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Dielectric barrier discharge cold plasma-modified
pea protein nanoparticles: enhancing functional
and thermal properties for food and biopolymer
applications

Srutee Rout®* and Prem Prakash Srivastav

This study explored the use of dielectric barrier discharge cold plasma (DBD-CP) to produce Pea Protein
Isolate Nanoparticles (PPI-NPs) at 30 kV for 2, 4, 6, and 8 min. Increasing the voltage and extending the
treatment time led to larger nanoparticle sizes and more irregular morphology. Samples treated with CP
showed higher absorbance in the 230-300 nm range, while fluorescence intensity decreased as the
treatment time increased. CP exposure altered the FTIR spectra, particularly the amide | and Il bands.
The plasma-treated PPI-NPs exhibited increased surface hydrophobicity and carbonyl content and
reduced free sulfhydryl (SH) groups compared to untreated samples. Additionally, the water and oil
holding capacities and solubility of PPI-NPs improved with longer treatment durations. Thermal analysis
revealed that CP exposure at 30 kV for 6 and 8 min increased the denaturation temperature (Ty) to 112 °©
C and 114 °C, respectively. At the same time, the untreated sample had a T4 of 110 °C, indicating
enhanced cross-linking of polar functional groups. These results suggest that CP treatment effectively
improves the functional properties of protein nanoparticles, making them suitable for applications in
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food packaging and pharmaceuticals.

The synergistic modification of pea protein isolate (PPI) using Dielectric Barrier Discharge Cold Plasma (DBD-CP) technology offers a sustainable and eco-
friendly approach to developing protein nanoparticles with enhanced thermal, physicochemical, and functional properties. This innovative method lever-

ages non-thermal plasma to introduce reactive oxygen and nitrogen species (RONS), facilitating the formation of novel functional groups while minimizing the
need for harsh chemicals or solvents. The resultant nanoparticles exhibit improved solubility, emulsifying capacity, and thermal stability, making them suitable

for diverse applications in the food and biopolymer industries. Moreover, DBD-CP treatment aligns with sustainable processing goals by reducing energy
consumption, minimizing waste, and enhancing resource efficiency. Incorporating modified PPI-NPs into food matrices and biodegradable polymer systems

contributes to improved product performance and supports the development of sustainable, high-value products, thereby advancing the circular bioeconomy.

1. Introduction

Protein nanoparticles have gained considerable attention in the
food industry due to their nanoscale size and high surface-area-
to-volume ratio. According to Rasool et al, nanoparticles are
characterized by having at least one dimension measuring less
than 1000 nm, although this threshold can differ based on the
material type.* Their minute size enhances dispersibility, grav-
itational separation, stability, aggregation, and structural
changes during food processing. In recent years, biopolymer-
based nanoparticles have been widely explored in functional
foods and pharmaceuticals as effective encapsulation and

delivery systems.> Their biocompatibility, edibility, and
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Generally Recognized as Safe (GRAS) status make them ideal for
incorporation into food systems. These nanoparticles can
significantly enhance the solubility of hydrophobic bioactive
compounds prone to oxidation, improve stability during storage
or under adverse conditions, regulate controlled release in the
gastrointestinal tract, and enhance bioaccessibility and
bioavailability. Proteins are highly suitable for nanoparticle
formulation owing to their amphiphilic characteristics, which
enable them to engage efficiently with both solvents and
dispersed phases.? Traditionally, proteins derived from animal
sources, such as casein, gelatin, whey protein, and p-lacto-
globulin, have been employed in nanoparticle synthesis.
However, plant-based proteins from sources such as soybeans,
pulses, legumes, and cereals offer a sustainable and abundant
alternative.* These plant-derived proteins, categorized as GRAS,
provide notable advantages in food applications. Food proteins
exhibit exceptional functional properties among all GRAS
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biopolymers, including emulsification capacity, flexibility, and
antioxidant activity, making them suitable for nanoparticle-
based applications.® In recent years, nanoparticles derived
from proteins such as casein, egg white protein, alpha-
lactalbumin, pea protein, zein, and soy protein have been
developed to enhance the solubility, bioavailability, and
stability of nutraceuticals. These protein-based NPs can be
synthesized using various techniques, including desolvation,
enzyme- or calcium-induced cross-linking, self-assembly, heat-
induced aggregation, and cold-gelation.®

Pea proteins primarily consist of globulins and smaller
fractions of albumins and glutelins.”® The major globulin
component is legumin, a hexameric 11S globulin with a molec-
ular mass ranging from 350 to 400 kDa, rich in B-sheet struc-
tures and stabilized by disulfide bridges. A minor glycoprotein
fraction known as vicilin, a trimeric 7S globulin with an
approximate molecular mass of 150 kDa, is also present. Pea
proteins exhibit high solubility at pH values far from their
isoelectric point, though their solubility drops to around 30%
near pH 5.° Pea proteins demonstrate strong potential in gela-
tion, foaming, film formation, and emulsion stabilization,
making them highly versatile in food systems.' Pea protein is
a significant contender in the global plant-based protein
market. However, despite its many advantages, PPI-NPs exhibit
limitations such as low water solubility, reduced foaming and
emulsifying properties, and limited digestibility due to their
high protein content. Various modification techniques have
been explored to enhance its functionality for broader use in
food applications. In particular, developing nano- and micro-
particles from pea protein has gained attention as a promising
strategy to improve its performance in diverse formulations. For
instance, Jhan et al. successfully used legumin to produce
nanoparticles with diameters ranging from 200 to 700 nm using
glutaraldehyde as a crosslinking agent, while coacervation
using whole pea proteins yielded microparticles with sizes
ranging from 10 um to several hundred pm."

DBD-CP is an innovative and non-thermal technology
recognized for its cost-effectiveness, chemical-free nature, and
high energy efficiency, achieved through gas ionization.™™®
Recently, DBD-CP has shown significant ability to modify
biopolymers. Plasma consists of a complex mixture of excited
and non-excited gas molecules, radicals, ions, and electromag-
netic radiation.'*® These reactive species can induce physical
and chemical modifications in polymers at micro- and nano-
scales without altering their bulk properties. To date, DBD-CP
has been extensively applied in the surface modification of
biopolymers, particularly proteins. Research has shown that
DBD-CP can alter protein surfaces and structures by modifying
functional groups such as free sulthydryl, carbonyl, sulphydryl,
and carboxyl groups.” Studies have demonstrated that CP
technology is capable of fabricating synthetic nanostructures
with hydrophilic and superhydrophobic surfaces, with the latter
offering diverse applications in nanotechnology and interface
science. As a result, there is growing interest in harnessing
plasma technology for the fabrication of biopolymer nano-
particles. Previous research had confirmed that CP is an effec-
tive method for modifying pea protein aggregates that improved
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physicochemical and functional properties."* Therefore, this
study explores the potential of DBD-CP to fabricate PPI-NPs at
30 kV with treatment durations of 2, 4, 6, and 8 min. Addi-
tionally, the research investigates the mechanisms of PPI-NP
formation through CP technology by analyzing the chemical
and structural modifications, morphology, interactive forces,
and particle size distribution, all of which stabilize the nano-
particle structure.

2. Materials and methods

2.1. Materials

PPI was purchased from Profoods Nutrition. All other materials
used in this study were of analytical grade and procured from
Sigma, HiMedia, and Merck, India.

2.2. DBD-CP treatment of PPI

CP treatments were conducted using a voltage generator and
a plasma treatment chamber. The chamber was equipped with
parallel copper electrodes, each 5 mm thick and positioned
15 mm apart. These electrodes were covered with thick quartz
dielectric barrier (DB) plates. A 230 V, 50 Hz power supply was
used to energize the primary winding of a high-voltage step-up
transformer. The CP setup, was assembled with two metal
electrodes positioned around a Petri plate containing 20 g of
solid PPI powder placed on the sample stage. The CP treatment
was applied at an output voltage of 30 kV for varying durations
of 2-8 min. The parameters were precisely regulated through
a control panel integrated with the step-up transformer.
Following treatment, the processed PPI powder was stored in
airtight polybags for further analysis.

2.3. Preparation of PPI-NPs

Protein nanoparticles were produced using a modified version
of the method outlined by Liang et al.>*® Both native and CP-
treated PPI samples were combined with 400 mL of distilled
water and heated to 95 °C with continuous stirring for 30 min.
Ethanol was then gradually added to the protein solution while
maintaining constant agitation. After cooling the suspension to
room temperature, an additional amount of ethanol was
introduced dropwise, followed by continuous stirring for
another 20 min. The resulting nanoparticle suspension was
centrifuged at 4000xg for 10 min. The collected sediment was
rinsed twice with ethanol to remove any remaining moisture
and subsequently dried at 45 °C for 24 h, reducing the moisture
content to around 10% on a wet basis.

2.4. Surface characterization of PPI-NPs

A 2% (w/v) protein suspension was prepared in 10 mM
phosphate-buffered saline (PBS) with an initial pH of 6.8, which
was subsequently adjusted to pH 7.0 using either an acid or
a base according to the method of Liu et al.** The hydrodynamic
diameter of the particles at pH 7.0 was determined through
dynamic light scattering (DLS). Prior to analysis, each sample
was diluted 100-fold using ultrapure water. The measurements
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were analyzed using Malvern Zetasizer software, and all exper-
iments were conducted in triplicate.

2.5. Chemical characteristics of PPI-NPs

The chemical properties resulting from plasma treatment, such
as the total content of protein carbonyl groups and SH groups,
and surface hydrophobicity, were analyzed following the
methodology described in our previous study." The reported
data are represented as the average values obtained from
triplicates.

2.6. Circular dichroism (CD) of PPI-NPs

The alterations in the secondary structure of PPI-NPs were
analyzed using Far-UV CD spectra by a modified method of
Marques et al.>> The protein concentration was maintained at
0.2 mg mL ', and measurements were conducted at 25 °C with
an optical path length, covering the wavelength range of 180-
270 nm. The speed of scanning was set at 50 nm min~", with
a spectral resolution of 0.1 nm, response time of 0.1 s, and
bandwidth of 1 nm.

2.7. Protein solubility of PPI-NPs

The solubility of both native and treated PPI-NPs was assessed
using the Kjeldahl method following the procedure outlined in
Wau et al.*® All samples were stirred vigorously with a high-speed
magnetic stirrer and then centrifuged at 9000xg for 20 min. The
protein content of the supernatant was analyzed using the
Kjeldahl method, and protein solubility was calculated using
eqn (1).
Supernatant protein

Protein solubility(%) = Total protein in powder x 100 (1)

2.8. Free amino groups

The orthophthalaldehyde (OPA) colorimetric assay was utilized
to determine the concentration of available amino groups in
PPI-NPs, by the method outlined by Chen et al.>* The process
involved dissolving the OPA reagent in 2 mL of 95% ethanol,
followed by the addition of 50 mL of 100 mM sodium tetrabo-
rate buffer, 5 mL of SDS solution, and 200 pL of f-mercaptoe-
thanol. The mixture was then diluted to a final volume of
100 mL using distilled water. To initiate the assay, 1.5 mL of an
OPA solution (1 mg mL™") was introduced. The solution was
vortexed for 3 min in a dark environment at room temperature,
followed by the measurement of absorbance at 340 nm using
a UV/vis spectrophotometer.

2.9. Differential scanning calorimetry (DSC)

A PerkinElmer Pyris Diamond DSC was utilized to investigate
the thermal properties of PPI-NPs following CP treatment by the
method of Angourani et al®*® Approximately, 2 mg of each
sample was placed in aluminum liquid pans (Dupont) with
10 mL of 0.1 M phosphate buffer (pH 7.0). The pans were then
tightly sealed and subjected to a controlled heating process,
ranging from 20 °C to 120 °C at a rate of 5 °C min~". The
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thermograms obtained were analyzed to determine the key
thermal parameter Ty using Universal Analysis 2000 software.
Each experiment was conducted in triplicate, and prior to
testing, the sealed pans containing the samples were condi-
tioned at 20 °C for a minimum of 6 h.

2.10. TGA

Thermal analysis (TG/DTG/DTA) was conducted using a Perki-
nElmer Pyris Diamond TG-DTA system under a nitrogen
atmosphere according to the method of Angourani et al*
Approximately 5 mg of the powdered sample was accurately
weighed and placed into a ceramic crucible. The sample was
then heated from room temperature to 800 °C at a constant rate
of 10 °C min~', with a nitrogen gas flow maintained at
60 mL min~'. Differential thermal analysis (DTA) curves were
generated by taking the first derivative of the TGA data. The
temperature corresponding to the maximum rate of thermal
decomposition was identified from the DTA curves.

2.11. Morphology of PPI-NPs

The surface morphology of CP-treated and control protein
isolates was analyzed using a MERLIN FESEM (Carl Zeiss,
Oberkochen, Germany). The samples were mounted on cylin-
drical specimen holders and coated with a thin layer of gold
before imaging. The examination was conducted at 20 kV with
magnifications ranging between 1000 and 3000.

2.12. Statistical analysis

All experiments were carried out in triplicate. Statistical analysis
was conducted using IBM SPSS Statistics, with ANOVA applied
at a 95% confidence level (p < 0.05). Tukey's HSD test was
employed to determine significant differences between the
means.

3. Results and discussion

3.1. UV absorption and fluorescence intensity analysis

The UV-vis spectrum of proteins is influenced by the absor-
bance peaks of aromatic amino acids, including “phenylalanine
(250-265 nm)”, “tryptophan-tyrosine (265-280 nm)”, and
“tryptophan (285-300 nm)”. Fig. 1a illustrates the UV-vis spectra
of both untreated and CP-treated PPI-NPs. Compared to the
control, the treated samples exhibited higher absorbance in the
230-300 nm range. The CP-treated proteins demonstrated
a significant increase in absorption intensity, primarily attrib-
uted to alterations in hydrophobic groups and the exposure of
aromatic residues. This enhanced absorbance suggests that
protein denaturation caused by CP treatment exposes more
chromophores on the protein surface, thereby increasing UV-vis
absorption. The results are in accordance with previous studies
reported by Nasiru et al.>® Notably, at 30 kv for 8 min, the
absorbance intensity was lower than those at 4 and 6 min, likely
due to a combination of protein conformational changes and
oxidative degradation of tryptophan residues. This process can
expose or bury tyrosine and tryptophan residues, leading to
variations in absorption intensity. These findings highlight the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Dielectric bather discharge cold plasma treatment of PPI-NPs as tested by (a) UV absorption spectra, (b) fluorescence absorption spectra
and secondary structures reported by (c) FTIR analysis, (d) circular dichroism spectra, and (e) particle size.

capability of CP treatment to modify the physicochemical
characteristics of pea proteins by triggering structural changes
at the molecular level.””*® The differences in tertiary structure of
proteins can be assessed using the intrinsic fluorescence of
tryptophan, which is highly susceptible to the polarity of its
surrounding microenvironment.” Due to this sensitivity, tryp-
tophan residues are commonly used to monitor structural
changes in proteins. The fluorescence spectrum (Fig. 1b) was
generated by exciting hydrophobic amino acid residues to
analyze alterations in the tertiary structure of proteins.** As
shown in Fig. 1b, an increase in CP treatment time led to
a gradual decline in the fluorescence intensity of PPI-NPs,
indicating structural modifications. This reduction suggests
that tryptophan residues may have migrated from a hydro-
phobic environment to a more hydrophilic one. The decline in
fluorescence intensity could also be attributed to reactive
oxygen species (ROS) generated during plasma exposure, which
are known to act as early markers of free radical-induced
protein oxidation, ultimately leading to decreased fluores-
cence.’”* Since most hydrophobic aromatic amino acids in PPI
are typically found within the hydrophobic core, any confor-
mational change caused by CP treatment would result in
reduced fluorescence intensity.** Similar structural alterations
have been reported for whey, soy, tropomyosin and peanut
proteins following CP treatment, where the fluorescence
intensity decreased due to the disruption of hydrogen bonding
under alkaline conditions. The combined results from fluores-
cence and FTIR analysis indicate that CP treatment induces
structural changes primarily at the tertiary level.>*>* A compa-
rable trend was observed by Li et al., who reported a gradual
decrease in tryptophan fluorescence intensity at 355 nm in PPI
following CP treatment for 1 to 10 min.*® This reduction is likely
due to tryptophan oxidation, which results in the formation of
carbonyl groups, along with structural modifications occurring

© 2025 The Author(s). Published by the Royal Society of Chemistry

during CP exposure. These observations are consistent with the
findings of CP-treated grass pea protein isolates where the
fluorescence intensity decreased.**

3.2. FTIR analysis

The changes in the chemical compounds of PPI-NPs in native
and CP-treated samples over time were analyzed using FTIR
spectroscopy, as illustrated in Fig. 1c. The amide A and B regions
“3100-3600 cm ™~ *” exhibited broad absorption peaks, attributed
to the “O-H (3200-3550 cm™')” and “N-H (3300-3400 cm ‘)"
stretching vibrations of PPI. As reported by Pasieczna-Patkowska
et al., the amide I band “(1600-1700 cm™")” primarily arises from
C=O0 stretching vibrations (70-85%) and the hydrogen bonding
patterns associated with the secondary structure.*” Following CP
treatment, there was a slight increase in the N-H bond indicating
a partial breakdown of peptide bonds in PPI. The peak intensity
of the amide I (1638 cm ') and amide II bands was reduced in
CP-treated PPI-NPs, suggesting peptide chain cleavage due to
interactions with reactive plasma species.

In addition, the CP-treated samples exhibited decreased
intensity at 1450 and 1392 cm ™', reflecting scissions in amino
acid residues with methyl side chains (-CH; and -CH,), respec-
tively.®® Oxidative modifications induced by hydroxyl radicals
also contributed to structural changes, particularly affecting
aromatic amino acids such as tyrosine, phenylalanine, and
tryptophan. Similar changes were observed in studies examining
the effects of CP on mung bean protein.** The predominant peak
observed in mung bean seeds was at 1633.37 cm ', corre-
sponding to the presence of proteins. Another peak, identified at
3322.16 cm™ ', was attributed to the stretching vibrations of
hydroxyl and NH groups associated with alcohols. Jahromi et al.
observed that sodium caseinate powders treated for varying
durations showed no notable changes in the amide I and amide
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II regions.*® However, a minor shift was recorded in the amide IIT
band associated with N-H in-plane bending and C-N stretching
moving from 1238 cm ™' in the untreated sample to 1234, 1234,
and 1230 cm ™! after 2.5, 5, and 10 min of treatment, respectively.
Additionally, the signal at 976 cm™" gradually weakened with
prolonged treatment, suggesting mild oxidation and structural
degradation in the 10 min sample. Similarly, in both native and
CP-treated egg white protein (EWP), the amide A peak, typically
resulting from N-H or O-H stretching, remained consistent,
while the amide B peak linked to C-H bending vibrations shifted
slightly from 2960 cm ™" in the untreated sample to a range of
2962-2964 cm ' after plasma exposure, likely due to depoly-
merization effects. Both treated and native EWP samples
exhibited a band at 1633.41 cm ™!, attributed to C-O and C-N
stretching vibrations.*

3.3. CD spectroscopy

The structural effects of CP treatment on PPI-NPs were
assessed.*” As depicted in Fig. 1d, prolonged CP exposure led to
a gradual reduction in “a-helix” content, while the proportions
of “B-strands” and “B-turns” fluctuated in both protein isolates.
Notably, PPI-NPs treated at 30 kV for 4 min showed a significant
alteration in the intensity of the negative peak at approximately
208 and 222 nm when compared to the control. This change
could be due to the effect of insoluble particles on light scat-
tering, which altered the absorption of plane-polarized light.
While a minor shift in the intensity of the negative peak was
noticeable after treatment at 30 kV for 4 minutes, negligible
differences were observed in samples exposed for 2 and 6 min.
According to reported studies, plasma treatment significantly
affects the o-helical and B-sheet regions of various proteins,
including whey proteins,* peanuts,** and oats.** Similarly, Rout
& Srivastav reported that direct plasma treatment reduced the a-
helix and B-turn content in lactate dehydrogenase while aug-
menting the proportion of -strands.'* These findings highlight
the potential of CP treatment to induce structural modifications
in plant and animal proteins, affecting their functional and
physicochemical properties.

The spectra exhibiting a negative peak near 208 nm and
a positive peak around 195 nm are characteristic of f-sheet and
a-helical structural conformations.*® In this study, two prom-
inent negative peaks (~200 nm) and positive peaks (~187 nm)
were identified, indicating the presence of a-helical and B-sheet
structures. A slight shift (~8 nm) in the spectra could be
attributed to the presence of non-protein components, as CD
spectroscopy is highly sensitive to even minor structural varia-
tions.*” As a result of this sensitivity, the analyzed oat protein
samples exhibited a comparatively higher proportion of unor-
dered coil structures. The secondary structure of oat protein is
predominantly composed of o-helices, B-sheets, and turns.
Additionally, a subtle shoulder peak was observed within the
212-225 nm range, which is indicative of B-sheet regions. This
finding aligns with previously reported CD spectral analyses of
oat protein, confirming the structural characteristics of oat
protein and its diverse conformational elements.*

1090 | Sustainable Food Technol., 2025, 3, 1086-1098
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3.4. Particle size distribution

Fig. 1e shows the size distribution of PPI-NPs. The pea protein
dispersions displayed a monomodal particle distribution.
Notably, CP-treated protein nanoparticles exhibited a larger
particle size than the control.” For the plasma-treated samples,
the peak shifted to the right at 30 kV, indicating an increase in
particle size. This shift may be attributed to aggregation caused
by plasma, where energetic plasma species influence the charge
distribution on and around protein particles, reducing electro-
static repulsion and promoting particle aggregation. Additionally,
the exposure of protein molecules to high-energy plasma species
may lead to protein unfolding, exposing hydrophobic regions to
the surface, subsequently increasing surface hydrophobicity.*
This enhanced hydrophobicity further facilitates the flocculation
of protein particles, resulting in larger particle sizes. These find-
ings align with previous research, which reported similar aggre-
gation effects induced by CP treatment in oat milk,*® soybean
protein isolates,* and pea protein isolates."* Prolonged plasma
treatment can promote the formation of supramolecular struc-
tures with a larger hydrodynamic radius, potentially driven by
intra- or intermolecular crosslinking, electrostatic forces, or
hydrophobic interactions, as demonstrated by Hekmat et al.>

3.5. Thermal characteristics of PPI-NPs

DSC is a valuable technique for analyzing the thermodynamic
stability of proteins. The DSC curves of different samples reveal
variations in the denaturation temperature, which correlates
with the energy required to disrupt protein structures.’* A Ty
signifies greater structural stability, whereas a lower glass tran-
sition temperature suggests reduced molecular weight conver-
sion, potentially enhancing protein digestibility. This analytical
approach provides insights into structural transitions, including
protein denaturation and starch gelatinization, during food
processing.>® The DSC thermograms of both native and CP-
treated PPI-NPs, as depicted in Fig. 2a, display multiple endo-
thermic peaks, indicating thermal transitions associated with
different protein aggregates exhibiting distinct denaturation
temperatures. A broad endothermic peak, observed between 40
and 150 °C, corresponds to protein denaturation.”® The
untreated sample exhibited a denaturation temperature of 110 °©
C, whereas CP treatment at 30 kV for 6 and 8 min elevated Ty4 to
112 °C and 114 °C, respectively. This increase suggests enhanced
cross-linking of polar functional groups and partial denaturation
within the PPI structure, demonstrating a direct correlation
between CP treatment duration and thermal stability. These
findings are consistent with Perinban et al, who reported Ty
values ranging from 102 to 109 °C for CP-treated whey protein
isolates.>* A similar trend was reported for zein protein, where
the denaturation temperature decreased from 77.10 °C (native)
to 65.90 °C following 125 V plasma treatment, suggesting the
disruption of intermolecular interactions such as triple and
double bonds, thereby reducing denaturation energy require-
ments.*® The DSC results further support FTIR findings, which
indicate modifications in the protein bonding structure. Another
study observed that the T4 of untreated PPI films increased from
61.16 °C to 72.56 °C after 30 s of CP exposure.*® Similarly, Mehr &

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) DSC, (b) TGA, (c) DTA, and (d) DTG thermograms of native and treated PPI-NPs.

Koocheki reported a significant increase in T4 for grass pea
protein isolates after CP treatment, attributing this change to
protein aggregation.®” The overall rise in T4 following CP treat-
ment enhances the thermal stability of PPI, making it a prom-
ising constituent for applications in the food industry,
particularly in product formulation and packaging.

TGA and DTA are used to monitor changes in the weight and
rate of weight loss of a material over time or at varying
temperatures.”” These changes occur due to processes such as
vaporization, decomposition, and oxidation. TGA is primarily
employed to assess the composition of materials and predict
their thermal stability at elevated temperature. The TGA results
(Fig. 2b) reveal the percentage of weight loss relative to the
initial sample weight, while the DTA curve (Fig. 2c) provides
information on the rate of decomposition with respect to
temperature. Both plasma-treated and untreated PPI-NPs were
subjected to TGA and DTA analysis. In this study, all samples
exhibited a three-stage weight loss pattern. The initial weight
reduction occurred due to the loss of moisture and volatile
compounds. The second stage, occurring between approxi-
mately 120 °C and 330 °C, was characterized by a rapid decline
in weight indicating thermal degradation. The final stage,
between 390 °C and 540 °C, involved carbonization, during
which most functional groups were eliminated.”® This stage
likely corresponds to the breakdown of high-molecular-weight
bonds as the polymer undergoes structural disintegration
within this temperature range.

CP treatment influenced the thermal decomposition char-
acteristics of PPI-NPs by altering the composition of lower
molecular weight proteins.> These modifications likely resulted
from protein aggregation or breakdown due to extended CP

© 2025 The Author(s). Published by the Royal Society of Chemistry

exposure and increased discharge intensity. At 30 kV for 2 and
8 min, CP treatment did not significantly affect the weight loss
of PPI-NPs. However, at 30 kV for 4 and 6 min, the thermal
stability improved across all phases, leading to a noticeable
reduction in weight loss. This enhancement is attributed to CP-
induced cross-linking between protein molecules, which
strengthened intermolecular interactions and created a more
stable protein network. The reactive species generated during
CP exposure contributed to the formation of disulfide bonds
and covalent linkages, reinforcing the protein structure and
making it more resistant to thermal degradation.

Despite this structural enhancement, degradation tempera-
tures for CP-treated PPI-NPs at 28 kV (6 and 8 min) decreased
from 336 °C to 321.5 °C and 315.6 °C, respectively, compared to
untreated samples. This decline suggests protein unfolding,
partial dehydration, and polypeptide chain rearrangement
induced by CP exposure.® Analysis of the derivative thermog-
ravimetric (DTG) curves (Fig. 2d) revealed that maximum
degradation in untreated samples occurred at approximately
310 °C, whereas in CP-treated samples, it occurred around 295 °
C. This shift indicates that CP-treated proteins degraded at
lower temperatures than their untreated counterparts, demon-
strating an improvement in thermal stability. Research by
Kumar et al. also highlighted enhanced thermal stability and
water-holding capacity in PPI-alginate (PPI-AG) complexes after
CP treatment.®* Similarly, Santosh et al. reported improved
thermal stability in PPI films due to increased B-sheet structures
following CP exposure.*® Additionally, a study by Rachtanapun
et al. found that incorporating 10% polyethylene (PE) into rice
starch/carboxymethyl chitosan films significantly enhanced
their thermal resistance.®
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3.6. Free amino groups

The interaction of OPA with protein particles was utilized to
analyze conformational changes and determine the content of
terminal a-NH, groups of peptides and &-NH, groups of lysine
on the surface of PPI-NPs after CP treatment.®* Significant
alterations in the free amino content (FAC) of PPI-NPs were
observed as shown in Fig. 3a, with variations notably influenced
by the duration of CP treatment (P < 0.05). FAC increased from
12.23% in untreated PPI-NPs to 14.54% and 12.78% after CP
exposure at 30 kV for 2 min and 8 min, respectively. This
increase suggests that CP treatment induced surface etching,
which disintegrated primary PPI-NP aggregates and led to the
formation of extended protein conformations, consistent with
FTIR findings. Mehr & Koocheki** highlighted that the initial
stages of CP treatment could oxidize surface-exposed methio-
nine and cysteine residues, triggering extensive conformational
changes that expose reactive e-NH, lysine groups on the particle
surface. However, the oxidation rate depends on factors such as
peptide bond flexibility, ROS concentration, protein conforma-
tion, and amino acid surface accessibility.* Open bonds accel-
erate chemical etching due to the ROS generated during plasma
treatment.*” As a result, the high etching efficiency observed at
30 kV enhances the exposure of free amino groups during the
initial phase of plasma treatment. This increased accessibility,
combined with a higher density of reactive plasma species,
promotes the oxidation of a significant proportion of free amino
groups, ultimately reducing OPA reactivity in PPI-NPs treated
for 8 min. In contrast, reduced etching efficiency and a lower
concentration of reactive species during extended plasma
exposure slow down the oxidation process of free amino groups,
thereby requiring prolonged treatment times to achieve
a further decline in OPA reactivity in CP-treated PPI-NPs.

3.7. Water/oil holding capacity (WHC/OHC) and water
absorption capacity (WAC)

WHC and OHC refer to the ability of food systems to retain water
and oil, respectively, which are critical properties influencing the
texture of foods such as baked dough, minced meat, and dairy
products.” Plasma treatment significantly enhanced the water
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and oil absorption capacities of PPI-NPs at 30 kV for 6 min,
increasing the WHC and OHC from 29.54 + 1.32 and 26.69 +
1.18t0 31.80 + 1.29 and 34.17 + 1.42, respectively (Table 1). This
improvement is likely due to the greater exposure of soluble
proteins and polar amino acids along the protein chain. The
ionization of these polar amino acids within the reactive plasma
environment may have influenced the WHC, facilitating better
water retention. CP treatment promotes protein chain unfolding,
the incorporation of hydrophilic groups on the surface, and the
fragmentation of extended amyloid chains, all of which enhance
water absorption."* Additionally, the reactive species produced
during CP treatment can induce surface oxidation of the gran-
ules, resulting in an elevated surface charge and promoting the
attachment of polar functional groups. This ultimately boosts
water absorption capacity. Similar trends were observed when
exposing flour fractions to CP treatment for up to 10 min, which
resulted in a gradual increase in water binding capacity (WBC) by
113% in Protein Rich Peanut Flour (PPF) and 106% in Pea Testa
Flour (PTF)." The observed enhancement in the WHC is
consistent with the improved hydrophilicity in CP-treated pea
protein isolates. Table 1 illustrates the WAC of control and CP-
treated PPI-NPs. Compared to the control sample, a 1.42-fold
increase in WAC was observed after 6 min of CP treatment at 30
kv, but a decline occurred with an 8 min treatment. This
reduction is likely due to interference caused by the ions and
reactive species generated during prolonged plasma exposure,
which can hinder further improvement in the WAC. The corre-
sponding rise in the WAC was also evident as the OHC, WHC,
and solubility increased due to protein unfolding and surface
etching induced by CP treatment.

3.8. Protein solubility

Solubility is a key functional attribute influencing the func-
tional properties of proteins. CP treatment promotes solubility
by generating reactive ions, such as -OH and -NH, which expose
active protein sites, enhancing their interaction with water
molecules.®® As indicated in Table 1, the solubility of PPI-NPs
improved significantly after CP treatment at 30 kV for longer
durations compared to the untreated sample. This is likely due
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to structural modifications induced by plasma that facilitated
water interaction.

The enhancement in solubility may be attributed to the
oxidation effects caused by ROS and radicals generated during
CP treatment. These species can induce oxidation, fragmenta-
tion, or polymerization of protein surfaces, leading to improved
solubility. Zhang et al. reported a 282% increase in the solubility
of Soy Protein Isolate (SPI) dispersions after subjecting them to
cold plasma treatment at 120 Hz for 3 min.*” Similarly, Ji et al.
observed a notable enhancement in the solubility of peanut
protein isolate after subjecting it to CP treatment for 20 min at
100 W.* These findings collectively highlight that CP treatment
enhances the solubility of plant proteins by modifying their
structural and surface characteristics.

3.9. Carbonyl groups and free sulphydryl groups

Changes in carbonyl content serve as critical indicators for
evaluating structural modifications and the degree of protein
oxidation. The formation of carbonyl groups generally results
from the cleavage of peptide bonds or modifications in the side
chains of amino acids, especially those containing NH- or NH,
groups. As shown in Table 1, the carbonyl content of PPI-NPs
increased significantly with prolonged CP treatment (P <
0.05), rising from 80.68 + 4.34 nmol mg ™" to 89.22 nmol mg ™"
after 6 min of exposure. The observed increase is primarily due
to the RONS, including hydroxyl radicals ("OH) and ozone,
produced during CP treatment. These reactive species trigger
the oxidation of amino acid side chains, resulting in structural
alterations in amino acid residues and peptide chains, ulti-
mately producing extra carbonyl groups and associated deriva-
tives. Ommat Mohammadi et al. reported mild oxidation of
whey protein isolate (WPI) following CP treatment, with oxida-
tion levels increasing proportionally with treatment time.**
Table 1 further highlights that the untreated samples exhibited
the highest free sulfthydryl (-SH) group content. However, with
increasing treatment time, the free sulthydryl content in PPI-
NPs decreased from 5.08 + 0.37 nmol mg ' to 3.15 + 0.11
nmol mg . This reduction is associated with structural modi-
fications in the protein, where sulfhydryl groups from two
cysteine residues, either on the same peptide chain or neigh-
bouring chains, undergo coupling to form disulfide bonds
through the formation of disulfide peroxyl radicals. Moreover,
ozone and 'OH generated during CP exposure can oxidize
amino acids, thereby reducing the available free sulfhydryl
groups. This oxidative process induced by CP treatment leads to
the formation of disulfide bonds and a reduction in -SH groups
in PPI-NPs. Similar trends have been observed in pea protein,®®
zein protein,® whey protein,** and soy protein'* following CP
treatment, highlighting the widespread impact of CP on protein
oxidation and structural modification.

3.10. Surface hydrophobicity

Hydrophobic interactions are essential for preserving the
tertiary structure of proteins and have a profound effect on
protein-protein interactions, which in turn influence the
emulsifying and gelling characteristics of PPI-NPs."* As shown

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Effect of cold plasma on the different properties of PPI-NPs®?
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in Table 1, the surface hydrophobicity index (H,) increased with
CP treatment duration, peaking after 6 min (P < 0.05). The
initial rise in SHI at 4 min of CP exposure can be attributed to
the disintegration of reversible protein aggregates and subunits
caused by plasma etching during the early treatment phase.
Similar trends were observed by Ji et al. and Ommat Moham-
madi et al. in their studies on peanut protein and whey protein
isolate (WPI) respectively.**** The H, value of the untreated PPI-
NP sample increased from 1225.95 + 62.76 to 1445.85 £ 72.39
after 4 min of CP treatment at 30 kV. This increase is likely due
to moderate oxidation during CP exposure, which induces
alterations in the protein's tertiary structure and exposes
hydrophobic regions previously buried within the molecule.*
However, extending CP treatment beyond 6 min led to
a decline in H, values. This decrease can be attributed to pro-
longed exposure and intensified oxidation, exposing additional
hydrophobic regions. Consequently, insoluble protein aggre-
gates form due to hydrophobic interactions, leading to
a reduction in H,. The decline in hydrophobicity observed after
8 min of CP treatment may be due to two factors: (1) oxidation of
hydrophobic amino acid residues, producing carbonyl groups,
and (2) partial refolding of protein isolates, disrupting aromatic
amino acids.” Nasiru et al and Cheng et al. documented
comparable findings for egg white protein and shrimp tropo-
myosin following CP treatment, underscoring the consistent
impact of plasma exposure on protein hydrophobicity.*""*

3.11. Colour

The lightness (L*) of PPI showed minimal changes after CP
treatment, but a significant reduction in the yellow color
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parameter (b*) was observed under all treatment conditions.
Mehr and Koocheki** also reported a similar decrease in b* after
exposure to reactive species like hydroxyl radicals and ozone
(Table 1). These findings align with Dong et al., who found that
CP treatment induced negligible color changes in PPI solutions.”
However, Gong et al. observed an increase in the yellow hue of
whey protein solutions treated with CP, which was attributed to
browning effects caused by plasma-protein interactions.** The
decline in b* values of PPI-NPs after DBD plasma treatment is
primarily due to the action of reactive species such as ozone (Os)
and hydroxyl radicals (OH), along with other transient reactive
intermediates. A reduction in yellowness generally improves the
visual appeal of PPI-NPs, making the treated samples more
aesthetically pleasing. These results align with previous research
on pea protein®* and WPL>* which indicated that color changes
during plasma treatment are largely influenced by reaction by-
products generated through plasma-protein interactions.

3.12. XRD analysis

XRD analysis provides valuable insights into the crystallinity of
materials, making it an essential technique for evaluating the
potential of a substance for biomaterial applications.' The XRD
spectra of PPI-NPs before and after DBD plasma treatment are
presented in Fig. 3b. XRD patterns were examined to confirm
the increase in crystallinity observed in the SEM and TGA
analyses. The spectra revealed the crystalline nature of the
protein samples, with several prominent peaks appearing in the
26 range of 20°-30°.” The most pronounced peak, observed at
19.4°, indicates the B-sheet structure in proteins, a finding
consistent with previous studies.”® Notable variations in the
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intensity of XRD peaks at 10.6°, 19.4°, and 29.2° were observed,
suggesting that the increased peak intensity reflects a higher
proportion of crystalline molecules in the sample.” This
observation supports earlier findings that CP treatment
enhances the crystallinity of the protein samples. The structural
changes observed suggest that plasma treatment alters the
ordered structure of the protein by disrupting specific inter- and
intra-molecular bonds, thereby decreasing the regularity of the
crystalline arrangement.

3.13.
NPs

Morphological analysis of native and CP-treated PPI-

SEM analysis was utilized to further investigate the microstruc-
ture of PPI-NPs. The untreated PPI-NPs displayed irregular
elliptical aggregates (Fig. 4a). According to Mehr and Koocheki,
CP technology effectively enhances the hydrodynamic diameter
of PPI-NPs and serves as a reliable method for producing protein
nanoparticles with diverse shapes and sizes* (Fig. 4b-d). As the
CP treatment duration increased, the aggregates began to
disperse, eventually forming an uneven flaked structure and
breaking down into smaller, more irregular particles. These
findings align with previous reports on pea protein isolates,"
flaxseed protein,” and soy protein,®” which also reported topo-
logical changes in protein aggregates following polymerization
induced by CP treatment. CP treatment demonstrates significant
potential in promoting protein aggregation.

4. Conclusions

DBD-CP technology effectively modified PPI-NPs, altering their
size, morphology, and functionality. Plasma treatment intro-
duced RONS, which facilitated forming new functional groups
on the PPI-NP surface, including carboxyl and carbonyl groups.
CP-treated samples exhibited higher absorbance within the
230-300 nm range, whereas the fluorescence intensity
decreased with longer treatment durations. Surface hydropho-
bicity initially increased but diminished after prolonged treat-
ment (8 min), while solubility improved with extended plasma
exposure at 30 kV. Thermal analysis indicated that plasma
exposure at 30 kV for 6 and 8 min elevated the denaturation
temperature (Ty) to 112 °C and 114 °C, respectively, compared
to 110 °C in untreated samples, suggesting enhanced cross-
linking of polar functional groups. Moreover, PPI-NPs treated
at 30 kV for 6 min demonstrated superior absorption at the oil-
water interface, resulting in a more stable interfacial layer,
enhancing their emulsifying properties. However, optimizing
plasma treatment conditions remains complex, as voltage,
frequency, treatment duration, and distance from the plasma
source significantly influence the outcomes. Additionally,
scaling up plasma treatment, addressing capital costs, and
ensuring the safety of plasma-exposed products are critical
considerations for commercial applications.
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