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Effect of pin-to-plate atmospheric pressure cold
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physicochemical, structural, thermal, and
functional characterization
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The present work was aimed at studying the physicochemical, structural, functional, and thermal impact of
atmospheric pressure cold plasma on mustard protein isolates. The mustard protein isolate was treated at
selected voltage levels (10 and 20 kV) exposed for 5 and 10 min, resulting in a non-significant increase in
water absorption capacity and oil absorption capacity in all treated samples. There was a significant
increase (p < 0.05) in the emulsification (20 kV for 10 min —47.81%) and foaming (20 kV for 5 min
—59.77%) properties of the treated protein isolates, which underscores the process-induced
improvement in interfacial properties due to unfolding and partial denaturation. With respect to
solubility, the solubility of the treated protein isolate (20 kV for 20 min) increased to 43.97%, which was
due to the reactive species opening up the active sites responsible for hydration. Overall, the study
revealed the potential impact of cold plasma on a non-conventional protein isolate and showed that
plasma treatment at 10 kV for 10 min had an improving yet balanced effect on the hydration, solubility
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and surface-active properties that may find space in both food and non-food applications.

The present study provides a pathway for technological valorisation of mustard seed meal, a major by-product from the edible oil industry. In the era of exploring
non-conventional and plant-based proteins for human nutrition, this research provides a sustainable utilisation method suitable for a circular economy.

Mustard seed meal post oil extraction serves as a promising source for plant-based proteins with a rich amino acid composition. Non-thermal technology such as
cold plasma is being used to modify and improve the techno-functional properties of native mustard protein isolate. The employed treatment conditions were

able to bring an improvement in solubility, hydration, emulsification and foaming properties, which are desirable attributes required by the food industry.
Overall, the work aligns with sustainable development goals by focusing on a circular economy, improving resource use efficiency, and the transition towards

green protein production with clean label claims that are collectively aimed at building a sustainable and resilient food ecosystem.

1 Introduction

Proteins, polymeric biomolecules composed of amino acid
monomers, occupy a greater dietary significance in present-day
food systems. In addition to their nutritional potential, the
biomolecules, also exhibit important techno-functional prop-
erties that make them valuable ingredients in the food industry.
The gelling, emulsifying, foaming and hydration properties of
proteins contribute greatly to formulating and stabilizing
various food colloidal systems. The molecules are extremely
sensitive to temperature, pH and process conditions, leading to
denaturing, which thereby alters the corresponding function-
ality. In brief, the structural composition of proteins tends to
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dictate their functionality, which successively drives their
innovative applications. Plant-derived proteins have emerged as
an alternate protein source that contributes to sustainability
and the march towards resilient food systems. There are various
sources of plant-based proteins, including cereals, legumes,
oilseeds, nuts, fruits, vegetables, and algae, that have been
explored as nutritional, functional and techno-commercial
alternatives to animal proteins. Of the mentioned protein
sources, oilseed meal, which contains abundant protein, has
been in focus during recent years as the defatted biomass holds
significant potential to meet the protein requirements of
present-day food systems.

Mustard oil is a widely used edible cooking oil owing to its
peculiar flavour, pungent profile and relatively good composition
of unsaturated fatty acids. The oilseed meal by-product post cold
pressing or solvent extraction hosts major macromolecular
composition that makes this by-product a greater source for
protein, extraction, quantification and utilisation. Defatted
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oilseed meal is known to contain around 18-24% protein and has
a balanced amino acid composition." The food application of
mustard protein was investigated by Paucean et al.,> who found
the 7% substitution with wheat flour provides bread with higher
nutritional and organoleptic acceptance. Similarly, in the non-
food segment, Hendrix et al® considered using defatted
mustard seed meal as a base material for biodegradable film
fabrication. By underscoring the nutritional benefits of mustard
protein, this work highlights its potential contribution to the
global food system in meeting the protein dietary requirements.
However, as proteins in their native state are not suitable for
industrial processing requirements, it becomes essential to
modify the native state to improve various functional benefits
without lowering the nutritional density. Non-thermal treatments
applied to proteins give the positive effects of reduced denatur-
ation, minimal impact on nutritional profile, reduced color loss,
and beneficial changes to the protein structure by limiting adverse
cross-linking and aggregation. In addition, resorting to non-
thermal approaches would drastically reduce the energy expen-
diture and associated negative impact on isolated proteins.

Cold-plasma-mediated protein modification has garnered
growing interest in the scientific community as a means to
selectively modify the functional properties of proteins without
compromising their structural integrity.** The reaction between
partly or fully ionized gas molecules with the protein molecule
of interest leads to partial unfolding, peptide bond cleavage,
disulfide bond formation, changes in surface hydrophobicity
and cross-linking reactions.® By altering engineering variables
such as voltage, duration of treatment, and frequency, it is
possible to tune and optimize proteins with desirable func-
tionality. As the interest in protein fortification resulting in
functional food product development is rising, it becomes
important to modify native proteins to improve the functional
benefits without disturbing the nutritional composition.
Mustard, as a host of high-quality proteins, is a promising
candidate to be improved upon and driven across food appli-
cations. Second, the abundance of this crop supports
commercial-scale production, as mustard is the third-largest
oilseed after soybean and palm. It is very important that this
huge biomass needs to be sustainably trapped for its valuable
protein resource and made available for the future plant-based
protein segments. Until now, various works have been under-
taken to improve the recovery, yield efficiency, and purity of
mustard protein concentrates and isolates."”” Some of the
investigations have explored the use of mustard protein isolates
in pasta formulations, where up to 5% of refined flour was
substituted with mustard protein isolate; beyond this level, the
dough exhibited a loss in maximum consistency index.®* To
increase the food application space of mustard protein isolate,
hardly any studies were found on the modification of native
proteins and, in particular to the best of the authors’ knowl-
edge, no studies have investigated the effects of cold plasma
modification on mustard protein isolate. Therefore, this study
evaluates the effects of the selected treatment conditions
(voltage and duration) on mustard protein isolate and further
characterizes the physicochemical, structural, functional, and
thermal properties of the modified protein.
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2 Materials and methods
2.1 Materials

Mustard seed meal was procured from a nearby mustard oil
processing company, Srinagar, J&K. It was immediately defatted
using n-hexane. The defatted meal was packed in airtight LDPE
bags and stored at 4 °C until use. All the chemicals were
procured from Hi-Media (India) and were of analytical grade.

2.2 Preparation of mustard protein isolates

The protein extraction from defatted mustard meal was carried
out as per the procedure of Jahan et al.® with certain modifica-
tions. The defatted and finely ground mustard seed meal was
mixed with distilled water (1:10) and continuously stirred
using a magnetic stirrer. During stirring, the pH of the mixture
was adjusted to pH 11 (selected based on preliminary experi-
ments, which resulted in increased extraction yield) using 1 N
NaOH. The suspension was then centrifuged at 8000 x g for
20 min at 4 °C. The pH of the obtained supernatant was
adjusted to 4.5 using 0.1 N HC], followed by a second centri-
fugation at 8000 x g for 20 min at 4 °C. The supernatant was
discarded, then the sediment was collected, washed twice with
distilled water and freeze-dried (—80 °C for 24 h). The dried
protein isolates were finely ground using a laboratory mixer and
packed in airtight polyethylene bags. The bags were stored at 4 °©
C until use.

2.3 Chemical analysis of mustard protein isolate

2.3.1 Proximate composition of MPI. Moisture, total ash,
crude protein, crude fat and crude fibre of the native (defatted
seed meal) and isolated mustard protein were analysed
following AOAC methods.'® Protein content was determined by
multiplying the nitrogen content by a factor of 6.25. The
carbohydrate content was calculated by subtracting the values
of moisture, ash, protein and fat from 100.

2.3.2 Color properties of MPI. The color properties (L*, a*,
b*) for the defatted mustard meal and MPI were analysed using
a precalibrated Hunter Lab colorimeter (Color Flex EZ Model
no. 45/0) following the procedure of Ge et al.** The readings gave
the values for L* (0 is black and 100 is white), a* (+red and
—green) and b* (+yellow and —blue). The chroma (C) and hue
angle were calculated based on the obtained color coordinates.

C=+Va?+b"

Hue angle = tan™!(b*/a*)

where L* a*, and b* are the color values for the sample and L, a,
and b are the color values for the reference white tile.

2.4 Atmospheric pressure cold plasma treatment of mustard
protein isolates

Atmospheric pressure cold plasma treatment was carried out
using a multipin discharge plasma reactor (IN-HVLT MP,
Ingenium Naturae Private Limited, Gujarat, India) with an input

© 2026 The Author(s). Published by the Royal Society of Chemistry
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voltage of 230 V, frequency set to 50 Hz and current set to 5 mA.
The cold plasma reactor had 63 high-voltage pins with
a dischargeable area of 1.85 x 2.5 cm”. The presence of elec-
trode pins and fringes tends to maintain the voltage. Mustard
protein isolate samples were placed in a 90 mm Petri plate with
a thickness maintained at 2 mm. The selected voltage (10 and 20
kv) was based on preliminary studies, and the treatment
duration was fixed at 5 and 10 min, respectively. Therefore, the
work had four treatments: T1 (10 kV for 5 min), T2 (10 kV for 10
min), T3 (20 kv for 5 min) and T4 (20 kv for 10 min).
Throughout the experiment, a uniform electrode distance (3
cm) was maintained.

2.5 Physicochemical properties

2.5.1 Water absorption capacity (WAC). The WAC for the
control and treated protein isolate was determined using the
procedure reported by Ji et al.*> with certain modifications.
Briefly, 1 g of sample (W;) was allowed to hydrate with 10 mL of
distilled water (W,), then mixed thoroughly and centrifuged at
3000 x g for 15 min. The supernatant was carefully removed,
and the decanted mass was weighed (W;). The WAC was
calculated as per the formula:

Wi — W,
— X

1

WAC = 100

2.5.2 Oil absorption capacity (OAC). The OAC for the
control and treated protein isolate was determined using the
procedure reported by Stone et al.™® with certain modifications.
A 0.5 g sample (W,) was taken in a centrifuge tube and mixed
with 5 mL of sunflower oil using a vortex mixer (W,). The
suspension was centrifuged at 3000 x g for 15 min. The
supernatant was discarded, and the sediment weight was noted
(W3). The OAC was expressed as grams of sunflower oil held by
the suspension.

Ws — W,
— X

1

OAC = 100

2.5.3 Emulsifying absorption capacity (EAI). The emulsi-
fying capacity of the treated and control samples was deter-
mined using the method reported by Nawaz et al.** with some
modifications. To a graduated centrifuge tube, 50 mg of sample
was added. To the sample, 5 mL of distilled water was added.
After vortexing for a while, 5 mL of soybean oil was added to the
sample and mixed thoroughly. The emulsion was centrifuged at
3000 x g for 5 min at 4 °C, after which the developed emulsion
layer was precisely measured (V,) and the total volume of
suspension was recorded (V;). The EAC is calculated with the
following equation:

V)
EAC = -2 x 100
758

2.5.4 Emulsifying stability index (ESI). The ESI for the
native and CP-treated MPI was analysed following the proce-
dure of Kuan and Liong.” The emulsion was prepared (V,) as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mentioned in Section 2.3.1 and heated in a water bath main-
tained at 80 °C for 30 min. The heated emulsion was immedi-
ately cooled to room temperature (25 °C) and then centrifuged
(3000 x g) for 10 min. The final volume (V3) was measured and
used for the calculation of the ESI.

Vs
ESI = 2 x 100
7258

2.5.5 Foaming capacity (FC). By minor modification of the
methodology of Kang et al.,'® the FC of the samples was deter-
mined. A 1 g sample was homogenized with 50 mL of distilled
water and the initial height of the suspension was taken (V;).
The suspension was then foamed using a homogenizer at
8000 rpm for 2 min, then immediately transferred to
a measuring cylinder. The height of the developed foam was
noted (V,) and the FC was calculated using the equation:

Vo=V
— X

1

FC = 100

2.5.6 Foaming stability (FS). Foaming stability was calcu-
lated by adopting the procedure of Barac et al.'” The foam
developed (V;) in the graduated centrifuge tube was allowed to
remain static for 30 min. The final volume was recorded (V,) and
applied to the formula to derive the FS.

Vs

FS =
£

x 100

2.6 Protein solubility

The solubility of the control and cold-plasma-treated samples
was analysed by applying some modifications to the method
from Ji et al." A 3% suspension of the samples was prepared
with deionised water (pH 7), mixed well with vortexing, and
centrifuged at 4500 x g for 15 min at 20 °C. The resulting
supernatant with protein molecules was reacted with biuret
reagent, and the solubility was calculated using the following
equation:

Protein solubility =

protein in supernatant after reaction with reagent

- - — x 100
initial concentration of protein in sample

2.7 Free sulfhydryl content

The proportion of free sulthydryl groups in the native and CP-
treated MPI was determined following the procedure of He
et al.*® 4 mg of DNTB (5,5'-dithiobis(2-nitrobenzoic acid) was
dissolved in 1 mL of Tris—glycine buffer (pH 8). The native and
CP-treated MPI (1 pL) were mixed with 50 uL of prepared
reagent, shaken well and incubated for 30 min in a water bath
maintained at 25 °C. The aliquot of the mixed reagent was then
centrifuged at 9000 x g for 25 min at 4 °C. The supernatant was
carefully collected, and the absorbance at 412 nm was recorded
in a double-beam spectrophotometer (UV-vis, L1-2904). The
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absorbance was used for the calculation of the free sulfhydryl
groups with the molar extinction coefficient of 13
600 mol L™ " cm™ ",

2.8 Differential scanning calorimetry

The thermal profile of the native and modified protein isolates
was determined using a differential scanning calorimeter (DSC-
60A, Shimadzu Inc., Japan) following the procedure of Kaushik
et al.” Samples of approximately 2 mg were dissolved in 10 uL of
0.1 M phosphate buffer (pH 7) and placed in aluminium pans,
then tightly sealed and analysed, with an empty aluminium pan
used as a reference. The samples were then subjected to heating
and cooling cycles at a rate of 10 °C per minute in the range
from 30 °C to 180 °C. The analysis was conducted using
nitrogen (99.999% purity) as the purging gas with the flow rate
maintained at 20 mL min~". The peak denaturation tempera-
ture (T4) and the enthalpy (AH) of denaturation were recorded.

2.9 Fourier transform infrared spectroscopy

FT-IR was employed to characterise the bonds and secondary
structure of the native and CP-treated mustard protein isolate
using a Spectrum-2 spectrometer (PerkinElmer, USA). The
method reported by Hadnadev et al.** was used with certain
modifications. A 200 mg sample was dispersed in 800 pL of
distilled water and analysed over the spectral transmission
range from 4000 to 600 cm ™' with a resolution of 4 cm™". The
spectra were acquired at room temperature. The secondary
structure (o helix, B sheet, B turn, and random coil) was there-
after calculated in the spectral region of 1700-1600 cm ™" using
second-order derivation, after which Gaussian multiple peak
fitting was used to calculate the protein secondary structure
using Origin Pro Software (9.5, Northampton, MA, USA).

2.10 X-ray diffraction

The diffractogram patterns of the CP-treated protein samples
were obtained by following the procedure of Saini et al.** using
an X-ray diffractometer (D8 Advance, Bruker, Germany). The
samples were scanned from 5° to 55° at a scan rate of
1.20° min~" with a step size of 0.05°.

2.11 Scanning electron microscopy (SEM)

SEM (JEOL, Model JSM-6390 LV, Japan) was used to characterise
the microstructures of the native and CP-treated protein
isolates. The freeze-dried samples were ground, placed on an
aluminium stub, adhered to conductive sticky tape, and coated
with a thin layer of gold. Micrographs were taken at an
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acceleration voltage of 15 kV at 500x and 1000x magnification
for morphological characterisation.

2.12  Statistical analysis

The collected data were statistically analysed using a one-way
ANOVA to compare means using SPSS (IBM version 25), and
significance in the sample set was compared at p < 0.05 by post
hoc Duncan test. All the experiments were conducted in tripli-
cate, and the data is presented as mean + standard deviation
(mean + SD). The interrelations among the variables and the
efficacy of the treatments were studied using principal compo-
nent analysis (PCA) using Origin 2019 software.

3 Results and discussion
3.1 Chemical profile of defatted mustard seed meal and MPI

3.1.1 Proximate composition of defatted mustard seed
meal and native MPI. The proximate compositional difference
between the defatted mustard seed meal and MPI is presented
in Table 1. The defatted meal had crude protein, crude fibre and
carbohydrate at 37.05, 7.22 and 43.42% respectively. Banerjee
et al.”® reported slightly lower values for protein and carbohy-
drate at 32.76 and 24.86%, which are 11.57 and 42.74 times
lower, respectively, as compared with the obtained results for
the analysed defatted mustard meal. This difference in the
major macromolecular composition could be due to varietal
differences. The lower fibre content of 7.22% as compared with
the 31.8% observed by Pedroche et al.*® corresponds to a greater
protein concentration and its digestibility. With respect to
moisture, we observed a lower moisture content of 5.69%,
which is well below the critical limit of 12% to have a reasonable
shelf life.* A higher ash content (5.47%) reveals a greater
mineral composition, which is similar to the results reported by
Kaur et al.”

Defatting by n-hexane lowered the fat content (1.15%) as
compared with the mustard seed meal (40-41%), indicating the
efficacy of the selected solvent in extracting a higher oil load.
The lower the residual fat content in the defatted product, the
better the selected solvent's ability to lower the lipid—-protein
interface. The MPI had moisture and ash contents of 4.35 and
0.23%, respectively, which are similar but slightly higher as
compared with the results of Jahan et al.® A higher crude protein
content (90.23%) for MPI indicates the greater solubilisation of
proteins in the defatted mustard meal, which was possible by
greater solubilisation at alkaline pH and eventual electrostatic
repulsion. While performing the alkaline solubilisation at
different pH levels (9, 9.5, 10, 10.5 and 11), a higher yield was
recorded at a higher pH (pH 11). The obtained observations

Table 1 Proximate composition of defatted mustard seed meal and mustard protein isolate®

Sample Moisture (%) Water activity Ash (%)

Crude protein (%) Crude fat (%) Crude fiber (%) Total carbohydrate (%)

Defatted mustard seed meal 5.69 + 0.42
Mustard protein isolate 4.35 £ 0.19

“ Values are presented as mean =+ standard deviation.

438 | Sustainable Food Technol, 2026, 4, 435-447

0.44 £0.009 5.47 £0.31 37.05 £1.13
0.26 £+ 0.005 0.23 £+ 0.05 90.23 £ 1.19

1.15 4+ 0.13 7.22 £ 0.32
0.021 £ 0.007 ND

43.42 +1.14
5.19 + 0.28

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were in agreement with the results reported by Mir et al.*® in
pseudocereals (Chenopodium quinoa and Chenopodium album).
The higher pH levels of 10.5 and 11 provided higher yields, but
it adversely affected the protein quality as some of the nitrogen
had converted to non-protein nitrogenous forms and reduced
the protein content. The reduction could also be due to
a denaturation effect at more alkaline pH, resulting in aggre-
gation.”” Exposure of proteins to more alkaline conditions may
also lead to lysinoalanine formation and introduce toxic mole-
cules in the protein isolates.

3.1.2 Color profile of defatted mustard seed meal and
native MPI. The color profile results for the defatted mustard
seed meal and MPI are presented in Table 2, and calculations
were done to assess the total color difference, chroma and hue
angle. The large-scale market adoption of any proteins primarily
relies on them having an attractive and brighter white color. It is
observed that MPI had lower scores for L*, a* and b* (47.28,
2.51, 27.14) compared with the defatted seed meal, indicating
a comparatively darker protein isolate. The seed meal used for
the protein isolate preparation would probably contained
significant amounts of phenolics, which, on account of alkaline-
induced oxidation, would result in a considerably darker
protein isolate. The presence of hulls in the seed cake should
not be neglected for the darkening effect. The influence of seed
hulls on the browning of protein isolates was evidenced in the
study of Malik et al.?® Still, the L* value for MPI in the present
study was comparatively higher than the color results (L* of
69.8) reported by Sadeghi and Bhagya,* which was attributed to
the adopted freeze-drying method considerably reducing the
oxidation-induced browning effects.

While the chroma (C) of MPI reveals the greater intensity of
color as perceived by humans, the hue angle (tan §) of MPI was
84.68°, which was lower as compared with the control (88.73°),
indicating the shift in the yellow profile. Both the seed meal and
protein isolate had hue angles of less than 90°, which confirms
their reddish-yellow characteristic. Further, the reduced hue
angle of the protein isolate indicates the efficacy of defatting
and the selected alkaline pH conditions in removing the
adhering pigment molecules. Similar results on increased
yellow hue with increasing the pH during solubilisation
extraction were reported by Wintersohle et al.*°

3.2 Physicochemical properties of native and CP-treated MPI

3.2.1 Water absorption -capacity (WAC), oil holding
capacity (OAC). The WAC of the native and CP-treated MPI are
shown in Table 3. The WAC values ranged from 2.79 to 3.28 g
g~ '. The WAC of the CP-treated MPI increased non-significantly
(p > 0.05) yet proportionally to the treatments (T1, T2, and T3)
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given. This non-significant increase in the ability of the CP-
treated MPI to hold polar water molecules is possibly due to
the presence of soluble protein fractions and polar amino
groups being exposed due to the ionization process. Treating
MPI with cold plasma would have generated excess reactive
oxygen species, which can participate in better holding of water
molecules. This is supported by the reduced pH measurements
in the treated samples (6.10 g g~ ') as compared with the control
(6.97 g g ). Treatment of native mustard protein isolate with
cold plasma would have led to the generation of reactive species
such as nitrous acid, nitric acid, and hydrogen peroxide radical.
These generated acids likely played a key role in lowering the
pH. Similar results were observed in wheat germ protein isolate
by Abarghoei et al.** The increased WAC is extremely important
for protein isolate gels to find application in hydrophilic food
systems that contribute directly to the texture and stability of
formulated foods. Additionally, the release of more free sulf-
hydryl groups (Section 3.4) during CP treatment would also have
contributed to this increased WAC.

The OAC of the native and CP-treated MPI, presented in
Table 3, ranged from 1.10 to 1.31 g g~ ', which is consistent with
the results of Acharjee et al.** The increased OAC denotes the
ability of MPI to retain non-polar oil molecules against gravity,
contributing significantly to the texture and mouthfeel of food
products. Exposing MPI to CP increased the OAC proportion-
ally, which might be due to unfolding and eventual exposure of
non-polar hydrophobic amino acids.*® The plasma-induced
surface physical modification would have led to the develop-
ment of cracks and pores, which are responsible for the
entrapment of oil molecules. The microstructural patterns in
the SEM images (Fig. 4) also support this uptake of water and oil
molecules. However, the observed OAC value is comparatively
lower than the WAC, which suggests the possible lower expo-
sure of hydrophobic groups at the selected treatment levels. On
the contrary, ultrasound treatment of MPI increased OAC at the
expense of lowering the WHC.”

3.2.2 Emulsifying activity index (EAI) and emulsion
stability index (ESI). The EAI of the native and CP-treated MPI
are presented in Table 3. The EAI of the CP-treated MPI ranged
from 41.25 to 47.81%, respectively, showing an increase
compared with the control. The CP treatment at T2, T3 and T4
increased the EAI significantly (p < 0.05) compared to the
control. Assessment of EAI provides insights into the interfacial
properties of proteins, which is important for applications in
protein-based beverage formulations and emulsified products
such as ice creams and sausages.*® The increased reported
values are attributed to the effect of CP in reducing the inter-
facial tension and inducing adsorption. Our findings on

Table 2 Color profile studies of defatted mustard seed meal and mustard protein isolate”

Sample L* a* b* Chroma (C) Hue angle (°)
Defatted mustard seed meal 53.08 £ 0.17 3.36 £ 0.017 29.84 £ 0.07 20.54 £ 0.28 88.73 £ 0.20
Mustard protein isolate 47.28 £ 1.16 2.51 £ 0.18 27.14 £ 1.42 27.26 £ 1.41 84.68 £ 0.52

“ Values are presented as mean =+ standard deviation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Physicochemical function of native and cold-plasma-treated mustard protein isolate®
Water absorption  Oil absorption capacity Emulsifying activity =~ Emulsifying stability = Foaming Foaming

Treatment capacity (g g7%) (gg™ index (%) index (%) capacity (%) stability (%)
C control 2.79 + 0.85° 1.10 + 0.06* 40.06 + 0.97¢ 61.21 + 2.93° 51.56 + 1.53%  41.93 + 2.85°
T1 (10 kV, 5 min)  2.85 & 0.08* 1.18 4 0.12%° 41.25 £ 0.72¢ 64.13 £ 0.42°° 54.08 + 0.41°  42.86 & 0.74%
T2 (10 kv, 10 min) ~ 2.90 + 0.10% 1.22 + 0.18%° 43.72 + 1.24° 66.59 + 2,159 56.82 + 0.75°  44.14 + 0.68°
T3 (20 kV, 5 min)  3.06 & 0.23* 1.26 + 0.06™" 45.92 + 1.26° 69.55 + 1.57%%4 59.77 + 0.39°  44.68 & 0.38%
T4 (20 kv, 10 min)  3.28 £ 0.19% 1.31 £+ 0.05% 47.81 + 1.10° 69.66 + 1.72%%¢ 57.30 £ 1.44*  43.15 £+ 1.64%

“ Different superscript letters (alphabets) in the same column indicate significant differences (p < 0.05) level.

increased solubility (3.3) also infer that a greater distribution of
polymeric chains would have made possible the movement into
the interface and strengthened the emulsification. The
unfolding of protein chains would have possibly neutralized the
repulsive surface negative charges. In addition, the generated
reactive species would have cleaved the protein intermolecular
bonds, which would further lead to enhanced flexibility in the
protein molecules, thereby lowering the interfacial surface
tension. In a similar line of observations, Zhang et al.** high-
lighted the impact of the frequency and time duration of plasma
exposure, where the group observed that treating soybean
protein isolate at 80, 100 and 120 Hz for 5 and 10 min had
a negative impact on the emulsion properties. On the contrary,
our research was carried out at 50 Hz, which was well within the
limits for improving the interfacial properties of the protein.
The ESI of the native and CP-treated MPI ranged from 61.25
to 69.11%, respectively. An increased ESI contributes to
enhanced rigidity of protein molecules in maintaining a strong
and durable interfacial network. The ESI of the MPI treated with
T2, T3 and T4 increased significantly (p < 0.05) compared to the
control samples (Table 3). An increase in ESI for the proteins
reveals the greater stabilization potential of the polymer for the
developed emulsion. The results were in agreement with the CP
treatment of canola proteins by Arif et al. In support of this
observation, our results on reduced -SH groups show that the
disulfide linkages increased the stability of the emulsion.*®
Besides this, the increased ESI is a balance between sulfhydryl
groups, surface charges and induced unfolding characteristics,
which altogether forms a stable aggregate capable of holding
and maintaining a stronger interface. The requirement of
enhanced ESI for the shelf life of food products is a prerequisite
for many food products, such as dressings, sauces, ketchups
and confectionary products.’” In Table 3, it can be revealed that
the emulsifying stability index at treatment level T3 to T4
showed a slight increase of 0.15%. This can be viewed as the
start of surface-oxidation-induced aggregation, as the reactive
species interact with amino acid side chains, which leads to
enhanced oxidation of sulthydryl groups.®® A similar observa-
tion was reported by Segat et al. ** in whey protein isolate, where
the CP treatment for 30 and 60 min induced aggregation.
3.2.3 Foaming capacity (FC) and foaming stability (FS). The
FC and FS of the native and CP-treated MPI are presented in Table
3. It is observed that the FC of the treated proteins showed
a significant (p < 0.05) increase as compared with the native MPI
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and ranged from 54.08 to 59.77%, while the FS showed a non-
significant (p > 0.05) increase. This increment in foaming
capacity (FC) of CP-treated proteins to be adsorbed on to the gas/
liquid interface and deliver a stable film that can resist the grav-
itational and mechanical forces over the bubble. Foam capacity
and stability are a balance between the flexibility and molecular
rigidity of protein polymers.* These specific properties play a key
role in the formulation of aerated products and foam-based
whippings.” The partial unfolding and denaturation of protein
side chains is the cause of the increased FC and FS up to T3 (20 kv
for 5 min), but after this there was a slight reduction observed in
the FC (4.13%) and FS (3.42%) of T4 due to the possibility of
protein cohesion and aggregation.*” Our results on disulfide group
reduction also support this obtained value. The disulfide groups
confer stability, particularly in the tertiary structure, but with the
T4 treatment there was a loss of stability, which would have low-
ered the FC and FS of the protein isolate. Similarly, Chen et al.*
also observed a reduction in the foaming ability of egg white with
an increase in sulthydryl groups over storage time. Alternatively,
this could also be due to extensive oxidation induced by plasma
altering the ability of protein chains to form and stabilize the
interface. The success of foaming also depends on the pH of the
media and the shear force it experiences during foaming.**

3.3 Protein solubility

The protein solubility profile for native and CP-treated MPI is
presented in Fig. 1. The protein solubility is an imperative and
critical parameter that can drive the application of protein
isolates by influencing major techno-functional characteristics
such as gelling, emulsion and foaming. As the solubility factor
plays a direct role in determining the denaturation or the
aggregation state in food systems, evaluating this parameter is
very important. The solubility (%) ranged from 57.01 to 82.08%
with a significant treatment-dependent increase (p < 0.05). A
similar increase in solubility with CP treatment was observed by
Dabade et al.;** Bufiler et al.* and specifically a voltage-dependent
increase in solubility was consistent with the findings of .***¢
The treatments of 10 kV for 5 and 10 min and 20 kV for 5 and
10 min increased the solubility by 9.4, 24.8, 34.45, and 43.97%
respectively. The increase in solubility could be attributed to the
effect of reactive species generated to unfold and make a change
in structural configuration, which could enable more of
hydrophilic domains and thereby increase solubility. It is
generally observed that the solubility profile increases in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Protein solubility and free sulfhydryl content of native and cold-
plasma-treated mustard protein isolate.

alkaline conditions and reduces close to its isoelectric point,
but an extreme alkaline pH is shown to downgrade the solu-
bility through the aggregation effect.*” pH-shifting treatment in
combination with plasma treatment was able to exceptionally
increase the solubility in chickpea protein isolate.*® This could
be attributed to intermediate repulsion between the side chains
followed by redistribution and increased release of soluble
protein monomers. Specifically in mustard and closely related
brassica species, the soluble protein contains cruciferin and
napin, which have different solubility profiles. Wanasundara
et al.*® attempted to selectively increase the solubility of proteins
in Brassica juncea, Brassica napus and Sinapis alba by following
the salting-in approach using sodium chloride (NaCl) and
calcium chloride (CaCl,). The added salts depolymerised the
major phenolic fractions and improved the solubility.

Here, the pH during the study was 7, and no major effect on
solubility was observed. Employing non-thermal technologies
like cold plasma can interfere with the ingredients and lead to
the conversion of insoluble aggregates to a soluble form. A case
of this was reported by Malik et al.*® with ultrasound modifi-
cation. In support of our obtained results, Zhang et al.>®
observed a solubility increase of 282% in soy protein isolate
when treated at 120 kHz for 2 min. This incremental response
could be due to the relatively higher frequency used to treat the
native proteins. The protein solubility with the selected solvents
is one of the key thermodynamic factors that possibly results in
aggregation paving way for reduced solubility.” The presence of
net charges and hydrophobicity drives the solubility of proteins
in suitable solvents. The etching effect of the plasma treatment
and the interaction of reactive species with the protein side
chains led to enhanced porosity and created active sites that can
freely interact with the solvents.

3.4 Free sulfhydryl groups

The free sulfhydryl (-SH) group results for native and CP-treated
MPI are presented in Fig. 1. The native MPI had -SH group

© 2026 The Author(s). Published by the Royal Society of Chemistry
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content of 28.74 umol g~ ', which was progressively reduced
with T1, T2 and T3 treatments, reaching 17.11 pmol g~ * (Fig. 1).
The treated groups were significantly lowered (p < 0.05) as
compared with the native MPI. This loss is expected on account
of the oxidation of cysteine side chains and correlates with the
observations made by Segat et al.** As mustard proteins tend to
possess glucosinolates (B-p-glucose with sulfonium sulfonate
and an R moiety) with abundant aromatic and sulfur-rich
amino acids that are highly susceptible to oxidation, this
reduction is inevitable. In particular, the thiol groups are easily
scavenged by reactive species emanating from the plasma.
Sulfinic acid, sulfenic acid, sulfonic acid and thiosulfinates are
the possible end products from thiol oxidation. Besides the
sulfur-rich segment, some sensitive protein chains tend to
denature or unfold upon interaction with the reactive species.
In practice, the reduction of reactive carbonyl and sulfthydryl
can be seen as a marker reaction for protein oxidation. This
change in sulthydryl or carbonyl groups causes a change in the
secondary structure of the protein. Here, the longer plasma
exposure time increased the chances of modification through
aggregation, cross-linking, and fragmentation reactions.
Another possible factor could be plasma-reactive species
removing or disturbing the phenol-protein conjugate in the
mustard seed meal, thereby exposing more of the sensitive -SH
groups.* The various reactive species generated in the treated
food matrix caused significant oxidative stress, particularly on
the protein side chains, which was reflected in the reduction of
-SH groups.

Increased disulfide linkage contributes to enhanced
mechanical strength when applied to biopolymer packaging.>
It is this disulfide linkage that accounted for the enhanced
emulsion stability (Section 3.2.2). Further, this trend exhibited
a reversal effect at T4 due to the breakdown of S-S bonds and
the reduction of -SH groups. This is due to the reaction of
higher energy and denser reactive species that can bombard
and destroy the protein-protein linkage, thereby reducing S-S
bonds. Similarly, Monica et al** found that foxtail millet
exposed to 2 kV for 25 min had a higher -SH concentration than
the control group. More degradation of aggregates is attributed
to the formation of —-SH groups.

However, the interior —-SH group gets exposed to the surface
of proteins due to greater unfolding and protein dissociation, so
there is a chance of a recurrent increase in disulfide formation.
It could also be attributed to the impact of reactive species
exposing the buried thiol groups in the interior helix. A similar
effect was observed in the high-pressure treatment of rapeseed
protein isolate at 200 MPa." An increased concentration of di-
sulfide bonds assists in increasing the stability of the tertiary
protein structure. An increased reorientation of thiol and di-
sulfide plays a critical role in ensuring the stability of protein
structure.

3.5 Thermal properties of native and treated MPI

The DSC profiles of the native and CP-treated MPI are presented
in Table 4. DSC provides insight into the thermodynamic
stability of isolated proteins and their thermal behaviour. The
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Table 4 Thermal profile (Tq and AH) and relative crystallinity of native
and cold-plasma-treated mustard protein isolate®

Treatment Denaturation temperature Ty Enthalpy (AH) (J g %)
C control 91.65 + 0.9% 13.68 + 0.14%

T1 (10 kv, 5 min) 91.04 + 0.8% 13.44 £+ 0.11°

T2 (10 kV, 10 min) 90.07 £ 0.03" 13.04 + 0.1%

T3 (20 kv, 5 min) 89.15 + 0.89% 12.38 + 0.41°

T4 (20 kV, 10 min) 89.32 £ 0.57° 12.94 + 0.44°

“ Different superscript letters (alphabets) in the same column indicate
significant difference (p < 0.05) level.

results provide key insights into the structure and conforma-
tional changes in protein molecules. The denaturation
temperature (7T4) and enthalpy (AH) of the native MPI were
91.65 °C and 13.68 J g ', respectively. A single endothermic
peak was observed in the native sample. After undergoing the
CP treatment, there was a progressive reduction in the T4 and
AH of the CP-treated MPI (T2, T3 and T4). This is in accordance
with the results reported by Acharjee et al.** and Dabade et al.*®
The reduction in Ty reflects the weakened intermolecular forces
and lowered thermal stability of MPI, possibly due to the effects
of unfolding and partial denaturation. An interesting observa-
tion is that, although disulfide bond (S-S) formation resumed at
T4 (20 kv for 10 min), the plasma strength was insufficient to
promote stronger hydrophobic interactions or induce aggre-
gates capable of increasing the Tg.

The AH, which denotes the energy required for the unfolding
of the orderly structure, also showed a downtrend for T1, T2 and
T3. This means less energy is required for unfolding the plasma-
treated protein isolate. In addition, the interaction with reactive
species led to the weakening of the protein matrix and the
lowering of the thermal stability. The structural deformation
impact on treated MPI can be attributed to the weakening of the
protein matrix and the lowering of the thermal stability. Boye
et al.> proposed that the reduction in hydrophobic regions was
responsible for increased WAC and reduced enthalpy. Further,
in our study, with respect to T4 (20 kV for 10 min), there was
a slight increase in AH (12.94 J g ') and Ty (89.32 °C), which
might be due to the enhanced aggregation of protein isolates
leading to protein-protein cross-linking interactions.

3.6 FT-IR studies

The impact of CP on the secondary structure of MPI can be seen
in the infrared spectrum. As observed from Fig. 2, there was no
significant change in the peak position of the native and cold-
plasma-treated mustard protein isolate. However, we were
able to observe intensity and altitude shifts due to plasma
exposure. The proteins tend to exhibit several forms, with the
major ones being a helix, B sheet, B turns and random coil
arrangement, which are stabilized by various covalent and non-
covalent interactions. With reference to the literature, the bands
detected in our study for the native and treated protein mole-
cules can be attributed to o helix in the region of 1650-
1660 cm™ ', B sheet in the regions of 1618-1640 and 1670~
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Fig. 2 FTIR spectra for native and cold-plasma-treated mustard
protein isolate.

1690 cm ™, B turns from 1690 to 1700 cm™*, and random coils
around 1645 cm ™.

With regards to peptide arrangement, amide A (3225-
3280 cm '), amide I (1600-1700 cm '), amide II (1510-
1580 cm ") and amide III (1200-1300 cm ™) can be inferred.* In
the present study (Fig. 2), it is observed that the CP treatment had
a slight impact on the secondary structure, increasing the peak
intensity of the amide regions. There was a slight increment in
the wavenumber for amide I, which suggests the possible release
of free amino groups due to a fragmentation effect by reactive
species. In addition, the amide I band occurs due to C-O
stretching of the carbonyl groups, suggesting the possible effect
of unfolding, denaturation and oxidation. Furthermore, our re-
ported studies on sulfhydryl groups also support this minor peak
shift. The N-H bending and C-H stretching between 1510 and
1580 cm™" would have led to a lowered peak signal. Additionally,
there was a reduction in wavenumbers for the treated mustard
protein isolates, which suggests that some of the functional
groups would have interacted with reactive species. Even minor
changes in amide II band can directly influence the organiza-
tional pattern. Here, it is seen that this reduction would have
possibly led to reduced o helices and increased the extent of
B turns and random coils. A reduction in o helix or an increase in
B turns could obviously increase the flexibility of the protein
chains, thereby enhancing the surface-active properties. Our
findings on increased emulsification (Section 3.2.2) and foaming
properties (Section 3.3.3) support this observation.*”

3.7 XRD studies

The XRD patterns for the native (C) and CP-treated MPI are pre-
sented in Fig. 3. The native MPI is characterised by three major
peaks (13.6, 19.3, and 22.6°), the first two were smaller peaks,
while the third had a higher intensity. The obtained data showed
that the native MPI exhibited a partial crystalline character, while
the CP-treated MPI had a pronounced broadening effect on peaks,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD diffraction patterns for native and cold-plasma-treated
mustard protein isolate.

leading to the lowered peak intensity. This indicates the state of
aggregation and that extensive damage occurred to the native
structure. The unfolding and weakening of structurally orderly
molecules would have led to a loss of crystallinity in the treated
samples. A similar effect on crystallinity reduction was observed
by Das et al.*® using a pH-shifting approach.

3.8 Microstructure studies

The SEM images of the native and CP-treated MPI at 1000 x
magnification are presented in Fig. 4. The image of the native
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15KV X1,888  18mm 14 48 SE1 14 4@ SEI
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MPI in (i) shows the smoother surface structure and a loosely
bounded nature with a compact arrangement, which was
erupted and eroded by the CP treatment (T1, T2, T3, and T4),
although in the control or native proteins slight eruptions were
observed, which could be due to the alkali-acid treatment and
subsequent drying treatment. There was a gradual loss of
smooth surface and the presence of surface distortion, pores
and cracks. The intensity of pores was dependent on the voltage
and time of exposure to cold plasma. The T1 and T2 samples
treated at 10 kv for 5 and 10 min showed the creation of
numerous micropores and eventual roughness caused by
etching phenomena. Specifically, the micrographs revealed the
formation of a smooth T2 surface due to structural re-
orientation, which made aggregation effects occurring at the
surface more evident and similar effects were observed by Dong
et al.*® In the MPI treated at 20 kV for 5 and 10 min (T3 and T4),
extensive damage occurred, which was reflected in the irregular
surface arrangement. This would be due to the further exten-
sion of opened pores, creating a path for interaction with ROS
and an extended etching impact. The exposed area increased
the active recognition sites and severely impacted the structural
homogeneity. The increased active sites were responsible for
increased techno-functional properties (Section 3.2). The
increase in active site formation may result in the formation of
aggregates owing to oxidation. This structural impact was
obviously due to the interaction of radicals with protein side
chains, leading to the cleavage of C-C and C-H bonds in the
peptide chains. The T3 and T4 samples would have simulta-
neously encountered the oxidative effect and the higher aggre-
gation effect. Moreover, there was a weakening effect observed
in the protein chains in T3 and T4, which was reflected in the
reduced crystallinity. A similar trend was observed in Dabade

1B

15kU 1,888

Fig. 4 SEM images of native and cold-plasma-treated mustard protein isolate.
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PS: protein solubility; FC: foaming capacity; FS: foaming stability; T4: denaturation temperature; H: enthalpy; SHC: sulfhydryl content.

et al.* for the CP treatment of soy protein isolate. The CP-
induced etching could result either from either the inelastic
collision effect or the plasma-species interaction.

3.9 Principal component analysis

Fig. 5 depicts the principal component analysis (PCA) biplot
analysis conducted for determining the effect of cold plasma
treatment variation on the physicochemical, functional, and
thermal characteristics of mustard protein isolate. The loading
plot is denoted by red, blue and green colors, denoting the
various physicochemical, functional and thermal properties,
while the scalar plot in black dots represents the treatment
conditions. Superimposition (0°) of loading plots on the black
dots indicates a positive correlation, while a stretch in the
opposite direction indicates a negative correlation. As observed
from the figure, the PCA biplot explains a total of 84.0% of the
total variance with two principal components: PC1 contributing
71.9% and PC2 explaining 12.1% of the variation. PC1 exhibited
the highest functional properties (WAC, OAC, ES, EC, FC),
whereas PC2 was associated with thermal properties (sulfhydryl
groups, enthalpy). The sulthydryl groups, enthalpy and dena-
turation temperature are positively correlated with the control
sample. However, there was a drastic reduction in sulfhydryl
groups in the native mustard protein isolate when exposed to
cold plasma at T1, T2 and T3 levels. There was a treatment-
dependent increase in the WAC, OAC, EC, and FC, with the
treated samples performing better than the control samples.
The performance reduced in the order T4 > T3 > T2 > T1 > C. As
there was interaction of ROS with protein sidechains leading to

444 | Sustainable Food Technol, 2026, 4, 435-447

a reduction in beneficial properties, the T2 treatment (10 kV for
5 min) was positively correlated with many of the functional
properties. The T3 and T4 treatments with increased voltage
and duration resulted in greater protein solubility. On
increasing the voltage, there was a slight reduction in foaming
stability observed, which depicted a negative correlation.

4 Conclusion

The increasing interest in protein modification to meet the
techno-functional requirements of the food industry has led to
increased interest in utilising cold plasma technology for
modifying mustard protein isolates. Accordingly, the voltage (10
kv and 20 kV) and time (5 and 10 min) of the treatment were
varied to induce modification of native mustard protein isolate.
The physicochemical, functional, thermal and structural prop-
erties of the treated MPI were characterised. It was observed
that the treated MPI exhibited increased water absorption
capacity (WAC), oil absorption capacity (OAC), emulsification
and solubility profile compared with native MPI. With respect to
foaming properties, there was an increasing trend observed for
T1 (10 kv; 5 min), T2 (10 kV; 10 min) and T3 (20 kV; 5 min),
whereas a reduction occurred in T4 (20 kV; 10 min) due to the
aggregation of proteins. The aggregation behaviour was clearly
observed in the microstructural studies where the reactive effect
between radicals and proteins damaged the surface structure
and impacted the functional performance. The excessive loss of
crystallites was noticed in the reduced relative crystallinity (RC)
values, indicating its negative impact on the secondary

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure of the proteins. The partial unfolding and denatur-
ation of protein chains was observed, with a reduced tempera-
ture for denaturation and enthalpy indicating a lower thermal
stability. Overall, the cold plasma treatment at 10 kV for 10 min
was able to bring about balanced improvements in the physi-
cochemical properties without severely impacting the structural
conformation of the native mustard protein isolate. This
modification study should contribute to the development of
mustard protein isolate as a mainstream protein ingredient for
application in the food, dairy and beverage segments. Further
research is required to explore the effect of plasma treatment on
the amino acid composition and digestibility profile of treated
protein isolates.
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