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Cold plasma-induced reactions are anticipated to yield structural changes in plant proteins to desirably

modify their gelation properties. The present study aimed to investigate the effects of atmospheric pin-

to-plate cold plasma treatment on the gelation and thermal properties of oat protein. Oat protein was

subjected to cold plasma at different input voltages (170 V and 230 V) and exposure times (15 min and

30 min) and was studied for its rheological and thermal characteristics. Protein gels were made using the

thermal gelation method at the lowest gelation concentration (20% w/v) and were studied for their

rheological and textural properties. While all the plasma-treated protein dispersions showed increased

rheological properties due to the induced aggregation, the gels formed from the 230 V-15 min treated

sample exhibited higher viscosity (∼7981 cP), visco-elastic moduli (G0 – 3682.4 Pa; G00 – 1170.50 Pa) and

stability (gc – 2.11%) compared to all other samples owing to the medium-sized aggregates and the

positive zeta potential. This might also be attributed to a decreased denaturation temperature (∼93.29 °

C) of the sample. Additionally, plasma-treated oat protein-incorporated patties demonstrated improved

functional properties, including reduced syneresis loss (∼74% reduction) and increased compression

juice loss (∼36% rise) due to enhanced moisture retention and water holding capacity. Textural analysis

revealed that patties containing oat protein treated at 230 V for 15 min exhibited superior softness after

cooking. These findings suggest that cold plasma treatment enhances the gelation properties of oat

protein under specific treatment conditions, improving the textural attributes of the plant-based patties.
Sustainability spotlight

The study titled, ‘Cold plasma enhanced gelation and thermal properties of oat protein and its application in a selected model food system’ deals with a non-
thermal processing technology as a solution to modify a sustainable protein. The use of cold plasma to modify plant protein aligns with multiple UN Sustainable
Development Goals (SDGs) by promoting sustainable food innovation. It supports SDG 9 (Industry, Innovation & Infrastructure) through non-thermal, eco-
friendly processing of plant-based protein options as an alternative to animal proteins; SDG 13 (Climate Action) benets from the reduced carbon footprint
of plant proteins as the technology is a green zero residue discharge process and SDG 15 (Life on Land) is supported by reducing deforestation caused by
livestock farming.
1. Introduction

The rising demand for plant-based meat alternatives has driven
extensive research into the functional properties of plant-
derived proteins.1 The market demand for plant proteins was
approximately 14.3 billion USD in the year 2024 and is antici-
pated to grow at a compound annual growth rate (CAGR) of
7.5%, reaching 20.5 billion USD by 2029.2 Given the growing
market for plant-based meat alternatives, there is a pressing
need to explore innovative and sustainable approaches to
extract and enhance the functional properties of plant proteins.
Among themany sources including wheat, soy, pea, rice, potato,
India. E-mail: us.annapure@ictmumbai.

the Royal Society of Chemistry
and beans, oat protein has recently garnered attention due to its
balanced amino acid composition, hypoallergenic nature, and
sustainability.3 The structural similarity between oat protein
12S globulin and soy protein 11S glycinin highlights the
potential of oat protein as a substitute for soy protein.4

However, its limited solubility, gelation, emulsication, and
binding abilities pose signicant challenges in its application
as a structuring agent in plant-based products.5 Enhancing the
gelation properties of oat protein through modication
processes could signicantly improve its performance in plant-
based products, providing a clean-label and allergen-free
alternative.

Cold plasma (CP) treatment, a non-thermal processing
technology, has emerged as a promising approach for modi-
fying protein structure and improving its functional properties.
Sustainable Food Technol., 2025, 3, 1203–1217 | 1203
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Cold plasma is a partially ionized gas comprising free radicals,
energized ions, atoms, and reactive species which tend to
interact with exposed components to attain energetic stability.6

CP treatment has been reported to alter the physicochemical
properties of plant proteins, enhancing solubility, emulsica-
tion, and gelation. Previous studies have demonstrated that CP
treatment can effectively modify soy,7 pea,8 and peanut
proteins,9 improving their functionality. However, studies
investigating protein modication techniques oen lack
comprehensive evaluations of their effects in real food systems.
While some of these cited studies explored the structural
changes induced by CP in plant proteins, there is a critical gap
in understanding how these modications translate to
improved textural and sensory attributes in plant-based food
formulations. The authors of the present study have already
elaborately studied the effect of pin-to-plate cold plasma on the
structural, chemical, and foaming characteristics which was the
rst study on cold plasma modication of oat protein.10

However, there is a lack of research on the impact of CP treat-
ment on oat protein in the context of its gelation behavior and
application in a real-time food system. Thus, this study aims to
bridge this gap by investigating the effect of CP treatment on the
gelation properties of oat protein and evaluating its application
as a binder in plant-based patties. By assessing changes in
protein thermo-gelation characteristics, and textural and func-
tional performance in a model food system, this research will
provide valuable insights into the feasibility of using CP-treated
plant protein as a novel green-label ingredient in plant-based
formulations.

2. Materials and methods
2.1 Materials

Oat protein with ∼55% protein content (PrOatein) was sourced
from Lantmannen Oats, Sweden. All chemicals used in the
experiments were obtained from SD Fine Chemicals Ltd, India.

2.2 Cold plasma treatment of oat protein

The defatting of oat protein and the cold plasma treatment were
performed as described in ref. 7 without any modication.
Defatted oat protein (5 g) was treated using two plasma gener-
ation voltages (170 V and 230 V) combined with two exposure
times (15 min and 30 min). Samples were labeled as control
Fig. 1 Cold plasma treatment of oat protein powder.

1204 | Sustainable Food Technol., 2025, 3, 1203–1217
(untreated), 170-15, 170-30, 230-15, and 230-30. Plasma
discharge parameters, including discharge frequency, duty
cycle, and resonance frequency, remained unchanged to ensure
optimized plasma glow. The sample temperature was main-
tained at 28 ± 2 °C. Treated samples were then sealed and
stored for further analysis. The schematic illustration of cold
plasma system has been provided in (Fig. 1).
2.3 Rheometer-based intrinsic viscosity measurement of oat
protein dispersion

The intrinsic viscosity of the oat protein samples was deter-
mined by a double extrapolation to zero-concentration as
described in ref. 11 using the Huggins and Kraemer models
provided in the eqn (1) and (2).

hsp

c
¼ ½h� þ KH½h�2C (1)

ln hrel

c
¼ ½h� þ KK½h�2C (2)

Here hsp is the specic viscosity (viscosity of the solvent/
viscosity of the sample solution); hrel is the relative viscosity
(viscosity of the sample solution/viscosity of the solvent); C is
the concentration of the sample solution; KH is the Huggins
constant and KK is the Kramers constant.

The viscosity of the protein solutions at concentrations
ranging from 0.5–2.5% (w/v) was measured using the Anton
Paar rheometer by shearing with a parallel plate of 10 mm
geometry. The distance between the plates was maintained at
1 mm and the temperature of the plate was kept at 25 °C. The
shear rate was 0.1–100 s−1 within which the shear stress
exhibited by the sample solutions varied linearly with the shear
rate. Within the linear ow regime, viscosity at a specic shear
rate (50 s−1) was used to calculate the specic and relative
viscosity of the solution. The measured values were then tted
to the Huggins (1) and Kramer models (2) using linear
regression to determine the intrinsic viscosity of the protein
solutions.
2.4 Water contact angle (WCA)

TheWCA of the control and cold plasma treated oat protein was
studied by the sessile drop method12 without any modication.
A thin layer of powdered samples was evenly spread on a glass
© 2025 The Author(s). Published by the Royal Society of Chemistry
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slide. 10 images per sample were captured using a high-
resolution handheld digital single-lens reex camera aer
placing 10 mL of water on the surface of the sample. Further-
more, the images were assessed for the contact angle using
ImageJ soware with the drop analysis–LABDSA plugin.13
2.5 Rheological behavior of oat protein dispersions

2.5.1 Steady shear ow behavior of oat protein dispersions.
The ow behavior of the control and treated oat protein
dispersions was studied using an Anton Paar rheometer MCR
302 with a parallel plate of diameter 25 mm (PP/25) using the
methodology given in ref. 14 with slight modication. The
20% oat protein dispersions were prepared and stored at 4 °C
for overnight hydration. The oat protein dispersions were
placed between the plates and the distance was adjusted to 1
mm. The samples were sheared at a rate of 1–100 s−1 and the
apparent viscosity was measured at 50 s−1 for all the samples.
The rheological behavior, based on the obtained viscosity
under applied shear, was studied by tting in the power-law
model (3).

s = Kgn (3)

where s – shear stress (Pa); g – shear rate (s−1); K – consistency
index (Pa s); n – ow behavior index.

2.5.2 Oscillatory–frequency dependent rheological charac-
teristics of oat protein dispersions. The frequency-dependent
rheological characteristics of untreated and cold plasma
treated oat protein dispersion (20%) were studied using an
Anton Paar rheometer MCR 302 with a parallel plate of diameter
25mm (PP/25) using the method given in ref. 12. The frequency-
dependent rheology was evaluated in the range of 100 Hz to
0.1 Hz at a constant strain of 0.2%. The temperature of the
parallel plates was maintained at 25 °C throughout the experi-
ment. Furthermore, the frequency-dependent behavior (the
complex visco-elastic moduli against the angular frequency) was
tted with the power-law model given below,

G* ¼ K*
hu

n*h (4)

where G* is the complex visco-elastic moduli, u is the angular
frequency, and K*

h and n*h are the model constants.
2.5.3 Temperature-dependent rheological characteristics

of oat protein dispersions. The temperature-dependent rheo-
logical characteristics of oat protein dispersions (20%) were
studied using an Anton Paar rheometer MCR 302 with a parallel
plate of diameter 25 mm (PP/25). The temperature was ramped
up from 25 °C to 95 °C and reduced back to 25 °C. The rate of
change in temperature was kept at 5 °C min−1 while the gap
between the plates was maintained at 1 mm. The storage (G0)
and loss modulus (G00) were recorded to understand the
temperature-dependent rheological characteristics.
2.6 Protein solubility

Solubility of the protein samples was determined using the
biuret methodology as followed in ref. 10 with sight modica-
tion. Protein dispersions (100 mg mL−1) were prepared and
© 2025 The Author(s). Published by the Royal Society of Chemistry
adjusted to pH 11, and then mixed for 180 min using a rock
shaker. Aer centrifugation (8000 rpm, 30 min), the superna-
tants were collected. A 50 mL aliquot of the supernatant was
mixed with 200 mL of Biuret reagent in a 96-well microplate,
incubated for 40 min, and analyzed at 540 nm using a Biotek
microplate reader. Absorbance values were compared to a BSA
standard curve. Protein solubility (%) was calculated as the ratio
of soluble protein content to total protein content determined
by Kjeldahl estimation.

2.7 Thermal properties

2.7.1 Differential scanning calorimetry (DSC). The thermal
properties of control and treated oat protein samples were
evaluated using a TA-60WS DSC (Shimadzu Analytical Pvt. Ltd,
Singapore).15 7 mg of oat protein powder was weighed and
tightly sealed in a hermetic aluminum pan. The pans were
heated from 30 °C to 150 °C at a heating rate of 10 °C min−1.
The thermal parameters such as onset temperature (To),
denaturation temperature (Td), and enthalpy (DH) were
recorded.

2.7.2 Thermal aggregation of oat protein. A turbidimetry
experiment to determine the aggregation effect of control and
treated oat protein samples was conducted.4 Protein disper-
sions of (1 mg mL−1) were prepared in a test tube and sealed to
avoid evaporation. The tubes were heated for 10 min at different
temperatures of 60 °C, 70 °C, 80 °C, 90 °C, 100 °C and 110 °C.
Aer cooling the tubes, the turbidity readings were recorded in
triplicate at 500 nm.

2.8 Impact of cold plasma on gelation properties of oat
protein gels

2.8.1 Oat protein gel preparation. The oat protein gels were
prepared from control and cold plasma-treated samples as
given in ref. 16. Oat protein dispersions of 20%were prepared in
glass test tubes and sealed tightly using cotton plugs. The
dispersions were mixed thoroughly and kept in an ultra-
sonication bath for 15 seconds to remove the bubbles.
Furthermore, the test tubes were heated at 110 °C for 20 min in
an oil bath. Aer heating, the test tubes were chilled in an ice
bath and stored overnight under refrigeration. The gels were
carefully removed from the test tubes and used for further
analysis.

2.8.2 Rotational and oscillatory rheological characteriza-
tion of protein gels. The rheological characteristics such as
steady shear ow behavior and oscillatory–frequency dependent
rheology of the protein gels were evaluated using the same
methodology applied to the oat protein dispersions. The
amplitude sweep rheological behavior of the gels was studied
using the same measuring geometry by shearing the gels from
0.01% to 100% strain (amplitude) at a constant angular
frequency of 0.1 Hz. The visco-elastic moduli of the gels in the
linear visco-elastic regime, within which the moduli varied
linearly, were determined along with the critical strain (gc %)
and loss factor (tan d) of the gels.

2.8.3 Water holding capacity (WHC) of oat protein gels.
The water holding capacity was evaluated for gels prepared from
Sustainable Food Technol., 2025, 3, 1203–1217 | 1205
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both the treated and control oat protein. The gel samples (0.5 g)
were transferred into pre-weighed centrifuge tubes and the
initial tube weight was noted; the samples were centrifuged at
6000 rpm at 25 °C for 10 min. The weight of the gels aer
centrifugation was measured and theWHC was measured using
the following formula,

Water holding capacity ðWHCÞ%

¼ 100�
�

1� final gel weight

gel sample weight ðgÞ
�

(5)

2.8.4 Texture prole of oat protein gels. The strength and
mechanical properties of oat protein gels were evaluated using
a texture analyzer (Stable Microsystems TA.XTplusC). A P/5
aluminum cylindrical probe, coupled with a 50 N load cell,
was used to compress the gels to 50% deformation. The test
speed was set at 1 mm s−1, while the pre-test and post-test
speeds were maintained at 5 mm s−1. Gel strength was
measured as the peak force exerted during compression. All
experiments were conducted in duplicate.
2.9 Application and impact of cold plasma treated oat
protein on patties

The impact of cold plasma-treated oat protein in patties was
evaluated by incorporating the control and treated oat
protein into patties and compared with patties made without
the addition of patties. 80 g of dried texturized vegetable
protein was soaked in 400 mL of distilled water for 30 min,
aer which the excess water was squeezed out and the TVP
shredded using a domestic blender. A mixture was prepared
by mixing the minced TVP with the control and treated oat
protein in the ratio of 1 : 10. Then 10 g round-shaped patties
were made from the mixture, stored at 10 °C and used for
further analysis. The patties were brought to room tempera-
ture and cooked in a pan with 5 mL of oil on both sides for
2 min until golden brown color. Furthermore, the cooked and
uncooked patties were subjected to various analyses as
described below.
2.10 Syneresis of patties

The uncooked patties were frozen at −18 °C for 48 h and then
thawed at 4 °C for 1 h. Aer removing excess water from
syneresis using tissue paper, the patties were weighed. Thawing
loss (%) was determined by calculating the ratio of weight loss
(g) to the initial weight of the patties.
2.11 Cooking loss and moisture retention of patties

The cooking loss of the patties was measured from the weight
difference observed before cooking (P1) and aer cooking using
(P2) the following formula (6),

Cooking loss ð%Þ ¼ ðP1 � P2Þ
A1

� 100 (6)
1206 | Sustainable Food Technol., 2025, 3, 1203–1217
Themoisture retained by the cooked patties was evaluated by
the hot air oven method (AOAC 95.46) where the patties were
dried at 135 °C for 2 h.11

2.12 Compression juice loss in cooked patties

The compression analysis of cooked patties was carried out
using a texture analyzer equipped with a P/45 aluminium probe,
ensuring uniform testing. The procedure was adapted with
minor modications from ref. 17. The experiment parameters
included a pre-test and post-test speed of 5 mm s−1 and a test
speed of 1 mm s−1, with 50% target compression and a trigger
force of 5 g. The weight of the patties was measured before and
aer compression to assess juice loss.

2.13 Texture characteristics of cooked patties

The texture prole of cooked patties was evaluated using
a texture analyzer equipped with a P/1 aluminium cylindrical
probe. The analysis was conducted in strain mode, applying
25% strain to the patties. The pre-test, test, and post-test speeds
were all set at 5 mm s−1. Textural attributes, including hard-
ness, springiness, chewiness, and adhesiveness, were recorded
using texture analyzer soware.

2.14 Statistical analysis

All analyses were done in triplicate. The statistical signicance
between the samples was studied using Tukey's Honestly
signicant difference test at a 95% condence interval in SPSS
soware (IBM SPSS Statistics version 26).

3. Results and discussion
3.1 Effect of cold plasma on the intrinsic viscosity of oat
protein dispersion

The intrinsic viscosity of the oat protein dispersions with and
without cold plasma treatment was analyzed and is provided in
Table 1. The intrinsic viscosity of the oat protein was found to be
∼1.7 dL g−1 which is relatively higher than that of sodium
caseinate (∼1.21 dL g−1) reported in the literature.11 This
demonstrates the ability to use plant-sourced protein as
a potential alternative to conventional animal protein. It was
observed that there was a slight change in the intrinsic viscosity
of plasma-treated oat protein compared to the untreated sample.
Statistically, there was no signicant (p > 0.05) change in the
intrinsic viscosity observed with 170-15, and 170-30 plasma
treatments while 230-15 and 230-30 conditions showed a signif-
icant and sequential reduction (p < 0.05) in intrinsic viscosity
compared to the untreated oat protein. The lowest intrinsic
viscosity was observed for the 230-30 oat protein which was 4%
less than that of the untreated oat protein. Intrinsic viscosity of
a biopolymer depends on the hydrodynamic volume of the
polymer, which is inuenced by its molecular weight/chain
length and hydrophilic interaction.18 The larger the hydrophilic
interaction, the larger the hydrodynamic volume and thus the
higher the intrinsic viscosity. The decreased intrinsic viscosity
observed in plasma-treated oat protein dispersions indicates
a reduction in the hydrodynamic volume due to increased
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Intrinsic viscosity (h), Huggins (KH) and Kraemer (KK) constants obtained for oat protein solutionsa

Protein in solution h (dL g−1) KH KK

Control 1.794 � 0.030a,1 −0.212 � 0.002a,1 −0.965 � 0.072a,1

170-15 1.797 � 0.009a,1 −0.212 � 0.001a,1 −0.946 � 0.022a,1

170-30 1.781 � 0.008a,1 −0.214 � 0.000a,1 −0.888 � 0.023a,1

230-15 1.761 � 0.018b,1 −0.217 � 0.002b,2 −0.812 � 0.126a,1

230-30 1.715 � 0.043b,1 −0.218 � 0.003b,2 −0.917 � 0.019a,1

a The values having different alphabets in the superscripts are statistically signicant corresponding to voltage while the values having different
numerical aplphabets are statistically signicant corresponding to the treatment time.
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hydrophobicity. The author's previous study on the character-
ization of plasma-treated oat protein revealed an increase in the
hydrophobicity of the oat protein10 aer plasma treatment which
corresponds to the present observation. Surface hydrophobicity
has an inverse relationship with intrinsic viscosity as the
hydrodynamic volume is reduced with reduced hydration. Irre-
spective of the aggregation phenomenon observed in oat protein
aer cold plasma treatment, the intrinsic viscosity is primarily
inuenced by the hydrophilic interactions of the protein. To
support this, the water contact angle of the oat protein, an
indication of surface hydrophobicity, also showed an increase
aer cold plasma treatment. The constants obtained from the
Huggins and Kramers models (KH and KK) are also provided in
Table 1 to understand the solvation properties of the protein.
Both the model constants were observed to be negative for all oat
protein samples, regardless of the cold plasma treatment. As
quoted in the literature, negative KH and KK values indicate an
amphiphilic attribute of the protein.19 Due to this amphiphilic
nature, the plant proteins tend to form heterogeneous disper-
sions with water. Also, KK values ranging from 0.5–1 correspond
to the inherently poor solvation characteristics of the oat
protein.20 Despite the observed deviations, intrinsic viscosity
does not depict the effect of cold plasma treatment on the oat
protein as the inherent hydrophobicity of protein predominantly
inuences the intrinsic viscosity.
3.2 Water contact angle

The water contact angle (WCA) measurements are instrumental
in assessing the wettability and surface energy of biomolecules.
Fig. 2 Effect of cold plasma on the water contact angle of oat protein
powders.

© 2025 The Author(s). Published by the Royal Society of Chemistry
These measurements provide insights into how plant proteins
interact with water, which is crucial for applications in food
science, biomaterials, and surface modication technologies.
The effect of cold plasma on the water contact angle of oat
protein is depicted in Fig. 2. The water contact angle value
increased for all the plasma-treated samples. The highest water
contact angle value (104.06 ± 5.81°) was observed for the 230-30
sample while the lowest water contact angle (93.64 ± 3.14°) was
observed for the control sample. As the plasma-generated free
radicals react with the oat protein, non-polar amino acids are
released via surface etching and peptide bond cleavage. This, in
turn, increases the temporary hydrophobic behavior and
reduces wettability.21 The WCA result is highly dependent on
the balance between polar and non-polar amino acids and the
surface energy of the protein molecules.22 The input parameters
such as voltage and exposure time affected the WCA result;
lower exposure times tend to increase the wettability. Similarly,
at an exposure time of 15 min, an increase in voltage reduced
the wettability, as indicated by a lower WCA. However, pro-
longed exposure times increased the WCA, indicating the
hydrophobic nature of the protein surface. The particle size
reduction under higher treatment conditions also results in
increased hydrophobicity due to the exposure of non-polar
amino acids and re-aggregation of protein particles.23,24 Thus,
by controlling the input parameter the functionality of proteins
can be tailored for various food applications.
3.3 Effect of cold plasma on rheological properties of oat
protein dispersion

3.3.1 Steady shear rotatory rheology. The steady shear
rheology of the oat protein dispersions is given in Fig. 3. The
viscosity of the dispersions sequentially reduced with the
increase in the shear rate in all dispersions regardless of the
cold plasma treatment. This is due to the shear-thinning nature
of hydrated oat protein particles, which tend to align with the
direction of shear forces. The viscosity of the cold plasma-
treated dispersions was observed to be higher than that of the
control oat protein dispersion. The highest viscosity was
exhibited by the 170-15 sample followed by 170-30, 230-15, and
230-30 samples. The shear stress and the shear rate were tted
with the power law model to obtain the model constants, i.e.,
the ow index and consistency index which are provided in
Table 2 along with the apparent viscosity at 50 s−1. The power
law model exhibited an excellent t with the R2 values in the
Sustainable Food Technol., 2025, 3, 1203–1217 | 1207
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Fig. 3 Effect of cold plasma on (a) steady shear and (b) oscillatory – frequency dependent rheological characteristics of oat protein dispersions.

Table 2 Effect of cold plasma on rheological constants of 20% oat protein dispersiona

Sample

Shear dependent constants
Apparent viscosity
@ 50 s−1

Relative protein
solubility% at 11 pH

Frequency dependent constants

Kh nh Rh
2 K*

h (×105) (Pa) n*h Rh
*2

Control 405.15 0.981 0.950 34.03 � 1.41a,1 0.04 � 0.02a,1 0.222 −0.821 0.996
170-15 8197.50 0.821 0.988 380.31 � 0.89b,1 0.05 � 0.01a,1 2.100 −0.830 0.999
170-30 4525.25 0.871 0.982 166.79 � 1.25b,1 0.09 � 0.04a,2 3.374 −0.888 0.997
230-15 1657.33 0.532 0.967 115.37 � 1.04ab,1 0.04 � 0.01a,1 0.303 −0.852 0.977
230-30 1408.72 0.692 0.988 56.83 � 0.26ab,1 0.11 � 0.01a,2 0.237 −0.786 0.947

a The values having different alphabets in the superscripts are statistically signicant corresponding to voltage while the values having different
numerical aplphabets are statistically signicant corresponding to the treatment time.
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range of 0.950–0.988. The consistency index and apparent
viscosity of the oat protein dispersions also followed the same
pattern, with the highest values observed for the 170-15 sample
followed by 170-30, 230-15, 230-30, and the control. These
observations are consistent with the ndings of our structural
investigations of oat protein aer cold plasma treatment10

wherein the low-intensity plasma treatment (170-15) induced
aggregation of the proteins and increased the particle size.
Nonetheless, as the treatment intensity increases with the rise
in voltage and treatment time the polymeric chains and aggre-
gates are cleaved to a reduced size. This is majorly attributed to
the observed pattern of changes in the apparent viscosity and
consistency index. Despite the observed viscosity reduction on
shearing, the ow index value is ∼0.981 for the control oat
dispersion showing its near-Newtonian uid behavior. This is
due to the less hydrophobic nature of the control oat protein
which facilitates better hydration and affinity with the water
molecules compared to the plasma-treated ones. The observed
increase in the water contact angle of the plasma-treated oat
protein also substantiates the increased hydrophobicity and
thus the reduced hydration. This resulted in the amplied
pseudo-plastic behavior, as demonstrated by the reduced ‘n’
values in the plasma-treated oat protein dispersions.

3.3.2 Frequency-dependent oscillatory rheology. The
frequency-dependent oscillatory rheological properties of the
1208 | Sustainable Food Technol., 2025, 3, 1203–1217
oat protein dispersion were studied and the changes in the
visco-elastic moduli are presented in Fig. 3b. All the oat
dispersions exhibited an increase in both the storage (G0) and
loss (G00) moduli with increasing oscillating frequency. As the
oscillating shear entangles the protein polymeric chain struc-
ture, the resistance offered to the ow would increase which
leads to a rise in the visco-elastic moduli of the dispersions.
Nevertheless, the slopes of the moduli exhibited by the control
and 230-30 samples are observed to be more signicant than
those of the other samples indicating a large dependency on the
oscillating frequency.25 This demonstrates that the protein
conformational structure notably inuences its rheological
dependency. Since cold plasma treatment induces oat protein
aggregation, 170-15, 170-30, and 230-15 samples showed
increased aggregate sizes compared to the control and 230-30
samples. The smaller the size of the protein particles, the
greater the frequency dependency observed showing a weak gel
nature.

In addition, the storage modulus (G0) was greater than the
loss modulus (G00) value for all oat protein dispersions showing
a more elastic than viscous behavior. The predominant storage
moduli indicate an elastic weak gel nature associated with
ordered protein chain regions.26 Also, no cross-over of G0 and
G00 over the oscillating frequency range was observed, indi-
cating the absence of gel-to-sol transition or the breakdown of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the elastic gel structure. These rheological characteristics
remained unchanged even aer the plasma treatment;
however the moduli were observed with a notable increase.
Among all the plasma-treated samples, 170-30 displayed
higher G0 and G00 values followed by 170-15, 230-15, and 230-30.
The control, i.e. untreated oat dispersions were observed with
the smallest visco-elastic moduli. This is again an attribute of
aggregated protein particles induced by cold plasma which are
of larger size and show an increased modulus. As the intensity
of plasma treatment increases, the protein aggregates deform
and disintegrate into smaller fragments, demonstrating
rheological characteristics equivalent to the untreated oat
dispersion.

3.3.3 Temperature dependent rheology. The visco-elastic
moduli of the oat dispersions over thermal gelation were
studied to understand the sol–gel transition and are repre-
sented in Fig. 4. Both the storage and loss modulus values
decrease on heating and further increase sequentially on cool-
ing depicting the process of thermal gelation. The process of
conversion of heterogeneous oat dispersion into a structural gel
network through a sequence of reactions is known as protein
thermal gelation. The addition of thermal energy on heating
provides kinetic energy to the molecules and initiates protein
unfolding. This causes the molecules to adopt a linear state,
allowing them to glide along the shear force thus exhibiting
reduced visco-elastic moduli. Furthermore, the unfolding
process exposes the buried hydrophobic structures on the
surface and initiates hydrophobic interactions among the
subunits. This protein–protein interaction propagates further
to form aggregates and structural networks on cooling, result-
ing in increased visco-elastic moduli. There was a remarkable
difference between the initial (before heating) and nal (aer
cooling) storage and loss modulus values of the respective
samples. The nal modulus values were found to be more than
the initial values which indicates the progression of gelation.
Additionally, the increased hydration might facilitate swelling
Fig. 4 Temperature dependent rheological characteristics of oat protei

© 2025 The Author(s). Published by the Royal Society of Chemistry
of the molecules, thus synergistically raising the hydrodynamic
volume along with protein–protein aggregation. This would also
contribute to higher visco-elastic moduli.

It was surprising to observe that all the plasma-treated oat
dispersions, except 230-15, exhibited a reduced visco-elastic
modulus compared to the untreated one while the 230-15
sample and the untreated oat protein showed comparable
values. This observation is quite contradictory to the rheology of
the dispersions which indicates the signicant inuence of
thermal energy in inducing aggregation and network formation.
The cold plasma treatment has been reported to cause peptide
cleavage followed by the formation of large and small aggre-
gates through protein unfolding and alterations in the surface
charge potential. The authors in their previous study10

conrmed that at low intense plasma exposure (170-15 and 230-
15), the aggregates are larger while at high intense exposure
(170-30 and 230-30), the particle size is reduced. Additionally,
the z-potential was observed to be reduced with the increase in
intensity of cold plasma treatment. Even though both 170-15
and 230-15 have an increased particle size due to unfolding and
aggregation, the 230-15 sample possesses a relatively lower zeta
potential compared to all the plasma-treated samples. The
lower the zeta potential, the weaker the electrostatic repulsion,
resulting in better networking during thermal gelation. Along
with the increased particle size, the reduced zeta potential also
synergistically contributes to the higher visco-elastic moduli of
the 230-15 sample on thermal gelation. This proves that the
surface charge of the protein plays a pivotal role in propagating
the hydrophobic interactions among the proteins leading to
linear and random network aggregation during gelation.
3.4 Protein solubility

The effect of cold plasma on the protein solubility at pH 11 is
represented in Table 2. The oat protein fractions isolated using
column chromatography were reported to have notable solu-
bility under alkaline pH conditions.27 However, surprisingly, the
n dispersions.
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oat protein used in the present study showed low levels of
solubility even under highly alkaline conditions. This might be
attributed to the protein structural changes that occurred
during the extraction and purication processes.28 The results
show that a longer treatment time leads to a slight increase in
protein solubility at both the input voltages (170 V and 230 V). In
general, the oat protein exhibits poor solubility due to the
presence of globulins. The 15-minute treatment of protein
caused fewer changes in solubility, which might be due to the
effect of exposure of hydrophobic groups and milder aggrega-
tion in the proteins.26 However, at longer treatment times, the
plasma-induced radical reaction causes partial unfolding and
size reduction in the proteins via surface etching and peptide
cleavage, thereby resulting in an increase in the solubility of the
protein.29 The protein properties are highly inuenced by
changes in surface energy and the ratio of hydrophilic and
hydrophobic amino-acid groups.24
3.5 Effect of cold plasma on thermal properties of oat
protein

3.5.1 Differential scanning calorimetry. Thermal proper-
ties such as thermal denaturation play a crucial role in protein
gelation. The DSC results of oat protein are provided in Table 3.
It is observed from the table that the cold plasma-treated
sample showed an increased onset temperature To °C. This
Table 3 Effect of cold plasma on DSC of 20% oat protein dispersions

Sample To, °C Tp, °C Tend, °C Enthalpy (DH) (J g−1)

Control 65.82 100.18 120.31 76.48
170-15 75.96 115.36 134.68 91.42
170-30 121.34 124.46 128.34 4.1
230-15 66.86 93.29 114.8 71.44
230-30 128.67 131.11 134.49 0.57

Fig. 5 Effect of cold plasma on thermal aggregation of oat protein at d

1210 | Sustainable Food Technol., 2025, 3, 1203–1217
shows a delay in initiation of the reaction in the protein as
compared to the control sample (65.82 °C). This might be due to
cold plasma generated radical species inducing the formation
of partial or disrupted protein aggregates, which in turn require
higher heat energy. Similarly, the peak temperature (Tp °C) and
the enthalpy of denaturation required for the protein also
depend on the protein's nature and its properties. The cold
plasma is capable of inducing multiple reactions on the surface
of proteins through oxidation and radical reaction (ROS and
RNS), thus leading to partial denaturation and oxidation in the
protein molecules.30 The increase in Tp °C in 170-15 and 170-30
samples indicated the formation of protein aggregates aer
plasma treatment. However, an increase in input voltage from
170 V to 230 V, while keeping the exposure time constant,
resulted in a reduced denaturation temperature Tp (93.29 °C),
possibly due to the aggregate disruption resulting in a reduction
in the thermal stability of protein. This is in line with our
previous studies on particle size measurement.10 In the case of
30 min treatments, the increase in voltage caused an increase in
denaturation temperature as compact and rm aggregates were
formed due to the high-intensity treatment, resulting in an
increased temperature requirement for denaturation. Similarly,
the reduced enthalpy (DH) requirement in the 30 min treatment
indicates exposure of the hydrophobic core and formation of
smaller aggregates, consistent with the results in ref. 16 and 31.
Thus, the plasma treatment condition of 230-15 demonstrates
a balanced approach for achieving the desired protein func-
tionality, which would result in a decreased temperature
requirement for protein gelation.

3.5.2 Thermal aggregation. The impact of varying temper-
ature on the aggregation properties of the control and the cold
plasma-treated samples is shown in Fig. 5. Turbidity refers to
the resistance to light transmission through the aliquot, indi-
cating the properties such as size and nature of the particles in
the dispersion. The treated sample showed relatively reduced
absorbance at 500 nm indicating the reduction in turbidity
ifferent temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irrespective of the heating temperature. The 230-15 sample
exhibited the lowest turbidity among the treated samples. The
turbidity reduction is directly related to the protein aggregates
induced by the heating process among the plasma-treated
samples. Although the aggregation of macromolecules is said
to increase the turbidity and absorbance, the surface energy of
the protein molecule resulting from the plasma treatment
might have inuenced the increase in aggregation thereby
transmitting more light through the protein dispersion. In
response to the change in heating temperature, the increase in
temperature showed a decrease in absorbance in the control
sample. A similar observation was found in the treated samples
up to 100 °C, however, with a further increase to 110 °C an
increase in absorbance was observed. This might be due to the
Fig. 6 Effect of cold plasma on (a) steady shear; (b) oscillatory – frequen
of oat protein gels.

Table 4 Effect of cold plasma on rheological constants and water hold

Samples

Shear dependent constants

Apparent viscosityKh (×105) (Pa) nh Rh
2

Control 0.627 −0.698 0.998 4149.95 � 605.15a

170-15 0.362 −0.635 0.994 3212.55 � 257.85b

170-30 0.116 −0.648 0.991 1994.33 � 25.38b,3

230-15 1.476 −0.749 0.997 7981.75 � 26.35c,2

230-30 0.289 −0.611 0.994 2698.05 � 142.75c

a The values having different alphabets in the superscripts are statisticall
numerical aplphabets are statistically signicant corresponding to the tre

© 2025 The Author(s). Published by the Royal Society of Chemistry
partial unfolding and loosening of protein aggregates at higher
temperatures supporting better dispersions at higher tempera-
tures, suitable for thermally processed protein drinks.
3.6 Impact of cold plasma on gelation properties of oat
protein gels

Oat protein gels were prepared using a heating method,
resulting in so gels. To evaluate the effect of cold plasma on
the gelation properties of modied oat protein, the sample was
heated at 110 °C for 20 min in an oil bath. The prepared gels
were then analysed for rheological properties, and their water-
holding capacity was measured as described below.

3.6.1 Steady shear rheology of the oat protein gels. The
prepared gels from control and plasma-treated oat protein
cy dependent and (c) amplitude dependent rheological characteristics

ing capacity of oat protein gelsa

at 50 s−1 WHC (%)

Frequency dependent constants

K*
h (×105) (Pa) n*h Rh

*2

,1 99.00 � 0.08a,1 7.721 −0.889 0.997
,2 91.07 � 0.86b,2 2.353 −0.861 0.999

75.91 � 0.25b,3 1.318 −0.871 0.998
99.41 � 0.16c,2 2.500 −0.870 0.999

,3 77.84 � 0.78c,3 2.160 −0.865 0.999

y signicant corresponding to voltage while the values having different
atment time.
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dispersions were subjected to a steady shear rate and the
viscosity is presented in Fig. 6a. The protein gels exhibited
a reduced viscosity with continuous shearing. With initial
shearing, the viscosity rises at low shear rates followed by
a sequential reduction upon further shearing. The gels made
from 230-15-treated oat protein showed the highest viscosity
followed by the control, 170-15, and 230-30. 170-30 treated oat
protein gels have the lowest viscosity. The shear stress and the
shear rate were tted with the power law model to obtain the
model constants i.e. ow index and consistency index which are
provided in Table 4 along with the apparent viscosity at 50 s−1.
The power law model exhibits an excellent t with the R2 value
greater than ∼0.99. The consistency index and the apparent
viscosity of the oat protein dispersions also followed the same
pattern with 230-15 showing the highest values followed by the
control, 170-15, 230-30, and 170-30. These ndings are contra-
dictory to those observed in their corresponding dispersions
whichmight be attributed to the hydration and thermo-gelation
process. On heating, the thermal denaturation of the proteins
results in protein aggregates holding water molecules trapped
in a three-dimensional network. This remarkably alters the
nature of the protein dispersion compared to the gels formed
thereaer. Nevertheless, the observed trend in the viscosity of
plasma-treated gels would be the result of stable and stronger
aggregate production with 230-15 plasma treatment leading to
the highest viscosity (∼7981.75 cP). Although the 170-15 treat-
ment also facilitated aggregate formation, the thermal stability
might play a role in maintaining the strength resulting in
a similar viscosity to that of the control (∼3212.55 cP). Addi-
tionally, 170-15 treated oat protein with larger aggregates might
prevent the disassociation of protein on heating and thus
inhibit the formation of a gel network.32 The gels made from
proteins exposed to longer duration (170-30; 230-30) had lower
viscosity (1994.33 cP: 2698.05 cP) and consistency index as
a result of distorted smaller protein aggregates. Smaller and
weaker aggregates exhibited less resistance on shearing result-
ing in reduced viscosity and consistency index of the gels.

3.6.2 Frequency-dependent behavior of the oat protein
gels. The oscillatory rheology of the oat protein gels with varying
frequencies is given in Fig. 6b. The storage and loss moduli of
the gels continuously vary with the increase in oscillatory
shearing frequency showing a strong frequency-dependent
behaviour. The storage moduli (G0) are greater than the loss
moduli (G00) in all the samples owing to the elastic nature of the
gels. The oat protein gels remained stable as the oscillating
frequency increased, with the moduli never crossing over. The
complex moduli of the gels against the oscillating frequency
were tted to the power law model and the model constants are
given in Table 4. The model presented an excellent t with R2

values > 0.99 in all the gels while the n*h values were >∼0.88
demonstrating a strong frequency-dependent behaviour.
Nevertheless, in all the protein gels, as the angular frequency
increases, the moduli also rise, possibly due to the alignment of
aggregates caused by the frequent oscillating shear.33 Among all
the gels, the 230-15 treated protein gels displayed the highest
moduli followed by the control sample. The 170-30 treated oat
protein gel exhibited the lowest moduli, whereas the 170-15 and
1212 | Sustainable Food Technol., 2025, 3, 1203–1217
230-30 treated gels displayed similar oscillatory rheological
behaviour. These ndings contrast sharply with the oscillatory
rheological properties of their dispersions, particularly the 170-
30 treated oat protein dispersion, which demonstrated the
highest moduli with increasing oscillating frequency. This
might be due to the aggregated structure's resistance to
unfolding and re-association on heating. Similarly, the
intensely treated protein (230-30) having the smallest aggre-
gates and highest zeta potential demonstrated electrostatic
repulsion which prevents protein–protein interaction on heat-
ing. This would have caused the weaker gel structure and thus
the lower moduli. The positive zeta potential and the relatively
larger aggregates of 230-15 samples facilitated the formation of
gels with stronger visco-elastic moduli. Thus, the plasma-
treated proteins at the highest voltage and shorter duration
would be desirable for applications requiring stronger gel
networks e.g. to develop plant protein-based meat analogues.34

3.6.3 Amplitude-dependent behavior of the oat protein
gels. The visco-elastic moduli of the oat protein gels with
increasing amplitude or strain are provided in Fig. 6c. It was
observed that the visco-elastic moduli tend to decrease beyond
the linear visco-elastic regime (<∼1.33% shear strain) corre-
sponding to the increase in the amplitude. The untreated as
well as plasma treated protein samples exhibited similar linear
visco-elastic regimes beyond which inclined to reduce sequen-
tially for a gel–sol transition. At lower shear strains, the elastic
moduli (G) of the protein gels were higher than the viscous
moduli (G00). As the shear strain increases, the elastic moduli
decrease sequentially while the viscous moduli increase. At
specic strain values, the moduli crossed over and the viscous
moduli predominated beyond this point owing to the transition
of the gel network to a viscous owing sol. The linear visco-
elastic moduli were higher for the 230-15 treated plasma
protein gels followed by the control sample, 170-15, 230-30, and
170-30. Remarkable differences were seen in the elastic moduli
i.e. the highest G0 (3682.40 Pa) was shown by 230-15 samples
while the lowest G0 (131.55 Pa) was observed in 170-30 samples.
It was anticipated that the plasma-induced aggregation of the
protein samples would enhance the gel strength yielding higher
visco-elastic moduli. However, this was true only for the 230-15
samples wherein medium-sized aggregates were formed. With
larger (170-15) and smaller aggregates (170-30; 230-30) ther-
mogelation was not facilitated as the samples exhibited inhi-
bition of unfolding and re-structuring. This might be due to the
increased negative zeta potential under these treatment condi-
tions induced by energetic plasma reactive species and free
radicals which would generate an ionic environment.

Additionally, the critical strain (%), dened as the strain
beyond which the linear visco-elastic regime changes, demon-
strates the stability of the gel network. The higher the critical
strain of the gel, the more stable it is.35 Akin to the moduli, 230-
15 samples exhibited the highest critical strain (∼2.11%),
demonstrating their greater stability (as seen in Table 5).
Despite having the second-highest moduli, the control samples
showed a relatively lower critical strain (∼1.39%) while all the
plasma-treated samples exhibited a higher critical strain
(∼1.74–1.93%). The protein aggregate structure in the gel
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Effect of cold plasma on amplitude dependent parameters of oat protein gels

Sample Critical strain, gc Storage modulus, G
0
LVE Loss modulus, G

00
LVE Loss factor, tan d

Control 1.39 � 0.36a,1 1075.5 � 140.41a,1 305.39 � 42.27a,1 0.284 � 0.00a,1

170-15 1.74 � 0.00b,2 348.34 � 42.26b,2 108.18 � 0.95b,2 0.316 � 0.04b,2

170-30 1.93 � 0.19b,2 131.55 � 97.13b,3 49.25 � 36.10b,3 0.378 � 0.01b,3

230-15 2.11 � 0.00b,2 3682.40 � 238.00c,2 1170.50 � 84.50c,2 0.318 � 0.00b,2

230-30 1.93 � 0.19b,2 310.30 � 26.09c,3 108.03 � 9.36c,3 0.347 � 0.00b,3
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network establishes exibility to deformation against the
oscillating strain36 which in turn yields higher critical strain
values in the gels made from plasma-treated samples. This
validates that the plasma-treated oat proteins could facilitate
the formation of stable gels irrespective of their strength.

3.6.4 Water holding capacity of oat protein gels. The water
holding capacity (WHC) is one of the important characteristics
of protein gels where the desirability increases with the increase
in water holding capacity. The WHC% of the control and
plasma-treated OP gels are provided in Table 4. It is observed
that the control (99%) and 230-15 samples (99.41%) showed
a higher WHC as compared to the other samples. The applica-
tion of both the input voltage (170 V, 230 V) and plasma expo-
sure time (15 min, 30 min) has impacted the WHC of gels
signicantly (p > 0.05). The milder plasma treatment tends to
cause the partial aggregation of protein leading to an increase
in agglomeration and particle size. This is due to the increased
surface charge of protein through radical interaction.37 In
addition to this the plasma-induced reaction also causes the
disruption of the protein core and the release of the hydro-
phobic group to the surface. This causes protein–protein
interaction and aggregation. Thus, the loss of hydrophilic
groups on the surface reduced interaction with water mole-
cules, thereby reducing the WHC at 170 V. However, an increase
in input voltage to 230 V causes different effects on the protein
and WHC. Primarily at 230-15, the radicals caused the oxidative
reaction, and the partial disruption of aggregates increased the
hydrophilic groups thereby resulting in the highest WHC%.38

The highest treatment causes protein denaturation and aggre-
gate disruption; however, intense plasma radical exposure
tends to promote the development of stronger hydrophobic
aggregates, reducing the WHC% in the 230-30 samples.39

Similar results of increased WHC were also observed in cold
plasma treatment of peanut protein,40 and pea protein.14,31
Table 6 Effect of cold plasma on texture analysis of oat protein gelsa

Sample Hardness Adhesiveness Springiness Co

Control 144.75 � 2.67a,1 26.30 � 2.13a,1 0.92 � 0.01a,1 0.6
170-15 129.75 � 5.04a,2 29.04 � 0.88a,1 0.90 � 0.00b,2 0.6
170-30 93.20 � 5.89b,2 23.01 � 1.09a,1 0.88 � 0.00b,2 0.6
230-15 120.89 � 1.28c,2 25.13 � 3.00a,1 0.89 � 0.02ab,2 0.5
230-30 188.96 � 1.21c,1 32.10 � 0.70a,1 0.91 � 0.02ab,2 0.6

a The values having different alphabets in the superscripts are statisticall
numerical aplphabets are statistically signicant corresponding to the tre

© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the desired level of WHC and gel strength could
be achieved through the optimization of plasma treatment
conditions.

3.6.5 Texture prole of oat protein gels. The texture prole
analysis results of oat protein gels are provided in Table 6. The
sample 230-15 showed higher values in terms of hardness,
adhesiveness, cohesiveness, gumminess, and chewiness. At
both 170 V and 230 V, the increase in plasma exposure time
from 15 min to 30 min resulted in a decrease in texture
parameters including the hardness and gumminess. This might
be due to partial protein denaturation and formation of loose
plasma-induced unfolded protein aggregates caused by plasma
radical interaction and intermolecular hydrophobic interac-
tion.41 Similar results were observed in ref. 42, where the protein
aggregates were induced by the hydrophobic interaction and di-
sulde bonding inuencing the hardness and other texture
properties. In addition to this, the increase in surface energy
and surface hydrophobicity reduces the affinity for water, hence
affecting the gel structure; corresponding results were evident
from the result of WHC%.43 The increase in voltage at 15 min
and 30 min exposure time caused a signicant increase in
hardness and other texture parameters indicating the increased
gel strength. With the increase in intensity of the treatment, the
dense radical species cause the partial disruption of aggregates.
The smaller size of the protein aggregates and increased
hydrophobicity (stronger hydrophobic interaction) would have
contributed to the formation of harder gels compared to the
lower voltage treated samples. Comparatively, the 230-15
sample resulted in better textural properties such as higher
hardness (188.96 ± 1.21 g) and gumminess (126.49 ± 1.45 g)
and also excelled with better water holding capacity (99.41 ±

0.16%). Thus, the 230-15 sample was further incorporated in
the patties prepared from texturized vegetable protein and
hesiveness Gumminess Chewiness Resilience

2 � 0.02a,1 90.38 � 2.10a,1 83.05 � 2.10a,1 0.07 � 0.01a,1

3 � 0.04a,1 82.44 � 8.03b,2 73.86 � 6.84b,2 0.07 � 0.01ab,2

3 � 0.04a,1 58.70 � 7.80b,1 51.91 � 7.04b,1 0.06 � 0.01ab,2

9 � 0.03a,1 71.71 � 4.87c,2 64.09 � 5.43a,2 0.06 � 0.00b,2

7 � 0.01a,1 126.49 � 1.45c,1 117.31 � 1.71a,1 0.06 � 0.00b,2

y signicant corresponding to voltage while the values having different
atment time.
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Fig. 7 Effect of cold plasma on physical attributes of patties incorporated with oat protein.
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evaluated for relevant parameters such as syneresis, cooking
loss, compression juice loss, and textural properties analysis.

3.7 Application and impact of cold plasma treated oat
protein on patties

3.7.1 Syneresis loss of patties. The syneresis loss% of the
patties prepared with and without the oat protein (control and
plasma treated) is provided in Fig. 7. The addition of oat protein
in the patties made from texturized vegetable protein (TVP)
reduced the syneresis loss of the patties signicantly. This was
supported by the high water absorption and holding capacity of
oat protein.10 Among the oat protein-incorporated patties also,
the impact of the cold plasma-treated oat protein addition
further reduced the water loss and reinforced improved freeze–
thaw stability. The protein's affinity to entrap water molecules
in the structure reduces the water availability for ice crystalli-
zation in the frozen patties, thus reducing the water loss in the
thawing process.44 The milder cold plasma treatments at 170-
15, 170-30, and 230-15 would cause a disturbance in the surface
charge of the protein thereby causing partial aggregates. The
Table 7 Effect of cold plasma on the texture analysis of oat protein pat

Sample Hardness Adhesiveness Springiness Coh

TVP 795.16 � 37.97a,1 −0.78 � 0.04a,1 0.92 � 0.01a,1 0.8
Control 718.89 � 3.17a,1 −0.32 � 0.00b,2 0.68 � 0.00b,2 0.6
170-15 1202.57 � 51.36b,2 −0.27 � 0.07b,2 0.75 � 0.01c,3 0.6
170-30 866.98 � 231.87b,3 −0.46 � 0.21b,3 0.80 � 0.01c,4 0.6
230-15 743.91 � 18.34c,2 −0.06 � 0.01b,2 0.74 � 0.00d,3 0.6
230-30 1255.21 � 141.74c,3 −0.63 � 0.00b,3 0.75 � 0.02d,4 0.8

a The values having different alphabets in the superscripts are statisticall
numerical aplphabets are statistically signicant corresponding to the tre

1214 | Sustainable Food Technol., 2025, 3, 1203–1217
cold plasma-induced protein aggregates would have a better
water-holding capacity thereby improving the water loss from
the patty's structure.45 However, under intense plasma pro-
cessing conditions, the larger aggregates are further broken into
smaller aggregates. The unstable and loose aggregates are
reinforced by the development of additional covalent disulde
bonds. The rearrangement process of the protein aggregates
makes the protein more permeable and thereby reduces the
ability to hold the water leading to relatively higher syneresis
loss.46,47

3.7.2 Cooking loss and moisture retention of patties. The
cooking loss andmoisture retention are the key parameters that
affect the texture and mouthfeel of the patties aer cooking.
The impact on cooking loss and moisture retention is depicted
in Fig. 7. The addition of cold plasma-treated oat protein
improved the cooking loss and moisture retention in the patties
as compared to the TVP-based patties. However, the cooking
loss is relatively increased in the OP-230-15 sample as compared
to other patty samples. This might be due to the higher initial
moisture content of the patties which is supported by the
tiesa

esiveness Gumminess Chewiness Resilience

2 � 0.01a,1 649.53 � 39.12a,1 595.68 � 28.08a,1 0.38 � 0.00a,1

1 � 0.03b,2 439.14 � 21.27b,2 296.93 � 12.61b,2 0.24 � 0.01b,2

8 � 0.02c,3 824.04 � 58.83b,2 622.52 � 49.24b,2 0.35 � 0.01b,3

7 � 0.02c,3 575.83 � 140.64b,2 458.65 � 106.75b,2 0.34 � 0.03b,4

6 � 0.03c,3 488.95 � 11.52b,2 362.20 � 8.96b,2 0.27 � 0.01c,3

2 � 0.01c,3 649.53 � 102.97b,2 595.68 � 90.85b,2 0.38 � 0.00c,4

y signicant corresponding to voltage while the values having different
atment time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highest water-holding capacity of 99.41 ± 0.16 in the sample.
The impact of higher water content is reected in the moisture
content measurement, calculated aer cooking. This indicates
that the cold plasma treatment under selected conditions (230-
15) increased the water holding and water retention capacity
which would support improved textural and sensorial attributes
of the patties during storage and aer cooking.

3.7.3 Compression juice loss in cooked patties. The
compression juice loss is measured aer cooking the patties
and indicates the available fat and moisture content in the
cooked patties. The juiciness is another desirable characteristic
of the patties for improving the mouthfeel. The effect of cold
plasma treatment and incorporation of oat protein is shown in
Fig. 7. On the addition of oat protein, the untreated and treated
sample considerably increased the compression juice loss, due
to their ability to absorb and retain the water and oil in the patty
structure. Higher compression juice loss was observed in the
OP-control sample and OP-230-15 sample, indicating the
availability of uid in the matrix that supports a more desirable
so texture in patties. The lower juice loss is observed in the
patties incorporated with other cold plasma-treated samples
indicating the weaker ability of the oat protein to hold the oil
and water during preparation and cooking, which might
degrade the juiciness of the patties.

3.7.4 Texture characteristics of cooked patties. Studies on
the textural characteristics of cooked patties are signicant for
understanding their sensory attributes. The impact of the
addition of cold plasma-treated oat protein in patties is given in
Table 7. The addition of oat protein signicantly altered all the
textural parameters. The hardness of the control and 230-15
patties reduced aer cooking which might be due addition of
plasma-treated oat protein which has better moisture absorp-
tion and retention properties.48 The improved gelling properties
of the treated oat protein support the formation of soer
patties.26 This is also supported by the water holding capacity%
results of the control (99%) and 230-15 (99.41%) samples. In
contrast, the 170-15 and 230-30 patty samples exhibited higher
hardness, indicating poor hydration and water-holding prop-
erties. Similarly, the 230-15 samples showed the increased
soness of the patties via springiness and resilience values. The
other textural characteristics showed minimal changes with
respect to the cold plasma treatment conditions, but the addi-
tion of both treated and control oat protein improved the
textural characteristics of the oat patties.

4. Conclusion

This study provides critical insights into the effect of atmo-
spheric pin-to-plate cold plasma treatment at the selected
voltages (170 & 230 V) and exposure times (15 and 30 min) on
the rheological and thermal properties of oat protein and its
application in plant-based patties. Rheological analysis revealed
a signicant increase in intrinsic viscosity in both dispersion
and gel forms, indicating enhanced protein hydration and
structural modications. The plasma-induced aggregation
facilitated better visco-elastic behaviour with increased
stability, as shown by the enhanced critical strain values. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
shear-thinning behavior of plasma-treated oat protein suggests
improved dispersion and gelation properties, which are essen-
tial for forming stable and cohesive food matrices. The appli-
cation of plasma-treated oat protein in plant-based patties
demonstrated remarkable improvements in texture, rmness,
and juiciness. The enhanced gelation and water-holding
capacity contributed to better structural integrity, reducing
cooking loss while maintaining a desirable mouthfeel. These
modications are crucial in mimicking the texture of conven-
tional meat, making plasma-treated oat protein a promising
ingredient for plant-based meat formulations. To conclude, oat
proteins treated under 230-15 conditions showed desirable
rheological and textural outcomes both as a protein gel and as
a texturizer in plant-based patty applications. However, the
desired functional properties of plant proteins can be tailored
by altering the process parameters of cold plasma. By leveraging
cold plasma technology, the food industry can develop func-
tional plant proteins without chemical additives, aligning with
the growing demand for clean-label and sustainable alterna-
tives. Future research should focus on optimizing plasma
treatment conditions for different food matrices and assessing
their long-term effects on sensory attributes. Overall, this study
highlights the potential of cold plasma treatment as an inno-
vative approach to improving plant protein functionality,
paving the way for high-quality, meat-like plant-based foods.
Data availability
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given in the form of gures and tables, attached as separate les
in the manuscript.
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