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This study investigates the effects of cold plasma treatment on extruded millet-based analogue rice (MAR),

formulated using pearl millet, sorghum, and parboiled rice. The treatment was applied at varying voltages

(10, 20, and 30 kV) and time durations (10, 20, and 30 minutes) to evaluate its impact on

physicochemical, cooking, and functional properties. The parameters assessed include color difference

(DE), water absorption index (WAI), cooking loss (CL), water absorption ratio (WAR), cooking time (CT),

and water solubility index (WSI). The results indicated that the highest treatment voltage (30 kV) and time

duration (30 minutes) resulted in a minimized DE of 2.16 ± 0.30, reduced CT of 22.16 ± 0.37 minutes,

decreased CL of 6.62 ± 0.28%, maximum WAI of 4.52 ± 0.27 g g−1, maximum WAR of 4.31 ± 0.26, and

a minimum WSI of 2.16 ± 0.30 g g−1. Cold plasma treatment induced significant molecular modifications

in MAR, evident from shifts in FTIR peaks and intensities, indicating structural alterations in starch

molecules. Additionally, notable improvements in mineral composition, pasting behavior, and textural

characteristics were observed, demonstrating statistical significance (p < 0.05). XRD analysis revealed

reduced relative crystallinity in treated MAR, signifying improved structural stability. Microstructural

analysis showed untreated MAR with a smooth surface and minimal porosity, while treated samples

exhibited rougher, more porous surfaces due to moisture removal and starch rearrangement. These

findings demonstrate that cold plasma offers a sustainable, non-thermal, and chemical-free processing

alternative that improves the quality and functionality of millet-based analogue rice, aligning with current

efforts toward environmentally friendly, energy-efficient, and nutritionally enhanced food technologies.
Sustainability spotlight

This study highlights the transformative potential of cold plasma (CP) technology as a sustainable and non-thermal processingmethod to enhance the quality of
millet-based analogue rice (MAR) formulated from pearl millet, sorghum, and parboiled rice. CP treatment at varying voltages and time combinations
signicantly improved cooking quality, hydration capacity, textural properties, and rheological behavior. Notable enhancements included reduced cooking loss
and time, increased water absorption, and greater structural stability, supported by reduced crystallinity and starch molecular reorganization. Analytical
techniques such as FTIR, XRD, and SEM conrmed substantial starch modication and microstructural alterations, contributing to improved functional and
physical attributes. These ndings underscore the potential of cold plasma as a green and energy-efficient technology for developing nutrient-dense and
structurally stable millet-based rice analogues aligned with the goals of future-ready functional food systems.
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1. Introduction

Millets are highly valued nutri-cereals, abundant in minerals,
vitamins, bioactive compounds, and dietary ber, and are
recognized for their anti-cancer, anti-inammatory, and anti-
oxidant properties which can reduce the risk of cancer, type 2
diabetes, celiac disease, obesity, gastrointestinal problems, and
cardiovascular diseases.1,2 These gluten-free grains with a low
glycaemic index are an excellent source of essential nutrients
containing iron, zinc, copper, potassium, phosphorus, and
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calcium, offering a sustainable approach for addressing
malnutrition and metabolic disorders worldwide.3 Millets hold
signicant potential for developing nutraceutical-based and
functional food products with extensive health benets and can
be used in making a variety of dishes, including noodles, soups,
drinks, pancakes, porridges, etc.4

The global millet production reached 32.09 million metric
tons during the year 2022–2023, in which India was the leading
producer, contributing 13.51 million metric tons, followed by
Niger and China.3 However, millets are still regarded as
“underutilized” or “neglected” crops due to the increase in
consumption of other cereals like wheat and rice, which align
with changing taste preferences and the demand for quicker
preparation times, particularly in urban areas.5 Other limita-
tions of millets include inferior cooking quality, coarse texture,
lack of processing machinery, insufficient research, minimal
use in convenience foods, and a lack of innovative approaches
to food product development.6,7

The inferior cooking quality of millets is due to the presence
of native starch, a natural polymer with semicrystalline gran-
ules, composed of amylose (a linear biopolymer of a-D-glucose
linked by a-1,4-glycosidic bonds) and amylopectin (a branched
biopolymer with a-1,4- and a-1,6-glycosidic bonds), which has
poor water solubility, limited shear, and thermal stability,
leading to signicant limitations on its physical characteristics
and functional properties.8 These limitations can be addressed
by modifying starch to enhance its cooking, physicochemical,
functional, thermal, and structural properties.9 Starch modi-
cation can be achieved through various methods, including
physical,10 chemical,11 and biological12 approaches, as well as
through combinations13 of these techniques. Among these
techniques, physical modication has gained notable attention
recently as it is pollution free, safe, simple, and clean.14

Cold plasma (CP) is an emerging, innovative, nonthermal,
and sustainable technology that has gained attention in recent
years as a physical method to modify starch due its environ-
mental friendliness, solvent-free nature, minimal by-product
generation, ease of use, and higher efficiency.15 The starch
modication using cold plasma primarily involves the genera-
tion of free radicals and energy-driven electron-induced chem-
ical reactions which results in depolymerization of starch
chains, plasma etching, cross-linking, and the creation of new
functional groups.16 Current studies have shown that cold
plasma can effectively alter the functional17 and physicochem-
ical10 properties of starch, thereby improving the hydrophobic
properties, water binding capacity, pasting behaviour, swelling
power, and solubility.18,19 It also reduces the peak viscosity and
lowers the gelation temperature of starch.20,21 Studies have re-
ported that lower intensity plasma treatment of pearl millet and
sorghum results in cross-linking, while depolymerisation
occurs at a higher intensity of plasma treatment.22,23

Recent studies related to the effect of cold plasma treatment
on rice grains,24 brown rice,25,26 lightly-milled rice27,28 and
contaminated rice.29 However, no published literature currently
exists on the application of CP to millet-based analogue rice
(MAR). In this regard, the current study aimed to evaluate the
effect of cold plasma treatment on millet-based analogue rice
1058 | Sustainable Food Technol., 2026, 4, 1057–1072
(MAR) developed using pearl millet, sorghum, and parboiled
rice to understand the signicant changes occurring in its
cooking characteristics, physicochemical properties, textural
properties, pasting behaviour, and rheological properties. The
study also sought to analyse changes in morphology, functional
groups, and relative crystallinity to assess the impact of cold
plasma on starch modication. The novelty of this study lies in
the rst-time application of cold plasma technology to enhance
millet-based analogue rice, providing a sustainable and energy-
efficient processing strategy that supports circular bioeconomy
principles and fosters the development of resilient, health-
focused, and environmentally responsible food systems.

2. Materials and methods
2.1. Raw material procurement

The raw materials such as pearl millet, sorghum, and parboiled
rice were purchased from Suruchi market, Rourkela, Odisha,
India. These grains were cleaned and milled using a hammer
mill (model: Indosaw Products Pvt. Ltd, Haryana, India) to
produce respective ours, which were then sied through
a sieve shaker (Shiva Scientic Instruments, Delhi) to achieve
a particle size of less than 300 mm. The respective ours were
then stored in air-tight polyethylene bags to ensure their
preservation.

2.2. Formulation of millet-based analogue rice

Millet-based analogue rice was produced using a 1 kg blend of
multigrain our, consisting of 610 g pearl millet our, 270 g
sorghum our, and 120 g parboiled rice our. The respective
ours were then blended using a planetary mixer (Jinan Sai-
bainuo Machinery Co., Ltd) for 30 minutes at a speed of
400 rpm. The mixture was then adjusted to a moisture content
of 28%w.b. and stored overnight at 4 °C to allow themoisture to
equilibrate. The prepared blend was further processed using
a pilot-scale twin-screw extruder (SYSLG32, Jinan Saibainuo,
China) with the processing conditions of 720 rpm screw speed,
420 rpm feeder speed, 2700 rpm cutter speed, and 80 °C die
temperature. The produced millet-based analogue rice was then
dried using a recirculating dryer (Servo Enterprises, Chennai) at
60 °C until it reached a nal moisture content of 12% w.b.

2.3. Experimental design for cold plasma treatment

The experimental plan was designed using different combina-
tions of the independent variables which include treatment
voltage (10, 20 and 30 kV) and treatment time (10, 20 and 30
minutes). The dependent variables include total colour change
(DE), water absorption index (WAI), water solubility index (WSI),
cooking time (CT), water absorption ratio (WAR), and cooking
loss (CL). The nal formulation for the cold plasma treatment
was determined using the best results obtained from the
dependent variables of different composition trials. The exper-
iment was performed using a multipin discharge plasma
reactor (IN-HVLT MP, Ingenium Naturae Private Limited,
Gujarat, India), operating with an input voltage of 230 V at 50 Hz
and a high output voltage of 60 kV. It had a discharge area of 185
© 2026 The Author(s). Published by the Royal Society of Chemistry
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× 250 mm and featured a high-voltage electrode with 63
stainless steel pins arranged in a 9 × 7 matrix. The stainless-
steel electrodes ensure durability and longevity. All experi-
ments were conducted at atmospheric pressure using ambient
air as the working gas. While the composition of ambient air
(approximately 78% nitrogen, 21% oxygen, and 1% other gases)
can vary and inuence the generation of plasma-induced reac-
tive oxygen and nitrogen species (RONS), the relative humidity
was continuously monitored throughout the experiments and
recorded as 65.3% ± 1.2% to ensure consistent treatment
conditions and improve reproducibility. A consistent inter-
electrode distance of 3 cm was maintained throughout all trials.
2.4. Colour measurement

The colour value of the samples was measured using a Hunter
Lab colorimeter (ColorFlex EZ, Hunter Lab, Virginia, USA),
which was calibrated with black and white reference standards.
The readings were taken in triplicate, evaluating the color
parameters in terms of L* (blackness to whiteness), a* (redness
to greenness), and b* (blueness to yellowness) values. The
changes in the colour intensity (DE) were calculated using eqn
(1) as reported by Bohlooli et al.29

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q
(1)
2.5. Water absorption and the solubility index

A sample of 1 g was mixed with 12 mL of deionized water in
a centrifugal tube. The mixture was then incubated at 30 °C in
a shaking water bath for 30 minutes. Aer incubation, the
mixture was further centrifuged at 3000g for 10 minutes. The
supernatant was carefully transferred into a pre-weighed
weighing bottle and then dried at 105 °C until a constant
weight was achieved. The water absorption index (WAI) and
water solubility index (WSI) were determined using eqn (2) and
eqn (3) as described by Zeng et al.26

WAI
�
g g�1

� ¼ WRP

WIDS

(2)

WSI ð%Þ ¼ WDS

WIDS

� 100 (3)

where WRP, WDS and WIDS represent the weight of residual
precipitate, dry solids in the supernatant and initial dried
sample in g.
2.6. Cooking time

A sample of 5 g was added into a test tube with 20mL of distilled
water and subjected to a boiling water bath for cooking. The
initial time was recorded, and every 30 seconds, a small portion
of the sample was removed and pressed between two glass
slides to determine the disappearance of the white core. The
cooking time was noted when the sample was fully cooked and
no longer displayed a white core.27
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.7. Cooking loss and the water absorption index

A sample of 5 g was cooked in 20 mL of boiling distilled water in
a water bath. Aer cooking, the leached solids were separated
and transferred to a glass Petri dish, and dried at 105 °C in a hot
air oven for 24 h. The weights of both the sample and the dried
leached solids were measured using a weighing balance. The
water absorption ratio and cooking loss were determined
following the procedure reported by Nithya et al.30
2.8. Textural analysis

A typical two compression cycle procedure was carried out for
the cooked rice samples using a 38.1 mm cylindrical probe
applying a compressive strain of 75% relative to the initial
height of the rice kernel layer (1.7 ± 0.3 mm). Ten rice kernels
were arranged in a single layer on the instrument base. A texture
analyser (CT3, Brookeld Engineering, USA) was used to assess
the textural properties such as cohesiveness, hardness, adhe-
siveness, gumminess, springiness, and chewiness as stated by
Yadav et al.31
2.9. Rheological properties

The rice samples, weighing 5 g each, were mixed with 15 mL of
deionized water and then heated in a water bath for 20 minutes
at 95 °C for complete gelatinization. Following the gelatinisa-
tion process, the cooked samples were compressed in the
angular frequency range of 0.01 Hz to 100 Hz using a mold that
was placed in a rheometer (MCR 102e, Anton Paar Instruments,
Austria) with a 1 mm spacing. Rheological characteristics
in terms of shear stress, shear rate, viscosity, storage modulus
(G0) and loss modulus (G00) were measured as given by Wang
et al.32
2.10. Pasting properties

A sample of 2 g was mixed with 25 mL of distilled water using
plastic paddles in metal canisters and then analyzed using
compact rheometer (model: MCR 302e, Anton Paar, Austria).
The sample was initially maintained at 50 °C for 1 minute. It
was subsequently heated to 95 °C and held at this temperature
for 3 minutes. Aer this period, the heated sample was cooled
down to 50 °C and then maintained at 50 °C for an additional 2
minutes. The pasting properties in terms of peak viscosity,
breakdown viscosity, setback from trough, setback from peak,
nal viscosity, peak temperature, pasting temperature, peak
time and holding strength were determined as reported by
Wang et al.33
2.11. FTIR analysis

The rice samples were analysed using an FTIR spectrometer
(Alpha E, Vertex 70, Bruker Optics, Inc., Billerica, MA, Ger-
many). The spectra measurement was done at 25 °C between
400 and 4000 cm−1 using the pellets made by hydraulically
pressing a combination of 5 mg of the rice sample and 100 mg
of potassium bromide as reported by Nithya et al.30
Sustainable Food Technol., 2026, 4, 1057–1072 | 1059

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00413f


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:3

4:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.12. X-ray diffraction analysis

The rice samples were subjected to X-ray diffraction pattern
analysis using an X-ray diffractometer (Philips PAN analytical,
USA). During the analysis, a diffraction angle of 5–40° and
a scan rate of 2.68° min−1 were used. The percentage of relative
crystallinity was determined using eqn (4) as reported by Nithya
et al.30

Relative crystallinity ð%Þ ¼ CPeak area

CPeak area þ Aarea

� 100 (4)

where Aarea denotes the amorphous area and CPeak area denotes
the crystalline peak area.

2.13. Scanning electron microscopy analysis

The surface microstructure of the rice samples was examined
using a scanning electron microscope (JSM-6480LV, SEM, JEOL,
Germany). The samples were placed on the pin stubs, covered
with a layer of gold palladium, and adhered with carbon tape.
The images were taken at magnication levels of 70× and
2000× as reported by Vishwakarma et al.34

2.14. Elemental analysis of MAR

The elements present in the samples were analysed using an
inductively coupled plasma mass spectrometer (model –

Thermo Scientic™ ICAP™ RQ, type – single quadrupole ICP-
MS, hertz – 2 MHz, nebulizer – borosilicate glass, spray
chamber – quartz, cyclonic). The elemental composition of 23Na
(sodium), 24Mg (magnesium), 31P (phosphorus), 39K (potas-
sium), 44Ca (calcium), 48Ti (titanium), 52Cr (chromium), 55Mn
(manganese), 57Fe (iron), 60Ni (nickel), 63Cu (copper), 66Zn
(zinc), and 95Mo (molybdenum) in MAR samples was evaluated
using a standard ICP-MS procedure as reported by Novotnik
et al.35

2.15. Statistical analysis

The data were analysed using SPSS statistical soware (ver. 27.0;
SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) was performed to determine the statistical
Table 1 Effect of cold plasma treatment on cooking and functional pro

Sr. no. Sample DE
WAI
(g water per g dry solid)

WSI
(g wat

1 10 kV, 10 min 19.15 � 0.49f 3.61 � 0.30a 19.15
2 10 kV, 20 min 4.34 � 0.36d 4.67 � 0.31b 4.34 �
3 10 kV, 30 min 2.39 � 0.27ab 5.1 � 0.30c 2.39 �
4 20 kV, 10 min 2.48 � 0.44ab 4.64 � 0.32b 2.48 �
5 20 kV, 20 min 10.43 � 0.39e 4.52 � 0.24b 10.43
6 20 kV, 30 min 20.47 � 0.39g 4.43 � 0.45b 20.47
7 30 kV, 10 min 3.22 � 0.33c 4.69 � 0.30b 3.22 �
8 30 kV, 20 min 2.65 � 0.32b 4.62 � 0.46b 2.65 �
9 30 kV, 30 min 2.16 � 0.30a 4.52 � 0.27b 2.16 �
F-Value 2357.473** 7.696** 2879.7

a Results are expressed as mean ± SD (n = 3). Values in the same ro
(** denotes high signicance).

1060 | Sustainable Food Technol., 2026, 4, 1057–1072
signicance. The mean values and standard error of the mean
are reported. The signicance of the data was detected and the
difference among the mean values was determined by per-
forming the T-test at a condence level of p < 0.05.
3. Results and discussion
3.1. Effect of cold plasma treatment on cooking and
functional properties of MAR

Different combinations of cold plasma treatment (CPT) voltage
and exposure time were applied to MAR to evaluate their effects
on functional and physicochemical properties such as water
absorption index (WAI), total colour change (DE), water solu-
bility index (WSI), cooking loss (CL), water absorption ratio
(WAR), and cooking time (CT). These properties serve as
important indicators of structural and molecular trans-
formations induced by non-thermal plasma exposure.20 The
obtained effects of CPT for the different combinations of
treatment are given in Table 1. Signicant variations in colour
change (DE) were observed among the treatments. The highest
DE (20.47 ± 0.41) occurred at 20 kV for 30 minutes, while the
lowest value (2.16 ± 0.19) was found at 30 kV for 30 minutes.
This suggests that at moderate voltages the plasma promotes
surface oxidation and partial degradation of pigments or
phenolic compounds, leading to visible discoloration. However,
higher voltages may induce cross-linking of surface macro-
molecules or polymer rearrangement that suppresses light
scattering and leads to a less noticeable colour change.36,37 This
phenomenon is attributed to the presence of reactive oxygen
and nitrogen species (RONS) (such as ozone (O3), hydroxyl
radicals (–OH), and nitric oxide (NO+)) generated during plasma
discharge which can interact with chromophores or proteins
and alter surface reectivity.38

WAI values varied between 3.61 ± 0.29 and 5.10 ± 0.18 g g−1

dry solid. The highest WAI was recorded in the sample treated at
10 kV for 30 minutes suggesting that mild plasma treatment
may enhance porosity and surface roughness, improving water
uptake. Conversely, at higher voltages and longer durations,
a reduced WAI could result from structural compaction or
perties of millet-based analogue rice (MAR)a

er per 100 g dry solid) CT (minutes) WAR CL (%)

� 0.20f 25.43 � 0.49h 4.92 � 0.24d 10.15 � 0.20e

0.39d 24.1 � 0.46g 4.88 � 0.30 cd 8.2 � 0.51c

0.31ab 21.84 � 0.37bc 4.8 � 0.27cd 10.56 � 0.35f

0.48ab 23.45 � 0.29e 4.51 � 0.45bc 11.19 � 0.39g

� 0.35e 21.48 � 0.54b 3.5 � 0.24a 9.54 � 0.27d

� 0.28g 22.43 � 0.46d 4.66 � 0.31bcd 8.37 � 0.30c

0.36c 23.45 � 0.44f 4.83 � 0.28cd 6.47 � 0.27a

0.27b 20.36 � 0.28a 4.61 � 0.21bcd 7.46 � 0.34b

0.30a 22.16 � 0.37cd 4.31 � 0.26b 6.62 � 0.28a

16** 76.737** 13.292** 154.151**

w with different letters (a–g) are signicantly different at p < 0.05

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface hardening caused by plasma-induced cross-linking of
starch and protein molecules.39 These structural alterations are
consistent with plasma-induced partial denaturation or oxida-
tion of surface molecules that reduce their water-binding
capacity.40 The water solubility index (WSI) ranged from 2.16
± 0.19 to 20.47± 0.41 g per 100 g dry solid. The highest WSI was
found in samples treated at 20 kV for 30 minutes, likely due to
partial depolymerization of starch and protein components.
Plasma-generated radicals can cleave glycosidic and peptide
bonds leading to smaller water-soluble fragments.41,42 However,
at 30 kV for 30 minutes the WSI decreased signicantly sug-
gesting that excessive energy input may promote aggregation or
re-polymerization of degraded components by reducing
solubility.22

Cooking time (CT) showed a downward trend with
increasing plasma intensity ranging from 25.43 ± 0.07 minutes
at 10 kV for 10 minutes to 20.36 ± 0.07 minutes at 30 kV for 20
minutes. The shortened CT observed at higher voltages may be
due to disruption of starch crystallinity and weakening of
intermolecular hydrogen bonding, which facilitate quicker
gelatinization during thermal processing.43,44 Plasma treatment
likely disrupts double helices in amylopectin and partially
opens up granules increasing water and heat penetration. Water
absorption ratio (WAR) values ranged from 3.50 ± 0.025 to 4.92
± 0.06. The highest WAR was observed in samples treated at 10
kV for 10 minutes reecting enhanced water absorption due to
minimal structural damage and preservation of hydrophilic
functional groups. The WAR declined as voltage and exposure
time increased, likely due to plasma-induced hydrophobic layer
formation or densication of the grain matrix that restricted
water uptake.45 Such modications may stem from surface
oxidation of polysaccharides and proteins leading to decreased
porosity and reduced swelling capacity. These results show that
CPT signicantly alters the physical characteristics of MAR via
mechanisms involving oxidation, fragmentation, cross-linking,
and thermal mimicry. Moderate treatment (e.g., 20 kV, 30
minutes) favours depolymerization and increased solubility,
while higher intensity treatment (e.g., 30 kV, 30 minutes)
favours surface restructuring and cross-linking, resulting in
reduced solubility and colour change. The interdependence of
the WAI and WSI indicates that plasma-mediated molecular
changes govern water interactions particularly through the
breakdown or modication of biopolymeric structures like
starch and protein.46

Cooking loss (CL), which reects the percentage of material
lost during thermal processing, varied notably across treat-
ments ranging from 6.47% to 11.19%. It indicates a clear
inuence of the voltage intensity and duration. The highest CL
was observed in the sample treated at 20 kV for 10 minutes
(11.19%), suggesting excessive structural disruption under
these conditions. It is likely due to over-electroporation leading
to weakened protein matrices and increased leaching of water
and soluble solids.47 In contrast, the lowest CL was recorded at
30 kV for 10 minutes (6.47%), implying that higher voltage with
shorter exposure time effectively stabilized the matrix poten-
tially through enhanced cross-linking and limited structural
damage. CPT induces electroporation and modies protein
© 2026 The Author(s). Published by the Royal Society of Chemistry
conformation, which can either enhance or compromise the
food matrix depending on the treatment severity. Samples with
a moderate WAR (water absorption ratio) and well-balanced
electroporation, such as those treated at 30 kV, exhibited
lower CL, likely due to improved water retention and reduced
solute leaching. Interestingly, longer treatments at high voltage
(30 kV, 20–30 min) did not further reduce CL signicantly,
indicating a threshold beyond which additional treatment
yields diminishing benets. Overall, short-duration with high-
voltage treatment (30 kV, 10 min) appears most effective in
minimizing cooking loss by preserving structural integrity and
optimizing water retention capacity.43 MAR showed a minimal
DE of 2.16 ± 0.30, reduced CT of 22.16 ± 0.37 min, low CL of
6.62± 0.28%, WAI of 4.52± 0.27 g g−1, WAR of 4.31 ± 0.26, and
a WSI of 2.16 ± 0.30 g per 100 g, at high-intensity CPT (30 kV for
30 minutes) conrming that the physical structure becomes
more compact and less reactive. These transformations suggest
that a dense oxidized surface layer may be formed, reducing the
material's ability to absorb or dissolve in water while enhancing
its thermal processing efficiency.48 In conclusion, CPT offers
a versatile non-thermal approach to modify the structural and
functional properties of MAR. Its impact depends heavily on the
treatment intensity and duration. Manufacturers can achieve
desired properties such as improved cooking performance,
water solubility, or storage stability by carefully tuning these
parameters. Molecular-level studies using analytical tools like
FTIR, SEM, DSC, and XRD are needed to better understand the
mechanisms by which plasma–biopolymer interactions drive
these transformations.
3.2. Textural analysis

The textural characteristics of cold plasma-treated and
untreated millet-based analogue rice (MAR) are presented in
Table 2. The treatment with cold plasma resulted in statistically
signicant changes in both hardness and gumminess, while no
signicant alterations were observed in springiness and cohe-
siveness. Specically, the hardness of MAR increased from 6.41
± 0.141 N in the untreated sample to 9.24 ± 0.142 N in the
treated sample, representing a signicant difference (p < 0.01, t
= 14.123). Similarly, gumminess increased from 2.82 ± 0.09 N
to 4.24 ± 0.195 N (p < 0.01, t = 6.478). In contrast, springiness
and cohesiveness values remained statistically unchanged with
t-values of 0.296 and 0.154, respectively.31 These results suggest
that cold plasma treatment enhances the rmness and
mechanical resistance of millet-based analogue rice. The
observed increase in hardness is likely due to plasma-induced
modications in the starch–protein matrix. Cold plasma
generates reactive oxygen and nitrogen species (RONS) such as –
OH, O3, and NO+, which may initiate oxidative cross-linking
between starch and protein chains. This results in a denser
and more compact microstructure reducing the material's
ability to deform under mechanical stress.20 Additionally,
plasma treatment may lead to partial dehydration of the surface
or internal matrix, which can further increase rmness by
reducing moisture-mediated plasticization.40 The increase in
gumminess, derived from the product of hardness and
Sustainable Food Technol., 2026, 4, 1057–1072 | 1061
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Table 2 Textural properties of cold plasma untreated and treated millet-based analogue ricea

Parameters Untreated MAR Cold plasma treated MAR t-Value

Hardness (N) 6.41 � 0.141b 9.24 � 0.142a 14.123**
Gumminess (N) 2.82 � 0.099b 4.24 � 0.195a 6.478**
Springiness (mm) 0.63 � 0.174a 0.7 � 0.159a 0.296NS

Cohesiveness 0.44 � 0.071a 0.46 � 0.108a 0.154NS

a Results are expressed as mean ± SD (n = 3). Values in the same row with different letters are signicantly different at p < 0.05
(** denotes high signicance and NS denotes no signicance).
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cohesiveness, supports the notion that the treated MAR exhibits
a more rigid structure. Gumminess is associated with the
energy required to disintegrate a semi-solid food and is oen
enhanced by tighter molecular networking. The presence of
plasma-generated free radicals can promote intermolecular
bonding and molecular entanglement, particularly among
amylose chains leading to increased resistance to breakdown
during mastication.41 Interestingly, springiness and cohesive-
ness remained unaffected. Springiness refers to the ability of
a material to regain its original shape aer compression, while
cohesiveness measures the internal bonding strength of the
material. The lack of signicant changes in these parameters
suggests that the elastic properties and internal matrix integrity
of MAR were preserved. This could be attributed to the fact that
cold plasma primarily affects the outer layers or surface inter-
actions of grains, rather than penetrating deep enough to
modify internal viscoelastic behaviour in short treatment
durations.49 Additionally, these properties are highly moisture-
dependent and may not respond signicantly to structural
rearrangements unless the hydration level or molecular
mobility is drastically altered.43

Overall, these ndings emphasize the potential of cold
plasma treatment as a novel non-thermal technology to improve
the textural attributes of millet-based analogue rice. The
enhancement of hardness and gumminess could improve
consumer perception of product quality, especially in applica-
tions where rmness and chewiness are desirable. Moreover,
springiness and cohesiveness remain stable, which indicate
that the overall structural resilience and product integrity are
retained. This balance between modication and preservation
is crucial for maintaining product appeal and functionality.
Future research should investigate the long-term stability of
these textural changes as well as explore potential impacts on
other quality parameters such as avour, aroma, and nutri-
tional composition. The understanding on how cold plasma
interacts with specic starch and protein fractions at the
molecular level could further rene its application in grain
processing and analogue food design.
3.3. Rheological properties

The viscoelastic behaviour of cold plasma-treated and untreated
MAR was evaluated using dynamic rheological parameters
including storage modulus (G0), loss modulus (G00), shear stress,
and viscosity, as shown in Fig. 1. These parameters serve as vital
indicators of the material's structural integrity, deformation
1062 | Sustainable Food Technol., 2026, 4, 1057–1072
behaviour, and functional performance, particularly during
cooking and processing. The cold plasma-treated MAR
demonstrated signicantly higher values for both G0 and G00

compared to the untreated control, indicating a more elastic
and mechanically robust network structure.50,51 The storage
modulus (G0) reects the material's ability to store energy in an
elastic (recoverable) manner, whereas the loss modulus (G00)
corresponds to the viscous (non-recoverable) energy dissipation
during deformation. The simultaneous elevation of both
moduli in the cold plasma-treated samples implies that plasma
exposure enhanced both the rigidity and the energy-dissipating
capacity of MAR. It resulted in a structure that is more resistant
to deformation while maintaining exibility under mechanical
stress.43 This structural enhancement is likely driven by plasma-
generated reactive species (such as ozone, superoxide, and
hydroxyl radicals), which can induce oxidative cross-linking of
biopolymers primarily starch and proteins within the MAR
matrix.20 Such cross-linking reinforces the internal structure
and limits molecular mobility by improving viscoelasticity.

Cold plasma-treated MAR exhibited signicantly higher
shear stress and viscosity compared to the untreated sample.
Shear stress measures the internal resistance of the material to
ow or deformation while viscosity indicates its resistance to
applied shear forces under a steady-state ow. The increased
values for both parameters suggest the development of a denser
and more cohesive gel-like matrix that resists breakdown
during cooking or mechanical handling.52 These results are
indicative of a modied molecular architecture, where the cold
plasma-induced interactions result in greater entanglement
and rigidity of the polysaccharide network. The higher viscosity
also implies that the treated MAR may form a more stable and
cohesive paste during cooking potentially reducing syneresis or
undesirable textural breakdown in nished products.51 These
improvements in viscoelastic properties carry signicant
implications for the cooking performance of MAR. A higher
storage modulus typically translates to improved shape reten-
tion and reduced cooking-induced disintegration, whereas
increased viscosity and shear resistance contribute to a rmer
bite. This enhanced chewiness and qualities oen associated
with consumer-preferred textural attributes in rice-based di-
shes.53 The rmer structure of cold plasma-treated MAR not
only enhances sensory appeal but also increases tolerance to
reheating and extended holding times, further expanding its
application in ready-to-eat and convenience foods.54 Interest-
ingly, the cold plasma treatment improved structural rigidity
and resistance to ow but it did not negatively impact the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rheological properties of untreated and cold plasma-treated millet-based analogue rice. (a) Storage modulus (G0) vs. angular frequency.
(b) Loss modulus (G00) vs. angular frequency. (c) Shear stress vs. shear rate. (d) Viscosity vs. shear rate.
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processability of the MAR. This suggests that plasma parame-
ters were within a threshold that promotes structural rein-
forcement without inducing excessive brittleness or brittleness-
related defects. The ability to ne-tune viscoelastic properties
without compromising processability highlights the versatility
of cold plasma as a tool for texture enhancement in cereal-based
analogues.

In conclusion, cold plasma treatment signicantly improves
the viscoelastic properties of millet-based analogue rice by
enhancing its storage and loss moduli, shear stress, and
viscosity. These changes are attributed to molecular-level
modications involving oxidative cross-linking and structural
tightening of the starch–protein matrix. The resulting
improvements in texture, chewiness, and cooking performance
suggest that cold plasma-treated MAR could serve as a prom-
ising alternative to conventional rice particularly in applications
requiring enhanced mechanical and textural stability. Future
© 2026 The Author(s). Published by the Royal Society of Chemistry
studies should focus on optimizing treatment parameters and
exploring the long-term effects on sensory attributes, shelf life,
and nutritional retention to fully leverage cold plasma's
potential in food processing.
3.4. Pasting properties

The pasting properties of untreated and cold plasma-treated
millet-based analogue rice (MAR) are presented in Table 3.
Cold plasma treatment resulted in a signicant reduction in all
pasting parameters that include peak viscosity, breakdown
viscosity, nal viscosity, holding strength, and setback values
compared to those of the untreated MAR.55 Specically, peak
viscosity decreased substantially from 467.8 ± 0.127 cP in the
untreated sample to 285.5 ± 0.123 cP in the treated sample (P <
0.01, t = 1028.293). Breakdown viscosity also declined from 283
± 0.216 cP to 243.7 ± 0.104 cP (P < 0.01, t = 163.144), and the
nal viscosity dropped from 486.1 cP to 129.2 cP (P < 0.01).
Sustainable Food Technol., 2026, 4, 1057–1072 | 1063
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Table 3 Pasting properties of cold plasma untreated and treated millet-based analogue ricea

Parameters Untreated MAR Cold plasma treated MAR t-Value

Peak viscosity (cP) 467.8 � 0.127a 285.5 � 0.123b 1028.293**
Breakdown viscosity (cP) 283 � 0.216a 243.7 � 0.104b 163.144**
Setback from trough (cP) 203.1 � 0.123a −114.6 � 0.144b 1667.161**
Setback from peak (cP) −18.32 � 0.171b 156.3 � 0.097a 883.009**
Final viscosity (cP) 486.1 � 0.198a 129.2 � 0.118b 1542.116**
Pasting temperature (°C) 78 � 0.201a 60.8 � 0.104b 75.777**
Peak temperature (°C) 95 � 0.153a 95 � 0.165a 0.000NS

Peak time (minutes) 4.3 � 0.307a 1.03 � 0.164b 9.385**
Holding strength (cP) 184.8 � 0.230a 41.72 � 0.199b 469.220**

a Results are expressed as mean ± SD (n = 3). Values in the same row with different letters are signicantly different at p < 0.05
(* denotes signicance and ** denotes high signicance).
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Additionally, the holding strength signicantly decreased from
184.8 cP to 41.72 cP (P < 0.01) while the setback from the peak
and trough values turned negative in the treated sample, indi-
cating major changes in retrogradation behaviour. The pasting
temperature declined from 78 °C to 60.8 °C although the peak
temperature remained consistent at 95 °C in both cases. The
peak time was signicantly reduced from 4.3 minutes to 1.03
minutes (t = 9.385, P < 0.01).39,43 These alterations in pasting
behaviour reveal that cold plasma treatment signicantly
affects the gelatinization characteristics of starch in MAR. The
reduction in peak and nal viscosities is indicative of structural
disruption in starch granules, likely caused by oxidative
cleavage of glycosidic linkages and depolymerization of amylose
and amylopectin chains. Cold plasma generates reactive oxygen
and nitrogen species (RONS) such as O3, –OH, and NO+, which
can modify starch molecules through oxidation and radical-
mediated chain scission.20,31 These modications weaken the
granules' ability to swell and retain water, lowering their
capacity to develop high viscosities during heating.

The observed decrease in breakdown viscosity and holding
strength implies a reduction in starch paste stability under
thermal and mechanical stress. Typically, breakdown viscosity
is associated with the collapse of swollen starch granules during
shear and heat exposure. Cold plasma-treated MAR with its
structurally compromised granules is less stable to maintain
paste integrity under such conditions.39 The reduction in
holding strength suggests diminished gel stability aer
obtaining peak viscosity with a lower capacity to resist break-
down during continued heating. Moreover, the negative setback
from both the peak and trough values in the treated samples
points to reduced retrogradation, which is the tendency of
gelatinized starch to reassociate and crystallize upon cooling.
This outcome is benecial in certain food applications where
soer textures or lower staling rates are preferred. The reduced
setback may be attributed to the disruption of amylose chains,
which play a central role in retrogradation.43 Less chain align-
ment and hydrogen bonding upon cooling result in a soer less
cohesive gel which may enhance mouthfeel but could also
reduce structural rmness in certain applications. The signi-
cant decrease in pasting temperature (from 78 °C to 60.8 °C)
indicates that cold plasma treatment makes starch granules
1064 | Sustainable Food Technol., 2026, 4, 1057–1072
more readily gelatinizable, requiring lower energy input for the
gelatinization process. This could be advantageous in
improving cooking efficiency. The reduction in peak time from
4.3 minutes to 1.03 minutes further supports the hypothesis
that starch granules in the treated MAR absorb water and
undergo swelling more rapidly due to partial pre-gelatinization
or molecular rearrangement caused by plasma exposure.51 The
unchanged peak temperature (95 °C) suggests that while cold
plasma affects the initiation of gelatinization, it does not alter
the nal temperature required to complete the process.

In summary, cold plasma treatment signicantly modies
the pasting properties of millet-based analogue rice leading to
reduced viscosity, lowered gelatinization temperature,
decreased thermal and shear stability, and suppressed retro-
gradation. These physicochemical changes are primarily driven
by oxidative degradation and reorganization of starch mole-
cules under plasma-generated RONS. These changes can
enhance cooking efficiency and yield soer textures. They may
also affect product structure, shelf life, and consumer accept-
ability, depending on the application. Therefore, it is essential
to optimize cold plasma parameters to balance functionality
and quality. Further studies should explore the implications of
these modications on the nutritional prole, sensory percep-
tion, and digestibility of MAR-based foods.
3.5. FTIR analysis

Fourier-transform infrared (FTIR) spectroscopy was employed
to elucidate the structural modications in MAR induced by
cold plasma treatment. The comparative FTIR spectra of
untreated and plasma-treated MAR (Fig. 2) reveal signicant
alterations in both peak positions and intensities, suggesting
extensive molecular-level transformations.43 These changes
reect the reorganization or degradation of specic chemical
bonds and functional groups within the biopolymeric matrix of
MAR driven by reactive species generated during plasma expo-
sure. In the untreated MAR, characteristic peaks were observed
at 2980 cm−1, 1146 cm−1, and 965 cm−1, corresponding
respectively to C–H stretching vibrations of aliphatic chains,
C–O–C stretching in carbohydrate backbones and vibrations
associated with glycosidic linkages. These bands are typical
signatures of native polysaccharide and starch structures. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of untreated and cold plasma treated millet-based
analogue rice.

Fig. 3 X-ray diffraction pattern of untreated and cold plasma treated
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965 cm−1 band, in particular, is indicative of the a-(1,4) glyco-
sidic bonds that underpin starch granule integrity. The inten-
sity and sharpness of these bands suggest a well-ordered and
compact polysaccharide matrix in untreated MAR. Upon cold
plasma treatment, several new absorption peaks appeared at
2350 cm−1, 1595 cm−1, 1393 cm−1, and 1245 cm—1, consistent
with oxidative modications and structural perturbations. The
2350 cm−1 band is typically attributed to asymmetric stretching
of CO2 or carbonyl-containing degradation products, reecting
oxidative cleavage of carbon backbones likely mediated by
plasma-generated ozone, singlet oxygen, or hydroxyl radicals.
These species can initiate b-scission or radical recombination
fragmenting polysaccharide chains and introducing carbonyl or
carboxyl fractions.

The emergence of the 1595 cm−1 and 1393 cm−1 peaks may
correspond to asymmetric and symmetric stretching of COO−

groups, respectively, suggesting the formation of carboxylate
functionalities. These modications could arise from oxidative
deamination or decarboxylation of amino acid side chains or
oxidative fragmentation of fatty acid components in lipoprotein
complexes. These modications are indicative of partial oxida-
tion of proteins and lipids potentially altering their secondary
structure and inuencing their interactions within the food
matrix. Importantly, the 1245 cm−1 peak denotes C–O stretch-
ing vibrations oen associated with changes in polysaccharide
conformation and branching. This shimay reect the cleavage
of native glycosidic bonds and the formation of new ether or
ester linkages, suggesting that plasma treatment induces poly-
mer rearrangement or partial depolymerization. These modi-
cations can disrupt hydrogen bonding, polymer chain mobility,
and alter hydration properties. The reduction in the intensity of
the 1146 cm−1 and 965 cm−1 peaks in the treated samples
further supports the hypothesis of glycosidic bond disruption
and loss of the ordered starch structure. This degradation
weakens the polymer network increasing water accessibility to
hydroxyl groups and amorphous regions by enhancing water
absorption capacity (WAC). This mechanism is consistent with
© 2026 The Author(s). Published by the Royal Society of Chemistry
the observed improvement in cooking properties such as
reduced cooking time and improved soness, which are critical
for consumer acceptability.27

The oxidative modications and structural loosening may
confer greater resistance to enzymatic hydrolysis as steric
hindrance and altered substrate specicity can reduce suscep-
tibility to digestive enzymes. This could contribute to a lower
glycaemic response and extended satiety, positioning plasma-
treated MAR as a functional ingredient with potential health
benets. Moreover, cold plasma treatment may improve
nutrient bioavailability by unmasking bound or encapsulated
micronutrients and enhancing protein digestibility through
partial unfolding or denaturation. These effects can be linked to
the increased surface area and reduced crystallinity, which
promote interfacial interactions with digestive enzymes and
enhanced solubility. In summary, FTIR spectral analysis
conrms that cold plasma induces targeted chemical and
structural modications in MAR via oxidative mechanisms.
These changes disrupt native polysaccharide and protein
matrices leading to enhanced functional properties such as
improved water absorption, modied cooking behaviour, and
potential nutritional advantages. The treatment appears to
modify key molecular interactions such as hydrogen bonding,
van der Waals forces, and covalent linkages within the MAR
matrix, contributing to changes in physicochemical behaviour.
These ndings highlight the utility of cold plasma as a non-
thermal, green technology for structurally tuning
carbohydrate-based food materials. However, future studies
should focus on elucidating the exact reaction pathways of
plasma-induced modications to assess the long-term stability
and sensory impact, and establish the safety prole for wide-
spread food application.52
3.6. X-ray diffraction analysis

The X-ray diffraction (XRD) patterns of untreated and cold
plasma-treated millet-based analogue rice (MAR) (Fig. 3) reveal
dried millet-based analogue rice.

Sustainable Food Technol., 2026, 4, 1057–1072 | 1065
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marked differences in crystallinity, indicating that cold plasma
treatment signicantly alters the molecular organization of
starch granules. The untreated MAR exhibited broad diffraction
peaks, particularly at 2q angles of 8°, 13.5°, 20°, and 23°, char-
acteristic of a less ordered partially amorphous starch structure.
In contrast, the cold plasma-treated MAR displayed sharper and
more intense peaks, especially at 2q = 13.5°, 20°, and 23°
consistent with a polymorphic starch pattern.27 The increased
sharpness following cold plasma treatment suggests a transi-
tion toward a more ordered molecular arrangement within the
starch granules. This likely arises from plasma-induced cross-
linking and molecular reorientation of starch chains, particu-
larly the linear amylose and branched amylopectin segments.
During cold plasma exposure, high-energy reactive species (e.g.,
O+, N+, and excited-state radicals) interact with the starchmatrix
promoting partial depolymerization of amorphous regions.
This interaction simultaneously induces realignment and
tighter packing of polymer chains in crystalline domains.20 This
reorganization enhances hydrogen bonding and van der Waals
interactions between adjacent helices of amylopectin leading to
increased double helical order and crystalline lamellae
formation.56

The shi from broad, low-intensity peaks in the untreated
MAR to more dened higher-intensity peaks in the treated
sample underscores the formation of stable and ordered crys-
tallites. Cold plasma treatment appears to facilitate the devel-
opment of orthorhombic-type unit cells typical of starch where
the helices are densely packed and well-aligned. This trans-
formation implies improved granule integrity and reduced
porosity translating into enhanced resistance to swelling and
Fig. 4 SEM analysis of untreated (a – surface, b and c – cross sec
(d – surface, e and f – cross sectional view).

1066 | Sustainable Food Technol., 2026, 4, 1057–1072
enzymatic degradation.57 This molecular reordering oen
correlates with improved mechanical strength, reduced water
absorption, and better resistance to retrogradation, which are
the key factors in maintaining textural stability during storage
and processing. Structurally, the transition from amorphous to
a semi-crystalline state in MAR has multiple implications.
Crystalline domains are less hydrophilic and more thermally
stable, thus lowering the tendency of starch to undergo retro-
gradation or form a sticky gel upon cooling.43 In practical terms,
this contributes to a rmer, less adhesive texture and better
cooking quality parameters that dene consumer acceptability
in rice analogues. The retention of starch granule morphology
enhances the mechanical strength and chewiness of the nal
product improving its sensory prole and mimicking the
textural cues of traditional rice. A previous study has also
demonstrated that plasma processing can result in surface
restructuring of starch granules without compromising the
granule size or integrity, which supports the observation of
improved granule alignment in the present study.20 The oxida-
tive and energetic environment during cold plasma treatment
likely facilitates subtle molecular rearrangements at both the
surface and interior of the granules, reinforcing crystalline
lamellae while limiting the degradation of internal structures.27

The relative crystallinity, which reects the molecular order
within starch granules, was notably higher in the control MAR
(25.32%) than in the cold plasma-treated sample (19.41%). This
decline in crystallinity suggests signicant disruption of the
starch granule structure following plasma exposure.58 Such
changes likely result from the action of reactive plasma species,
especially reactive oxygen species (ROS) like atomic oxygen (O−),
tional view) and cold plasma treated millet-based analogue rice

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ozone (O3), and hydroxyl radicals (–OH). These reactive mole-
cules interfere with the hydrogen bonding that maintains the
amylopectin double helices in crystalline regions, causing
partial unwinding and a loss of ordered arrangement. In addi-
tion, oxidation of hydroxyl groups weakens intermolecular
interactions, further destabilizing the crystalline–amorphous
lamellar arrangement. Cleavage of glycosidic bonds by plasma
species, particularly in the amorphous regions, leads to chain
scission, fragmentation, and depolymerization of amylopectin
and amylose molecules. Physical effects such as surface erosion
and etching from bombardment of plasma species also
contribute to increased amorphous character, which is evident
from the SEM images (Fig. 4). These results are in line with
previous reports on rice starch, where Rc decreased from
43.06% (untreated starch) to 37.47% following cold plasma
treatment, mainly due to depolymerization of starch molecules
caused by the reactive plasma species.59 Similar results of
reduced relative crystallinity were also reported in ref. 58 on
potato starch and ref. 60 on red adzuki bean starch.

These results suggest that cold plasma-treated MAR may be
more resistant to physical breakdown and structural collapse
during thermal processing or storage. The presence of well-
dened crystalline domains also supports long-term shelf
stability and reduced susceptibility to microbial or oxidative
deterioration. This translates into improved functionality in
ready-to-eat, instant, or retort rice analogue applications from
a commercial perspective. In conclusion, cold plasma treatment
induces structural reorganization at the molecular level
promoting alignment and crystallization of starch polymers
within MAR. The enhanced diffraction intensity and peak
resolution observed via XRD conrm the transition to a more
crystalline state which correlates with improved textural integ-
rity, mechanical strength, and storage stability. These changes
are driven by increased hydrogen bonding, tighter helical
packing, and enhanced molecular ordering due to the plasma-
generated reactive environment. As a result, cold plasma-
treated MAR presents a promising strategy to enhance the
physicochemical properties of millet-based rice analogues in
food processing applications.
3.7. SEM analysis

The scanning electronmicroscopy (SEM) images of millet-based
analogue rice (MAR) before and aer cold plasma treatment
(Fig. 4) reveal substantial alterations in the surface morphology
and internal microstructure, underscoring the structural
impact of the cold plasma process. The untreated MAR exhibi-
ted a smooth and continuous surface with minimal surface
disruptions or pore formation. This morphology is character-
istic of starch-based materials with intact granule organization
and low surface energy, indicative of minimal physical pro-
cessing. In contrast, the cold plasma-treated MAR showed
a signicantly rougher and more porous surface topology
characterized by microfractures, pits, and increased surface
irregularity. This change is likely due to rapid moisture
desorption and effects induced by the highly energetic plasma
environment. During treatment, reactive oxygen and nitrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
species (RONS) such as ozone (O3), singlet oxygen (1O2), and
nitrogen radicals (NO+ and N2

+) interact with the surface starch
matrix, leading to localized oxidation, ablation, and breakdown
of weaker amorphous regions.20,61 This results in microstruc-
tural rearrangements and an increase in the free volume at the
surface. The observed increase in porosity and surface rough-
ness may have important functional implications especially for
water–matrix interactions. A rougher surface increases the
available surface area for water contact and capillary uptake,
which enhances water absorption capacity and rehydration rate
properties critical for the design of instant or ready-to-cook
formulations.27 This also supports improved binding with
added hydrocolloids or nutrients in multi-component food
systems.

The cross-sectional SEM analysis reveals additional insights
into the internal structural transformations. Untreated MAR
displayed loosely packed starch granules consistent with
a native or minimally processed starch matrix. These granules
appear irregularly distributed with visible inter-granular voids
indicative of poor molecular cohesion and limited structural
consolidation. In contrast, the cold plasma-treated MAR
exhibited a denser and more compact internal network. The
starch granules appear more fused with fewer voids and the
overall structure is notably more homogeneous. This densi-
cation suggests partial gelatinization or restructuring of the
internal matrix potentially resulting from localized thermal and
oxidative effects during plasma exposure.47 The molecular
mechanism behind this densication likely involves starch
depolymerization and recombination where disrupted amylo-
pectin and amylose chains realign into a tighter and entangled
matrix. Additionally, cold plasma may induce limited cross-
linking of hydroxyl groups on glucose residues enhancing the
cohesion and rigidity of the internal structure.43 This reorga-
nization stabilizes the matrix, reducing free volume and
increasing structural resistance to mechanical stress. The
increased internal density enhances the mechanical strength of
the MAR granules, reducing brittleness and breakage during
transportation, handling, and storage. This structural rein-
forcement is particularly benecial for dried or pre-packaged
products that are subjected to mechanical loads. The dual
effects of surface porosity and internal densication indicate
that cold plasma treatment can simultaneously optimize both
hydration behaviour and mechanical integrity, which are oen
opposing requirements in food design. Porous structures
usually facilitate hydration but compromise structural stability.
However, in this case, the synergistic effects of surface modi-
cation and internal consolidation provide a balance between
rapid water uptake and textural durability.52

The improvements in hydration and mechanical properties
also imply potential benets in sensorial attributes such as
chewiness and rmness, enhancing the overall consumer
acceptability of MAR. The enhanced rehydration rate may allow
for reduced cooking times, contributing to the convenience and
energy efficiency of MAR-based meals. In conclusion, the SEM
analysis conrms that cold plasma treatment induces multi-
scale structural modications in MAR ranging from increased
surface porosity to enhanced internal granule packing. These
Sustainable Food Technol., 2026, 4, 1057–1072 | 1067
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morphological changes are driven by plasma-induced physico-
chemical interactions including surface modication, molec-
ular fragmentation, and partial thermal restructuring. These
alterations translate into improved water absorption, rehydra-
tion kinetics, and mechanical resilience making cold plasma-
treated MAR a promising candidate for functional, fast-
cooking, and shelf-stable food products. Future work should
aim to optimize plasma exposure parameters (e.g., gas compo-
sition, treatment time, and power density) to tailor porosity and
structural integrity for specic food applications.
3.8. Elemental analysis

Table 4 illustrates the statistically signicant differences in
elemental concentrations (in ppm) between the control and
cold plasma-treated millet-based analogue rice (MAR). These
ndings highlight the ability of cold plasma to modify the
mineral composition potentially improving the nutritional
quality of MAR through alterations in surface chemistry,
porosity, and matrix reactivity. Cold plasma-treated MAR
showed a slight but statistically signicant reduction in sodium
content (111.19 ± 0.480 ppm) compared to that of the control
(112.35 ± 0.493 ppm), possibly due to plasma-induced ionic
exchange or surface desorption effects. In contrast, macro
elements such as magnesium, phosphorus, potassium, and
calcium exhibited dramatic increases in concentration. Specif-
ically, magnesium content rose from 262.10 ± 0.376 ppm in the
control to 633.72 ± 0.301 ppm aer treatment which is a highly
signicant enhancement. Similarly, phosphorus increased from
555.75 ± 0.560 ppm to 1678.56 ± 0.382 ppm, and potassium
from 48.01 ± 0.396 ppm to 244.95 ± 0.382 ppm. Calcium ach-
ieved an 18-fold increase from 5.43 ± 0.345 ppm to 99.88 ±

0.405 ppm. These substantial changes suggest that cold plasma
enhances the surface reactivity or accessibility of mineral-
binding sites on starch and protein matrices.43 The treatment
likely promotes surface oxidation and microcrack formation as
conrmed by SEM, increasing porosity and thereby exposing
internal mineral-rich domains. Reactive species such as oxygen
radicals and ozone can modify the structure of cell wall
Table 4 The concentration of different mineral contents in the MAR sam

Parameters Untreated MAR (ppm)

23Na (sodium) 112.35 � 0.493a
24Mg (magnesium) 262.10 � 0.376b
31P (phosphorus) 555.75 � 0.566b
39K (potassium) 48.01 � 0.396b
44Ca (calcium) 5.43 � 0.345b
48Ti (titanium) 0.15 � 0.113b
52Cr (chromium) 1.00 � 0.276b
55Mn (manganese) 1.71 � 0.309b
57Fe (iron) 83.92 � 0.368b
60Ni (nickel) 0.15 � 0.119b
63Cu (copper) 0.37 � 0.139b
66Zn (zinc) 0.80 � 0.269b
95Mo (molybdenum) 0.13 � 0.115b

a Results are expressed as mean ± SD (n = 3). Values in the sam
(** denotes high signicance and NS denotes non-signicant).
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components breaking down bound complexes and releasing
chelated minerals enhancing their extractability and potential
bioavailability.20,62

Among trace elements, cold plasma treatment also signi-
cantly increased concentrations of chromium (from 1.00 ±

0.267 to 3.30 ± 0.264 ppm), manganese (1.71 ± 0.309 to 6.19 ±

0.329 ppm), iron (83.92± 0.368 to 257.03 ± 0.312 ppm), copper,
and zinc. These elements are essential cofactors for enzymatic
processes related to metabolism, redox balance, and immune
response.63 The elevated concentrations of these trace minerals
suggest that cold plasma can enhance the mineral nutritional
prole of MAR, potentially contributing to better human health
outcomes, especially in populations dependent on staple
cereals. For certain elements like nickel and molybdenum,
there were no statistically signicant changes between the
control and treated samples, indicating selective effects of
plasma on mineral mobilization. This selectivity may be related
to differences in the chemical speciation, oxidation state, or
binding affinity of elements within the MAR matrix. For
example, elements bound in highly stable organo-metallic
complexes may be less responsive to plasma-induced disrup-
tion compared to more loosely bound ions.35,64 Mechanistically,
the increase in essential macro- and micro-minerals can be
attributed to the modication of matrix hydrophilicity, surface
charge, and chemical reactivity. Cold plasma introduces polar
functional groups (e.g., –OH, and –COOH) onto the surface of
biopolymers such as starch and proteins, which may enhance
their cation exchange capacity, facilitating the release or
retention of minerals.61 These physicochemical changes can
also inuence subsequent mineral analysis by improving
digestion efficiency or altering solubility during sample
preparation.

The nutritional implications of these enhancements are
considerable. The key macro elements like potassium, phos-
phorus, calcium, and magnesium play essential roles in
osmoregulation, bone health, and enzymatic activation. Simi-
larly, trace elements like iron, zinc, manganese, and chromium
are crucial for oxygen transport, antioxidant defence, glucose
plea

Cold plasma treated MAR (ppm) t Value

111.19 � 0.480b 4.121**
633.72 � 0.301a 1886.979**

1678.56 � 0.382a 4024.576**
244.95 � 0.382a 876.222**
99.88 � 0.405a 434.216**
0.47 � 0.219a 3.182*
3.30 � 0.264a 14.675**
6.19 � 0.329a 24.255**

257.03 � 0.312a 877.245**
0.36 � 0.249a 1.915NS

0.90 � 0.229a 4.813**
6.03 � 0.305a 31.419**
0.42 � 0.296a 2.185NS

e row with different letters are signicantly different at p < 0.05

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metabolism, and numerous enzymatic pathways.65 Therefore,
cold plasma-treated MAR may offer an improved mineral
prole, making it a nutritious and functional alternative to
conventional rice products, especially in micronutrient-
decient regions. Cold plasma presents an innovative post-
harvest technology to improve nutrient density in staple
crops. The use of this technology could address micronutrient
deciencies in vulnerable populations, particularly where die-
tary diversity is limited.66 However, further research is needed to
clarify the mechanisms underlying mineral transformation
including the potential effects of plasma gas type, power,
duration, and moisture content. Moreover, the long-term
stability, bioavailability, and sensory impacts of these mineral
changes in MAR require detailed exploration. The elemental
analysis conrms that cold plasma treatment induces signi-
cant enhancements in both macro- and micro-mineral
concentrations in MAR. These changes are likely driven by
plasma-induced structural and chemical modications which
increase mineral availability and potentially improve nutri-
tional quality. This suggests that cold plasma technology can be
effectively harnessed to enrich staple foods like millet-based
rice analogues with essential nutrients contributing to both
food security and public health.

4. Conclusion

Cold plasma treatment applied using a multipin atmospheric
plasma reactor at 10–30 kV for 10–30 minutes signicantly
enhanced the functional, cooking, and structural properties of
millet-based analogue rice (MAR). The strongest effects were
observed at 30 kV for 30 minutes, where high levels of RONS
induced key molecular changes, including disruption of glyco-
sidic linkages, formation of new carbonyl/carboxyl groups
(FTIR), a reduction in relative crystallinity from 25.32% to
19.41% (XRD), and the development of a rough porous surface
with micro-fractures (SEM). These structural modications
drove the major ndings of the study: improved water absorp-
tion and hydration capacity, reduced cooking time, strength-
ened rheological behaviour, increased textural rmness,
enhanced mineral bioavailability (Mg, P, K, Ca, and Fe), and
better overall cooking quality that can positively inuence
sensory attributes. These results conrm that cold plasma is
a reproducible, sustainable, non-thermal technology capable of
tailoring the starch structure and substantially improving MAR
quality and consumer acceptance. Future research should
rene plasma dosimetry and treatment parameters, assess long-
term storage stability and sensory performance, and conduct
comparative and real-food system trials to support industrial-
scale deployment and commercialization of cold-plasma-
processed, climate-resilient millet-based foods.
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