc 27.46 ± 0.48 c 23.09 ± 0.45 bcd

30 min-400 W 23.40 ± 0.03 d 21.61 ± 0.59 bc 29.77 ± 0.28 a 22.21 ± 0.81 cd

30 min-600 W 23.39 ± 0.70 d 21.69 ± 0.76 bc 29.47 ± 0.38 ab 21.55 ± 0.52 d

a–d different letters in the same column indicate statistically significant differences at p < 0.05.

3.4.3. Tertiary Structure—Intrinsic Fluorescence

Intrinsic fluorescence spectroscopy is an effective means to characterize the changes in
the surface microenvironment of the fluorescent groups in protein molecules. When the
excitation wavelength is at 280 nm, Tryptophan and tyrosine residues of protein which
are exposed to the molecular surface have the fluorescence emission spectrum. Hence,
the tertiary structure of the protein can be analyzed by the change of the fluorescence
emission spectrum of fluorescent groups (tryptophan and tyrosine) [26]. As shown in
Figure 4, compared with the control CPI, the fluorescence intensity of the ultrasonic-treated
CPI was reduced obviously. This was probably due to the fact that the protein structure
was destroyed by the ultrasound treatment, resulting in more fluorescent groups being
exposed to the aqueous solution [10]. When the ultrasound treatment time was 10 min,
the fluorescence intensity showed a decrease trend with the increase in the ultrasound
power. Although the fluorescence intensity of CPI showed an increase trend with the
increase in the ultrasound power when the ultrasound time was 15 min. This showed
that a longer ultrasonic treatment time would re-form hydrophobic binding between
protein molecules. Compared with the CPI without ultrasound treatment, the maximum
emission wavelength of the CPI after ultrasound shifted to a longer wavelength, that is, a
red shift. The red shift of the maximum emission wavelength further indicated that the
tryptophan and tyrosine residues inside the protein were exposed to the aqueous solution
after ultrasonic treatment [10,26,34].
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3.5. Emulsifying Activity Index (EAI) and Emulsifying Stability Index (ESI)

Protein has been widely used as an emulsifier in the food industry due to its good
oil–water amphiphilic properties. Figure 5 showed the EAI and ESI of CPI with (or without)
ultrasonic treatment. As shown in Figure 5A, it could be observed that ultrasound treatment
significantly improved the EAI of CPI (p < 0.05). With the increase in sonication time, the
EAI of CPI showed a variation trend of first increase and then decrease at low and medium
powers (200 W, 400 W). These were because short-time, low-power sonication caused the
protein molecules to partially unfold, meaning that the hydrophilic groups buried in the
interior of the molecules were exposed, further resulting in elevation of the solubility of
CPI, which enhanced the emulsification ability of the CPI. However, with the increase in
sonication time, the protein deformation degree increased which led to the aggregation of
molecules, so that the insoluble protein content increased, and the surface hydrophobicity
decreased, which weakened its emulsification ability. However, under 600 W sonication
power, the EAI of CPI showed an increasing trend with increasing sonication time. This
was because the protein molecular structure became loose and disordered under high-
power ultrasound which leaded to the emulsification capacity of CPI increased. Moreover,
longer time or higher power ultrasonic treatment was beneficial to improve the ESI of
CPI. Therefore, the cavitation effect produced during sonication treatment can enhance the
flexibility of protein molecules through changing the interaction between protein molecules
(such as hydrophobic interaction, hydrogen bonding and disulfide bonds) which improved
the emulsifying properties of proteins [20,24,26,34].
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3.6. Foaming Capacity (FC) and Foaming Stability (FS)

Surface tension, surface hydrophobicity, particle size, and potential of proteins are
important factors affecting protein blistering properties, and good protein blistering char-
acteristics can confer good taste and soft structure to foods [35]. As shown in Figure 6A,
ultrasound time and ultrasound power had minor effect on FC of CPI. When the ultrasonic
treatment condition was 200 W/15 min, the modified CPI sample showed the best foaming
ability. The possible explanation for this phenomenon was that the partial denaturation
of proteins occurred under suitable modification condition leading to the exposure of
hydrophobic regions and enhanced the adsorption of protein at the air–water interface,
resulting in more foam [12,36]. However, with the intensification of ultrasonic treatment
condition, the degree of protein denaturation increased inducing the formation of ag-
gregates which leaded to the hydrophobic area of protein re-masked [37]. Hence, the
adsorption capacity of the over-modified protein at the air–water interface was reduced,
which worsened its foaming properties. Figure 6B showed the FS of different CPI samples.
As shown in Figure 6B, the FS of CPI (p < 0.05) was significantly enhanced after ultrasonic
modification. All the results indicated that ultrasonic treatment method was an effective
method to improve the foaming properties of CPI.
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3.7. In Vitro Digestibility

As shown in Table 1, the digestibility of CPI was affected by ultrasonic modification. In
our study, the in vitro digestibility of untreated CPI was 89.28% which was consistent with
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the previous report [38]. When the ultrasonic treatment condition was relatively mild, the
digestibility of modified CPI was less than that of control sample, which might be related
to the change of CPI surface hydrophobicity [38]. The in vitro digestibility of CPI increased
with the prolongation of ultrasonic time when the ultrasonic power was 200 W or 400 W.
Although the ultrasonic power was 600 W, the digestibility of different CPI samples showed
a tendency to first increase and then decrease. Moreover, the CPI sample modified under
the condition of 600 W/15 min showed the highest digestibility. This was probably due
to the fact that suitable ultrasonic treatment condition changed the protein conformation
which could expose the cleavage sites of protein for digestive enzymes [38]. All the results
indicated that suitable ultrasonic modification was beneficial to improve the digestibility
of CPI.

4. Conclusions

In this study, ultrasound treatment had an effect on the structure, emulsifying proper-
ties, foaming properties, and in vitro digestibility of CPI. Among them, the effects on the
emulsifying capacity, emulsifying stability, and foaming stability of CPI are significant, and
the effects on the solubility, foamability, and in vitro digestibility are minor. After ultrasonic
treatment, the changes in secondary and tertiary structure of CPI leaded to an increase in its
surface hydrophobicity, total sulfhydryl content, and zeta potential which could affect the
functional properties of CPI. When the ultrasonic treatment condition was 600 W/15 min,
the modified CPI sample showed better emulsifying, foaming, and digestibility properties,
and its EAI, ESI, FC, FS, and degree of digestibility were 51.16 m2/g, 91.46 min, 102.5%,
89.49%, 92.15%, respectively. Conversely, CPI performed poorly under sonication for
10 min. All the results indicated that ultrasonic processing technology was a promising
way to improve the functional properties of CPI.
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