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The synergistic modification of pea protein isolate (PPI) using Dielectric Barrier Disgharge Cald:s mre
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 leverages 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 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.
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26 Abstract DOI: 10.1039/D5FB00123D

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

40  for applications in food packaging and pharmaceuticals.

41  Keywords: Pea Protein Isolate, Nanoparticles, Dielectric Barrier Discharge, Cold Plasma,

42  Modification
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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. (2024),
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, gravitational 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
(Kumar et al., 2021). Their biocompatibility, edibility, and 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 bio accessibility 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 (Stevanovi¢ & Filipovié,
2024). Traditionally, proteins derived from animal sources, such as casein, gelatin, whey
protein, and B-lactoglobulin, 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 (Costa et al., 2021). These plant-derived proteins, categorized as
GRAS provide notable advantages in food applications. Food proteins exhibit exceptional
functional properties among all GRAS biopolymers, including emulsification capacity,
flexibility, and antioxidant activity, making them suitable for nanoparticle-based applications
(Drabczyk et al., 2024). 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 nutraceuticals' solubility, bioavailability, and stability. 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 (Akhtar et al., 2023).

Pea proteins primarily consist of globulins and smaller fractions of albumins and glutelins
(Rout & Srivastav, 2025; Grossmann, 2024). The major globulin component is legumin, a
hexameric 11S globulin with a molecular mass ranging from 350 to 400 kDa, rich in B-sheet
structure 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 distant from their isoelectric point, though their
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91  solubility drops to around 30% near pH 5 (Rout et al., 2024a). Pea proteins demonsfrate SHOHES 555
92  potential in gelation, foaming, film formation, and emulsion stabilization, making them highly
93  versatile in food systems (Bastos et al., 2025). Pea protein is a significant contender in the
94  global plant-based protein market. However, despite its many advantages, PPI-NPs exhibit
95 limitations such as low water solubility, reduced foaming and emulsifying properties, and
96 limited digestibility due to their high protein content (Rout & Srivastav, 2024). Various
97  modification techniques have been explored to enhance its functionality for broader use in food
98 applications. In particular, developing nano- and microparticles from pea protein has gained
99 attention as a promising strategy to improve its performance in diverse formulations. For
100 instance, Jhan et al. (2021) successfully used legumin to produce nanoparticles with diameters
101  ranging from 200 to 700 nm using glutaraldehyde as a crosslinking agent, while coacervation
102  using whole pea proteins yielded microparticles with sizes ranging from 10 um to several

103 hundred pm.

104  DBD-CP is an innovative and non-thermal technology recognized for its cost-effectiveness,
105 chemical-free nature, and high energy efficiency, achieved through gas ionization (Rout et al.,
106  2025; Hashempour-Baltork et al., 2024; Rout & Srivastav, 2023a). Recently, DBD-CP has
107  gained significant ability to modify biopolymers. Plasma consists of a complex mixture of
108  excited and non-excited gas molecules, radicals, ions, and electromagnetic radiation (Rout et

109  al., 2024b; Rout & Srivastav, 2023b; Nikmaram & Keener, 2023). These reactive species can

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

110 induce physical and chemical modifications in polymers at micro- and nanoscales without

111 altering their bulk properties. To date, DBD-CP has been extensively applied in the surface

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

112 modification of biopolymers, particularly proteins. Research has shown that DBD-CP can alter

(cc)

113 protein surfaces and structures by modifying functional groups such as free sulthydryl groups,
114  carbonyl, sulphydryl, and carboxyl groups (Rout & Srivastav, 2023c). Studies have
115  demonstrated that CP technology is capable of fabricating synthetic nanostructures with
116  hydrophilic, superhydrophobic surfaces, and hydrophobic offering diverse applications in
117  nanotechnology and interface science. As a result, there is growing interest in harnessing
118 plasma technology for the fabrication of biopolymer nanoparticles. Previous research had
119  confirmed that CP is an effective method for modifying pea protein aggregates that improved
120  physicochemical and functional properties (Rout & Srivastav, 2024). Therefore, this study
121 explores the potential of DBD-CP to fabricate PPI-NPs at 30 kV with treatment durations of 2,

122 4, 6, and 8 min. Additionally, the research investigates the mechanisms of PPI-NPs formation
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through CP technology by analyzing the chemical and structural modifications, marphol6gysscor:s

interactive forces, and particle size distribution that stabilize nanoparticle structure.

2. Material 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 voltage generator and 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, illustrated in Figure S1, 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. (2024). 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 4000 x g 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-buftered 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 Liu et al. (2024). The hydrodynamic diameter of the particles at pH
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154 7.0 was determined through dynamic light scattering (DLS). Prior to analysis, each sampleHass o.ass
155  diluted 100-fold using ultrapure water. The measurements were analyzed using Malvern

156  Zetasizer software, and all experiments were conducted in triplicate.
157  2.5. Chemical characteristics of PPI-NPs

158  The chemical properties resulting from plasma treatment, such as the total content of protein
159  carbonyl groups, SH groups, and surface hydrophobicity, were analyzed following the
160  methodology described in our previous study (Rout & Srivastav, 2024). The reported data are

161  represented as the average values obtained from triplicates.
162  2.6. Circular Dichroism (CD) of PPI-NPs

163  The alterations in the secondary structure of PPI-NPs were analyzed using Far-UV CD spectra
164 by modified method of Marques et al. (2024). The protein concentration was maintained at 0.2
165 mg/mL, and measurements were conducted at 25°C with an optical path length, covering the
166  wavelength range of 180—270 nm. The speed of scanning was set at 50 nm/min, with a spectral

167  resolution of 0.1 nm, response time of 0.1 s, and bandwidth of 1 nm.
168  2.7. Protein solubility of PPI-NPs

169  The solubility of both native and treated PPI-NPs was assessed using the Kjeldahl method

170  following the procedure outlined in Wu et al. (2024). All samples were stirred vigorously with

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

171  a high-speed magnetic stirrer and then centrifuged at 9000 x g for 20 min. The protein content

172 of the supernatant was analyzed using the Kjeldahl method, and protein solubility was

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

173 calculated using Equation 1.

(cc)

Supernatant Protein

174 Protein Solubility (%) = x 100 (1)

Total Protein in Powder

175  2.8. Free amino groups

176  The Orthophthalaldehyde (OPA) colorimetric assay was utilized to determine the concentration
177  of available amino groups in PPI-NPs, by the method outlined by Chen et al. (2024). The
178  process involved dissolving OPA reagent in 2 mL of 95% ethanol, followed by the addition of
179 50 mL of 100 mM sodium tetraborate buffer, 5 mL of SDS solution, and 200 pL of -
180  mercaptoethanol. The mixture was then diluted to a final volume of 100 mL using distilled
181  water. To initiate the assay, 1.5 mL of an OPA solution (1 mg/mL) was introduced. The solution
182  was vortexed for 3 min in a dark environment at room temperature, followed by the

183  measurement of absorbance at 340 nm using a UV/Vis spectrophotometer.
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2.9. Differential Scanning Calorimetry (DSC) 01 101030 ber 500194

A Perkin Elmer Pyris Diamond DSC was utilized to investigate the thermal properties of PPI-
NPs following CP treatment by the method of Angourani et al. (2022). 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 thermograms obtained were analyzed
to determine 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 conditioned at 20 °C for a minimum of 6 h.

2.10. TGA

Thermal analysis (TG/DTG/DTA) was conducted using a Perkin Elmer Pyris Diamond TG-
DTA system under a nitrogen atmosphere according to the method by Angourani et al. (2022).
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
cylindrical 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 absorbance peaks of aromatic amino
acids, including “phenylalanine (250-265 nm)”, “tryptophan-tyrosine (265-280 nm)”, and
“tryptophan (285-300 nm)”. Figure 1-a 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
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218  absorption intensity, primarily attributed to alterations in hydrophobic groups and the eXpeSiEes o124,
219  of aromatic residues. This enhanced absorbance suggests that protein denaturation caused by
220  CP treatment exposes more chromophores on the protein surface, thereby increasing UV—vis
221  absorption. The results are in accordance with previous studies reported by Nasiru et al. (2022).
222 Notably, at 30 kV for 8 min, the absorbance intensity was lower than at 4 and 6 min, likely due
223 to a combination of protein conformational changes and oxidative degradation of tryptophan
224  residues. This process can expose or bury tyrosine and tryptophan residues, leading to
225  variations in absorption intensity. These findings highlight the capability of CP treatment to
226  modify the physicochemical characteristics of pea proteins by triggering structural changes at
227  the molecular level (Teng et al., 2025; Dong et al. 2024). The differences in tertiary structure
228  of proteins can be assessed using the intrinsic fluorescence of tryptophan, which is highly
229  susceptible to the polarity of its surrounding microenvironment (Jiang et al., 2024). Due to this
230  sensitivity, tryptophan residues are commonly used to monitor structural changes in proteins.
231 The fluorescence spectrum (Figure 1-b) was generated by exciting hydrophobic amino acid
232 residues to analyze alterations in the tertiary structure of proteins (Lan et al., 2024). As shown
233 in Figure 1-b, an increase in CP treatment time led to a gradual decline in the fluorescence
234  intensity of PPI-NPs, indicating structural modifications. This reduction suggests that
235  tryptophan residues may have migrated from a hydrophobic environment to a more hydrophilic

236 one. The decline in fluorescence intensity could also be attributed to reactive oxygen species

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

237  (ROS) generated during plasma exposure, which are known to act as early markers of free
238  radical-induced protein oxidation, ultimately leading to decreased fluorescence (Griendling et

239  al., 2016). Since most hydrophobic aromatic amino acids in PPI are typically found within the

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

240  hydrophobic core, any conformational change caused by CP treatment would result in reduced

(cc)

241 fluorescence intensity (Mehr & Koocheki, 2020). Similar structural alterations have been
242 reported for whey, soy, tropomyosin and peanut proteins following CP treatment, where
243 fluorescence intensity decreased due to the disruption of hydrogen bonding under alkaline
244  conditions. The combined results from fluorescence and FTIR analysis indicate that CP
245  treatment induces structural changes primarily at the tertiary level (Chen et al., 2025; Gong et
246 al., 2023; Ommat Mohammadi et al., 2023; Ji et al., 2019). A comparable trend was observed
247 by Lietal. (2025), who reported a gradual decrease in tryptophan fluorescence intensity at 355
248  nm in PPI following CP treatment for 1 to 10 min. This reduction is likely due to tryptophan
249  oxidation, which results in the formation of carbonyl groups, along with structural

250 modifications occurring during CP exposure. These observations are consistent with the
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findings of CP-treated grass pea protein isolate where fluorescence intensity decreased (VERES o550

and Koocheki, 2020).

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 Figure 1-c. The amide A and B
regions “3100-3600 cm™ exhibited broad absorption peaks, attributed to the “O-H (3200-
3550 ecm™)” and “N-H (3300-3400 cm™)” stretching vibrations of PPI. As reported by
Pasieczna-Patkowska et al. (2025), the amide I band “(1600—1700 cm™")” primarily arises from
C=0 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 were 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 (-CHsz and -CH,),
respectively (Eazhumalai et al., 2023). 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 (Jangra et al., 2024). The predominant peak observed
in mung bean seeds was at 1633.37 cm™!, corresponding 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. (2020) observed that sodium caseinate
powders treated for varying durations showed no notable changes in the amide I and amide II
regions. However, a minor shift was recorded in the amide III 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 depolymerization effects. Both treated and native EWP samples exhibited a band at 1633.41
cm™!, attributed to C—O and C—N stretching vibrations (Nasiru et al., 2024).
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284  3.3. CD spectroscopy DOI: 10.1039/DSFBO0123D
285  The structural effects of CP treatment on PPI-NPs were assessed (Linhares & Ramos, 2023).
286  As depicted in Figure 1-d, prolonged CP exposure led to a gradual reduction in “o-helix”
287  content, while the proportions of “B-strands” and “B-turns” fluctuated in both protein isolates.
288  Notably, PPI-NPs treated at 30 kV for 4 min showed a significant alteration in the intensity of
289  the negative peak at approximately 208 and 222 nm when compared to the control. This change
290  could be due to the effect of insoluble particles on light scattering, which altered the absorption
291  ofplane-polarized light. While a minor shift in the intensity of the negative peak was noticeable
292  after treatment at 30 kV for 4 minutes, negligible differences were observed in samples exposed
293 for 2 and 6 min. According to reported studies, plasma treatment significantly affects the a-
294  helical and B-sheet regions of various proteins, including whey proteins (Gong et al., 2021),
295  peanuts (Zhao et al., 2025), and oats (Dousti et al., 2024). Similarly, Rout & Srivastav (2024)
296  reported that direct plasma treatment reduced the a-helix and B-turn content in lactate
297  dehydrogenase while augmenting the proportion of B-strands. These findings highlight the
298  potential of CP treatment to induce structural modifications in plant and animal proteins,
299  affecting their functional and physicochemical properties.

300 The spectra exhibiting a negative peak near 208 nm and a positive peak around 195 nm are
301 characteristic of B-sheet and a-helical structural conformations (Kuril et al., 2025). In this

302  study, two prominent negative peaks (~200 nm) and positive peaks (~187 nm) were identified,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

303 indicating the presence of a-helical and -sheet structure. A slight shift (~8 nm) in the spectra
304 could be attributed to the presence of non-protein components, as CD spectroscopy is highly

305 sensitive to even minor structural variations (Subadini et al., 2022). As a result of this

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

306  sensitivity, the analyzed oat protein samples exhibited a comparatively higher proportion of

(cc)

307 unordered coil structures. The secondary structure of oat protein is predominantly composed
308 of a-helices, B-sheets, and turns. Additionally, a subtle shoulder peak was observed within the
309  212-225 nm range, which is indicative of B-sheet regions. This finding aligns with previous
310 CD spectral analyses of oat protein reported (Dousti et al., 2024), confirming the structural
311  characteristics of oat protein and its diverse conformational elements.

312  3.4. Particle Size Distribution

313  Figure 1-e gives the size distribution of PPI-NPs. The pea protein dispersions displayed a
314  monomodal particle distribution. Notably, CP-treated protein nanoparticles exhibited a larger
315  particle size than the control (Rout & Srivastav, 2025). For the plasma-treated samples, the
316  peak shifted to the right at 30 kV, indicating an increase in particle size. This shift may be

317  attributed to aggregation caused by plasma, where energetic plasma species influence the
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charge distribution on and around protein particles, reducing electrostatic repulsion;gid
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 (Liu et al.,, 2024). This enhanced
hydrophobicity further facilitates the flocculation of protein particles, resulting in larger
particle sizes. These findings align with previous research, which reported similar aggregation
effects induced by CP treatment in oat milk (Eazhumalai et al., 2022), soybean protein isolate
(J1 et al., 2022), and pea protein isolate (Liu et al., 2024). Prolonged plasma treatment can
promote the formation of supramolecular structures with a larger hydrodynamic radius,
potentially driven by intra- or intermolecular crosslinking, electrostatic forces, or hydrophobic
interactions, as demonstrated by Hekmat et al. (2024).

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 denaturation temperature, which correlates with
the energy required to disrupt protein structure (You et al., 2024). A Ty signifies greater
structural stability, whereas a lower glass transition temperature suggests reduced molecular
weight conversion, potentially enhancing protein digestibility. This analytical approach
provides insights into structural transitions, including protein denaturation and starch
gelatinization, during food processing (Li et al., 2024). The DSC thermograms of both native
and CP-treated PPI-NPs, as depicted in Figure 2-a, display multiple endothermic 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 (Lefévre et al., 2022). The untreated sample exhibited a
denaturation temperature of 110 °C, whereas CP treatment at 30 kV for 6 and 8 min elevated
Tqto 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. (2023), who reported T4 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 requirements (Zhou et al., 2023). DSC results further
support FTIR findings, which indicate modifications in protein bonding structure. Another

study observed that the T4 of untreated PPI films increased from 61.16 °C to 72.56 °C after 30
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s of CP exposure (Santosh et al., 2024). Similarly, Mehr & Koocheki (2023), reported -4
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 treatment enhances the
thermal stability of PPI, making it a promising 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 under varying temperature (Zainal et al., 2021). These changes occur due to
processes such as vaporization, decomposition, and oxidation. TGA 1is primarily employed to
assess the composition of materials and predict their thermal stability at elevated temperature.
The TGA results (Figure 2-b) reveal the percentage of weight loss relative to the initial sample
weight, while the DTA curve (Figure 2-¢) 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 approximately 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 (Chen
et al., 2025). 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 characteristics of PPI-NPs by altering the
composition of lower molecular weight proteins (Boostani et al., 2024). These modifications
likely resulted from protein aggregation or breakdown due to extended CP 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 temperatures 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 (Yu et al., 2022). Analysis of the

derivative thermogravimetric (DTG) curves (Figure 2-d) revealed that maximum degradation
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in untreated samples occurred at approximately 310 °C, whereas in CP-treated sampleSit
occurred around 295 °C. This shift indicates that CP-treated proteins degraded at lower
temperatures than their untreated counterparts, demonstrating an improvement in thermal
stability. Research by Kumar et al. (2025) also highlighted enhanced thermal stability and
water-holding capacity in PPI-alginate (PPI-AG) complexes after CP treatment. Similarly,
Santosh et al. (2024) reported improved thermal stability in PPI films due to increased p-sheet
structures following CP exposure. Additionally, a study by Rachtanapun et al. (2022) found
that incorporating 10% polyethylene (PE) into rice starch/carboxymethyl chitosan films
significantly enhanced their thermal resistance.

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 e-NH, groups of lysine on
the surface of PPI-NPs after CP treatment (Wang et al., 2024). Significant alterations in the
free amino content (FAC) of PPI-NPs were observed in Figure 3-a, 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 (2023) highlighted that the initial stages of CP treatment
could oxidize surface-exposed methionine and cysteine residues, triggering extensive
conformational changes that expose reactive &-NH, lysine groups on the particle surface.
However, the oxidation rate depends on factors such as peptide bond flexibility, ROS
concentration, protein conformation, and amino acid surface accessibility (Li et al., 2024).
Open bonds accelerate chemical etching due to the ROS generated during plasma treatment
(Mehr & Koocheki, 2023). 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 (Koupuk et al., 2022),
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/Qil holding capacity (WHC/OHC) and Water Absorption Capacity (WAC)
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419  WHC and OHC refer to the ability of food systems to retain water and oil, respectiyely, whichs; o555
420 are critical properties influencing the texture of foods such as baked dough, minced meat, and
421  dairy products (He et al., 2023). Plasma treatment significantly enhanced the water and oil
422  absorption capacities of PPI-NPs at 30 kV for 6 min, increasing WHC and OHC from
423 29.54+1.32 and 26.69+1.18 to 31.80+1.29 and 34.17+1.42, respectively (Table 1). This
424  improvement is likely due to the greater exposure of soluble proteins and polar amino acids
425  along the protein chain. The ionization of these polar amino acids within the reactive plasma
426  environment may have influenced WHC, facilitating better water retention. CP treatment
427  promotes protein chain unfolding, the incorporation of hydrophilic groups on the surface, and
428  the fragmentation of extended amyloid chains, all of which enhance water absorption (Rout &
429  Srivastav, 2024). Additionally, the reactive species produced during CP treatment can induce
430  surface oxidation of the granules, resulting in an elevated surface charge and promoting the
431  attachment of polar functional groups. This ultimately boosts water absorption capacity.
432 Similar trends were observed as reported by Rout & Srivastav (2023), who reported that
433 exposing flour fractions to CP treatment for up to 10 min resulted in a gradual increase in water
434  binding capacity (WBC) by 113% in Protein Rich Peanut Flour (PPF) and 106% in Pea Testa
435  Flour (PTF). The observed enhancement in WHC 1is consistent with the improved
436  hydrophilicity in CP-treated pea protein isolates. Table 1 illustrates WAC of control and CP-
437  treated PPI-NPs. Compared to the control sample, a 1.42-fold increase in WAC was observed

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

438  after 6 min of CP treatment at 30 kV, but a decline occurred with an 8 min treatment. This

439  reduction is likely due to interference caused by the ions and reactive species generated during

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

440 prolonged plasma exposure, which can hinder further improvement in WAC. The

441  corresponding rise in WAC was also evident as OHC, WHC, and solubility increased due to

(cc)

442  protein unfolding and surface etching induced by CP treatment.

443  3.8. Protein solubility

444 Solubility is a key functional attribute influencing the functional properties of proteins. CP
445  treatment promotes solubility by generating reactive ions, such as -OH and —NH, which expose
446  active protein sites, enhancing their interaction with water molecules (Yu et al., 2020). As
447  indicated in Table 1, the solubility of PPI-NPs improved significantly after CP treatment at 30
448  kV for longer durations compared to the untreated sample. This is likely due to structural
449  modifications induced by plasma that facilitated water interaction.

450  The enhancement in solubility may be attributed to the oxidation effects caused by ROS and
451  radicals generated during CP treatment. These species can induce oxidation, fragmentation, or

452  polymerization of protein surfaces, leading to improved solubility. Zhang et al. (2021) reported
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a 282% increase in the solubility of Soy Protein Isolate (SPI) dispersions after subjecting, thigm
to cold plasma treatment at 120 Hz for 3 min. Similarly, Ji et al. (2019) 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, ultimately producing extra carbonyl
groups and associated derivatives. Ommat Mohammadi et al. (2023) reported mild oxidation
of whey protein isolate (WPI) following CP treatment, with oxidation levels increasing
proportionally with treatment time. Table 1 further highlights that the untreated samples
exhibited the highest free sulthydryl (-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 modifications in the protein, where
sulfhydryl groups from two cysteine residues, either on the same peptide chain or neighboring
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 sulthydryl 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 (Liu et al., 2024), zein protein (Zhou et al.,
2023), whey protein (Gong et al., 2021), and soy protein (Rout & Srivastav, 2024) 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 (Rout & Srivastav, 2024). As depicted in Table 1, the surface
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487  hydrophobicity index (Ho) increased with CP treatment duration, peaking after & min (P %5550
488  0.05). The initial rise in SHI at 4 min of CP exposure can be attributed to the disintegration of
489  reversible protein aggregates and subunits caused by plasma etching during the early treatment
490  phase. Similar trends were observed by Ji et al. (2019) and Ommat Mohammadi et al. (2023)
491  in their studies on peanut protein and whey protein isolate (WPI) respectively. The Hy value of
492  the untreated PPI-NP sample increased from 1225.95 + 62.76 to 1445.85 + 72.39 after 4 min
493  of CP treatment at 30 kV. This increase is likely due to moderate oxidation during CP exposure,
494  which induces alterations in the protein’s tertiary structure and exposes hydrophobic regions
495  previously buried within the molecule (Zhang et al., 2022).

496  However, extending CP treatment beyond 6 min led to a decline in Hy values. This decrease
497 can be attributed to prolonged exposure and intensified oxidation, exposing additional
498  hydrophobic regions. Consequently, insoluble protein aggregates form due to hydrophobic
499 interactions, leading to a reduction in Hy. The decline in hydrophobicity observed after 8 min
500 of CP treatment may be due to two factors: (1) oxidation of hydrophobic amino acid residues,
501  producing carbonyl groups, and (2) partial refolding of protein isolates, disrupting aromatic
502 amino acids (Yan et al., 2023). Cheng et al. (2023) and Baek et al. (2021) documented
503 comparable findings for egg white protein and shrimp tropomyosin following CP treatment,
504 underscoring the consistent impact of plasma exposure on protein hydrophobicity.

505 3.11. Colour

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

506 The lightness (L") of PPI showed minimal changes after CP treatment, but a significant

507 reduction in the yellow color parameter (b*) was observed across all treatment conditions. Bu

Open Access Article. Published on 29 April 2025. Downloaded on 5/23/2025 4:16:31 AM.

508 et al. (2022) also reported a similar decrease in b* after exposure to reactive species like

509  hydroxyl radicals and ozone (Table 1). These findings align with Dong et al. (2017), who found

(cc)

510 that CP treatment induced negligible color changes in PPI solutions. However, Gong et al.
511  (2021) observed an increase in the yellow hue of whey protein solutions treated with CP, which
512  was attributed to browning effects caused by plasma-protein interactions. The decline in b*
513  values of PPI-NPs after DBD plasma treatment is primarily due to the action of reactive species
514 such as ozone (O3z) and hydroxyl radicals (OH), along with other transient reactive
515 intermediates. A reduction in yellowness generally improves the visual appeal of PPI-NPs,
516  making the treated samples more aesthetically pleasing. These results align with previous
517  research on pea protein (Liu et al., 2024) and WPI (Periban et al., 2023), which indicated that
518 color changes during plasma treatment are largely influenced by reaction by-products

519  generated through plasma-protein interactions.
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3.12 XRD Analysis DOI: 10.1039/D5FB00123D

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
(Rasool et al., 2024). The XRD spectra of PPI-NPs before and after DBD plasma treatment are
presented in Figure 3-b. 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 20 range of 20°-30° (Shan et
al., 2024). The most pronounced peak, observed at 19.4°, indicates the B-sheet structure in
proteins, a finding consistent with previous studies (Karabulut, 2025). Notable variations in the
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 (Tang et al.,
2023). 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. Morphological Analysis of native and CP-treated PPI-NPs

SEM analysis was utilized to further investigate the microstructure of PPI-NPs. The untreated
PPI-NPs displayed irregular elliptical aggregates (Figure 4-a). According to Mehr and
Koocheki (2021), 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 (Figure 4-b, ¢, 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 isolate (Rout &
Srivastav, 2024), flaxseed protein (Yu et al., 2020), and soy protein (Bormashenko et al., 2021),
who also reported topological 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 introduced 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 fluorescence intensity

declined with longer treatment durations. Surface hydrophobicity initially increased but
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diminished after prolonged treatment (8 min), while solubility improved with extended, pld§tids 555
exposure at 30 kV. Thermal analysis indicated that plasma exposure at 30 kV for 6 and 8 min
elevated the denaturation temperature (T4) 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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N
‘dable 1: Effect of Cold Plasma on the different properties of PPI-NPs
Q Color . Oil Holdin Water .

% é Sample \Z:ter Eol(?;ng Capacityg Absorption Solubility (%) Protein Cz;;'bonyls gree Sulphydll;yl Hvd Slﬁr{)a.ce.et .
S E L I b pacity (%) (%) Capacity (g/g) (nmol/g) roups (umol/g) ydrophobicity (Hy)
2 G  PPINPsC 83.15+2.56° 2.87+0.17% 17.56+0.67® 29.54+1.32° 26.69+1.18° 13.63+0.75° 09.63:£0.48° 80.68+4.34b 5.08+0.37° 1225.95 +62.76°
S ZppI_NPs 30kV 2 min 83.25+2.72 2.5620.15° 16.67+0.59 30.11=1.41% 30.83=1.44b 16.57+1.02° 10.97+0.622 82.87+4.79¢ 4.89+0.220 1324.81:£68.98%

PPI NPs 30kV 4 min 83.30+2.79% 2.94+0.22: 17.70+0.78%® 30.87+1.25% 32.50+1.36¢ 18.18+1.15¢ 12.12+0.82° 85.63+5.18¢ 5.95+0.71b% 1445 85+72.39°

PPI_NPs 30kV 6 min 83.16+1.77° 3.1240.34¢ 17.49:£0.74° 31.80+1.290 34.17+1.42¢ 19.41+1.24¢ 15.28+0.93¢ 78.22+4.492 4.9320.13b 1321.30+ 70.67
5 pPPI NPs 30kV 8 min 83.08+1.63% 2.45+0.16° 17.49+0.69° 30.56=1.32 32.04+1.39b 18.43+1.19¢ 17.67+0.89¢ 76.67+4.57° 3.15+0.11° 1244.72+63.78

ata are expressed as mean + standard deviation of three replicates.

ifferent lowercase letters (a—d) in the same column indicate a significant difference (P < 0.05) as determined by Tukey post hoc test.
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Figure 3 a) Free Amino Groups and b) XRD spectra of native and treated PPI-NPs
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Figure 4 SEM images of a) PPI-NPs C, b) PPI-NPs 30 kV 4 min, and ¢) PPI-NPs 30 kV 6 min d) PPI-NPs 30 kV 8 min
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