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bCentro de Tecnoloǵıa de Alimentos, Univers

Cultura Amado Nervo, 63155, Tepic, Nayar
cCentro de Investigación y Asistencia en Tecn

Camino Arenero, 1227, Zapopan, Jalisco, M

Cite this: Sustainable Food Technol.,
2025, 3, 1376

Received 8th May 2025
Accepted 23rd June 2025

DOI: 10.1039/d5fb00196j

rsc.li/susfoodtech

1376 | Sustainable Food Technol., 20
tensity ultrasound on the
physicochemical, nutritional, rheological,
microstructural, and techno-functional properties
of a groundnut (Arachis hypogaea L.) paste protein
isolate
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Jiménezb and Judith Esmeralda Uŕıas-Silvas c

With the continuous growth of the global population, obtaining new sources of protein is a priority to meet

the nutritional needs of society. In this sense, the recovery of proteins from plant sources such as de-oiled

oilseed pastes such as groundnut has gained relevance. In this study, a groundnut paste protein isolate

(GPPI) was obtained via alkaline extraction followed by isoelectric precipitation. The GPPI was then

treated with high-intensity ultrasound (HI-U) at 200, 400 and 600 W for 15 and 30 min to evaluate the

effect on its physicochemical, nutritional, rheological, microstructural and techno-functional properties.

Results showed that HI-U increased the GPPI's turbidity by up to 8.85%, antioxidant capacity by 163.71%,

protein digestibility by 3.54%, apparent viscosity by 409%, emulsifying activity index by 147% and foaming

capacity by 116.17%, while its water activity decreased by up to 18.48%, compared with the control

treatment (GPPI without HI-U). The flow and cohesion properties of the GPPI measured as the Carr

index and Hausner ratio, respectively, showed enhancements of up to 19.74% and 4.92%, respectively,

because of HI-U. According to their fluid behavior, GPPI suspensions showed pseudoplastic

characteristics. Furthermore, the apparent viscosity results of the GPPIs were adequately fitted to the

power law model (r2 = 0.929–0.966), showing low values in the consistency (0.024–0.085 Pa s) and

fluidity (0.945–0.891) indices, confirming their behavior as a pseudoplastic fluid. Moreover,

microphotographs revealed larger microstructures by the HI-U impact. The findings of this study can

facilitate the use of GPPIs as an important protein ingredient for food production.
Sustainability spotlight

The extraction of oil from oilseeds such as groundnuts is one of the processes that generates the most waste. Among these byproducts, de-oiled groundnut paste
stands out for its high protein content. This research proposes the application of de-oiled groundnut paste to produce a protein isolate and its high-intensity
ultrasound treatment to improve its physicochemical, nutritional, rheological, and techno-functional properties. The recovery of proteins from oil industry
waste and its treatment with high-intensity ultrasound enhance their properties for application as important food ingredients in the development of new
products and the improvement of existing ones. This work contributes to combating hunger (SDG 2), responsible food production and consumption (SDG 12),
and the use of emerging environmentally friendly technologies (SDG 13).
1 Introduction

Disproportionate population growth has led to the search for
new protein sources to meet the nutritional needs of society.1
arias en el Área de Ciencias Agŕıcolas,
etera Tepic-Compostela Km 9, 63780,
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25, 3, 1376–1390
Among the new protein sources, plant proteins stand out for
their abundance, availability and low cost,2 gaining attention
owing to changes in dietary habits and for their signicant
health benets compared with animal proteins.3 Major sources
of plant protein include the by-products of the oil industry such
as de-oiled pastes from the soybean, safflower, sunower,
canola, and groundnut oil industries. These materials are not
only rich in protein but also contain signicant amounts of
other nutrients such as carbohydrates, ber, and minerals.4 In
this context, one of the most important oilseeds in vegetable oil
production is groundnut (Arachis hypogaea L.). In 2023, about
© 2025 The Author(s). Published by the Royal Society of Chemistry
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53.93 million tons (t) of groundnut was produced, China, India,
and Nigeria being the main groundnut producing countries,
accounting for 61.58% of global production.5

About 45% of groundnuts are used to produce snacks,
groundnut butter, energy bars, candies, and other foods, while
41% of groundnuts are used for oil production.6 The groundnut
oil production process generates approximately 8 million t of de-
oiled groundnut paste (DoGP).7 Since DoGP contains 47–55%
protein,8 this material is used as livestock feed9 and a source of
nutraceuticals;10 however, it can also be used as a source to
prepare groundnut paste protein isolates (GPPIs) and add value to
this by-product. Furthermore, groundnut proteins are composed
of two main types, namely, about 10% water-soluble proteins
(albumins) and 90% saline-soluble proteins (arachin and con-
arachin), and have high digestibility (>90%) and an excellent
amino acid prole.11 Although GPPI has enormous potential as
a food ingredient, its limited techno-functional properties such as
gelation, solubility, and emulsication, caused by high tempera-
tures or strongly alkaline conditions during the extraction
process, have complicated its use in the food industry.12,13 Fortu-
nately, various physical (high hydrostatic pressure, heat treatment
and high-intensity ultrasound), chemical (Maillard reaction,
acylation and pH-shiing), and biological (enzymatic proteolysis)
treatments are available to improve the physicochemical, nutri-
tional, and rheological properties of proteins.14

Among the physical treatments to improve the protein
quality, HI-U stands out for its benecial effect on the techno-
functional properties of proteins, its simplicity of application,
as well as being a green technology.15 The modication of the
properties of proteins treated by HI-U is mainly due to the
cavitation phenomenon caused by sound waves. This
phenomenon consists of the generation of small microbubbles
in a liquid medium (water), which when imploded release
a large amount of energy in the form of heat (up to 5000 K) and
high pressures (more than 1000 atm) in the surrounding
areas.16 Under these extreme conditions, ultrasonic cavitation
induces important changes in the protein structure, such as the
breaking of electrostatic interactions (van der Waals forces and
hydrogen bonds), changes in particle size (PS), breaking of
disulde bonds and variation in the balance of hydrophilic and
hydrophobic groups on the surface, which alter the properties
of the proteins.17

In recent years, several studies on GPPI have shown that HI-
U signicantly altered the structural properties of its proteins
and, thus, the techno-functional characteristics.17–20 The use of
HI-U (465W; 20min) for protein extraction resulted in increases
in hydrophobicity (H0), b-sheet (13.32% to 25.51%), and b-turn
(19.70% to 23.83%), as well as reductions in PS (900 nm to 30
nm), a-helix (26.36% to 21.57%), and random coil (40.62% to
29.69%) of a GPPI, while its protein solubility (PSol), emulsi-
fying activity index (EmAi), and foaming capacity (FC) increased
by 88%, 288%, and 65%, respectively.18 Another study by Sun
et al.19 demonstrated that HI-U (1.36–6.78 W cm−3; 5–45 min)
augmented H0 (250%), b-turn (27.5% to 38.8%), a-helix (15.5%
to 17.4%), and random coil (15.6% to 17.94%) of a GPPI, at the
same time that apparent viscosity and turbidity were dimin-
ished by 7% and 5%, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, a research study on the main fractions
(arachin and conarachin) of groundnut proteins conducted by
Chen et al.,21which were treated with HI-U (100W and 600W for
5 min and 20 min), the sound waves increased H0 and free
sulydryl groups from 72 and 4.1 mmol g−1 to 314 and 5.5 mmol
g−1 for conarachin, respectively, while the augment of these
properties was from 336 and 3 mmol g−1 to 888 and 3.4 mmol g−1

for arachin. Furthermore, HI-U decreased PSol (82% to 70%)
but improved EmAi (71 m2 g−1 to 74 m2 g−1) for conarachin, just
as PSol decreased and EmAi increased from 75% to 64% and
from 74 m2 g−1 to 77 m2 g−1, respectively, for arachin. For their
part, Rodŕıguez-Rivera et al.17 applied HI-U (200–600 W for 15–
30 min) to protein suspensions of GPPI, nding that such
treatment enhanced free (552%) and total (125%) sulydryl
contents, a-helix (389.75%), molecular exibility (50.91%), H0

(38.99%) and PS (171.45%), while PSol, oil holding capacity,
EmAi and FC improved 8%, 74%, 226% and 216%, respectively.

As can be seen, the most recent works on the effect of HI-U
on GPPIs provide valuable but scarce information on rheolog-
ical properties, in vitro protein digestibility, techno-functional
properties at different pH values and other physicochemical
parameters such water activity, with a complete lack of infor-
mation on antioxidant properties. Therefore, and to expand the
possibilities of use of GPPIs, the present study was carried out to
evaluate the impact of HI-U on the water activity, turbidity,
antioxidant capacity, in vitro digestibility, ow, cohesion,
apparent viscosity, and techno-functional properties of the
groundnut proteins.

2 Materials and methods
2.1 Materials

Virginia variety groundnuts grown in the municipality of Ama-
tlán de Cañas in the state of Nayarit, Mexico, were used as the
rawmaterial, while the reagents were analytical grade chemicals
of the brands J. T. Baker, Sigma-Aldrich and Bio-Rad (Mexico
City, Mexico).

2.2 Preparation of the groundnut paste protein isolate

A groundnut paste protein isolate (GPPI) was prepared accord-
ing to the procedure previously reported by Rodŕıguez-Rivera
et al.17 Briey, 100 g of groundnuts were ground in a domestic
food processor to obtain the raw paste (49.99% ether extract and
34.21% crude protein), which was de-oiled (DoGP; 1.02% ether
extract and 59.08% crude protein) with ethyl ether by 4 extrac-
tion cycles (1 : 10 w/v) of 1 h each. Then, GPPI was prepared by
alkaline extraction at pH 10 using 1 M NaOH followed by
isoelectric precipitation at pH 4.5 using 1 M HCl, at a DoGP-
water ratio of 1/20 under shaking at 700 rpm for 30 min and
centrifugation at 10 000×g during 10 min, in both cases. The
protein precipitate obtained was considered as GPPI.

2.3 Application of high-intensity ultrasound

The protein precipitate such as GPPI from the previous step was
resuspended with distilled water (1 : 5 w/v) and adjusted to pH 7
(1 M NaOH). Protein suspensions of 500 mL were treated with
Sustainable Food Technol., 2025, 3, 1376–1390 | 1377
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HI-U using an ultrasonic equipment model CPX750 (Cole-
Parmer Instruments, Vernon Hills, USA) equipped with a tita-
nium probe (2.54 cm f), which was placed 5 cm deep in each
sample contained in a 1 L beaker. To avoid overheating, protein
suspensions were placed in an ice-water bath prior to HI-U
treatment. In addition to a control treatment without HI-U
(W0), the treatments W200-min15, W200-min30, W400-min15,
W400-min30, W600-min15 and W600-min30 were generated
(on time pulse duration was 5 s and off time was 1 s), where the
rst term (W) corresponds to the power (watts) and the second
to the application time of HI-U (min). Next, the protein
suspensions subjected to the HI-U and W0 treatment were
lyophilized to obtain the GPPI nally in the form of dry powder
to store at room temperature in airtight containers for later
analysis.
2.4 Physicochemical properties

2.4.1 Turbidity (TBY). TBY was determined by the absor-
bance of 1% (w/v) GPPI dispersions previously prepared by
shaking for 30 min at 25 °C, using a UV-Vis spectrophotometer
model FI-01620 (Thermo Fisher Scientic, Vantaa, Finland) at
600 nm.15

2.4.2 Water activity (WA). The WA measurement of the
GPPIs was performed using an AquaLab 4TEV (Decagon Devices
Inc., Pullman, WA, USA) device, aer calibration, according to
the manufacturer's instructions. The GPPI samples were placed
in theWAmeasurement containers until they were half full. The
WA analysis was then carried out, placing the containers with
the GPPI samples in the equip's measuring chamber. The
analysis was completed by a signal emitted by the device, thus
recording the reading of each determination at 25 °C ± 1.0.
2.5 Nutritional properties

2.5.1 Antioxidant capacity (ACap). The ACap of GPPI was
obtained using 2,2-diphenyl-1-picrylhydrazyl (DPPH) as a free
radical, following the methodology of Hui et al.,21 with minor
modications. A sample of GPPI was prepared at a concentra-
tion of 1 mg mL−1 (sodium phosphate buffer, 0.01 M, pH 9.0)
andmixed with DPPH in a ratio of 1/1. The suspension was then
incubated for 30 min in the absence of light at room tempera-
ture. Finally, the absorbance at 527 nm was recorded and ACap
was expressed in terms of the percentage of DPPH inhibition
applying eqn (1):

ACapð%Þ ¼
�
A0 � A1

A0

�
ð100Þ (1)

where A0 is the absorbance of sodium phosphate buffer and A1
is the absorbance of GPPI suspension.

2.5.2 In vitro protein digestibility (IvPdig). IvPdig was
analyzed according to the Falade & Akeem22 method, using
casein as the control (92.69 ± 1.05% of IvPdig). For protein
digestion, a multienzyme suspension of bovine trypsin (1.58 mg
mL−1), bovine pancreatic a-chymotrypsin (3.65 mg mL−1) and
bovine pancreatin (1 mg mL−1) in distilled water was used,
adjusting the pH to 8 and the temperature to 37 °C. Subse-
quently, 3 mL of the multienzyme suspension was added to
1378 | Sustainable Food Technol., 2025, 3, 1376–1390
20 mL of each GPPI suspension (6.38 mg protein per mL in
distilled water at pH 8.0 and 37 °C), maintaining the tempera-
ture at 37 °C in a water bath. Aer 10 min, the pH was measured
and the IvPdig was determined using eqn (2):

IvPdig = 210.46 − 18.10Xf (2)

where Xf is the pH of the GPPI suspension immediately aer 10
minutes of digestion with the multienzyme suspension.
2.6 Rheological parameters

2.6.1 Flow and cohesion parameters. The ow and cohe-
sion parameters of GPPI were determined as a function of Carr
index (CIn) and Hausner ratio (HRa), respectively, according to
the classication of these properties,15 using eqn (3) and (4):

CIn ¼ rc � rb

rc
� ð100Þ (3)

HRa ¼ rc

rb
(4)

where rb is the bulk density and rc is the compact density.
2.6.2 Apparent viscosity (happ). For happ determination,

GPPI dispersions were prepared at 27% protein (w/v) in distilled
water, shaken at 500 rpm for 3 h at room temperature, and then
stored in airtight containers at 4 °C until use;23 the happ value of
the GPPI dispersions was estimated following the method re-
ported by Wang et al.,24 with slight modications. For this
purpose, a controlled-stress rheometer (AR 1000, TA instru-
ments, Dallas, USA) with the geometry of parallel plates (Ø = 50
mm) and gap of 0.5 mm was used. The rheometer was cali-
brated for one min at 25 °C and then 2 mL of the samples were
introduced into the geometry of the equipment. The viscosity
prole of the GPPI suspensions was obtained by subjecting
them to a constant shear rate that increased linearly from 0.1
s−1 to 100 s−1 (total run time was 330 s). happ was calculated by
stress and shear rate using eqn (5):

happðPa sÞ ¼ s
g

(5)

where happ is the apparent viscosity (Pa s), g is the shear rate
(s−1) and s is the shear stress (Pa).

2.6.3 Rheological parameters. The ow (h) and consistency
(K) indices were generated using the power law model (eqn (6)):

s = Kgh (6)

where s is the shear stress (Pa), K is the consistence (Pa s), g is
the shear rate (s−1), and h is the ow index.
2.7 Microstructure

The microstructure of the GPPIs was observed using a scanning
electron microscope (SEM) model SNE-3200 M Mini-SEM (SEC
Co., LTD, Suwon, South Korea), at an accelerating voltage of 20
kV. Prior to observation at 500× in the microscope, the GPPI
samples were coated with a thin layer of gold using anMCM-100
sputter coater (SEC Co., LTD, Suwon, South Korea).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.8 Techno-functional properties evaluated at different pH
values

2.8.1 Protein solubility (PSol). The PSol of GPPI was ob-
tained using the method reported by Flores-Jiménez et al.,15

with minor modications. Initially, 60 mg of GPPI was mixed
with 40 mL of SPB (sodium phosphate buffer, 0.01 M) at pH
values of 4, 7, and 10, and stirred at 700 rpm for 1 h. Subse-
quently, the GPPI dispersions were centrifuged at 8000×g for
20 min at room temperature. The amount of soluble protein in
the resulting supernatant was then calculated by the Bradford
method (1976), using bovine serum albumin as a standard.
Finally, the PSol of GPPI was quantied as the proportion of
soluble protein present in the supernatants (mg mL−1).

2.8.2 Emulsifying properties. The emulsifying properties of
GPPI were evaluated by determining the emulsifying capacity
index (EmAi) and the emulsifying stability index (EmSi),
following the methods described by Rodŕıguez-Rivera et al.,17

with minor modications. Initially, 16 mL aliquots of GPPI
dispersions (0.1% w/v; SPB at pH 4, 7, and 10) were mixed with
4 mL of canola oil using an Ultra-Turrax T-25 homogenizer (IKA
Instruments, Germany) at 12 000 rpm for 10 min at 25 °C.
Subsequently, 50 mL of the mixture was placed in 5 mL of 1%
SDS (sodium dodecyl sulfate). The absorbance of the samples
was measured at 500 nm against a blank (1% SDS) at the initial
time (A0) and at 10 min (A10). EmAi and EmSi were calculated
using eqn (7) and (8), respectively:

EmAi
�
m2 g�1

� ¼ 4:606

C � ð1� fÞ � 104
� A0 � 100 (7)

EmSið%Þ ¼ A10

A0

� 100 (8)

where C is the protein concentration (g mL−1) and f is the
volume fraction of the oil (0.20).

2.8.3 Foaming parameters. Foaming parameters of GPPI
were determined by calculating the foaming capacity (FC) and
foaming stability (FS) as previously described by Rosas-Ulloa
Fig. 1 Effect of high-intensity ultrasound on the turbidity of the groundn
bars mean significant difference around treatments (p < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
et al.1, with slight modications. First, 40 mL solution of 1%
(w/v) GPPI (SPB, pH 4, 7, and 10) was subjected to 10 000 rpm in
a homogenizer (T 25 Ultra-Turrax, IKA Instruments, Germany)
for 1 min. Subsequently, the content was transferred to
a 100 mL test tube to measure the amount of foam. Finally, FC
and FS were calculated using eqn (9) and (10), respectively:

FCð%Þ ¼ V0

Va

ð100Þ (9)

FSð%Þ ¼ Vt

V0

ð100Þ (10)

where V0 is the initial volume (mL), Va is the foam volume (mL)
and Vt is the volume aer 20 min.
2.9 Statistical analyses

All determinations performed in this study were done in trip-
licate and the results were expressed as the mean ± standard
deviation. Statistical analysis of the results was performed by
one-way analysis of variance (ANOVA) using SPSS Statistics 20
(IBM, New York, USA). Signicant differences (p < 0.05) between
treatments were determined by Tukey's test (p < 0.05).
3 Results and discussion
3.1 Physicochemical properties

3.1.1 Turbidity. TBY is a protein physicochemical charac-
teristic commonly used to determine the intensity of the hydro-
phobics, sulydryl interactions and electrostatics forces of such
polymers in an aqueous medium, as a result of its denaturation
under several conditions, which inuences its PSol and use as
a food ingredient.25,26 Fig. 1 shows the effect of HI-U on the TBY of
GPPI dispersions. Overall, the results indicated a signicant
increase (p < 0.05) in TBY for all sonicated GPPIs, except for the
W200-30min andW400-15min treatments, in which this property
did not change or decreased, respectively, compared to the non-
sonicated GPPI (W0). The augment in TBY ranged from 5.83%
ut paste protein isolate. Average ± SD (n = 3). Different letters on the

Sustainable Food Technol., 2025, 3, 1376–1390 | 1379
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Fig. 2 Effect of high-intensity ultrasound on the water activity of the groundnut paste protein isolate. Average ± SD (n = 3). Different letters on
the bars mean significant difference around treatments (p < 0.05).
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(W400-30min) to 8.85% (W600-30min), compared to W0. Such
rise in TBY may be due to the internal rearrangement of some
charged groups of the protein fractions and the interactions of
the different protein fractions present in the GPPI, which result in
partial reaggregation and aggregates with larger PS.17,27 Yan et al.28

and Gao et al.29 reported the increase in TBY for suspensions of
soybean and whey protein isolates treated with HI-U at 600 W of
power, respectively. Furthermore, it has been detected that HI-U
caused a reduction in PS in the suspensions of protein isolates
from guamuchil15 and sunower27 seeds, with the consequent
decrease in their TBY, in agreement with what was observed in
this study for W400-min15.

3.1.2 Water activity. WA is a very important parameter in
food preservation, as it denes the free water content involved in
the growth and development of microorganisms, as well as the
chemical and enzymatic reactions that deteriorate food.30 Fig. 2
shows the impact of HI-U on the WA of GPPI. Except for W400-
Fig. 3 Effect of high-intensity ultrasound on the antioxidant capacity o
letters on the bars mean significant difference around treatments (p < 0

1380 | Sustainable Food Technol., 2025, 3, 1376–1390
min30, HI-U signicantly reduced (p < 0.05) the WA of soni-
cated GPPIs, showing values in the range of 0.523 (W200-min15)
to 0.451 (W600-min30), compared to W0 (0.545). According to
López-Mártir et al.31 the diminution of WA in protein isolates can
be attributed to structural changes in proteins, which facilitate the
removal of a greater amount of free water during lyophilization.17

Studies in protein isolates obtained from sunn hemp (Crotalaria
juncea)32 and gourd33 seeds similarly showed a decrease in WA as
an impact of HI-U, such as that discovered in sonicated GPPIs in
this research. Furthermore, the WA values of both W0 and GPPIs
treated with HI-U were below the limit considered safe for the
chemical and microbiological stability of food products.34
3.2 Nutritional properties

3.2.1 Antioxidant capacity. Plant proteins possess antioxi-
dant properties that imply health benets for consumers by
f the groundnut paste protein isolate. Average ± SD (n = 3). Different
.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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neutralizing oxidative stress,35 which could help in the treat-
ment of several diseases such as cancer, atherosclerosis, Alz-
heimer's disease and rheumatoid arthritis.36 Fig. 3 shows the
effect of HI-U on the ACap of GPPIs. All sonicated isolates
signicantly increased (p < 0.05) their ACap, except W200-
min30, with respect to W0. This increase ranged from 48.54%
(W400-min30) to 163.71% (W600-min15).

According to Lian et al.,37 HI-U generates changes in the
protein structure, exposing a greater number of hydrophobic
groups and available reaction sites in front of the radicals,
which improve the ACap of proteins. For their part, Meng
et al.,38 reported that the increase in ACap of proteins treated
with HI-U could be a due to the release of small peptides by the
cavitation phenomenon, causing interaction with free radicals
or the exposure of amino acid residues and side chains with
ACap that were buried in the protein structure. Furthermore,
Wen et al.39 pointed out that HI-U leads to increased exposure of
aromatic amino acids such as tyrosine, tryptophan and
phenylalanine in the protein structure, which provides protons
that improve the free radical scavenging capacity and, thus,
ACap. These same ndings are consistent with the results of
a recent study on the effect of HI-U on the surface exposure of
tryptophan, tyrosine and phenylalanine on GPPI proteins.17

Other studies with protein isolates from lupin,40 soybean,41 and
mung bean42 showed that HI-U increased their ACap, as
observed in this study with sonicated GPPIs.

3.2.2 In vitro protein digestibility. The nutritional quality of
proteins depends on the amino acid composition and their
digestibility within the upper gastrointestinal tract.43 The digest-
ibility of plant proteins can be studied using in vivo or in vitro
digestion models, the latter being preferred because they are
cheaper, faster andmore reproducible than in vivomethods.44 The
results of this study demonstrated that only the W400-min15 and
W600-min30 treatments exhibited signicant improvements (p <
0.05) in IvPDig of 0.84% and 3.54%, respectively, compared to W0
(Fig. 4). According to Pan et al.,45 the increase in IvPDig of proteins
Fig. 4 Effect of high-intensity ultrasound on the in vitro protein diges
Different letters on the bars mean significant difference around treatme

© 2025 The Author(s). Published by the Royal Society of Chemistry
can be explained by the structural modications induced by HI-U
treatment, which facilitate the access of the digestive enzymes to
the peptide bonds. These changes in structural properties include
increased molecular exibility, decreased Pz, microstructural
alterations, modications in secondary structure, and increased
protein solubility, which were demonstrated in a previous study
with the GPPI.17 Other studies where IvPDig increased by HI-U
were those reported for protein isolates from soy,46 and
cowpea.47 The IvPDig values obtained for GPPIs in this study
(83.0–86.0%) were close to those reported for GPPIs by Cui et al.48

and Ochoa Rivas et al.49 of 90.0% and 91.63%, respectively.
3.3 Rheological parameters

3.3.1 Flow and cohesion parameters. The ow and cohe-
sion parameters of protein isolates are typically expressed by
CIn and HRa, These physicochemical properties are important
for the proper handling, production and consumption of
powdered foods.15 The inuences of HI-U on the ow and
cohesion properties of GPPIs are shown in Table 1. Compared
with W0, the CIn of W600-min15 decreased by 27.3%, which
resulted in an improvement in its ow properties, changing
from the “good” to the “very good” category. In contrast, W200-
min15 andW600-min30 showed increases in CIn of 19.75% and
18.86%, respectively, transforming their ow category to “fair”
with respect to W0 (good). According to Amagliani et al.,50 the
ow properties of the proteins treated with HI-U are improved
due to structural changes, which inuence the formation of
larger particles and lower density during lyophilization.

Furthermore, the GPPIs subjected to HI-U did not present
modication in the HRa to continue being considered in the
“intermediate” category, as well as W0, except W600-min15,
which was categorized as “low” (Table 1). The change from
“intermediate” to “low” category of W600-min15 with respect to
W0, could be caused by the variation in bulk and compacted
densities, due to the increases in PS of the protein aggregates of
GPPI during freeze-drying, resulting in an HRa lower than 1.2.14
tibility of the groundnut paste protein isolate. Average ± SD (n = 3).
nts (p < 0.05).
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Table 1 Effect of the high-intensity ultrasound on the flow and
cohesion properties of the groundnut paste protein isolatea

Properties

Treatment CIn Flow HRa Cohesion

W0 18.33 � 0.12b Good 1.22 � 0.004b Intermediate
W200-min15 21.95 � 0.23a Fair 1.28 � 0.005a Intermediate
W200-min30 18.11 � 0.96b Good 1.21 � 0.025b Intermediate
W400-min15 19.42 � 0.69b Good 1.24 � 0.008b Intermediate
W400-min30 16.50 � 0.62c Good 1.22 � 0.04 ab Intermediate
W600-min15 13.33 � 0.16d Very good 1.15 � 0.001c Low
W600-min30 21.77 � 1.31a Bad 1.27 � 0.02a Intermediate

a Cln = Carr index; HRa = Hausner ratio. Values are expressed as the
mean of triplicates ± standard deviation. Values with different
superscripts within the same row are signicantly different (p < 0.05).
W0 is the control treatment without ultrasound. For each treatment,
the rst and second terms represent the power in watts (W) and the
ultrasound exposure time in minutes (min), respectively.

Table 2 Effect of the high-intensity ultrasound on the rheological
parameters of the groundnut paste protein isolatea

Properties

Treatment K h r2

W0 0.024 � 0.002e 1.00 � 0.014a 0.936 � 0.016 ab

W200-min15 0.046 � 0.002c 0.945 � 0.017b 0.952 � 0.006a

W200-min30 0.044 � 0.004c 0.910 � 0.015c 0.953 � 0.009a

W400-min15 0.036 � 0.001d 0.960 � 0.010b 0.929 � 0.025 ab

W400-min30 0.040 � 0.003c 0.921 � 0.017bc 0.966 � 0.007a

W600-min15 0.085 � 0.002a 0.899 � 0.007c 0.949 � 0.016a

W600-min30 0.065 � 0.008b 0.891 � 0.012c 0.950 � 0.009a

a K = consistency; h = Flow index. Values are expressed as the mean of
triplicates ± standard deviation. Values with different superscripts
within the same row are signicantly different (p < 0.05). W0 is the
control treatment without ultrasound. For each treatment, the rst
and second terms represent the power in watts (W) and the
ultrasound exposure time in minutes (min), respectively.
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Meram and Tontul51 reported CIn and HRa values of 16.4–
20.29 and 1.20–1.26, respectively, for hazelnut protein isolates,
while Nahimana et al.52 determined values of 14.84–32.12 and
1.18–1.48 for lupin protein isolates, and Kapoor et al.53 obtained
values of 30.63–45.73 and 1.44–1.84 for pea protein isolates. The
results of ow and cohesion properties of GPPIs in this study
were in the range of the values obtained in the aforementioned
investigations.

3.3.2 Apparent viscosity. The happ value of protein
suspensions is one of the most important rheological parame-
ters because it represents a key factor in quality control and
optimization of food processes.54,55 As shown in Fig. 5, the happ

value of all GPPI suspensions decreased with the increase in
shear rate and, subsequently, with stabilization, a behavior that
is characteristic of a pseudoplastic uid.56 In addition, all
sonicated GPPI solutions showed higher happ than W0. The happ
value of HI-U-treated protein suspensions increases because
sound waves cause partial unfolding and a reduction in inter-
molecular interactions in their polypeptide chain, as evidenced
by increases in free sulydryl groups and H0.57 Such conditions
Fig. 5 Effect of high-intensity ultrasound on the apparent viscosity
(happ) of the groundnut paste protein isolate as a function of shear rate
(g).

1382 | Sustainable Food Technol., 2025, 3, 1376–1390
cause increased interaction between proteins and water,
making them less compact and more resistant to ow.58–60 The
same happ behavior in GPPI suspensions due to HI-U in this
study has been previously reported for protein isolates from
pea,55 lupin,56 and soybean.61 Unlike this study, Sun et al.18

report the reduction in happ by the HI-U effect in GPPI
suspensions.

3.3.3 Rheological parameters. The values of the rheological
parameters K and h, of both W0 and the sonicated GPPI
suspensions, obtained using the power law model are shown in
Table 2. As can be observed, the experimental rheological data
t adequately to the power law model, which was demonstrated
by the high r2 values (0.929–0.966). Depending on the h value,
the protein suspensions can be classied as dilatant (h > 1),
Newtonian (h = 1) or pseudoplastic (h < 1).62,63 According to the
results obtained, HI-U modied the rheological condition of the
GPPI suspensions, changing from Newtonian uid for W0 to
pseudoplastic uid in all sonicated treatments. In accordance
with Cauvain,64 protein suspensions with low values of K and h

indicate that they have a smooth texture and are easy to
manipulate and swallow, which would allow their integration
into foods in which these characteristics are desirable. In
consistency with the results of this study with GPPI suspen-
sions, Xu et al.55,65 demonstrated that HI-U reduced the h value
and increased the K value of suspensions of the pea protein
isolate. In contrast, Du et al.66 found that pumpkin seed protein
isolate suspensions exhibited a dilatant uid character (h > 1),
and that HI-U increased the K and h values.
3.4 Microstructure

Structural modications in proteins are reected in the size,
shape and presence of pores in the particles of protein
isolates.67 According to Zhao et al.,68 the changes in these
characteristics could be associated with alterations of their
physicochemical and techno-functional properties. Fig. 6 shows
the effect of HI-U on the GPPI microstructures. The non-
sonicated GPPI (W0) presented smaller and heterogeneous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of high-intensity ultrasound on the microstructure of the groundnut paste protein isolate, observed at 500× amplification via
scanning electron microscopy (SEM). W0 is the control without ultrasound treatment. For each treatment, the numerator and denominator
represent the power (W) and time (min) of exposure to high-intensity ultrasound, respectively.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
:4

4:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sizes and a at surface, while the HI-U-treated GPPI showed
protein particles with larger sizes, smooth texture and presence
of pores (W600-min30). The increase in the size of the protein
particles can be attributed to the interaction of the sulydryl
groups and the increase in H0 on the protein surface, which
causes the formation of larger protein aggregates during freeze-
drying.17,69 Furthermore, the extreme conditions generated
during the cavitation phenomenon cause the presence of
micropores and cracks on the surface of the protein matrix,
which favors better PSol and, consequently, an improvement in
the techno-functional properties including the rheological
ones.17 Furthermore, conforming to Aghababaei et al.,44 changes
in the three-dimensional structure and aggregation of proteins
improve the accessibility of enzymes to peptide bonds, which
increases IvPDig. In this study, the changes in protein micro-
structure due to HI-U were observed in protein isolates from
fava beans,70 soybeans71 and noni seeds.72
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5 Techno-functional properties

3.5.1 Protein solubility. PSol plays a fundamental role in
the denition of the other techno-functional properties, pro-
cessing, sensory attributes, shelf life and nutritional prole of
foods prepared with protein-rich ingredients such as protein
isolates.73 Fig. 7 shows the effect of HI-U on the PSol of GPPI. As
can be seen, no signicant difference (p > 0.05) was observed in
the PSol of GPPI because of HI-U, in contrast with the results of
other studies with protein isolates from soursop31 and gourd33

seeds. However, a signicant difference (p < 0.05) was observed
due to pH. The results showed that the lowest PSol values were
recorded at pH 4 (0.037–0.056 mg mL−1), while the highest were
recorded at pH 10 (0.788–0.794 mg mL−1). The changes in the
PSol of GPPI due to pH can be attributed to the fact that, for
plant proteins, the highest PSol values are found under alkaline
conditions (pH 10–12) and the lowest values at the pI (isoelectric
Sustainable Food Technol., 2025, 3, 1376–1390 | 1383
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Fig. 7 Effect of high-intensity ultrasound on the protein solubility of the groundnut paste protein isolate at pH 4, 7 and 10. Different letters on
bars at the same pH indicate significant differences (p < 0.05).
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point), i.e., in an acidic medium (pH 4–5).74 Furthermore, the
modication of PSol can be affected by structural changes
through the breaking of hydrogen and hydrophobic bonds,
resulting in an exposure of the hydrophilic groups of proteins,
which can be associated with the pH changes.17,75 Like this
study, it has been reported that the PSol of HI-U-treated
proteins was modied by the effect of pH in canola,69

safflower76 and groundnut20 protein isolates.
3.5.2 Emulsifying properties. Due to their emulsifying

properties, proteins are used in the preparation of a wide range
of foods such as sausages, soups, and desserts.77 The
Fig. 8 Effect of high-intensity ultrasound on the emulsifying parameters
activity index and (B) emulsifying stability index. Different letters on bars

1384 | Sustainable Food Technol., 2025, 3, 1376–1390
emulsifying properties of proteins are usually evaluated using
the EmAi and the EmSi.30 In a food, the EmAi measures the
amount of oil that can be emulsied per unit area, while the
EmSi measures the ability of the emulsion to resist changes in
its structure over a dened period of time.78 In this study, both
pH and HI-U had a signicant effect (p < 0.05) on the EmAi
(Fig. 8A). The W600-min30 treatment presented the highest
EmAi value (pH 10), which was 147% higher than that of W0 at
pH 4. However, EmSi did not show a signicant difference (p >
0.05) with respect to HI-U but did (p < 0.05) with respect to pH
(Fig. 8B), W600-15min 10.78% being higher than W0 at pH 4.
of the groundnut paste protein isolate at pH 4, 7 and 10: (A) Emulsifying
at the same pH indicate significant differences (p < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of high-intensity ultrasound on the foaming properties of the groundnut paste protein isolate at pH 4, 7 and 10: (A) Foaming
capacity. (B) Foaming stability. Different letters on bars at the same pH indicate significant differences (p < 0.05).
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The changes in the emulsifying properties of GPPI can be
attributed to the fact that, at values close to the pI, the PSol of
the proteins is the lowest, since the proteins adopt a compact
structure that prevents their unfolding and the interaction of
water with oil at the interface, negatively affecting the formation
of an emulsion.1 According to Flores-Jimenez et al.,15 the
improvement in the emulsifying properties of GPPI is due to the
greater exposure of the hydrophobic groups of the proteins,
which favors their interaction with the hydrocarbon chains of
the acyl-glyceride molecules in the oil. For his part, Rodriguez-
Rivera et al.17 mention that the improvement in the emulsifying
properties of protein isolates is due to changes in the PS, the
secondary structure (increased content of a-helices and b-turns
and the reduction in the content of random coils), and the H0 of
the proteins. Similarly, other investigations have also reported
improvements in the emulsifying properties of groundnut20 and
soybean79 protein isolates because of HI-U and pH.

3.5.3 Foaming parameters. Foaming parameters of
proteins are widely used in different food products such as
bakery products and ice cream.80 The main foam quality
parameters are foaming capacity (FC) and foaming stability
(FS), which represent the volume percentage of gas in the foam
and the percentage ratio of residual foam volume to initial foam
volume aer a dened time, respectively.37 Overall, a signicant
increase (p < 0.05) in FC (Fig. 9A) of the GPPI due to HI-U was
observed at all pH values used. At pH 4, the FC increased to
72.20% (W600-min30), while at pH 7 and 10, the FC increased to
84.01% (W600-min30) and 116.67% (W400-min30),
respectively.

In the case of FS, at pH 4 all sonicated GPPI and W0 had
100.00% (Fig. 9B), as did W200-min30, W600-min15 and W600-
min30 at all pH values studied. However, the FS at pH 7 for W0
andW200-min15 showed a lower value of 96.3%, with respect to
© 2025 The Author(s). Published by the Royal Society of Chemistry
the rest of the other treatments (100%), while at pH 10, the
values of FS for W0, W400-min15 and W400-min30 were 97.2%,
97.0% and 98.6%, respectively.

The improvement in the foaming properties of GPPI can be
attributed to the possible protein unfolding caused by the
application of HI-U, which leads to greater exposure of hydro-
phobic regions to the surface, increasing air–protein interac-
tions.17,81 Similarly, Flores-Jimenez et al.69 noted that the partial
denaturation caused by HI-U produces a more exible protein
structure in aqueous solutions and strong interactions at the air–
water interface. Similarly, Figueroa-Gonzalez et al.82 reported that
treatment with HI-U favors protein–protein interactions and
generates protein aggregates, which induce greater hydropho-
bicity and greater adsorption of proteins at the air–water inter-
face, due to the formation of more viscous and stable lms.

In this study, the FC of GPPI (15–68%) was much lower than
that of the HI-U-treated groundnut (197.00%) and pumpkin
seed (120.00%) protein isolates, as reported by Ochoa-Rivas
et al.49 and Silva-Carrillo et al.,33 respectively. In contrast, the
FS values (96–100%) for the GPPI in this study were higher than
those obtained for the previously mentioned groundnut protein
isolate (91.67%). In general, as in this study, an improvement in
the foaming properties of protein isolates from chickpea,83

orange seeds1 and milk84 was reported at different pH values.
5 Conclusions

Overall, HI-U improved the WA, TBY, ACap, IvPdig, CIn, HRa,
and happ properties of GPPIs, but especially the W600-min30
treatment. Furthermore, HI-U decreased the WA of GPPIs,
improving their stability against deterioration reactions and
microbial proliferation. The TBY values of the ultrasonicated
GPPI proteins increased as a result of the denaturing effect of
Sustainable Food Technol., 2025, 3, 1376–1390 | 1385
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sound waves, which favored the formation of larger protein
aggregates. The improvement in ACap of GPPIs treated with HI-
U was due to greater exposure of aromatic and sulfur amino
acids to free radicals. The IvPDig of GPPIs increased due to
greater exposure of the polypeptide chain to digestive enzymes,
because of the improvement in molecular exibility and protein
solubility induced by sound waves. Furthermore, HI-U
improved the happ of the GPPI suspensions, changing their
character from Newtonian to pseudoplastic uids ascribed to
the disruption of protein intramolecular forces. Similarly, the
SEM images revealed larger protein structures, with the pres-
ence of cracks and pores caused by the ultrasonic cavitation
effect, which could be associated with the improvement of other
properties. The improvement in the emulsifying and foaming
properties of the GPPIs could be attributed to the synergistic
effect of pH and the structural changes caused by HI-U. The
results of this study will allow for better application of GPPIs as
food ingredients.

Abbreviations
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Shear rate

h
 Flow index

happ
 Apparent viscosity

ACap
 Antioxidant capacity

CIn
 Carr index

DoGP
 De-oiled groundnut pastes

EmAi
 Emulsifying activity index

EmSi
 Emulsifying stability index

FC
 Foaming capacity

FS
 Foaming stability

GPPI
 Groundnut paste protein isolate

H0
 Hydrophobicity

HI-U
 High-intensity ultrasound

HRa
 Hausner ratio

IvPdig
 In vitro protein digestibility

K
 Consistency

pI
 Isoelectric point

PS
 Particle size

PSol
 Protein solubility

SD
 Standard deviation

SDS
 Sodium dodecyl sulfate

SEM
 Scanning electron microscopy

SPB
 Sodium phosphate buffer

TBY
 Turbidity

WA
 Water activity
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