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Pumpkin-seed protein isolates were treated with high-intensity ultrasound (HIU). The effects of different ul-
trasound powers at the same treating time on the physicochemical, structure and foaming properties of pumpkin-
seed protein isolates (PSPIs) were investigated. The results showed that the ultrasound treatment transformed the
PSPI aggregates into smaller aggregates with a more uniform distribution. When the pH value increased, the
solubility and foaming ability of the protein also increased significantly. Increasing the ultrasound power also
increased the surface hydrophobicity of the PSPIs and the total sulfhydryl contents, while the active sulfhydryl
content decreased. The most significant effect on the total sulfhydryl content occurred when 500 W ultrasonic
power was used. The ultrasound treatment also had a significant effect on the chromaticity and turbidity of the
pumpkin-seed protein isolates. With an increase in ultrasonic power, scanning electron microscopy (SEM)
showed that the sizes of particles decreased as their distribution increased. Moreover, ultrasound treatment was
found to be beneficial for enhancing and improving foaming performance. Ultrasound modification affected the
protein’s physicochemical properties and structure, which contributed greatly to the corresponding functional
and nutritional properties of the protein. It would be, therefore, useful to develop and utilize plant protein and to
improve its added-value.

1. Introduction

Pumpkin (Cucurbita moschata Duch., Cucurbitaceae) is a common
plant that grows in tropical, subtropical, and warm regions around the
world and is used in the food industry for the production of purees,
juices, jams, and alcoholic beverages (Mitic et al., 2018). Pumpkin seeds,
a food oil crop, are utilized widely in the production of vegetable oils
due to their high nutritional value and health-promoting effects (Aktas
et al., 2018). Due to increases in pumpkin-seed oil production, a large
quantity of pumpkin-seed cake is produced as a by-product and often

used as livestock feed (3). In recent years, pumpkin seed cake has
attracted much attention because of its high protein content (60-65%)
and the special functional characteristics of its plant proteins. Further-
more, the main fraction of pumpkin-seed proteins is 12S globulin, in
which the structure is similar to that of globulins in legume seeds (Bucko
et al., 2015). This similarity indicates that pumpkin-seed protein isolate
(PSPI) has comparative functional properties to legume seed proteins,
such as emulsifying, foaming, and gelling abilities (Yang et al., 2019).
Therefore, PSPI should be extracted and transferred to value-added
products as functional ingredients and nutritional additives in the food
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industry.

Ultrasound is a promising green technology with a low impact on the
environment and has been widely used for food processing and
extracting bioactive substances from plant, animal, and marine sources
(Chemat et al., 2011; Ojha et al., 2020). Notably, ultrasound has been
used as an alternative for changing or improving the functional prop-
erties of various proteins. For instance, ultrasound-treated chicken
myofibrillar protein presented better emulsifying, rheological, and sta-
bility properties (Wang et al., 2020). Ultrasound treatment modified the
physical-chemical, functional, and structural properties of canola pro-
tein isolate (Flores-Jiménez et al., 2019). Moreover, the antioxidant
activity of watermelon seed protein improved, and the protein structure
changed, after divergent ultrasound pretreatment (Wen et al., 2019).
Furthermore, with a combination of ultrasound treatment and kluy-
veromyces marxianus fermentation, the antigenicity of bovine whey
proteins was reduced significantly (Zhao et al., 2020). Some products
based on soy proteins and whey involved in industrial production are
processed with ultrasound to produce different forms of creams, pastes,
and other substances (Téllez-Morales et al., 2020). Therefore, ultrasonic
treatment is currently considered to be a powerful tool in the protein
processing industries and other related fields.

There are many reports on how treatment with ultrasound enhanced
the processing applicability and functional properties of proteins, such
as in fava beans (Martinez-Velasco et al., 2018), sunflower (Malik &
Saini, 2018), rice (Zhang et al., 2018), chicken (Zou et al., 2018), canola
(Flores-Jiménez et al., 2019), and album seed protein isolates (Mir et al.,
2019). However, few studies have focused on the physiochemical
properties and functions of pumpkin-seed protein isolate, including the
solubility, interface, adsorption, emulsifying, foaming, antioxidative
activities, and changes after enzymatic hydrolysis (Bucko et al., 2015,
2016, 2018; Nkosi et al., 2006; Quirino et al., 2014). To our best
knowledge, there are no reports on the effects of ultrasounds on
improving the quality of PSPI as a food ingredient in industry. Therefore,
the aim of the present study was to determine the physicochemical,
functional, foaming, and structural properties of PSPI as indicators of its
potential use in the food industry.

2. Material and methods
2.1. Materials

Fresh pumpkins (C. moschata Duch.) were purchased from a local
market of Huazhong Agricultural University (Wuhan, Hubei, China).
The pumpkin seed powders (PSD) were prepared from pumpkins
through cutting, cleaning, and drying. The contents of moisture, fat,
protein, and other nutrients of the obtained PSD were 4.95 + 0.04%,
35.59 + 1.12%, 19.63 + 0.216%, and 39.83 + 1.38%, respectively,
based on the official AOAC (Association of Official Analytical Chemists)
methods of analysis. The water used in the present study was deionized
(DI) and all the chemicals used were of analytical grade.

2.2. Preparation of pumpkin-seed protein isolate

Pumpkin-seed protein isolate (PSPI) were prepared from pumpkin-
seed powder using alkali extraction with isoelectric precipitation, as
described by Bucko et al. (Bucko et al., 2015) with little modification.
Briefly, pumpkin-seed protein powder was defatted for 4 h using hexane
in a Soxhlet extraction apparatus. The defatted pumpkin seed cake was
then suspended in an alkali solution at pH 11.00, which was set by 1 M
NaOH. After 30 min of gentle stirring, the slurry was filtered. The pro-
teins dissolved in the filtrate were precipitated by adjusting the pH to
4.00 with 1 M HCI. The precipitate was then separated from the liquid
phase via centrifugation at 4 °C and 5000 rpm for 30 min. The sediment
was washed with DD water until neutral and then separated by centri-
fugation and freeze-dried in a lyophilizer. Then, the PSPI was placed into
an —80 °C refrigerator for further analysis. The protein content of the
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PSPI was detected as 88.96 + 1.10% (Kjeldahl Nitrogen method, n = 3).

2.3. High-intensity ultrasonic treatment

Similar to the above method, the defatted pumpkin seed cake was
suspended in an alkali solution at pH 11.0, which was adjusted by 1 M
NaOH. The slurry was filtered after 30 min of gentle stirring. The dis-
solved proteins were ultrasonicated (ultrasonic processor, with 0.6 cm
diameter titanium probe, NingBo Scientz Biotechnology Co. Ltd.,
Ningbo, China) at a frequency of 20 kHz. Then, an ice-water bath was
applied to dissipate the heat produced during sonication. The samples
were treated at 20 kHz at 100 W, 300 W, or 500 W for 30 min (pulse
duration of on-time, 2 s; off-time, 2 s; the ultrasound intensity was
quantitatively outputted from the ultrasonic processor). The sample
without the ultrasonic treatment was set as the control. After the ul-
trasound treatment, all samples were precipitated by adjusting the pH to
4.00 with 1 M HCI. The precipitate was then separated from the liquid
phase by centrifugation at 4 °C and 5000 rpm for 30 min. The sediment
was washed with DD water until neutral, separated by centrifugation,
and freeze-dried in a lyophilizer. The high-intensity ultrasound-treated
pumpkin-seed protein isolate (HIU-PSPI) was obtained for further
analysis.

2.4. Protein stock dispersions

The stock dispersions (1 mg/mL) of PSPI and HIU-PSPI were
dispersed in phosphate-buffered saline (PBS, 0.01 M, pH 7.4) by gentle
stirring for 3 h, left to stand overnight, and centrifuged at 5000 rpm for
15 min at 20 °C to obtain supernatants, which were filtered through a
0.45 pm membrane filter. When required, the stock dispersions were
further diluted with PBS.

2.5. Sodium dodecyl-sulfate polyacrylamide gel (SDS-PAGE)
electrophoresis

SDS-PAGE electrophoresis was carried out as described in our pre-
vious study (Cao et al., 2020) with a few modifications. PSPI and
HIU-PSPI samples were dissolved with a constant protein concentration
(1 mg/mL) and then mixed with 5 x loading buffer. The mixtures were
incubated at 90 °C for 5 min and loaded in the gel slot. The best con-
centration of the separation gel was set to 10% (w/v). Electrophoresis of
the stacking gel and the separating gel was conducted at 80 Vand 120V,
respectively. The gel was stained with 0.1% Coomassie Brilliant Blue
R-250 dye for 30 min followed by destaining in a solution containing
25% methanol and 8% acetic acid until the proper color density level
was achieved. The markers of proteins (10-250 kDa) were also run in
parallel on the same gel to determine the molecular weights of the
proteins. Afterwards, the gel was observed and photographed.

2.6. Ultraviolet-visible (UV-Vis) spectroscopy

Using a spectrophotometer (SHIMADZU UV-1750, Japan), the
UV-Vis spectra of the sample solutions (PSPI and HIU-PSPI lyophilized
and prepared at a concentration of 1 mg/mL in distilled water) were
recorded from 220 to 500 nm at 25 °C with a 1 cm path-length quartz
cell.

2.7. Fluorescence measurement

A luminescence spectrometer (F-4600, Japan) was used to detect the
fluorescence of the PSPI and HIU-PSPI solutions (0.2 mg/mL, 10 mM
PBS, pH 7.4). The excitation wavelength was 290 nm, and the emission
spectra ranged from 300 to 460 nm. The slit width and scan speed were
2.5 nm and 1200 nm/min, respectively.
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2.8. Circular dichroism

The PSPI samples were equilibrated using a phosphate buffer (PBS,
pH = 7.4, 0.01 M) and then centrifuged at 6000 r/min for 20 min. Next,
supernatant containing PSPI at a concentration of 0.1 mg/mL was ob-
tained. The second structure of PSPI was then carried out using a circular
dichroism spectrometer (J-1500, JASCO Corporation, Japan) with a 0.1
cm quartz CD cuvette in a wavelength range of 185-200 nm.

2.9. Rheological behavior analysis

The rheological behavior of the PSPI samples subjected to different
high-intensity ultrasound treatments was analyzed using a rheometer
(AR2000ex, TA Instrument, Newcastle, Delaware, USA). The PSPI
samples were equilibrated using the phosphate buffer (PBS, pH = 7.4,
0.01 M) and centrifuged at 6000 r/min for 20 min to obtain supernatant
with a PSPI concentration of 0.1 mg/mL. Measurements were carried
out on a 40 mm parallel plate with a gap of 1 mm. The shear-stress—
shear-rate curve was recorded using an angular frequency scanning
range of 1-100 s~! at a rate of 1 s™! with a temperature at 25 °C. The
power-law model was used to describe the flow characteristics of the
PSPI system.

2.10. Sulfhydryl (-SH) content

A mixture containing 3.6 mL 20 mM Tris-hydrochloric acid buffer
(containing 12% sodium dodecyl sulfate, 10 mM EDTA and 8 M urea,
pH = 6.8), 0.4 mL Ellman solution (0.1% 5,5'-dithiobis-(2-nitrobenzoic
acid), DTNB dissolved in 0.2 M Tris-hydrochloric acid buffer, pH = 6.8),
and 5.5 mL protein solution was placed under a temperature of 40 °C for
25 min. The absorbance of the sample solution was then measured at
412 nm. The content of sulthydryl was calculated using the molar
extinction coefficient of 13,600 M~! L cm™ .

2.11. Surface hydrophobicity (Hy) determination

The surface hydrophobicity of the sample was detected with a fluo-
rescence spectrum assay (SHIMADZU RF-5310PC) using 8-anilino-1-
naphthalenesulfonicacid (ANSA) as a fluorescent probe (Liu et al.,
2017). The 10 mL protein solution (1 mg/mL, 10 mM PBS, pH 7.4) was
mixed with 0.1 mL ANSA solution (2.4 mM, 10 mM PBS, pH 7.4). The
excitation wavelength was 390 nm. The emission and excitation slits
were 5 nm, and the emission spectrum was measured from 400 to 650
nm. The relative exposed hydrophobicity was calculated according to
Eq. (1):

Hy=8,-5 (@)

where S; is the area of the sample solution, and S, is the area of the
solvent.

2.12. Quantitative color measurement

The color was determined with a colorimeter (Shang Guang WSC-S,
Shanghai, China) and measured in three different places on both sides of
each sample. The L* (Brightness), a* (redness-greenness), and b* (yel-
lowness-blueness) values were recorded. The whiteness (W) value was
calculated using Eq. (2) (PARK, 1995):

W=100—+/(100—-L")*+a?+ b2 (2)
2.13. Determination of turbidity
Based on the method by Malik et al. (Malik et al., 2017), the protein

solution was stirred for 60 min at 25 °C, and then the adsorption value
was measured at 600 nm with Eppendorf BioSpectrometer fluorescence
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(Eppendorf Co., German).

2.14. Foaming properties and foaming microstructure observations

The foaming properties were determined according to the previously
reported method with slight modifications (Resendiz-Vazquez et al.,
2017; Xiong et al., 2018). Briefly, protein suspensions (10 mg/mL) of pH
4.0, 6.0, 8.0, 10.0, and 12.0 were whipped at 8000 rpm for 1 min via a
high-shear dispersion homogenizer (JRJ300-S, Shanghai Specimen
Model Factory, Shanghai, China) to produce foam. After whipping, the
foam was immediately poured into a 10 mL graduated cylinder. Foam-
ing capacity (FC) was determined by comparing the foam volume at 2
min with the initial liquid volume of the sample. The foam stability (FS)
was measured by comparing the foam volume at 20 min with the initial
foam volume. The microstructure of the bubbles was observed with a
stereo microscope instrument (Stemi 508, Carl Zeiss, Germany). The
samples (10 pL) were placed on glass microscope slides with cover slips.
The foam was then observed after being stored at 25 °C for 2 and 20 min.
The magnification of the microscope was 50-fold. The FC and FS values
were calculated as follows:

FC(%) = V,/25 x 100 3
FS(%) =V, /V, x 100 4

where V| represents the volume of foam at 2 min, and V; represents the
volume of foam at 20 min.

2.14.1. Scanning electron microscope (SEM)

The surface morphology of the freeze-dried PSPI samples was
observed using a SEM (JEOL, JSM-6390LV, Japan) at an accelerating
voltage of 20 kV. Before using the SEM, the samples were coated with
gold using an ion sputter coater.

2.15. Statistical analysis

All experimental data were analyzed via analysis of variance
(ANOVA) with a 95% confidence interval. The ANOVA data with p <
0.05 were considered statistically significant. All treatments were car-
ried out in triplicate, and the results are expressed as the mean + SD (n
= 3). Statistical analysis was performed using the SPSS software, version
19.0.

3. Results and discussion
3.1. SDS-PAGE analysis

The electrophoresis profiles of the untreated and high-intensity-
ultrasound treated PSPI are shown in Fig. 1. In all samples, four main
bands were observed, with molecular weights of 17.2 kDa, 18.0 kDa,
36.0 kDa, and 54.3 kDa. Compared with the control, the ultrasound-
treated PSPI samples did not show significant changes in their protein
electrophoresis profiles, indicating that ultrasound treatment did not
change the molecular weight of the PSPI. However, after 500 W high-
intensity ultrasound treatment, the main protein bands became lighter
in color, which means that the protein contents at this molecular weight
were reduced. Xiong et al. also reported that there were no changes in
the molecular weight profiles of pea protein after HIU treatment, indi-
cating that the ultrasound treatment did not change the protein’s pri-
mary structure (Xiong et al., 2018).

3.2. Ultraviolet-visible (UV) spectra

The UV-visible spectra of the control and ultrasound-treated PSPI
are illustrated in Fig. 2. There were two characteristic absorption peaks
of PSPI observed at 202 and 280 nm, respectively. The strong absorption
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Fig. 1. SDS-PAGE profiles of pumpkin-seed protein isolates under different
high-intensity ultrasound treatment conditions.
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Fig. 2. Ultraviolet absorption spectra of non-HIU and HIU-treated
PSPI solutions.

peak at 202 nm was mainly due to the contribution of the peptide bond,
while the slight absorption peak at 280 nm was caused by chromophores
such as tryptophan (Trp) and tyrosine (Try) residues (Grimsley & Pace,
2004; Ren et al.,, 2018). Obviously, the absorption intensity of the
samples at 202 nm was enhanced with an increase in ultrasonic in-
tensity. After the HIU treatment, the absorbance intensity of the PSPI
was strengthened, indicating that more buried hydrophobic groups were
transferred to the surface of the protein. Similar findings for rice protein
were reported by Xue et al. (Yang et al., 2017). The UV-visible ab-
sorption maximum showed a slight right shift under different fre-
quencies after HIU treatment. This right shift could be explained by
greater unfolding of the peptide chain, which strengthened the inter-
molecular forces and changed the conformation of protein after ultra-
sonic treatment.

3.3. Fluorescence spectroscopy

Fluorescence spectra provide a sensitive means of characterizing
proteins and their conformations. Tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) residues emit fluorescence in a manner strictly
dependent on the folding of the protein, so these residues play an
important role in monitoring tertiary-structure changes in protein (Jin
et al., 2015). The fluorescence spectra of the samples treated with HIU
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under different ultrasonic powers and the control are outlined in Fig. 3.
Clearly, HIU treatment was able to induce obvious changes to the ter-
tiary structure of PSPIL, as shown by changes in the maximum wave
length (Amax) and fluorescence intensity. The fluorescence spectra
showed a slight right shift, with A4 shifting from 328.2 to 329.2 nm
under different intensities of HIU treatments. This right shift indicated
that the polarity in the microenvironment was enhanced due to the
movement of Trp residues towards the outer side of the protein molecule
during the protein unfolding proces induced by the HIU treatment
(Miriani et al., 2011). The fluorescence intensity of ultrasonic-treated
PSPI was significantly lower than that of the control, which was
attributed to the degree of protein unfolding. HIU treatment induced
protein unfolding, which led to more chromophores being exposed to
the solvent. This exposure increased the reduction of fluorescence in-
tensity (Zhang et al., 2014). Similar observations were reported for a
sunflower protein isolate after ultrasound treatment (Malik & Saini,
2018).

3.4. CD spectra

CD spectroscopy was used to determine the changes in the secondary
structures of the proteins, including the o-helix, p-sheet, p-turns, and
random coils, which have characteristic CD spectra (de Figueiredo
Furtado et al., 2017). As presented in Fig. 4, changes to the secondary
structural elements of PSPI and HIU-PSPI were detected by far ultravi-
olet (190-250 nm) of the CD spectra. The a-helix configuration showed
an obvious positive band at 190 nm and two negative peaks in the range
of 200-240 nm (Park et al., 2008). Contents of the secondary structure of
PSPI in the treated or un-untreated HIU were calculated using the Jasco
32 software. The total contents of the secondary structure were 38.20%,
41.10%, 40.90%, and 85.00% for the control and different ultrasonic
powers of 100, 300, and 500 W, respectively. Overall, the total amount
of o-helix increased after HIU treatment, especially after
high-ultrasonic-intensity treatment (500 W), which was consistent with
a previous study (Chandrapala et al., 2010). The authors also found that
the a-helix content of whey protein was significantly increased after HIU
treatment.

3.5. Shear-stress flow behavior

The rheological behaviors of the PSPIs subjected to different HIU
treatments are illustrated as the shear-stress—shear-rate curve in Fig. 5.
The shear stress of the PSPIs gradually increased following an increase in
the shear rate. A decreasing trend for the shear stress in the PSPIs was
observed after HIU treatment. The parameters of the rheological data
were mathematically fitted with a power-law model, and the

500
Control
—=100 W
——300w
S — 500w
2
®
g
b= 300 +
[
o
{ =
3
o 200 H
g
(=}
-
o
100
0

% T ¥ T T X T ] T & T 5 1
300 320 340 360 380 400 420 440
Wavelength (nm)

Fig. 3. Fluorescence Spectra of non-HIU and HIU-treated PSPI solutions.
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Fig. 4. CD spectra of non-HIU and HIU-treated PSPI solutions.

607 = 0W

1+ 100W
074 300w
404 7 500W

Shear stress (Pa)
w
<

1
20 40 60 80 100
Shear rate (s™)

Fig. 5. Rheological behavior of non-HIU and HIU-treated PSPI solutions.

corresponding results are shown in Table 1. With an increase in the
intensity of UIC, the n values related to the flow behavior index were
found to be higher than 1, indicating that the PSPI solutions belonged to
the dilatant fluid. K was used to represent the flow viscosity coefficient
and showed an obvious decreasing trend, which suggested that the HIU
treatment could improve the fluidity of PSPI and reduce its apparent
viscosity.

3.6. Sulfhydryl (-SH) content

The sulfhydryl (-SH) group is an important active group in the ter-
tiary conformational changes of protein. As shown in Fig. 6, the contents
of total and reactive SH groups for PSPI and HIU-PSPI were investigated.
With an increase in ultrasonic power, the content of the reactive sulf-
hydryl group decreased significantly, whereas the content of the total
sulfhydryl group showed a slightly upward trend, especially after 500 W

Table 1
Parameters of the rheological behavior of PSPIs subjected to different HIU
treatments fitted with the power law function.

HIU power n K (mPa-s) R?

ow 1.9903 5.97 0.999986
100 W 1.9694 6.31 0.999974
300 W 2.0177 3.89 0.999969
500 W 2.0779 1.19 0.999622
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Fig. 6. Changes in the contents of total SH groups (A) and reactive SH groups
(B) of non-HIU and HIU-treated PSPI solutions (mean 4 SD, n = 3).

HIU treatment. These results occurred because some transition radicals
produced by the ultrasonic cavitation effect can restructure hydrogen
peroxide, which oxidizes with reactive SH causing the corresponding
content to decrease (Giilseren et al., 2007). Similar findings were re-
ported in previous studies on soybean protein isolate after HIU treat-
ment (Hao et al., 2013). After high-intensity ultrasound treatment, due
to the destruction of the disulfide bond of the protein and the cavitation
effect, the amount of SH exposed on the surface of the PSPI increased
significantly. Therefore, the content of total sulfthydryl in the PSPI
increased significantly as the ultrasonic power increased, which further
demonstrated the partial expansion in the molecular structure of the
protein.

3.7. Surface hydrophobicity (Hp)

Surface hydrophobicity is another key index of protein’s tertiary
structure and hydrophobic interactions and is closely associated with
protein’s functional properties. As shown in Fig. 7A, the surface hy-
drophobicity of the ultrasound-treated PSPI was significantly increased
compared to the control (p < 0.05). This phenomenon could be attrib-
uted to the turbulence caused by ultrasonic cavitation and physical
shearing, which led to the unfolding of protein molecules and the
exposure of hydrophobic amino acid residues hidden inside the protein
molecule, as previously shown (Jiang et al., 2017; Resendiz-Vazquez
et al., 2017). This result also agrees with the results for soy protein after
ultrasound treatment, which presented remarkable enhancement of the
Hj value under different ultrasonic-power treatments (Hao et al., 2013).

3.8. Determination of turbidity

The turbidity of a protein solution is related to the protein’s particle
size and structure. The turbidity of the samples was quantified as a
percentage of transmitted light measured at 600 nm (%T 600 nm).
Fig. 7B illustrates a turbidity histogram of the PSPI solution affected by
HIU treatment. As shown in the figure, the turbidity of the protein so-
lution was significantly decreased after ultrasonic treatment. Following
an increase in ultrasonic power, the turbidity of the PSPI solution was
decreased. The turbidity of the protein solution was associated closely
with particle light scattering: the smaller the particle size of the protein,
the less likely light scattering was to form. The small particles obtained
after HIU treatment resulted in decreased turbidity in the PSPI solution.
Zisuetal. (Zisu et al., 2011) showed that a decreased turbidity value was
caused by particle-size reduction after ultrasonic treatment, which is
consistent with the results of this study.
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3.9. Quantitative color measurement

The ultrasonic cavitation effect induced by HIU modified the struc-
ture of the protein and resulted in an increase in the number of chro-
mophoric groups exposed to the solvent and thus affecting the chroma
index of the protein. Table 2 illustrates the changes in chromaticity of
the PSPI under different HIU treatments. The results showed that with
an increase in ultrasonic power, higher L* values were obtained. When
the ultrasonic power was 500 W, the difference was apparent (p < 0.05)
compared to the value of L*. The ultrasound-treated PSPI was also
lighter than native PSPI. HIU treatments had negative effects on the a*
and b* values of the PSPI solution, which means that the PSPIs treated
with HIU were inclined to be greener and less yellow. Based on the
different analyses of the values of L*, a*, and b*, the chromaticity of the
samples changed greatly, showing significant differences with an ul-
trasonic power of 500 W (p < 0.05). Flores-Jiménez et al. reported that
the HIU treatment of canola protein isolate increased the L* value and
decreased the values of a* and b*, which are similar to our results
(Flores-Jiménez et al., 2019).

3.10. Foaming properties

Fig. 8 presents the foaming capacity (FC) and foaming stability (FS)
of the PSPI, both before and after ultrasonic treatment at different pH
values and under different high-intensity ultrasonic treatment

Table 2
Effect of different high-intensity ultrasound treatment conditions on the chro-
maticity of non-HIU and HIU-treated PSPIs (mean + SD, n = 3).

HIU L* a* b*

power

ow 56.7250 + —0.6167 + 0.02422b 0.8933 + 0.05955b
0.43949

100 W 56.8650 + —0.6200 + 0.09852 0.8612 + 0.04324
0.13342b ab ab

300 W 56.8825 + —0.6000 + 0.02330 0.6987 + 0.04016
0.40447b ab ab

500 W 58.1725 + —0.6300 + 0.01309a 0.8288 + 0.08288a
0.50048a

Different small letters within the same row represent significant differences (P <
0.05) between groups.

conditions. In general, both the FC and FS values were changed under
different pH conditions, with overall upward trends. The FC (%) values
of the pumpkin-seed protein isolates were significantly increased after
high-intensity ultrasound treatment. Compared to the untreated PSPI
(control), the FC values of the HIU-PSPI were about two-fold higher than
those of the control at the same pH values. The results indicated that
high-intensity ultrasonic treatment could promote the foaming ability of
PSPI, which is consistent with many previous reports. For example,
Morales et al. evaluated the effects of high-intensity ultrasonic treatment
(20 kHz, 150 W) on the foaming performance of soybean protein after
20 min, showing that the FC value was significantly increased (Morales
et al., 2015). Similar results were obtained by Xiong et al. (2016), who
showed that the FC values of egg albumin extracted from egg whites
improved after HIU treatment (Xiong et al., 2016). In Fig. 8, the changes
in FS (%) indicate a downward trend under different ultrasound powers
(100, 300, and 500 W) after treatment for 20 min at pH values of
4.0-8.0. However, the changes in FS (%) gradually increased from pH
8.0 to 12.0, indicating an increase in foam stability. This primarily
occurred because more hydrophobic groups and regions were exposed to
the surface during ultrasonic treatment, which induced an increase in
protein aggregation, thereby reducing protein activity, which resulted in
a decrease of the corresponding FS values. The increase in Hy values
(Fig. 7A) was also responsible for improving the foam’s capacity and
stability due to the exposure of hydrophobic groups to accelerated
adsorption at the gas/water interface (Delahaije et al., 2014). At the
same time, the increase of FC in the PSPI was due to changes in protein
conformation (Fig. 4), which made the protein flexible and loose,
leading to the production of more foam.

3.11. Microstructure observations of foaming

To investigate the morphology of the PSPI foams, the microstruc-
tures were analyzed using a stereo microscope, and the results are shown
in Fig. 9. In general, compared to the control, the foam produced by HIU-
PSPI produced larger-sized bubbles that were more evenly distributed
during the first 2 min, which is especially clear in the image showing an
ultrasonic power of 500 W. The results showed that the foaming per-
formance of the PSPI treated with ultrasound was not significantly better
than that of the untreated PSPI. With an increase in time from 2 to 20
min, the bubble size of the PSPI gradually increased, largely because
aqueous foam systems are unbalanced, which induced gravity drainage,
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Fig. 9. Time evolution of bubble formation in the pumpkin-seed protein-isolate solution under different high-intensity ultrasound treatment conditions.

coarsening, foam rupture, and bubble growth, which eventually
increased the average bubble size (Saint-Jalmes & Langevin, 2002).
Compared with untreated pumpkin-seed protein isolates, the bubbles
produced after ultrasound treatment for 20 min showed larger-diameter
bubbles as the ultrasonic power increased. The microstructures of the
PSPI foams treated with ultrasounds at different frequencies were
similar.

3.12. Scanning electron microscopy (SEM)

To understand the effects of different ultrasonic treatments on the
PSPI, the microstructure of the lyophilized PSPI was observed by SEM.
Fig. 10 presents SEM images of the PSPI samples obtained at 150x

magnification under different ultrasonic-power treatments (100, 300,
and 500 W) and the control. As shown in Fig. 10, compared to the
compact structure of the control, the morphologies of the samples
treated with different ultrasonic powers became loose and were
accompanied by irregular small debris. In addition, with an increase in
ultrasonic processing power, the fragments became smaller and more
regular and expanded their distribution. These microstructural changes
might be due to the expansion of protein molecules induced by increased
exposure of the hydrophobic groups and free-SH groups embedded in
the molecule (Malik & Saini, 2018; Xiong et al., 2018), which could
change the surface hydrophobicity and interaction forces (such as
electrostatic effects) (He et al., 2021), resulting in the formation of
irregular fragments. These results are consistent with the
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microstructures of protein isolates extracted from the pea (Xiong et al.,
2018) and whey protein (Khatkar et al., 2018) under HIU treatments.
Moreover, the ultrasound effect can lead to the destruction of the pro-
tein’s molecular structure, a decrease in particle size, the dispersion of
protein aggregation, and the formation of a more loose structure after
lyophilization (Shukla et al., 2019). These results indicate that the sur-
face microstructure of the HIU-PSPI after ultrasound treatment changed
significantly compared to the control.

4. Conclusions

Based on the results of this study, HIU is an effective technique for
improving the physicochemical and functional properties of pumpkin-
seed protein isolates. Compared with the control, ultrasound process-
ing caused partial unfolding of the PSPIs, leading to secondary and
tertiary structural changes that were observed by CD, UV-visible spec-
troscopy, and surface hydrophobicity. Furthermore, scanning electron
microscopy showed that high-intensity ultrasonic treatment yielded a
more disordered structure and the appearance of irregular small pieces.
With an increase in ultrasonic power, the brightness significantly
increased, and the turbidity significantly decreased. Moreover, the
foaming capability and stability of the PSPIs improved significantly after
HIU treatments. These physicochemical and structural changes that
occurred in the pumpkin-seed protein isolates meet the complex re-
quirements of food processing varieties. Therefore, ultrasound is an
effective technology that could be used in the food industry to improve
the functional properties of plant proteins.
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