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A B S T R A C T

Chickpea protein isolate (CPI) is a promising dietary protein with the advantages of low allergenicity, easy
digestion and balanced composition of essential amino acids. However, due to the thick skin of chickpeas, the
extraction of CPI is challenging, resulting in lower efficiency of the alkaline extraction-isoelectric precipitation
(AE-IEP) method. Therefore, the present study investigated the effect of pulsed electric field combined with
ultrasound (PEF-US) treatment on the extraction efficiency of CPI and the functional properties was character-
ized. Parameter optimization was carried out using response surface methodology (RSM), with the following
optimized conditions: pulse duration of 87 s, electric field intensity of 0.9 kV/cm, ultrasonic time of 15 min, and
ultrasonic power of 325 W. Under the optimized conditions, the yield of CPI after combined (PEF-US) treatment
was 13.52 ± 0.13 %, which was a 47.28 % improvement over the AE-IEP method. This yield was better than that
obtained with either individual PEF or US treatment. Additionally, the functional properties (solubility, emul-
sification, and foaming) of CPI were significantly enhanced compared to AE-IEP. However, the stability of
emulsification and foaming did not show significant differences among the four methods. The PEF-US method
efficiently extracts CPI with excellent functional properties, enabling the production of proteins as desired
functional additives in the food industry.

1. Introduction

Proteins play a key role in determining the nutrition, texture and
structure of numerous food products. Despite their superior functional
and sensory properties, animal proteins are more expensive to produce
than plant proteins, have a greater environmental impact, and may in-
crease the risk of cardiovascular disease when consumed over time [1].
Alternative proteins are gaining popularity due to concerns about low
carbon and health. Cereals, pulses, nuts, fungi (mushrooms) and algae
all provide alternative proteins for use in food products [2–6]. Chickpea
protein isolate (CPI) is notably a rich source of lysine, a nutrient lacking
in cereal proteins. Incorporating CPI powder into cereal products can
enhance protein utilization, nutritional content, and sensory properties
[7]. CPI has good functional properties, such as solubility,

emulsification, and foaming, but these excellent properties mostly
depend on the protein extraction method [8]. As a result, CPI has
considerable potential for further research and application in the food
business.

The selection of an effective CPI extraction method is crucial for
improving protein yield and purity, which is conducive to promoting the
efficient use of CPI in industrial applications. The primary method for
extracting CPI involves alkaline extraction-isoelectric precipitation (AE-
IEP) treatment [9]. While this technique is relatively simple and inex-
pensive, it often results in low protein yield and purity, as well as high
intracellular protein residues [10]. Moreover, under extreme alkaline or
prolonged extraction conditions, the electrostatic repulsion between
protein molecules increases, leading to protein denaturation [11].
Additionally, the robust nature of chickpea cell walls, as evidenced by
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the observed structural integrity following in vitro digestion compared
to other legumes, presents challenges in protein extraction efficiency
[12]. Therefore, it is imperative to explore alternative, cost-effective
approaches to enhance CPI extraction rates and yields.

The use of physical methods such as high-pressure homogenisation
(HPH) and microwave (MW) treatment can effectively break down the
tough cell walls of chickpeas, leading to increased protein solubility and
extraction rate. However, HPH may not only break down cell walls but
also damage protein structure, reducing protein solubility [13]. Simi-
larly, the MW treatment can denature proteins due to thermal effects
[14]. Pulsed electric field (PEF) technology appears to be an effective
plant protein extraction technique. PEF is a non-thermal technology that
provides efficient, gentle, and targeted protein extraction. The electric
field generates pores in cell membranes and walls, facilitating the
release and solubilisation of proteins [15]. Kronbauer et al. [16]
demonstrated successful extraction of nettle leaves proteins using PEF,
and the yield of soluble proteins obtained from 5 min treatment was
more than 60 % within the optimised interval of PEF treatment (specific
energy between 10 and 24 kJ kg− 1, and 70–80 ℃). However, we used
PEF to extract the CPI and found that the improvement in the CPI
extraction rate was limited, with only a 22.13% improvement in AE-IEP.
In addition, excessive pulse duration and field intensity during PEF
treatment were found to reduce protein yield. Thus, it is imperative to
investigate the combined application of diverse technological ap-
proaches to optimize protein extraction efficiency.

Pulsed electric field combined with ultrasound (PEF-US) is an
emerging multi-physical field coupling processing technology that has
gained attention in recent years. Studies have shown that PEF-US can
effectively extract polyphenolic substances from litchi peel, resulting in
a total phenol content 2.3 times higher than traditional hot water
extraction methods [17]. Similarly, in the extraction of total flavonoids
from Pericarpium Citri Reticulatae (PCR), PEF-US was found to be more
efficient compared to other extraction methods such as hot water
extraction (HAE), US extraction, PEF extraction and macroporous resin
[18]. The PEF treatment effectively breaks through cell walls to promote
the release of proteins, while the cavitation effect of US leads to the

formation and collapse of small bubbles in the liquid, generating shock
waves that enhance the interaction between proteins and external sol-
utes. Then, considering the characteristics of the two mentioned above,
it is worthwhile to investigate in-depth whether the combination of PEF
and US will have synergistic effects and thus improve the rate of CPI
acquisition.

Therefore, the aim of this study was to investigate the feasibility of
PEF-US treatment in improving CPI extraction and to determine the
optimal extraction conditions using response surface methodology
(RSM). It was also noted that PEF and US may have modifying effects on
the structure and functional properties of CPI. Therefore, the study
characterized the structure (circular dichroism and fluorescence) and
functional properties (solubility, emulsification, and foaming) of pro-
teins treated with the PEF-US method. The findings of this research aim
to offer novel methods and insights for the efficient extraction and
effective modification of CPI.

2. Materials and methods

2.1. Materials

Chickpeas seeds were purchased from Xinjiang Tianshan Qidou

Biotechnology Co. 5,5′-Dithionitrobenzoic acid (DTNB) was obtained
from Shanghai McLean Biochemical Technology Co. 8-Anilino-1-naph-
thalenesulfonic acid (ANS), bicinchoninic acid assay (BCA) protein kit,
were obtained from Shanghai Yuanye Biotechnology Co. The chemical
reagents used in this research were all analytical grades without further
purification.

2.2. Chickpea preparation

Chickpea flour was prepared by referring to the method of Byanju
et al. [19]. The chickpea flour was defatted using petroleum ether at a
mass-volume ratio of 1:2. The mixture was stirred for 60 min at room
temperature, then centrifuged. This process was repeated twice, and the
resulting precipitate was air-dried to obtain defatted chickpea flour,
which was stored at 4℃.

2.3. Alkaline extraction-isoelectric precipitation (AE-IEP)

CPI was extracted by AE-IEP with suitable modifications [20]. The
isoelectric point of CPI was determined to be 4.0 using a Microplate
reader (DLJ-100, Nanjing Di Lejia Biotechnology Co., China) according
to the previous reported method (Fig. S1) [21]. In brief, chickpea flour
was mixed with ultrapure water in a mass-volume ratio of 1:10, the pH
was adjusted to 9 with 1 M NaOH, and stirred for 1 h at room temper-
ature. The resulting solution was centrifuged at 8000 r/min for 10 min,
and the supernatant was collected. The supernatant was adjusted to the
isoelectric point 4.0 with 1 M HCl and left at 4℃ for 20 min to settle the
protein, centrifuged under the same conditions as described above, the
precipitate was washed twice, centrifuged again, and the protein was re-
solubilised and adjusted to a neutral pH of 7.0 and then spread uni-
formly in a plastic dish for lyophilisation to obtain CPI. The formula for
calculating protein yield was as follows:

Where protein purity (85.2 %) was measured by the Kjeldahl method.
(AOAC International) [22].

2.4. Extraction of CPI by PEF, US and PEF-US treatment

The process of extracting chickpea protein by PEF, US and PEF-US
treatment in this study was summarized in Fig. 1. Chickpea flour was
mixed with water in a mass to volume ratio of 1:10. Protein extraction
was carried out using PEF equipment (EX-1900, Guangzhou Pahu
Technology Co., China) after alkaline extraction for 1 h. The solution
was then transferred to the PEF treatment chamber, where the pulse
width was set at 5 μs and the pulse frequency at 100 Hz. The temperature
was maintained at 20–25 ℃ during the treatment process by using a
water circulation system with the temperature set at 4 ℃. The pulse
durations were set to 30, 60, 90, 120, and 150 s, with pulse field in-
tensity of 0.7, 0.8, 0.9, 1.0, and 1.1 kV/cm. The intensity of the electric
field was calculated by dividing the actual voltage displayed on the
oscilloscope by the height of the sample. The solution after PEF treat-
ment underwent centrifugation at 8000 r/min for 10 min to collect the
supernatant, which then underwent further processing as detailed in
Section 2.3 to obtain CPI.

US treatment involved sonication of the solution after 1 h of stirring,

yield(%)=
Weightof proteinobtainedbylyophilisation(g)× Proteinpurity

Weightof rawmaterials(g)
×100% (1)
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with the probe fully extended into the solution within the sonication cup
(LJ-JY92-ZZN, Shanghai Li-Chen Bang Xi Instrument Technology Co.,
China). The temperature was maintained at 20–25 ℃ during the treat-
ment process by using an ice bath. Sonication was carried out in in-
tervals (0.8 s on and 2 s off) with time (5, 10, 15, 20 and 25 min) and
power (240, 280, 320, 360 and 400 W). The treated solution was
centrifuged, the supernatant collected, and acid added for precipitation
(as described in Section 2.3) to obtain CPI.

In the combined PEF and US treatment, the solution underwent PEF
treatment first, followed by transfer to a sonication cup for US treatment
under the same parameters. The resulting extracts were collected as PEF-
US samples for further analysis.

2.5. Responsive surface design

Based on the results of the single-factor experiment, a four-factor,
three-level Box-Behnken (BBD) experiments was designed, with pulse
duration (X1: 60, 90, and 120 s), pulse field intensity (X2: 0.8, 0.9, and
1.0 kV/cm), ultrasonic time (X3: 10, 15, and 20 min), and ultrasonic
power (X4: 280, 320, and 360 W) selected as the test factors, and protein
yield (Y) as the response value. A total of 29 groups were included in this
experiment and all the tests were conducted in triplicate and analyzed
using Design-Expert Software 12.0.1 (Stat-Ease Inc., Minneapolis, USA)
to obtain a second-order polynomial equation as follows:

Y = β0+
∑4

i=1
βiXi +

∑4

i=1
βiiX2i +

∑4

i<j=2
βijXiXj (2)

Where Y is the response value, β0, βi, βii and βij denote the regression
coefficients of the intercept, linear, quadratic and interaction terms,
respectively. The above equation describes the relationship between the
response values and the terms in the model, and is an algebraic repre-
sentation of the response surface that is able to demonstrate that the
relationship between the response values and the factors is nonlinear. Xi,
Xj denote the independent variables, and XiXj denote the interaction
terms between the factors.

2.6. Scanning electron microscope (SEM)

The surface morphology of CPI was analyzed using a SEM (ZEISS
Sigma 500, Carl Zeiss AG, Germany). The samples were coated with gold
and examined under high vacuum conditions at an accelerating voltage
of 5.00 kV, with magnifications of 250.

2.7. Circular dichroism (CD)

The CD spectra were determined using the method proposed by
Xiong et al., with appropriate adjustments as needed [23]. The CPI was
dissolved in 10 mM phosphate buffer at pH 7.0 and centrifuged at
10,000 g for 15 min. 200 μL of 0.25 mg/mL CPI solution was performed
by using an automated CD chromatograph in the range from 200 to 260
nm (Chirascan TM V100, Applied Photo physics Ltd, Leatherhead,
Britain). The secondary structure content of the CPI was calculated by
the CDNN2.1 software (Applied Pho-tophysics, Ltd., Leatherhead,
United Kingdom).

2.8. Intrinsic fluorescence

The CPI was dissolved in 10 mM phosphate buffer solution at pH 7.0
and diluted to 0.5 mg/mL. 3 mL of CPI solution was analyzed by using a
Fluorescence spectrometer (F-4600, Hitachi, Ltd., Japanese). The CPI
solution was placed in a 1 cm quartz cuvette. The excitation wavelength
was 280 nm, and the emission spectra ranged from 290 to 500 nm. The
excitation and emission slit widths were 5 nm, the scanning speed of
1200 nm/min, and the phosphate buffer solution was used as the blank.

2.9. Protein surface hydrophobicity (PSH)

The surface hydrophobicity of CPI was determined by the method of
Wang et al., with slight modification [24]. CPI was dissolved in 10 mM
phosphate buffer (pH 7.0) to formulate different concentrations (0.1,
0.3, 0.5, 0.7, 0.9, 1.0 mg/mL) of protein solutions. 20 μL of 8.0 mM ANS
was mixed with 4 mL of protein solution and placed in the dark for 30
min. The excitation and emission wavelengths were set at 390 nm and
470 nm, respectively. The fluorescence intensity was plotted as the

Fig. 1. Protein extraction protocol from defatted chickpea flour utilizing PEF, US, and PEF-US treatment based on the AE-IEP method.
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vertical coordinate and the protein concentration as the horizontal co-
ordinate. The slope of the starting segment of the obtained curve rep-
resented the value of PSH.

2.10. Protein solubility

The protein solution was collected using the method proposed by
Patil et al., with slight modification [25]. Natural and modified CPI were
mixed with distilled water and stirred for 2 h to obtain sample solution
(10 mg/mL). The solution centrifuged at 10,000g for 10 min, the su-
pernatant was taken and diluted 5-fold for absorbance measurement.
The protein content of sample solution was determined by the BCA
method. A standard curve (y = 1.1616x + 0.1799, R2 > 0.998) was
established by using bovine serum albumin (BSA). Solubility was pre-
sented as the ratio of the protein content in the supernatant to the
protein content in the original sample.

2.11. Emulsifying properties

Determination of emulsion activity index (EAI) and emulsion sta-
bility index (ESI) for CPI based on the method of Tan et al. [26]. The CPI
prepared after treatment under different conditions was dissolved in
distilled water (10 mg/mL) and stirred for 2 h at 25℃. Subsequently, to
prepare the emulsion, 12 mL of CPI solution was mixed with 3 ml of
soybean oil and homogenized at 10000 g per min for 2 min to form a
stable emulsion system. Next, 30 μ L of prepared emulsion was quickly
mixed with 3 mL of 0.1 % SDS solution and the absorbance value was
measured at 500 nm by a spectrophotometer. The emulsion was allowed
to stand for 10 min and then the absorbance values were determined.

The EAI and ESI were obtained from the following equations.

EAI (m2/g) =
2× 2.303× A0 × D
c× (1 − ∅) × 10000

(3)

ESI (min) =
A10

A0
× 100 (4)

where c is the protein concentration (0.01 g/mL), D is the dilution factor
(100), and ∅ is the oil phase volume fraction (20 %).

2.12. Foaming properties

The CPI prepared after treatment under different conditions was
dissolved in distilled water (10 mg/mL) and stirred for 2 h at 25℃. 8 mL
of the protein solution was taken and homogenized at 19000 rpm for 2
min. The volume of the foam was recorded at 2 min (V2) and 30 min
(V30) respectively. Foaminess (FA) and foam stability (FS) are calculated
according to the following equations.

FA (%) =
V2

VS
(5)

FS (%) =
V30

V2
(6)

where VS is the initial liquid volume.

2.13. Statistical analysis

All analyses were performed in triplicate and all data were analyzed

Fig. 2. Effect of PEF-US treatment on CPI yield. (a) pulse duration (s), (b) pulse field intensity (kV/cm), (c) ultrasonic time (min), (d) ultrasonic power (W). Results
are presented as mean ± SD (n = 3). Different lowercase letters above the bars indicate significant differences determined by SPSS test (p < 0.05).
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using analysis of variance (ANOVA) as well as Tukey’s test for significant
differences, significant p-values less than the set level of significance
(0.05) were determined to be significant, and all data are presented as
mean ± SD deviation.

3. Results and discussion

3.1. Single-factor results for extraction of CPI by PEF, US and PEF-US
treatment

By single-factor optimization of PEF and US treatment, the optimal
conditions for PEF treatment were obtained as a pulse duration of 90 s
and electric field intensity of 0.9 kV/cm (Fig. S2). For US extraction, the
optimum conditions were a treatment time of 15 min and ultrasonic
power of 320 W. From the previous experiments, it was comprehended
that both PEF and US treatment were facilitative to CPI yield. Conse-
quently, we employed the combined (PEF-US) treatment for extracting
CPI and investigated the optimal extraction conditions (Fig. 2). The
impact of pulse duration and electric field intensity on CPI yield in PEF-
US treatment was analyzed in Fig. 2a and b. As pulse duration and
electric field intensity increased, yield initially rose before declining.
The highest protein yield, at 13.33 ± 0.04 % and 13.46 ± 0.16 %, was
observed at a pulse duration of 90 s and an electric field intensity of 0.9
kV/cm. Fig. 2c and d examined the influence of ultrasonic time and
power on CPI yield, revealing that the highest yield occurred at 15 min
of ultrasonic time and 320 W of ultrasonic power. In the Box-Behnken
design, the design point should be a combination of high and low fac-
tor levels along with their midpoints. Therefore, pulse duration (60, 90,
and 120 s), electric field intensity (0.8, 0.9, and 1.0 kV/cm), ultrasonic
time (10, 15, and 20 min), and ultrasonic power (280, 320, and 360 W)
were selected as the test factors for the response surface.

3.2. Statistical analysis and model fitting

Design-Expert 12.0.1 was used to design a four-factor, three-level
BBD test, and the experimental results and predicted values were shown
in Table 1. The experimental design consisted of 24 factorial points as
well as 5 centroids and CPI yield were selected as the response value
(Table 1). ANOVA was used to estimate the significance of factors and
their interactions on the response values (Table 2). The response surface
model was significant (p < 0.01) and the misfit term was not significant
(p = 0.2447 > 0.05). It shows that the regression equation is highly
credible and the unknown factors have less influence on the experi-
mental results, thus the model can be used to predict the correlation of
factors with CPI yield (Y). The F-value can be used to determine the
extent to which the indicator is associated with the response. The factor
that had the greatest effect on protein yield was electric field intensity
(X2), followed by pulse duration (X1), ultrasonic power (X4) and ultra-
sonic time (X3). Among the interaction terms, the largest F-value was
found for X3X4 interaction, followed by X1X2 interaction, indicating that
the interaction between ultrasonic time and ultrasonic power was highly
significant (p < 0.01), the interaction between pulse duration and
electric field intensity was significant (p< 0.05) and the rest of the factor
interactions were not significant. The relationship between each factor
and protein yield (Y) can be expressed as a function:

Y = 13.21 − 0.3558X1 − 0.8342X2 + 0.0125X3 + 0.1592X4 −

0.5225X1X2 − 0.0250X1X3 + 0.0300X1X4 + 0.0050X2X3 − 0.2250X2X4
− 0.5625X3X4 − 1.09X12 − 1.55X22 − 0.5746X32 − 1.06X42

The regression coefficient R2 of the equation reflects the ability of the
regression equation to explain the response value (Y). The R2 was
0.9507, which implied that the regression equation established in this
study explained about 95 % of the variations in the response value. The
closer the R2 is to 1, the better the model is fitted. However, the different
number of samples also affects the R2. The adjusted regression coeffi-
cient (adj R2) is able to cancel out the influence of sample size and thus
assess the adequacy of the model more accurately. The adj R2 (0.9014)
indicated that 9.86 % of the total variation could not be explained by the
model. Usually, adj R2 between 0.8 and 1 represents a high degree of
correlation between variables. The predicted regression coefficient
(pred R2) was 0.7489, while the coefficient of variation (CV) was 3.17%,
suggesting a real and reliable experimental result. The value between
adj R2 and pred R2 are less than 0.2, indicating that the model can
explain the process better. The CV demonstrates the precision of an

Table 1
Response surface BBD experimental design, CPI yield and predicted value.

Run Independent Variables Protein yield (%)

X1a X2b X3c X4d Expt. Pred.

1 60 (− 1) 0.9 (0) 10 (− 1) 320 (0) 12.18 11.86
2 90 (0) 0.8 (− 1) 15 (0) 360 (+1) 12.19 11.81
3 90 (0) 1.0 (+1) 15 (0) 280 (− 1) 9.47 9.83
4 90 (0) 0.8 (− 1) 15 (0) 280 (− 1) 11.37 11.05
5 60 (− 1) 0.8 (− 1) 15 (0) 320 (0) 10.82 11.24
6 60 (− 1) 0.9 (0) 20 (+1) 320 (0) 12.13 11.94
7 90 (0) 0.9 (0) 15 (0) 320 (0) 12.79 13.21
8 60 (− 1) 0.9 (0) 15 (0) 280 (− 1) 11.09 11.28
9 90 (0) 1.0 (+1) 10 (− 1) 320 (0) 10.25 10.24
10 60 (− 1) 0.9 (0) 15 (0) 360 (+1) 11.47 11.54
11 90 (0) 0.9 (0) 15 (0) 320 (0) 13.27 13.21
12 90 (0) 1.0 (+1) 15 (0) 360 (+1) 9.39 9.70
13 90 (0) 1.0 (+1) 20 (+1) 320 (0) 10.16 10.27
14 120 (+1) 0.9 (0) 20 (+1) 320 (0) 10.87 11.18
15 90 (0) 0.9 (0) 10 (− 1) 280 (− 1) 10.89 10.84
16 90 (0) 0.9 (0) 15 (0) 320 (0) 13.38 13.21
17 90 (0) 0.8 (− 1) 20 (+1) 320 (0) 11.72 11.93
18 90 (0) 0.9 (0) 15 (0) 320 (0) 13.11 13.21
19 90 (0) 0.9 (0) 15 (0) 320 (0) 13.48 13.21
20 120 (+1) 0.8 (− 1) 15 (0) 320 (0) 11.59 11.57
21 120 (+1) 0.9 (0) 15 (0) 360 (+1) 10.88 10.89
22 90 (0) 0.8 (− 1) 10 (− 1) 320 (0) 11.83 11.92
23 120 (+1) 0.9 (0) 10 (− 1) 320 (0) 11.02 11.2
24 90 (0) 0.9 (0) 20 (+1) 280 (− 1) 12.29 11.99
25 60 (− 1) 1.0 (+1) 15 (0) 320 (0) 10.78 10.62
26 120 (+1) 0.9 (0) 15 (0) 280 (− 1) 10.38 10.51
27 90 (0) 0.9 (0) 10 (− 1) 360 (+1) 12.16 12.28
28 90 (0) 0.9 (0) 20 (+1) 360 (+1) 11.31 11.18
29 120 (+1) 1.0 (+1) 15 (0) 320 (0) 9.46 8.86

a X1:pulse duration.
b X2:electric field intensity.
c X3:ultrasonic time.
d X4:ultrasonic power.

Table 2
ANOVA of the responses and model fit statistics for regression models.

Source Sum of squares DF Mean square F-value p-value

Model 35.39 14 2.53 19.28 <0.0001
X1 1.52 1 1.52 11.59 0.0043
X2 8.35 1 8.35 63.69 <0.0001
X3 0.0019 1 0.0019 0.0143 0.9065
X4 0.304 1 0.304 2.32 0.1501
X1X2 1.09 1 1.09 8.33 0.012
X1X3 0.0025 1 0.0025 0.0191 0.8921
X1X4 0.0036 1 0.0036 0.0275 0.8708
X2X3 0.0001 1 0.0001 0.0008 0.9784
X2X4 0.2025 1 0.2025 1.54 0.2343
X3X4 1.27 1 1.27 9.65 0.0077
X12 7.71 1 7.71 58.79 <0.0001
X22 15.49 1 15.49 118.12 <0.0001
X32 2.13 1 2.13 16.22 0.0012
X42 7.32 1 7.32 55.87 <0.0001
Residual 1.84 14 0.1311  
Lack of fit 1.54 10 0.1544 2.12 0.2447
Pure error 0.2917 4 0.0729  
Cor Total 37.23 28   
R2 0.9507    
Adj R2 0.9014    
Pred R2 0.7489    
CV% 3.17    

X1, X2, X3 and X4 represent the same as above.
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experiment, and the CV of less than 10 % signifies that the data are more
stable and reproducible.

3.3. Effect of various factors on protein yield

The link between variables and response values (Y) was shown in
three-dimensional (3-D) response surface plots (Fig. 3). The steeper the
surface, the more strongly the variables affect the reaction value [27].
By keeping two factors constant, the interaction between them on CPI
yield (Y) can be visualized. Protein yield increased with longer pulse
durations (Fig. 3a, b& c). This might be attributed to the extended pulse
treatment, which allowed for greater irreversible membrane perforation
or prolonged recovery from reversible perforation, thereby enhancing
the release of proteins from the cell in the experiment [28]. It can be
seen from Fig. 3a, d & e that protein yield increased significantly when
the electric field intensity increased from 0.8 to 0.9 (p < 0.01, Table 2).
As the electric field intensity increased, the solvent penetrated into the
cell faster, making it easier for the protein to permeate out. Fig. 3b, d& f
illustrated that a longer ultrasonic time benefited the yield of Y. This was
explained by the fact that the homogenization of the sample and solvent
mixture through US treatment, leading to enhanced contact time and
area between the solvent and material [29]. Y with increased ultrasound
power from 280 W to 320 W (Fig. 3c, e & f). At lower ultrasonic power
levels, the cavitation effect was not as pronounced, resulting in a lower
protein yield. Vardanega et al. [30] proposed that ultrasonic treatment
also induces hydration, causing the pores in the cell wall to expand. This
facilitated a faster exchange of solvent within and outside the cell, ul-
timately leading to an increase in protein yield.

3.4. Validation tests of the model

According to the results of response surface optimisation and com-
bined with the actual situation, the optimal process parameters for CPI
were: pulse duration 87 s, electric field intensity 0.9 kV/cm, ultrasonic

time 15 min, ultrasonic power 325 W. The predicted value of protein
yield under this parameter was 13.341%. Using the above conditions for
three experimental validations, the protein yield was found to be 13.52
± 0.13 %. Upon comparison, the relative error between the predicted
and observed values was determined to be 1.32 %, indicating an error
margin of less than 3 %. This confirmed the high accuracy of the model,
verifying its validity. Consequently, the model is deemed applicable for
theoretically interpreting the results of this experiment and holds
guiding significance for practical operations.

3.5. Comparison of protein yield between AE-IEP, PEF, US and PEF-US
treatment

The protein yield of chickpea resulting from four different treatments
(AE-IEP, PEF, US, and PEF-US) were illustrated in Fig. 4b. The highest
protein yield of 13.52 ± 0.13 % was obtained by PEF-US treatment. AE-
IEP treatment gave a CPI yield of 9.18 ± 0.25 %. The protein yield of
PEF-US was significantly (p < 0.05) increased by 47.28 % compared to
AE-IEP treatment. In addition, PEF-US treatment also exhibited higher
yield compared to the PEF (22.13 %) and US (20.07 %) treatment. The
diagram of combining PEF and US to enhance the CPI extraction rate
was illustrated in Fig. 5. To begin, PEF treatment of CPI, which results in
a transmembrane potential difference greater than a threshold value,
forms controlled micropores in the cell membrane and cell wall,
allowing tiny molecules (protein) to enter and exit the cell [31].
Immediately following this, US treatment leads to a series of rapid
compressions and expansions, creating shock breaks that increase the
diffusion rate of protein molecules, allowing them to be released from
the cell interior [32]. Fig. 4a showed the experimental pictures of iso-
electric point precipitation of PEF-US and AE-IEP treatment, it was
clearly observed that protein precipitation increased after PEF-US
treatment. The results indicated that PEF-US treatment was a superior
method for extraction of CPI as compared to single extraction method.

Fig. 3. Response surface 3D plot of the effect of interaction of factors on protein yield. (a) pulse time and pulsed field intensity interaction, (b) pulse time and
ultrasonic time interaction, (c) pulse time and ultrasonic power interaction, (d) ultrasonic time and pulsed field intensity interaction, (e) ultrasonic power and pulsed
field intensity interaction, (f) ultrasonic power and ultrasonic time interaction.
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Fig. 4. (a) Experimental pictures of isoelectric point precipitation by PEF-US and AE-IEP treatment, (b) Effect of four different treatments on CPI yield, (c)-(f) Surface
topography of CPI obtained from AE-IEP, PEF, US and PEF-US treatment, respectively.
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3.6. Surface morphology observation

The morphology of CPI obtained from AE-IEP, PEF, US and PEF-US
treatment were shown in Fig. 4c-f. After AE-IEP treatment, the protein
surface exhibited a smooth and dense block structure with significant
block aggregation (Fig. 4c). In Fig. 4d, the protein surface displayed a
distinct pitted morphology after PEF treatment. The appearance of the
craters is likely to be related to the localized loosening and subsequent
collapse of the proteins due to the electric field stress under PEF partial
discharge [33]. The protein surface treated with US, as shown in Fig. 4e,
appeared looser and more fragmented in overall morphology. This
phenomenon resulted from the cavitation effect generated by the ul-
trasonic treatment, which produced mechanical shear force that
ruptured the intact protein lamellae and turned them into fragments
[34]. Furthermore, the degree of fragmentation was notably higher in
both the PEF and US groups compared to the AE-IEP group, which may
be more favorable for CPI dissolution. After the combined PEF-US
treatment, the protein surface represented a loose fragmented struc-
ture with significantly improved aggregation, and the degree of frag-
mentation was the highest among all treatment groups. This was
possible because, with the PEF-US treatment, the US had further
dispersed the protein, building upon the PEF treatment, which resulted
in more protein fragments and a looser structure.

3.7. Influence on secondary structure content

The effect of PEF and US treatment on the secondary structure of CPI
was analyzed by CD spectroscopy. The changes in the secondary struc-
ture content of native and treated CPI were measured in the near-
ultraviolet spectra from 200 nm to 260 nm. Table 3 exhibited that the
α-helix, β-sheet, β-turn, and random coil of natural CPI were 27.55 %,
19.92 %, 17.39 %, and 35.14 %, respectively. The β-turn content of CPI
after PEF treatment increased significantly (P < 0.05), the α-helix con-
tent decreased slightly, and the β-sheet and random coil increased
slightly. This was similar to conclusion described by Wang et al. [35]. It
was probably the PEF treatment caused the disulfide bonds in the sec-
ondary structure of CPI to break and hydrogen bonds to be disrupted,
which resulted in the conversion of some of the α-helix into β-sheet,
β-turn with random coil. Some studies had shown that a decrease in

protein α-helix content and an increase in β-sheet content was favorable
to improve the functional properties of proteins [36]. The US-treated CPI
exhibited a slight increase in α-helix content, a significant decrease in
β-sheet and β-turn content (P < 0.05), and a slight decrease in random
coil content. This was similar to conclusion reported by Vera et al. [37].
But Zhu et al. [38] found that US treatment decreased the α-helix con-
tent and increased the β-sheet content of the protein, which might be the
conditions of the US treatment as well as differences in the type of
protein. Addition of US-treated CPI under PEF treatment resulted in
significant changes in the content of all four structures compared with
natural CPI, with a significant decrease in α-helix content (P< 0.05) and
a significant increase in the content of β-sheet, β-turn, and random coil
(P < 0.05). The PEF-US treatment led to a further α-helix to β-sheet,
β-turn, and random coil in CPI transformation. This indicated that the
combined treatment resulted in a more pronounced change in the sec-
ondary structure of CPI, from the originally stable α-helix structure to a
more loosely packed random coil state.

3.8. Influence on tertiary structure content

Intrinsic fluorescence spectroscopy can reflect the changes in the
microenvironment of aromatic amino acids [39]. When the emission
wavelength was 280 nm, it can expose the tryptophan, tyrosine and
phenylalanine residues of protein to the surface of the molecule.
Therefore, the variations in the tertiary structure of proteins can be
directly characterized by the changes in the intensity of fluorescence and
the position of the peak [40]. Fig. 6a showed that the wavelength of the
maximum fluorescence peak of AE-IEP CPI was at 323 nm, while the
maximum fluorescence peak of PEF, US, and PEF-US CPI were red-
shifted. Among them, the PEF-US group showed the largest red-shift
from 323 nm to 325 nm. The fluorescence intensities of CPI were all
increased after treatment with different extraction methods, which
indicated that the tertiary structure of CPI unfolded, and the side-chain
groups of the aromatic amino acid molecules inside CPI were exposed
andmigrated to a more hydrophilic environment. In conclusion, PEF, US
and PEF-US treatment all altered the tertiary structure of CPI, with PEF-
US having the greatest effect on the tertiary structure of CPI.

3.9. Influence on surface hydrophobicity

In general, changes in the structure of a protein could be reflected by
its surface hydrophobicity. It also exerted a vitally significant effect on
the functional properties of the protein [41]. As can be seen from Fig. 6b,
the surface hydrophobicity of treated CPI was remarkably increased (p
< 0.05) compared with natural CPI. The PEF, US and PEF-US CPI
showed an increase of 23.36 %, 19.60 % and 52.97 % respectively
compared to the AE-IEP CPI. This was similar to the conclusion of Wang
et al., reported [42]. This phenomenon was attributed to the unfolding
of protein molecules and loosening of the protein structure by PEF

Fig. 5. Mechanism of CPI extraction by PEF-US: PEF treatment first induces electroporation to form controlled micropores, followed by US treatment to promote
mass transfer.

Table 3
Secondary structure content of native and treated CPI.

Treatment Content of each structure/Total structural contenteld (%)

α-helix β-sheet β-turn Random coil

AE-IEP 27.55 ± 0.84ab 19.92 ± 0.34b 17.39 ± 0.02b 35.14 ± 0.41b

PEF 26.76 ± 0.17b 20.31 ± 0.08b 17.49 ± 0.02a 35.47 ± 0.06b

US 28.52 ± 0.57a 19.32 ± 0.25c 17.12 ± 0.06c 35.01 ± 0.29b

PEF-US 17.77 ± 0.07c 24.95 ± 0.03a 17.56 ± 0.03a 39.72 ± 0.01a
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treatment, thus allowing ANS molecules to reach the hydrophobic core
of the protein disrupting the hydrophobic interactions between protein
molecules and increased the exposure of hydrophobic groups [43].
Meanwhile, the cavitation effect generated by the US treatment could
lead to further unfolding of protein molecules, protein molecule exten-
sion and more exposure of hydrophobic groups, which in turn improved
the surface hydrophobicity of CPI [44].

3.10. Influence on solubility of CPI

Solubility was considered to be the most important practical indi-
cator of the functional properties of protein, and it was an important
functional property to satisfy the protein to exert their emulsification,
foaming and gelation properties. Fig. 7a, b showed that the solubility of

CPI was significantly increased by different modification treatments (p
< 0.05), and the PEF, US and PEF-US CPI increased by 8.85 %, 8.03 %
and 11.31 %, respectively, compared with AE-IEP CPI. The best solu-
bility enhancement after the combined treatment was mainly due to the
fact that the PEF treatment firstly broke the non-covalent bonds between
protein molecules, which led to the unfolding of their structures from
the compact state, and then transformed the aggregated protein mole-
cules into independent single molecules. This process significantly
enhanced the interaction force between the protein molecules and the
solvent, thus improving the solubility of the proteins [43,45]. Next, the
US treatment further unfolded the structure of protein molecules by
disrupting intermolecular strong interactions through cavitation effect,
including Van der Waals forces, hydrogen bonding and dipole attrac-
tions, exposing more hydrophilic regions, which further enhanced the

Fig. 6. (a) Fluorescence spectra and (b) surface hydrophobicity of CPI after different treatments. Different letters denote significant differences in the components (p
< 0.05).

Fig. 7. (a) Solubility, (b) Appearance of samples after dissolution, (c) Emulsification, (d) Emulsion stability, (e) Foaming and (f) Foaming stability of CPI after
different treatment.
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interaction with the solute [46], thus improving the solubility.

3.11. Influence on emulsification properties of CPI

The emulsifying properties of protein, namely, its ability to form and
stabilize emulsions, played an important role in the food manufacturing
industry [47]. Fig. 7c exhibited a significant (p < 0.05) increase in
emulsifing capacity (EAI) of CPI treated with different conditions of
modification. The CPI of PEF, US, and PEF-US treatment were increased
by 61.31 %, 96.08 %, and 109.61 %, respectively, compared to natural
CPI. This was due to the fact that PEF treatment polarized and partially
unfolded the protein molecules, and meanwhile exposed the hydro-
phobic residues inside the proteins, which increased the surface hy-
drophobicity and lowered the interfacial tension [48]. At the same time,
the cavitation effect of US treatment caused the protein molecules to
unfold, exposing the hydrophobic groups embedded in the molecules,
resulting in a further increase in the surface hydrophobicity, promoting
the rapid absorption of proteins at the oil–water interface, and the
interfacial tension was further reduced to further enhance the emulsi-
fication ability [49]. Nevertheless this was corroborated by the fact that
there was no significant change in any of the data sets in Fig. 7d. The
emulsification properties of proteins might be related to the size of the
droplets [38], but with the extension of time, intermolecular aggrega-
tion would occur, which might lead to an increase in droplet size and a
decrease in surface activity, making it difficult to enhance the stability of
emulsification.

3.12. Influence on foaming properties of CPI

Foam is another important functional property of proteins, and the
fine foam once formed by CPI can provide good flavor to foods. After
calculating the foaming ability (FA) by the formula, it could be seen
from Fig. 7e that the FA values of PEF-US treated and US treated were
significantly (p< 0.05) increased, by 12.02% and 17.93%, respectively,
compared to the native CPI. The increased FA values of the US treated
and PEF-US treated CPI were attributed to its higher surface hydro-
phobicity and more flexible structure (higher random coil content),
which resulted in an enhanced ability of the protein to form liquid–air
dispersions and a lower interfacial tension, favoring the formation of gas
bubbles [50]. However, the foam stability (FS) of CPI treated with
different modification conditions was not improved, and the bubbles
dispersed in large quantities after 30 min, and there was no significant
difference in their FS as shown in Fig. 7f. This was probably due to the
fact that after a certain period of time, the size of the bubbles increased
and the molecules were desorbed at the interface, leading to an increase
in the exposure of hydrophobic groups, which made the proteins easily
aggregated and reduced the protein interfacial activity, resulting in the
formation of FS similar to that of the untreated group [50].

4. Conclusion

PEF-US is an effective method to extract CPI. The extraction pa-
rameters were optimized using RSM, resulting in the following condi-
tions: 87 s pulse duration, 0.9 kV/cm electric field intensity, 15 min
ultrasonic time, and 325 W ultrasonic power. Under these optimized
conditions, the protein yield was measured at 13.52 ± 0.13 %, which
was a 47.28 % improvement compared to the AE-IEP treatment. In
addition, PEF-US treatment also exhibited higher yield compared to the
PEF and US treatment. The surface of PEF-US-treated CPI was looser,
with less protein aggregation, and the structure of CPI showed greater
extensibility and disorder in characterizing secondary and tertiary
structures. The modified CPI shows improved water solubility, emulsi-
fication, and foaming capabilities, indicating enhanced potential as an
emulsifier and foaming agent in the food industry. Overall, the utiliza-
tion of PEF-US treatment proved to be effective in increasing protein
yield and enhancing its functional properties, thereby adding value to

chickpea in the realm of food processing.
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