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The present study focused on multi-pin cold plasma treatment (CPT, voltage- 10, 20, and 30 kV, time- 10,
20, and 30 min) to investigate the nutritional, antinutritional, techno-functional, and structural properties of
chia seed flour (Salvia hispanica L.). CPT significantly (p = 0.05) enhanced the protein content (22.84 to
24.63%), water absorption capacity (9.17 to 12.16 g g3, oil absorption capacity (0.74 to 1.53 g g%,
swelling power (9.17 to 12.16 g g3, in vitro protein digestibility (65.92 to 72.68%) and improved pasting
and thermal stability of chia seed flour. It reduced the amount of anti-nutritional compounds, i.e., tannins
(3.48 to 2.88 mg TAE per g) and phytates (2.15 to 1.53 mg PAE per g), resulting in improved in vitro
digestibility and mineral content. FTIR spectra suggested potential modification of functional groups,
while XRD analysis indicated reduced crystallinity with increasing voltage and time. The SEM images

revealed surface disruption with increased porosity in plasma-treated samples. Principal component
Received 10th September 2025

Accepted 20th October 2025 analysis displayed a favourable correlation between moderate plasma exposure (20 kV) and durations

(10-20 min) with enhanced chia seed flour properties. CPT proves to be an effective non-thermal
DOI: 10.1039/d5fb00582¢ technology for improving the nutritional and techno-functional properties of chia seed flour, which

rsc.li/susfoodtech could potentially enhance its diverse applications in food and nutraceutical formulations.

Sustainability spotlight

The application of multi-pin cold plasma to chia seeds (Salvia hispanica L.) demonstrates a resource-efficient, chemical-free processing approach that preserves
nutritional quality while modulating anti-nutritional components and improving the techno-functional and structural characteristics of the flour. Operating at
atmospheric pressure and near-ambient temperatures, this technique minimizes energy and water use, reduces chemical inputs, and aligns with sustainable
food processing and circular economy principles, offering an environmentally responsible strategy for value-added chia-based ingredients.

currency in trade until the onset of colonialism.* The 20th
century witnessed the resurgence of chia seeds owing to

1 Introduction

tremendous

Chia seeds, derived from the perennial herb Salvia hispanica L.
of the family Labiatae or Lamiaceae, are often categorized as
oilseeds as well as pseudocereals.” It has been mainly cultivated
in Mexico, Guatemala, and the western parts of Central and
Southern America since early 3500 BCE.” The crop is resilient to
arid and semi-arid regions, making it one of the important
components of the diet of the Mesoamericans in the Aztec and
Mayan civilizations.®* It also holds cultural and economic
significance, often being used as offerings in rituals or even as
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research work demonstrating their health-
benefiting properties, thus attracting health-conscious
consumers. With this growing awareness and the extensive
scientific observations, chia seeds were reintroduced as
a superfood, resulting in widespread cultivation, with Mexico,
Argentina, and Australia becoming the main producers.® This
revival is not only attributed to its historical significance but
also backed by scientific validation, whereby by the year 2000,
chia seeds became established in health food stores and
supermarkets worldwide as they were increasingly incorporated
in numerous food items.® According to US dietary regulations,
chia seeds can be eaten raw or as sprouts and added to salads,
drinks, and cereal dishes.” Chia seeds are nutritionally dense,
having a higher amount of protein (19-23 g/100 g), fat (30-33 g/
100 g), carbohydrates (40 g/100 g), and dietary fiber (34-40 g/100
g) and being rich in a-linolenic and crucial omega-3 fatty acid.®
They have a higher amount of calcium, potassium, and

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5fb00582e&domain=pdf&date_stamp=2026-01-28
http://orcid.org/0009-0005-8373-1486
http://orcid.org/0009-0001-6036-8523
http://orcid.org/0000-0002-8370-282X
http://orcid.org/0000-0003-2810-0102
http://orcid.org/0000-0003-1905-8440
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00582e
https://pubs.rsc.org/en/journals/journal/FB
https://pubs.rsc.org/en/journals/journal/FB?issueid=FB004001

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

Open Access Article. Published on 21 1404. Downloaded on 22/12/1404 04:54:51 ..

(cc)

Paper

magnesium compared to milk. The rich nutritional profile of
chia seeds is linked to several health benefits, such as a lower
risk of obesity, inflammation, type II diabetes, and heart
disease.*? Additionally, its gluten-free nature makes it a super-
food and suitable for people suffering from celiac disease or
gluten intolerance.'® Despite its rich nutritional profile, the
application of chia seed flour is limited due to its poor func-
tional characteristics and poor physical properties of developed
food products.” Hence, researchers have explored different
processing techniques (roasting, cooking, and germination) to
enhance the functional properties of chia seed flour.”*™*
However, these processes have certain limitations, such as long
processing time and degradation of heat-sensitive compounds
(beneficial fatty acids and antioxidants),'® formation of harmful
heat-induced compounds like acrylamide'” and a reduction in
water-holding capacity.'® Hence, there is a need for a short-time
and moderate temperature process to prevent and enhance the
nutritional benefit and functional characteristics for versatile
application of chia seed flour in food and pharma.

Among various novel non-thermal technologies, cold plasma
stands out as a versatile processing method. Cold plasma is
composed of reactive species like electrons, free radicals,
excited gas atoms, ions, and molecules.” These reactive species
initiate numerous chemical reactions in the target material,
such as oxidation, sulfoxidation, nitration, and sulfonation,
that lead to surface etching, crosslinking, and depolymerization
of food macromolecules like protein, carbohydrates, and
lipids.*® These modifications enhance the functional properties
of the food macromolecules, resulting in improved quality and
stability of derived food products.”* Researchers have explored
cold plasma treatment (CPT) for various food grains and flour
and reported improved nutritional, techno-functional, bioac-
tive, pasting, and morphological properties.”>** Although CPT
has shown promising improvements in the functionality of
various flours, its application to pseudocereals remains rela-
tively unexplored. With the rising demand for gluten-free
products and a shift towards non-thermal processing methods
over conventional techniques, chia seeds are less explored, and
researchers have mainly focused on atmospheric pressure cold
plasma (ACP) induced technological characteristics, phenolic
and antioxidant activities,*" nutritional characteristics,* modi-
fication of chia seed mucilage,* physicochemical properties of
soy protein isolate-chia seed gum complex,* and mucilage
extraction.*

Considering the limited work on cold plasma-induced
modification of chia seeds for their application in food formu-
lations, the present study is focused on multipin cold plasma
discharge treatment on physicochemical, nutritional, anti-
nutritional, techno-functional, pasting behaviour, and molec-
ular interactions of chia seed flour under varying voltages and
exposure time. Multipin cold plasma discharge generates
plasma with multiple fine-point pin emitters, covering a wider
surface area compared to conventional single-pin systems.
Moreover, it consumes less power and operates at relatively
lower plasma voltages than DBD, ensuring a uniform discharge
across the surface of the food product.””*¢
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2 Materials and methods
2.1 Raw materials and chemicals

Chia seeds were procured online from True Elements Company
(Maharashtra, India). The seeds were properly cleaned, and any
foreign matter was removed. Later, the seeds were stored in an
airtight plastic bag and kept at room temperature (28 + 2 °C)
until treatment was applied. The chemicals used in the study,
including ammonium ferric sulphate, ammonium chloride,
bipyridine, hydrochloric acid, nitric acid, ethanol, phytic acid,
sodium hydroxide, sodium salt hydrate, sodium carbonate,
sulfuric acid, tannic acid, thioglycolic acid, and vanillin, were
purchased from SRL Pvt Ltd (India). Standards including o-
chymotrypsin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin-
Ciocalteu reagent (FC), gallic acid (GA), peptidase, quercetin,
and trypsin were purchased from Himedia, India. All the other
chemicals and reagents used for the present study were of
analytical grade.

2.2 Cold plasma treatment

Chia seeds were treated with a multipin plasma discharge
system (IN-HVLT MP, Ingenium Naturae Private Limited,
Gujarat, India) having an input voltage of 230 V and frequency
of 50 Hz from the main supply and a maximum output voltage
of 60 kV (Fig. 1). It has two stainless steel electrodes 3 cm apart,
containing 63 high voltage pins with a total discharge area of
185 x 250 mm, and it uses ambient air for plasma generation.””
For treatment, 50 g of whole chia seeds were spread evenly (1 to
2 mm thickness) on a Petri plate and exposed to output voltages
of 10, 20, and 30 kV for 10-, 20-, and 30-minutes durations,
respectively. After the treatment, chia seed samples were milled
using a grinder (Hamilton Beach, 58770-IN) and passed through
a 600 pm mesh sieve and stored in airtight zipper bags at —18 °C
until further analysis. The treated samples were coded as
follows: T1 (10 kV — 10 min), T2 (10 kV - 20 min), T3 (10 kV - 30
min), T4 (20 kV - 10 min), T5 (20 kV - 20 min), T6 (20 kV - 30
min), T7 (30 kV - 10 min), T8 (30 kV - 20 min), T9 (30 kV - 30
min). Untreated chia seed flour was taken as the control.

2.3 Physicochemical properties

2.3.1 Bulk density (BD) and tapped density (TD). Bulk
density (BD) and tapped density (TD) of the flour samples were
determined by the methods of Joy et al. (2022).>° A sample of
20 g was transferred to a 50 mL measuring cylinder, and the
initial volume was noted to calculate the BD. The cylinder was
tapped 100 times on a rubber bottom. The final volume ob-
tained after tapping was measured to determine the TD. BD and
TD were calculated using the following formulae:

BD(g mL™) = % 1)
TD(g mL™) = % (2)
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Fig. 1 Schematic representation of the cold plasma treatment setup.

where,

W, - sample weight, Vs - volume of sample before tapping,
Vi — volume of sample after tapping.

2.3.2 Colour. The colour values (L*, a*, b*) of all samples
were assessed using a chromameter (CR-400 Konica Minolta
Optics, Japan).*® The total colour difference (AE) was calculated
using the following expression:

AE = \/(AL#? + (Aa*)” + (8b%) 3)

where AL*, Aa*, and Ab* are the differences in lightness, red/
green, and yellow/blue, respectively, between the respective
treated and control samples.

2.4 Functional and gel hydration properties

2.4.1 Water absorption capacity (WAC) and oil absorption
capacity (OAC). The water and oil absorption capacities of the
chia seed flour samples were determined following the methods
outlined by Hatamian et al. (2020) with slight modifications.*
The sample was suspended in distilled water (DW) (1:20, w
v 1). The suspension was vortexed and allowed to stand for
30 min to ensure proper hydration. This suspension was
centrifuged at 3000xg for 15 min (Sigma 3-18KS) and the
supernatant was decanted. The tubes were inverted to remove
any residual fluid. The weight of the drained residue was noted.
The following formula was used to calculate the WAC and OAC
of samples.

W,
Wi

WAC or OAC(g g') = (4)
where W; is the residue weight and W is the sample weight.
2.4.2 Emulsifying capacity (EC) and emulsifying stability
(ES). The emulsifying properties of the flour samples were
determined using the method of Chandra et al. (2014) with
minor changes.”” The sample (1 g) was added to 15 mL of DW
and 7 mL of sunflower oil, and the mixture was first vortexed
and then homogenized at 10000 rpm for 3 min using
a homogenizer (Igene Labserve IG-HT-500) to obtain an emul-
sion. This was followed by centrifugation at 2000xg for 30 min.
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The emulsion volume was measured and noted. For emulsion
stability, the emulsion was subject to heating at 80 °C for
30 min. The heated emulsion was cooled to room temperature
(28 £ 2 °C) and then centrifuged at 1200xg for 15 min. EC and
ES were calculated using the following formula:

EC or ES(%) = g x 100 (5)

where H, is the height of the emulsified layer and H,, is the
height of the whole layer.

2.4.3 Gel hydration properties. The water absorption index
(WALI), water solubility index (WSI), and swelling power (SP) of
the flour samples were analyzed according to the procedures of
Chaple et al. (2020).>* The sample was dispersed in DW (1:20, w
v~1). The dispersion was heated to 90 °C for 10 min, cooled, and
then centrifuged at 3000xg for 10 min. The supernatant was
collected and dried in a hot air oven at 105 °C until a constant
weight was obtained. The weights of the residue after centrifu-
gation (W,) and the dry solids of the supernatants after drying
(Ws) were noted. The WAI, WSI, and SP were calculated using
the formulae below.

WAL (gg ') = W/ W, (6)
WSI(gg™') = WJW, (7)
SP(zg ') = W(W; — W) 8)

2.5 Nutritional evaluation

2.5.1 Proximate composition. The proximate composition
of the control and treated flour samples was estimated
according to the official AOAC (2000) methods, using advanced
high-precision equipment. All measurements were performed
under controlled laboratory conditions in triplicate. Protein
content was estimated using the Kjeldahl system (KDIO50,
Labquest), fat content using a Soxotherm (Gerhardt), and fiber
content using an FES06 RTS (Fibraplus). The total carbohydrate
content was determined by the difference method by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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subtracting the sum of moisture, fat, protein, and ash from 100.
The energy value was determined using the Atwater factors.*

2.5.2 Mineral profile. The mineral profile of chia seed flour,
including the contents of calcium (Ca), magnesium (Mg),
potassium (K), phosphorus (P), iron (Fe), zinc (Zn), copper (Cu),
and manganese (Mn), was determined following the wet
digestion method using HNO; and H,0,. Quantification was
performed using an Inductively Coupled Plasma Optical Emis-
sion Spectrophotometer (PerkinElmer, Optima 7000 DV-ICP/
OES, USA).*

2.5.3 In vitro protein digestibility (IVPD). The in vitro
protein digestibility (IVPD) of the flour samples was determined
using a multienzyme mixture (trypsin, a-chymotrypsin, and
peptidase), and the final pH was measured for each sample post
incubation (37 °C for 10 min).*’ The following formula was used
to determine the digestibility of all samples.

IVPD = 210.46 — 18.103z (9)

where z is the final pH.

2.5.4 Antioxidant properties. Total phenolic content (TPC),
total flavonoid content (TFC), and antioxidant activity (AOA)
were determined following the methods described by Kheto
et al. (2022).** Each sample was dispersed in 80% ethanolic
solution in the ratio of 1:25 (w v~ ') in a covered conical flask.
The flask was placed in a shaker incubator (New Brunswick,
Innova 42R Inc/Ref shaker) at 25 °C and orbital speed of
100 rpm. After 24 h of extraction, the dispersion was subjected
to centrifugation at 3000 xg for 10 min at 4 °C. The supernatant
obtained was filtered to obtain a clear extract and stored at 4 °C
until being analyzed. To determine the TPC, a 0.1 mL aliquot of
the extract obtained was mixed with 2.5 mL of 10% FC reagent
and 2.0 mL of 7.5% Na,CO;. The mixture was incubated at 45 °C
for 40 min. The absorbance was measured at 765 nm using a UV
spectrophotometer (Multiskan Skyhigh 1550, Singapore). TPC
was expressed as mg gallic acid equivalent per 100 gram (mg
GAE/100 g). Additionally, the TFC of all samples was analyzed by
briefly taking 0.5 mL of the extract and mixing sequentially with
0.5 mL of methanol, 4 mL of DW, and 0.3 mL of 5% NaNO,. The
mixture was allowed to stand for 5 min. Then, 0.3 mL of 10%
AICl; was added and allowed to equilibrate for 6 min. After
6 min, 2 mL of 1 M NaOH and 2.4 mL of DW were added and
mixed. The mixture was kept at room temperature (28 £ 2 °C)
for 15 min, and then the absorbance was recorded at 510 nm.
The results were expressed as mg quercetin equivalent per gram
(mg QE per g). Further, the antioxidant activity (AOA) of the
samples was measured by the DPPH assay. An aliquot of 2 mL of
extract was mixed with 3.9 mL of DPPH solution (0.2 mM in
ethanol) and the mixture incubated for 30 min. The absorbance
was taken at 517 nm, and the AOA of the samples was calculated
using the following equation:

(Absorbance of control — Absorbance of sample)
Absorbance of control

AOA (%) =

x 100
(10)
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2.5.5 Anti-nutritional factors. The total tannin and phytic
acid contents were determined according to the methods given
by Patra et al. (2024).*° To analyse the total tannin content (TTC),
approximately 0.2 g of sample was extracted in 5 mL of 1%
acidified methanol for 15 h at room temperature (28 + 2 °C).
The mixture was centrifuged at 8000 rpm for 15 min. The
supernatant obtained was mixed with 5 mL of vanillin-HCI
reagent and incubated for 20 min at room temperature.
Absorbance was measured at 500 nm, and TTC was expressed
as mg tannic acid equivalent per gram (mg TAE per g). For
determining the phytic acid content in samples, 0.5 g of the
sample was extracted with 10 mL of 0.2 M HCI. Extraction was
conducted in a shaker water bath for 1 h at room temperature
and then subjected to centrifugation at 5000 rpm for 15 min.
Briefly, 0.5 mL of the supernatant collected was mixed with
1 mL of ammonium ferric sulphate and heated in boiling water
for 30 min. The mixture was allowed to cool, and 2 mL of bi-
pyridine solution was added and allowed to stand for 5 min. The
absorbance was recorded at 519 nm, and results were expressed
as mg phytic acid equivalent per gram (mg PAE per g).

2.6 Pasting properties

The pasting profile of samples was measured according to
Garcia-Salcedo et al. (2018) using a rheometer (Anton Paar, MCR
52, Austria).*” The sample was mixed with DW (1:12, wv ') and
heated from 50 to 95 °C. This was followed by cooling to 50 °C at
a rate of 6 °C min~'. The peak viscosity (PV), breakdown
viscosity (BV), final viscosity (FV), setback viscosity (SV), pasting
temperature (PT), and peak time (Pt) were recorded for each
sample.

2.7 Thermal properties

Thermal properties of the samples were analysed using
a Differential Scanning Colorimeter (DSC 200, NETZSCH, Ger-
many). In brief, 4 mg of samples were taken and hermetically
sealed in an aluminium crucible and heated from 30 °C to 150 °
C at a heating rate of 10 °C min~". The onset temperature (T,),
peak temperature (Tp), and conclusion temperature (7.) were
recorded for all flour samples.*

2.8 Structural and molecular characterization

2.8.1 FTIR spectroscopy. Fourier transform infrared spec-
troscopy (FTIR) was done to analyze the effect of CPT on the
functional groups of the chia seed flour. FTIR spectra were
obtained using an FTIR spectrophotometer (ALPHA-II Bruker)
in the range 4000 cm " and 400 cm " to identify functional
groups in the flour samples.™

2.8.2 X-ray diffraction (XRD). The crystallinity patterns and
structure of the flour samples were obtained using an X-ray
diffractometer (Smart Lab, Rigaku Co., Japan) with a scanning
range of 5° to 60° (26) at 40 mA and 45 kV.*

2.8.3 Scanning electron microscopy (SEM). The micro-
graphs for control and CPT flour samples were obtained to
visualize their surface morphology using FESEM (JSM-7610F
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Plus, JEOL) at 5000x magnification and 2 KkV accelerating
voltage.*®

2.9 Statistical analysis

All measurements were carried out in triplicate, and the results
were presented as mean =+ standard deviation. All the parame-
ters were analyzed by one-way analysis of variance (ANOVA) and
Duncan's post hoc test (p = 0.05) using IBM SPSS software
(version 20.0). Principal component analysis (PCA) was used to
study the effect of varied treatment conditions on different
properties of chia seed flour using Origin Pro software (2018).

3 Results and discussion

3.1 Effect of CPT on the physico-chemical properties of chia
seed flour

Bulk density (BD) and tapped density (TD) are essential char-
acteristics of flour in determining its flow, handling, process-
ing, and end-use qualities. Cold plasma incurs a reduction in
the moisture of treated flour samples that affects their density.>*
As shown in Table 1, CPT had a significant (p < 0.05) effect on
the BD and TD of chia seed flour (p = 0.05). This change may be
due to the microstructural modifications and surface changes
from the etching effect of CPT, which affects the particle size,
structure, and molecular arrangement of the flour. These
changes improve particle cohesion, resulting in a denser
packing structure.*® The L* values increased significantly after
plasma treatment. Upadhyay et al (2020) reported similar
findings, noting that plasma treatment also increased lightness
in flour due to the breakdown of polyphenols, which produced
a bleaching effect.** The a* and b* values were found to
significantly (p = 0.05) decrease with higher voltage and treat-
ment time. Total colour change (AE) was also significantly
different from CPT. Increased voltage and exposure time (T5 to
T9) gave a AE value exceeding 3, which is normally perceptible
to the human eye, showing considerable colour differences
likely to impact perception by the human eye and consumer
acceptance of the flour. Higher power results in more collisions
between gas molecules and electrons in the air, generating
greater quantities of oxidizing species, whereas longer treat-
ment exposure allows for increased contact time between
oxidizing species and flour, thus resulting in significant colour
changes.®

3.2 Effect of CPT on the functional properties of chia seed
flour

3.2.1 Functional properties. The functional properties of
chia seed flour samples were significantly influenced by treat-
ment conditions. From Table 1, it was observed that CPT had
a significant (p = 0.05) effect on the water absorption capacity
(WAC) of treated chia seed flour. The WAC of the control sample
was 9.17 g g '. As the treatment conditions were increased,
a significant increase in WHC was observed, with the highest
value of 12.16 g g~ ' in T5 (20 kV - 20 min). The plasma treat-
ment induces the formation of microchannels and surface
etching on the flour particles, which enhances water penetration

776 | Sustainable Food Technol, 2026, 4, 772-786
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through capillary action. Moreover, the reactive oxygen and
nitrogen species (RONS) generated during plasma exposure cleave
the glycosidic and polymeric bonds, exposing polar hydroxyl
groups of mucilage and dietary fiber. Additionally, the interaction
of RONS results in the partial unfolding of amino acid side
chains, such as -OH, -NH,, and -COOH, thereby exposing addi-
tional hydrophilic sites and enhancing the WAC of the treated
samples.”>** On the other hand, a gradual decrease in WAC was
observed at higher voltage levels (30 kV) with increasing treatment
time, which can be attributed to the weakening of hydrogen
bonds upon prolonged plasma exposure, resulting in a decrease
in the accessibility of hydrophilic -OH groups for water binding.*
This observation is supported by the FTIR spectra in the O-H
stretching region (around 3000-3400 cm '), where higher trans-
mittance was observed. Furthermore, at prolonged treatment
durations, the RONS generated by plasma can promote oxidative
cross-linking and aggregation of chia proteins. The formation of
covalent bonds, such as disulfide and carbonyl linkages, among
protein molecules leads to a more compact and rigid network
structure, which reduces the exposure of polar sites capable of
forming hydrogen bonds with water molecules.* These structural
alterations result in increased surface hydrophobicity and
reduced WAC at longer exposure durations. Similar observations
were reported for cold plasma-treated whole wheat flour,** jack-
fruit seed flour®® and quinoa flour.*” A high WAC observed for
moderate plasma exposure can be especially useful in food
products where bulking and a consistent texture are important,
such as baked goods.*® A similar trend was observed for the oil
absorption capacity (OAC) of the treated flour samples. The OAC
significantly (p < 0.05) increased with increasing voltage level and
exposure time, reaching a peak value of 1.53 g ¢~* in sample T5
(20 kv - 20 min), which then decreased gradually when further
exposed to CPT. The enhanced OAC value at moderate voltage and
exposure time may be attributed to the surface alterations caused
by plasma treatment. CPT causes the denaturation and decom-
position of proteins, disrupting their secondary structure and
exposing the hydrophobic groups in the proteins, which increases
the affinity of the treated flour to oil.** High OAC observed for
moderate plasma exposure is suitable for products where oil
retention enhances flavour, mouthfeel, and texture, particularly in
meat and bakery products.’” On a similar note, increasing emul-
sifying capacity (EC) and stability (ES) were also observed in CPT
samples in comparison to the control sample. This may be
attributed to the higher exposure of hydrophobic amino acid
chains in CPT samples, which significantly improves their
emulsion properties.” These findings also revealed that the
treated chia seed flour formed more stable emulsions compared
to the control (21.82%), with the maximum value (26.10%)
observed for treatments T4 and T5. Kheto et al (2023) also
observed a significant increase in the emulsifying capacity and
stability of guar seed flour.*

3.2.2 Gel hydration properties. The gel hydration proper-
ties significantly varied with CPT (Table 1) and the trend was
consistent with that of WAC. The water absorption index (WAI)
of the control sample was 8.33 g g~ ! which initially increased
significantly (p = 0.05) upon exposure to plasma at voltages of
10 kv and 20 kV up to a maximum value of 12.66 g ¢~ in T5 (20

© 2026 The Author(s). Published by the Royal Society of Chemistry
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kv - 20 min). Further enhancement of exposure time and
voltage level significantly decreases the WAI to a lowest value
(7.37 g g~ ') observed at the highest voltage and time (30 kV - 30
min). The WAI of chia seed flour varies depending on the action
of reactive species, affecting the soluble fiber, mucilage, and
proteins in the matrix. Plasma etching causes depolymerization
of polysaccharides and alters the polar groups of proteins by
increasing the number of active sites for water absorption, thus
enhancing the WAI in treated flour.*®

Similarly, CPT was also observed to have a significant (p <
0.05) influence on the water solubility index (WSI) of chia seed
flour that follows the same pattern as for WAC. The WSI was
observed to be lowest in the control sample (0.52 g g~ ) while
the highest value (2.18 g g~ ") was observed in treatments T2 and
T5. At lower plasma voltage levels (10 and 20 kV), the WSI was
also observed to initially increase upon increasing the exposure
time to 20 min which thereafter reduced significantly at 30 min.
However, at 30 kV plasma treatment, a decreasing WSI value
was observed upon increasing the exposure time. Reactive
species generated during CPT induce molecular degradation
and fragmentation of amorphous and crystalline structures.
The reduced crystallinity makes the polar functional groups of
polysaccharides readily accessible, which ultimately leads to
increased solubility.*>*® The decline in WSI after extended
exposure time to CPT may be due to protein denaturation.”
High WSI allows easy reconstitution in water or milk with
a smooth texture desirable in product formulations like instant
soups.*®

The swelling power (SP) of chia seed flour samples followed
a similar trend to that for WSI and CPT samples, which showed
better SP than that of the control sample. The SP was found to
be the highest (12.92 g g~ ') in T2 (10 kV - 20 min). In general,
the SP value was observed to initially increase upon increasing
the voltage from 10 kV to 20 kV but then significantly (p < 0.05)
reduced upon enhancing the voltage to 30 kV. Further, at lower
voltage levels of 10 to 20 kV, SP was observed to initially increase
upon increasing the treatment exposure time from 10 to 20 min
and then reduced at 30 min. However, at the highest voltage
level, the SP significantly (p = 0.05) decreased with time. A
similar trend was reported by Joy et al. (2022) in plasma-treated
jackfruit seed flour.”®

3.3 Effect of CPT on the nutritional composition of chia seed
flour

3.3.1 Proximate composition. The proximate composition
and energy values of chia seed flour samples were significantly
(p = 0.05) influenced by CPT, as shown in Table 2. The moisture
content of the control sample was 6.69%, which decreased to
5.81% in sample T9 (30 kV - 30 min). This reduction can be
attributed to the plasma etching process, which induces the
formation of microscopic pits and pores on the surface, thereby
increasing the specific surface area and enhancing the diffusion
and evaporation of moisture.”® Additionally, the reduction in
moisture content may also result from the formation of free
radicals of (O°) and (H") through the lysis of surface-bound
water molecules.”>**** The protein content of the control
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samples was measured at 22.84%, while the protein content of
the treated samples ranged from 24.63% (T4) to 22.97% (T6). At
the lowest voltage level (10 kV), the protein content decreased
from 10 to 20 min of exposure, but then increased at 30 min of
exposure. However, for 20 and 30 kV exposure, the protein
content was decreased with increasing treatment time from 10
to 30 minutes, while comparable results were observed for
samples T1 and T8. Plasma treatment influences the protein
content by the action of reactive species, either by degradation
or aggregation.”»* The enhancement can be attributed to the
action of reactive species generated by cold plasma induced
partial unfolding of protein molecules, exposing the hydro-
philic amino acid side chains and thereby improving protein
solubility. These structural changes caused by surface etching
increase the surface area of the flour matrix, enabling better
solvent diffusion and mass transfer, which improves protein
extractability.”® Moreover, chemical modifications, such as
oxidation of aromatic rings and amino acid side chains,
cleavage of disulfide bonds, and changes in secondary and
tertiary structures, further enhance its solubility and extract-
ability.*>*>** However, extending the exposure time at higher
voltage levels resulted in reduced protein content. This reduc-
tion was mainly attributed to the generation of RONS during
CPT, which intensifies with increasing treatment time.** These
reactive species oxidize and break down susceptible amino
acids, particularly those containing aromatic and sulphur
groups, leading to the cleavage of peptide bonds and the frag-
mentation of large peptides into smaller, free amino acids.
Prolonged exposure promotes cross-linking, which reduces the
surface sulthydryl groups and further lowers detectability.”>>*
Moreover, chemical modifications such as hydroxylation,
sulfonation, and nitration disrupt the protein's secondary and
tertiary structure, causing aggregation and loss of solubility.>*>¢
The reduction in protein content due to higher treatment
dosage has been reported by Kheto et al. (2023) and Lokeshwari
et al. (2021) in guar seed flour and pearl millet flour, respec-
tively.>*® As shown in Table 2, the ash content of the treated
flour samples was significantly higher than that of the control
sample, which measured 4.95%. However, comparable results
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were observed for most treatments, except for samples T6, T8,
and T9. The variations in ash content may be explained by two
phenomena: (i) the degradation of organic matter in CPT-
treated samples resulting in a higher relative concentration of
minerals, and (ii) the interaction of the food matrix with the
CPT-induced reactive species leading to release of bound
minerals or formation of new mineral components.** The fat
content also varied with the change in the CPT dose. The control
sample, having 30.15% of fat, was increased to a peak value of
36.99% in T4 (20 kV - 10 min). At lower voltage (10 kV), the fat
content increased with extended exposure time from 33.73% to
36.18% with an increase in exposure time from 10 to 30 min,
respectively. However, the increase in CPT voltage from 20 kV to
30 kv significantly reduced the fat content from 36.99% to
35.26%. The increase in fat content at lower voltage might be
associated with the moisture loss and disruption of the cellular
matrix during the oxidation process driven by hydroxyl and
superoxide radicals, leading to the formation of fatty acid
derivatives.*>**3*4%%° The reductions observed at higher plasma
exposure were likely due to the formation of complex
compounds generated by the intensified effects of RONS that
stimulate oxidative degradation, leading to decomposition of
lipid molecules.***® The fiber content of the control sample was
measured at 28.24%, whereas the highest was observed for
samples T1 and T4 (~30.15%). CPT enhanced the fiber content
compared to the control sample, but a decline was observed
with prolonged exposure times across all voltage levels. This
enhancement might be associated with the action of RONS
generated by plasma, which interacts with the cell wall surface,
altering fiber composition by converting the insoluble fiber into
soluble forms.***” This conversion makes fiber more accessible
and measurable, thereby increasing the apparent fiber content.
On the other hand, the total carbohydrate content showed
a marginal decrease across all treatments for treated samples as
compared to the control sample. This reduction may be
a consequence of oxidative fragmentation of polysaccharides
and cleavage of glycosidic linkages due to reactive species
generated during treatment, as well as the overall change in
other components.***® The observed changes in the proximate

Table 2 Effect of CPT on the nutritional composition of chia seed flour®

Proximate composition (%)

Samples Moisture Ash Protein Fat Fiber Total carbohydrate Energy (kcal/100g) IVPD (%)

Control 6.69 & 0.04*>  4.95 + 0.03°  22.84 + 0.03" 30.15 £ 0.04%5  28.41 + 0.02% 35.37 + 0.09° 504.19 65.92 + 0.17'
T1 6.21 £ 0.01>° 525+ 0.03% 23.82 + 0.03° 33.73 £ 0.057  30.15 £ 0.03* 30.99 + 0.11>¢ 522.81 67.95 + 0.13"
T2 6.14 + 0.04%% 5.20 + 0.02*° 22.97 + 0.05% 34.42 +0.03°  29.82 + 0.04° 31.26 + 0.03° 526.70 68.54 =+ 0.15°
T3 6.23 £0.01° 526 +0.02* 24.10 + 0.09° 36.18 + 0.03°  28.76 & 0.04° 28.23 + 0.118 534.94 68.09 + 0.17%
T4 5.93 &+ 0.0258 5.22 4+ 0.02*P 24.63 £ 0.06 36.99 & 0.10°  30.14 + 0.03* 27.24 + 0.10" 540.39 72.68 £ 0.09%
TS 5.90 & 0.0185 525+ 0.04 24.25 + 0.07° 35.36 + 0.09°  29.15 & 0.02° 29.25 + 0.11F 532.24 72.57 + 0.11°
T6 6.12 + 0.02¢  5.08 £ 0.06¢ 23.97 +£0.07¢ 34.59 + 0.03%°  28.94 & 0.03¢ 30.25 + 0.17¢ 528.19 69.46 =+ 0.09°
7 6.02 £ 0.03° 5.26 £ 0.03% 24.19 + 0.05™° 35.26 £ 0.03°  29.18 & 0.03° 29.27 + 0.09f 531.18 71.93 + 0.05°
TS 5.99 & 0.01% 5.18 + 0.02"° 23.86 + 0.04° 35.14 £ 0.05¢  28.65 + 0.03° 29.84 + 0.08%¢ 531.06 71.83 £ 0.15°
T9 5.81 + 0.11" 5.13 £ 0.03° 23.65 + 0.06]  35.01 & 0.02%%° 28.24 + 0.04" 30.40 + 0.14¢ 531.29 71.68 + 0.14¢

¢ Data are presented as a mean value =+ standard deviation. Values followed by different superscript letters in each column are significantly different
(p = 0.05). T1: 10 kV - 10 min, T2: 10 kV - 20 min, T3: 10 kV - 30 min, T4: 20 kV - 10 min, T5: 20 kV - 20 min, T6: 20 kV - 30 min, T7: 30 kV - 10 min,

T8: 30 kV - 20 min, T9: 30 kV - 30 min.
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values of flour significantly affected the energy values, which
varied from 504.19 kcal/100 g in the control to 540.39 kcal/100 g
in sample T4 (20 kV - 10 min). These results suggest that CPT
significantly affected the composition of chia seed flour.

3.3.2 Mineral profile. The mineral content of chia seed
flour was significantly (p =< 0.05) influenced by the voltage and
exposure time of CPT (Table 3). The control sample had 642.59
mg/100 g of calcium (Ca), 497.42 mg/100 g of magnesium (Mg),
582.34 mg/100 g of potassium (K), 757.87 mg/100 g of phos-
phorus (P), 10.32 mg/100 g of iron (Fe), 6.43 mg/100 g of zinc
(zn), 1.71 mg/100 g of copper (Cu), and 2.88 mg/100 g of
manganese (Mn). At the treatment level T2 (10 kV - 20 min), the
maximum increase in Ca, Mg, K, Fe, Cu, and Mn content was
observed. However, the highest levels of P and Zn were observed
for treatment T4 (20 kV - 10 min). At 30 kV plasma exposure, the
mineral content increased initially but dropped as the treat-
ment time increased up to 30 min. It is to be noted that across
all treatment levels, a substantial decrease in mineral content
was observed with an increase in treatment time, indicating the
adverse effects of prolonged plasma exposure. The enhanced
mineral content at lower and moderate treatment levels is
linked to the breakdown of antinutritional factors by plasma,
which increases the availability of bound minerals. The findings
align with the previously reported studies by Das et al. (2025),
who observed similar results for Ca, Fe, and Zn content of
groundnuts upon plasma exposure. While most of the elements
showed an upward trend after CPT, there was, however,
a noticeable drop in the Fe content.”® The reduction in Fe
content is due to the reaction of reactive species with the metal
ions during plasma exposure, as observed by Zhang et al
(2024).** In contrast, Charu et al. (2024) reported an increase in
Fe content, but a reduction in Ca, P, and Mg contents of millets
post CPT.*® The increase in the content of these elements was
attributed to the ability of CPT to enhance their bioavailability
and accessibility. Hence, it should be noted that optimizing the
plasma treatment parameters is essential to significantly
improve the nutritional composition of flour, as it can both
increase or lower the levels of bioavailable minerals.

Table 3 Effect of CPT on the mineral content of chia seed flour®
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3.3.3 Invitro protein digestibility. As presented in Table 2,
the control sample exhibited the lowest digestibility (65.92%),
while the highest value (72.68%) was observed in the T4 sample
(20 kv - 10 min), suggesting that CPT can significantly improve
(p = 0.05) the protein digestibility in the treated flour samples.
The observed enhancement can be attributed to the action of
reactive species generated during CPT, which induce structural
modification such as protein unfolding and alteration of amino
acid side chains. These modifications expose the previously
buried cleavage sites, making them more accessible for prote-
olysis and thereby enhancing digestibility.>»*>** Furthermore,
the treatment promotes stretching and partial cleavage of
intermolecular bonds within polypeptide chains, facilitating
enzyme accessibility. In addition, oxidation of anti-nutritional
factors by reactive species may further contribute to improved
protein digestibility.** Similar observations with enhanced
protein digestibility after plasma treatment have been reported
by Kheto et al. (2023), Patra et al. (2024), and Jamali et al
(2025).22>% However, a reduction was observed across all
voltage levels at prolonged exposure due to the conformational
changes triggered by the reactive species on the peptide bonds
of amino acids. This leads to protein denaturation, which
disrupts disulfide linkages and subsequently results in protein
fragmentation and loss of native structure. The formation of
protein fragments due to excessive exposure to reactive species
leads to protein aggregation through hydrophobic interactions
and covalent cross-linking, thereby reducing protein solubility
and enzyme accessibility.>»*>* These combined effects inhibit
enzymatic hydrolysis, thereby decreasing digestibility after
prolonged exposure to cold plasma. Optimal treatment dura-
tion is thus critical to balancing protein unfolding and pre-
venting adverse aggregation or degradation. Reduction in IVPD
value at higher plasma exposure has been reported by Pal et al.
(2016) in rice flour.**

3.3.4 Total phenolic content (TPC), total flavonoid content
(TFC), and antioxidant activity (AOA). Bioactive compounds are
found abundantly in plant foods, offering various nutritional
and health-promoting effects, including reduced risk of oxida-
tive stress and metabolic diseases. Phenolic compounds are

Mineral profile (mg/100g)

Samples Ca Mg K P Fe Zn Cu Mn

Control  642.59 + 1.47° 497.42 + 1.28% 582.34 + 0.67° 757.87 +1.29' 10.32 £ 0.54*® 6.43 + 0.27*"° 1.71 + 0.61° 2.88 + 0.32°°¢
T1 639.30 + 1.25°  472.46 £ 0.93" 555.51 + 1.39" 800.93 + 1.04° 9.52 + 0.55°  6.24 + 0.13°  1.77 £ 0.29° 2.75 + 0.38"¢
T2 827.25 £ 1.02°  610.59 & 0.65* 696.69 + 1.03* 902.91 £ 1.90° 10.68 £ 0.29°  6.26 & 0.54™°  2.75 £ 0.22° 4.48 + 0.447
T3 585.46 + 1.28'  448.33 + 1.08' 547.56 + 1.07 771.63 + 0.68"  8.30 + 0.42¢  6.33 £ 0.22%P° 1.70 + 0.34° 2.16 + 0.26°
T4 732.71 + 0.94° 560.30 £ 1.09° 655.66 £ 0.71° 954.00 & 1.34* 10.19 + 0.47* 7.12 + 0.57° 2.10 + 0.10%>¢  3.29 + 0.50°
TS 582.73 £ 1.2 44154 +£0.68 550.47 £ 0.59' 764.99 £ 0.68'  8.43 £0.34°  7.03 £ 049"  1.58 £ 0.42° 2.35 + 0.58°
T6 609.36 + 1.40° 468.63 + 0.60° 568.99 + 1.04° 794.17 +£ 1.72°  7.27 £ 0.62°  6.20 + 0.39° 1.84 4 0.44”°  2.90 £ 0.31>¢
7 648.75 + 0.45% 482.43 + 1.24° 588.20 + 1.01¢ 802.52 +1.15¢  7.78 £ 0.37°  6.41 £ 0.20>P° 1.66 + 0.27° 2.41 + 0.48°
TS 772.48 + 1.04° 596.10 £ 0.85° 671.25 £ 1.09° 906.57 &+ 1.85°  7.95 £ 0.68°  7.15 + 0.77° 2.59 £ 0.11*°  3.45 + 0.24°
T9 602.13 + 1.01" 460.46 + 1.37" 559.50 + 1.03%¥ 782.15 &+ 0.97%  7.39 + 0.39°  6.71 £+ 0.19%®  1.71 £ 0.85° 2.43 £ 0.30°

¢ Data are presented as a mean value =+ standard deviation. Values followed by different superscript letters in each column are significantly different
(p = 0.05). T1: 10 kV - 10 min, T2: 10 kV - 20 min, T3: 10 kV - 30 min, T4: 20 kV - 10 min, T5: 20 kV - 20 min, T6: 20 kV - 30 min, T7: 30 kV - 10 min,
T8: 30 kV - 20 min, T9: 30 kV - 30 min.
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natural antioxidants that inhibit the activity of free radicals and
possess strong antioxidant, anticarcinogenic, and anti-
mutagenic properties.*® The total phenolic content (TPC) was
significantly (p < 0.05) affected by applied voltage level and time
duration (Fig. 2a). In the present study, the control sample
exhibited the lowest TPC value of 0.8 mg GAE per g, whereas all
CP-treated samples showed a significant enhancement, with the
highest TPC value (1.68 mg GAE per g) recorded for T4 (20 kV -
10 min). This increase may be attributed to the plasma-induced
oxidative stress, which is known to stimulate the release of
secondary metabolites, including phenolics.***° However,
a slight decline in TPC was observed beyond T4 (20 kV - 10 min),
which could be linked to the potential degradation of sensitive
phenolic components in the flour upon prolonged or higher
intensity plasma exposure. Prolonged exposure to high-
intensity plasma treatment can accelerate the oxidative reac-
tions, breaking the aromatic benzene rings and aliphatic side
chains, which degrade the phenolic structure.*® Similar findings
have been reported by Sarangapani et al. (2016), Patra et al
(2024), and Amiri et al. (2023) for plasma-treated parboiled rice
flour, horse gram flour, and buckwheat flour, respectively.>**%%

Total flavonoid content (TFC) followed a similar trend
(Fig. 2b), with the maximum value (0.62 mg per QE g) observed
at T4 (20 kV - 10 min), while the control sample exhibited the
lowest flavonoid content (0.49 mg per QE g). The rise in TFC can
be attributed to the depolymerization of polysaccharides and
enhanced release of bound flavonoid compounds. Further-
moderate plasma exposure may have stimulated
enzyme activity, thereby

more,
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enhancing the biosynthesis of flavonoids.”** However, at
moderate (20 kV) and higher (30 kV) voltages, a decline in
flavonoid content was observed with increasing exposure time.
This might be due to the oligomerization of polyphenolic
compounds, resulting from the scavenging reaction with reac-
tive species.”® Likewise, Kheto et al. (2023) and Sarkar et al.
(2023) have reported a reduction in TFC content at higher
plasma exposure.”>*

Antioxidant activity (Fig. 2c) also improved with plasma
treatment, reaching its maximum (58.36%) at T4 (20 kv - 10
min). This trend coincides with the increase in TPC and TFC,
supporting their role in scavenging free radicals. However, AOA
declined slightly under extended treatment conditions, indi-
cating that antioxidant compounds may degrade at higher
treatment levels. In general, our findings match the previously
reported studies by Kheto et al. (2023), Sarkar et al. (2023), and
Patra et al. (2024).293%°

3.3.5 Antinutritional factors. Antinutritional factors, such
as tannins and phytates, are secondary metabolites naturally
developed in seeds to defend against environmental pathogens.
However, their presence at high concentrations can hinder
mineral bioavailability and reduce in vitro protein digestibility
by forming complexes with dietary proteins and essential
minerals. As shown in Fig. 2d, total tannin content (TTC) in the
control sample was recorded at 3.48 mg TAE per g. CPT
significantly (p =< 0.05) influenced the TTC across all treatment
conditions, with a notable reduction (2.88 mg TAE per g)
observed at T6 (20 kV - 30 min). The declining trend across all
treatment voltages was observed with increasing exposure time

(b)
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Fig.2 Effect of CPT on the antioxidant and antinutrient components of chia seed flour: (a) total phenolic content, (b) total flavonoid content, (c)
antioxidant activity, (d) phytate content, and (e) tannin content under different treatment conditions. All column bars and error bars are stated as
mean =+ standard deviations (p = 0.05). T1: 10 kV — 10 min, T2: 10 kV = 20 min, T3: 10 kV — 30 min, T4: 20 kV — 10 min, T5: 20 kV — 20 min, T6: 20
kV — 30 min, T7: 30 kV = 10 min, T8: 30 kV — 20 min, T9: 30 kV — 30 min.
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from 10 to 30 min. This reduction in TTC may be due to the
action of RONS on the polyphenolic compounds, turning them
into simpler structures upon oxidation, degrading the glyco-
sidic linkages, and causing the cleavage of phosphate-phenolic
bonds, thereby disrupting their chemical integrity. Similar
reductions in TTC content were reported in CP-treated pearl
millet flour,* guar seed flour*® and horse gram flour.* Phytates,
also called phytic acid or myo-inositol hexa-phosphate, account
for 1-5% of phosphorus by weight in cereals, legumes, and
oilseeds. Owing to their negatively charged structure, they form
insoluble complexes with essential minerals such as calcium,
magnesium, and zinc, thereby hindering their bioavailability.
From Fig. 2e, CPT significantly reduced the phytate content of
chia seed flour, and followed a similar trend to that of tannin
content. The phytate content of the control sample was 2.15 mg
PAE per g, and the maximum reductions were observed in
sample T6 (20 kV - 30 min), i.e., 1.53 mg PAE per g, followed by
sample T9 (30 kV - 30 min). The prolonged treatment time has
more efficiently reduced phytate content by facilitating the
breakdown of the phytate ring and enhancing the endogenous
activity of the phytase enzyme due to the higher accumulation
of RONS, further increasing mineral bioavailability.** Reduc-
tions in phytate content in plasma-treated flour were also
observed by other researchers.>*3%*

3.4 Effect of CPT on the pasting properties of chia seed flour

The pasting characteristics of chia seed flour are displayed in
Table 4. The pasting properties of the chia seeds are primarily
governed by their proteins, dietary fiber, gums, and mucilage,
rather than starch gelatinization. The soluble fiber and muci-
lage fractions swell and form viscous gels, while proteins aid in
water absorption, contributing to the development of
viscosity.®® Consequently, chia's peak viscosity and gelation
arise from these non-starch components, distinguishing it from
conventional starch-rich flours like wheat and corn. The
absence of crystalline structure related to amylose and amylo-
pectin in the XRD pattern further validates that starch does not
affect the pasting attributes of the treated chia flour. Similar
observations were reported by Garcia-Salcedo et al. (2018).*> As
observed, the treatment exposure affects peak viscosity and
breakdown viscosity more than power levels. The peak viscosity
(PV) increased initially until T3 (10 kV - 30 min). Furthermore,
an increase in voltage level and time resulted in a reduction in
the PV due to the solubilization of the flour component.
Viscosity of chia seed flour was enhanced during heating from
80 to 90 °C, and it was characterized by a complex grid of fibers,
gums, and proteins. The temperature allows the matrix to trap
more water, thus increasing the viscosity. Similar findings were
reported by Kaur and Annapure (2023).2* Meanwhile, the cool-
ing cycle from 90 °C to 50 °C causes syneresis, resulting in
a decrease in the viscosity of the samples. An increase in
breakdown viscosity was observed at T3 (10 kV - 30 min) with
a maximum value of 1034 (cP) as compared to the control
sample, i.e., 430.6 (cP), also referred to as the trough viscosity,
which helps to maintain the peak viscosity of the paste. This
indicates that the flour has low stability after gelatinization.*®
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These changes are in accordance with the swelling properties
and decreased crystallinity of treated chia seed flour, which
significantly affected the pasting properties. Various other
flours, such as little millet flour,?” pearl millet flour*® and wheat
flour,> have been examined for their pasting behaviour,
revealing similar findings upon CPT.

3.5 Effect of CPT on the thermal properties of chia seed flour

The thermal properties of control and CPT flour samples are
presented in Table 4. CPT significantly (p =< 0.05) influenced the
thermal behaviour of chia seed flour, with variations observed
across different voltages and exposure durations. The control
sample exhibited the lowest onset (T,) - 100 °C, peak (T},) - 114 ©
C, and conclusion (T.) - 130 °C temperatures, indicating its
native structural integrity and inherent thermal sensitivity.
Plasma treatment at T2 (10 kV - 20 min) resulted in the most
pronounced enhancement in thermal stability, reflecting the
highest peak (133 °C) and end temperatures (142 °C), likely due
to molecular rearrangements that enhanced thermal resistance.
The observed increase in peak temperatures at certain treatment
levels can be attributed to enhanced cross-linking and partial
depolymerization, induced by interactions of plasma species with
carbohydrates and protein molecules.>”* In contrast, treatments
at higher voltages (20 and 30 kV) and extended exposure dura-
tions (30 min) resulted in reduced T}, and T, values, suggesting
possible structural disruption resulting in degradation of essen-
tial macromolecules. A reduction in T, with increasing exposure
time has been observed in guar seed flour* and pearl millet
flour.” These structural modifications are a result of intensified
intermolecular interactions promoted by plasma treatment upon
action of reactive species.”**®

3.6 Effect of CPT on the structural and molecular
characterization of chia seed flour

3.6.1 Fourier transform infrared spectroscopy (FTIR). Fig. 3
displays the FTIR spectra of chia seed flour, comparing the
control to treated samples at varying voltages and durations.
The overall transmittance patterns remain similar across all
samples, indicating a consistent trend in transmittance for both
the control and the treated samples. This consistent pattern
suggests that CPT does not generate new functional groups in
chia seed flour. However, distinct changes in peak intensity and
broadening were observed among treated samples, particularly
as plasma voltage and treatment duration increased. The broad
peaks observed around 3281 cm ™" were possibly attributed to
O-H stretching, 3012 cm ' to C=C-H stretching, and
2925 cm~ ! to C=H stretching.*” These peaks suggest the pres-
ence of carbohydrates and polysaccharides in chia seed flour.
Samples treated at a higher voltage (30 kV) exhibited reduced
intensity at 3281 cm ™', suggesting possible changes in inter-
molecular hydrogen bonding and structural reorganization or
cross-linking, which may be attributed to modification, degra-
dation, or interaction of polysaccharides or mucilage during the
treatment process.’»>> The peak observed at 1744 cm™’
corresponds to the ester carbonyl band of terpene alkaloids,
which are commonly found in lipids and other organic
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conclusion temperature; PV - peak viscosity, BV — breakdown viscosity; FV - final viscosity; SV - setback viscosity; Pt — peak time; PT - pasting temperature.
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Fig.3 FTIR spectra of control and cold plasma-treated chia seed flour
samples.

compounds. The transmittance intensity increased in 20 kv-
treated samples; however, it decreased for 30 kV-treated
samples. The change in intensities of the treated samples in
this region indicates modifications to the lipid structures, as
oxidation from plasma forms new carbonyl groups, resulting in
increased C=O0 peak intensities as the treatment voltage and
time increase. The bands at 1546 cm ™" and 1245 cm™ ' confirm
the presence of phenolic (C-O) groups associated with tocoph-
erols.">*® The peaks around 1640 cm™" may be ascribed to the
amide-I group (secondary structure), and peaks around
1653 cm™ ' to 1455 cm™ ! are associated with the N-H bonds of
the amide II groups.®® Compared to the control, the FTIR
spectra of the treated samples exhibited higher transmittance
with increasing CPT doses, and a change in intensity in the
amide region, indicating alterations in the protein secondary
structure. However, a gradual decrease, especially in the T6-T9
range of the amide-II region, may be due to the substantial
unfolding and fragmentation of peptide bonds and C-N/N-H
linkages at higher voltages and time durations. The peaks
detected around 1490-1458 cm™ " were due to the stretching of
the carboxyl group of uronic acids.” The peak identified at
1458 cm ! indicates the presence of ~-CH; groups and C=C
bonds, suggesting the presence of unsaturated fatty acids.” The
variations observed in this region among treated samples are
possibly due to changes in the lipid backbone structures. The
peaks detected at 1245 cm " and 1155 cm ™ * were attributed to
the presence of (N-H) amide III and bending vibrations of the
pyranose ring, respectively. The bands detected at around
1045 cm™' represented the C-O-C stretching and C-O-H
bending, associated with polysaccharide compounds.****”® The
changes observed in the peak intensities of the FTIR spectra
indicate that CPT induces significant alterations in the molec-
ular structure and composition of treated flour samples, which
potentially lead to changes in the functional and nutritional
properties of the flour.

3.6.2 X-ray diffraction (XRD). Fig. 4 illustrates the X-ray
diffractogram of treated flour samples. The broad diffused
peaks represent the amorphous region of the sample, while the
two sharp peaks observed at 26 angles of 15° and 30° represent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray diffraction patterns of control and cold plasma-treated
chia seed flour samples.

the crystalline structure. Garcia-Salcedo et al. (2018) reported
similar peaks for chia seed flour and its mucilage, identifying
them as magnesium hydrogen phosphate hydrate and calcium
carbonate using the powder diffraction file.*> The enhanced
mineral content of Ca, Mg, and P (Table 1) confirms the pres-
ence of these elements in the flour matrix. No significant peak
shifting was observed in the crystalline areas on varying the
treatment conditions of cold plasma-treated flour samples.
However, with the increase in treatment conditions, the crys-
tallinity of chia seed flour decreased from 3.24% in the control
sample to a minimum of 1.18% in T7 (30 kV - 10 min). Similar
results have been reported by other researchers, who observed
a decrease in crystallinity in treated samples, such as jackfruit
seed flour*® and wheat flour.*

30kV

View Article Online
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3.6.3 Scanning electron microscopy (SEM). The morpho-
logical effects of CPT on chia seed flour are illustrated in Fig. 5.
The control sample exhibited a dense and compact surface
morphology, characterized by smooth, spherical granules with
minimal disruption, indicating a well-preserved structural
matrix. In contrast, the CP-treated samples exhibited progres-
sive morphological changes with increasing voltage from 10 kv
to 30 kV and treatment durations ranging from 10 to 30 min. At
lower intensities (10 kV for 10-20 min), the flour particles
exhibited moderate surface roughness, with slightly loosened
clusters and minor cracks, indicating the onset of surface
etching and partial disruption of polymeric interactions. As the
intensity and duration increased, significant alterations in the
microstructures became evident. These samples displayed more
porous and rougher surfaces, as well as a higher degree of
fragmentation, with noticeable cracks. The appearance of
broken and deformed particles suggests that plasma-induced
oxidation, depolymerization, and surface erosion processes
have occurred. Such effects are associated with RONS, which
accelerate surface etching, reduce crystallinity, and promote
molecular reorientation, leading to enhanced hydration.*®”*
Similar results have been reported in previous studies on cold
plasma-treated flours such as jackfruit seed flour,>® quinoa
flour,”” guar seed flour® and little millet flour.””

3.7 Principal component analysis (PCA)

Fig. 6 presents the PCA biplot, illustrating the correlation
between CPT conditions applied to flour samples and their
techno-functional, nutritional, antinutritional, and antioxidant
properties. The loading vectors (blue lines) represent the
various measured parameters, while the score vectors (red dots)
correspond to specific treatment conditions. In this figure, PC-1
(61.35%) and PC-2 (17.30%) collectively account for 78.65% of

Fig. 5 SEM analysis of control and cold plasma-treated chia seed flour samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Principal component analysis of chia seed flour samples.

the total variance, indicating a strong and reliable clustering
between treatment conditions. The PCA plot shows that the
control and 10 kv samples are closely associated with higher
levels of CHO and anti-nutritional factors such as tannins and
phytates, located on the negative side of PC-1. This suggests that
lower voltage and shorter exposure time had a limited effect on
these properties. In contrast, samples treated at 20 kv showed
a strong positive association with improved bioactive
compounds (TPC, TFC, and DPPH scavenging activity), protein
content, and IVPD. These treatments likely generated sufficient
ROS to induce favourable modifications in protein structure
and antioxidant activity. They also showed enhanced WAC,
OAC, and AE, suggesting improved techno-functional proper-
ties due to structural unfolding and increased exposure of
hydrophilic and hydrophobic sites. Treatments clustered
towards the centre were positively correlated with increased fat
content and EC. Overall, the PCA biplot clearly differentiates
between low, medium, and high plasma treatment, showing
how these influence the compositional properties of chia seed
flour. These findings are also well-supported and validated by
thermal (DSC), microstructural (SEM), molecular (FTIR), and
crystallinity (XRD) analysis of flour.

4 Conclusion

The present study demonstrated a significant impact (p = 0.05)
of CPT at varying voltages and exposure durations on the
nutritional, anti-nutritional, techno-functional, thermal,
pasting, and structural properties of chia seed flour. Moderate
CP treatment conditions, particularly 20 kv for 10-20 min,
enhanced the functional and nutritional properties of chia seed
flour. These improvements were attributed to the depolymer-
ization and unfolding of protein and carbohydrate structures,
resulting in improved nutrient bioavailability and absorption.
Concurrently, a substantial reduction in anti-nutritional
factors, such as tannins and phytates, was observed under
these conditions. Conversely, treatments at higher intensity (30
kV) resulted in a decline in several key properties, likely due to

784 | Sustainable Food Technol., 2026, 4, 772-786
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the degradation of peptide and hydroxyl bonds and the initia-
tion of oxidation reactions. These effects negatively influenced
the crystallinity, thermal stability, and microstructure of chia
seed flour. Overall, CPT has proven to be a promising non-
thermal processing technique that enhances the quality and
functionality of chia seed flour, also improving its nutritional
integrity. It offers advantages over conventional thermal
methods by being energy-efficient, reducing chemical usage,
and offering a green alternative. The findings underscore the
importance of precise optimization of CP parameters (voltage
and exposure time) to tailor flour quality for specific industrial
applications, such as bakery, extrusion, or meat products.
Future research should aim to investigate molecular-level
structural changes using advanced analytical techniques,
explore synergistic effects with other emerging processing
technologies, and conduct comprehensive shelf-life and
formulation studies to broaden the commercial applicability of
plasma-treated flours in the food industry.
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