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allergenicity; Background: Sesame is a traditional oilseed comprising essential amino acids. However,
circular dichroism; the presence of allergens in sesame is a significant problem in its consumption; thus, this
EPR; study attempted to reduce these allergens in sesame oilseeds. Objective: The present study
plasma bubbling; aimed to evaluate the effect of cold plasma processing on structural changes in proteins,
sesame milk and thereby the alteration of allergenicity in sesame milk. Method: Sesame milk (300 mL)

was processed using atmospheric pressure plasma bubbling unit (dielectric barrier discharge,
power: 200 V, and airflow rate: 16.6 mL/min) at different exposure times (10, 20, and 30 min).
Results: The efficiency of plasma-bubbling unit as measured by electron paramagnetic reso-
nance in terms of producing reactive hydroxyl (OH) radicals proved that generation of reactive
species increased with exposure time. Further, the plasma-processed sesame milk subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and differential scanning cal-
orimetery analysis revealed that plasma bubbling increased the oxidation of proteins with
respect to bubbling time. The structural analysis by Fourier transform infrared spectroscopy
and circular dichroism revealed that the secondary structure of proteins was altered after
plasma application. This change in the protein structure helped in changing the immunoglob-
ulin E (IgE)-binding epitopes of the protein, which in turn reduced the allergen-binding capac-
ity by 23% at 20-min plasma bubbling as determined by the sandwich-type enzyme-linked
immunosorbent assay. However, 30-min plasma bubbling intended to increase allergenicity,
possibly because of increase in IgE binding due to the generation of neo epitopes.
Conclusion: These changes proved that plasma bubbling is a promising technology in oxidizing
protein structure, and thereby reducing the allergenicity of sesame milk. However, increase
in binding at 30-min bubbling is to be studied to facilitate further reduction of the binding
capacity of IgE antibodies.
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Introduction

Mammillary milk is a rich source of protein and is con-
sumed globally, irrespective of age, gender, and location.
However, owing to the cost of production, maintenance,
and impact of the environment on cattle rearing, people
have started to shift from animal to plant-based products.'
Furthermore, the reduced availability of animal protein in
developing countries and the trend to change from ani-
mal protein to plant-based protein in developed countries
has given us an idea of discovering new plant-based milk.2
The primary plant materials that are known for producing
plant-based milk are soy, almond, oat, peanut, hazelnut,
rice, lupin, millet, and oats.? In the past, more importance
was given to soybean, cashew, almond, and peanut; how-
ever, now it has been shifted to low-cost, highly nutritious
plant sources, such as legumes and oil seeds. Recently,
light has been shed on sesame; it is considered a poten-
tial alternative of animal protein that can be incorpo-
rated into daily food diet to increase protein content. It
is reported to be the cheapest source of protein in addi-
tion to the profound health-beneficial nature of seeds.* It
has been reported that of the individuals who are sensi-
tive to peanuts, 25-40% are also sensitive to sesame seeds.?
Sesame, a valuable traditional oilseed crop, is known as
the queen of oilseeds because of its unique aroma, taste,
and more oxidative stability of sesame lipids.® Sesame
seeds are often processed into sesame oil, which is rich
in antioxidants, such as polyunsaturated fatty acids, lig-
nans, tocopherols, phytosterols, bioactive compounds, and
antioxidants that are highly beneficial for health.? Sesame
consists of essential proteins, compared to meat and cere-
als; it also contains all essential amino acids, compared to
other plant-based proteins.” However, the potential plant-
based source (sesame) poses a significant threat of causing
allergies in sensitized individuals.®? In the last decade, the
world has seen an enormous increase in sesame-related
allergies in individuals.”® Therefore, in 2021, the Food and
Drug Administration (FDA) added sesame as the ninth food
allergen in the list of allergy-causing food items." Allergic
reactions can be caused by proteins, such as lipid trans-
fer proteins and seed storage proteins.”? The primary seed
storage proteins present in sesame are potent enough to
cause sesame allergy; it includes 11S albumin, 2S albumin,
7S globulin, and oleosins.™

The intake of unprocessed sesame poses a signifi-
cant threat in terms of indigestion of seeds and pres-
ence of allergens.” Therefore, sesame needs to be
processed before supplying it as an alternative to ani-
mal milk. Many processing methods have been used to
reduce allergenicity in plant-based foods;"> however,
processing plant-based foods with thermal treatments,
such as roasting and hot-water treatments, could affect
the quality of plant foods.'® Therefore, non-thermal
processing technologies would be beneficial in retain-
ing whole nutrients found in these plant-based foods.
Following this, many non-thermal processing methods
are gone through to reduce indigestibility and activity
of allergens.2'""

Cold plasma is a non-thermal processing technology
that has been reported to cause changes in protein struc-
ture and alter the allergenicity of food material.?® Different

reactive species present in plasma aid in altering the struc-
ture of protein (modify the epitopes) by fragmentation or
aggregation, which in turn helps in changing the percentage
of its binding with immunoglobulin E (IgE) antibody.” To the
best of our knowledge, cold plasma processing technology
on sesame seeds or sesame milk has not been studied to
reduce its allergenicity. Thus, the present study is aimed
to study cold plasma’s effect in changing the structure and
allergenicity of sesame milk protein. The plasma processing
was evaluated using Electron Paramagnetic Resonance (EPR)
spectroscopy, and the changes in sesame milk were evalu-
ated with the aid of differential scanning calorimeter (DSC),
Fourier Transform Infrared (FTIR) spectroscopy, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), circular dichroism (CD) spectroscopy, and sandwich-
type Enzyme-Linked Immunosorbent Assay (ELISA).

Materials and Methods
Raw material preparation

Raw sesame (variety: swetha til) was procured from the
Indian Institute of Qil Research, Hyderabad, India. First,
sesame seeds were cleaned, and a known quantity of
sesame was soaked overnight in distilled water. Next,
the soaked seeds were ground in the tabletop mixer
grinder; six parts of distilled water were added to one
part of grounded sesame seeds. Then, using a two-layer
muslin cloth, the grounded mixture was filtered manu-
ally (twice). The resulting plant extract/milk was used for
experiments.

Experimental setup and design

The system used for this study was a plasma bubbling unit,
as represented in Figure 1. The system comprised a sim-
ple dielectric barrier discharge (DBD) chamber for generat-
ing plasma, a blower for supplying air inside the DBD unit,
a transformer for supplying current to the DBD unit, two
variacs for supplying electric current to the transformer,
and a blower for providing air to DBD unit. In addition, it
contained a tube for supplying ionized air from DBD unit
to the target. The DBD unit comprised two hollow con-
centric cylinders (electrodes)—one made of solid alumin-
ium (6.5 [length] x 2.1 cm [diameter]) and the other made
of meshed aluminium sheet (5.5 [length] x 1.1 cm [diam-
eter]). The meshed aluminium sheet was cased inside a
quartz tube (6 [length] x 1.8 [diameter] x 0.1 cm [thick-
ness]) and was connected to the ground. Two aluminium
cylinders, along with a quartz tube, were connected using
two end Teflon attachment rings. The solid aluminium cyl-
inder (connected to a power supply) and the meshed alu-
minium concentric cylinder enclosed in a quartz tube were
mounted with Teflon rings so that 0.3-mm space was left
between both electrodes. When power was applied, the
space between quartz and solid outer cylinder was ionized
(plasma was generated). Gas/air was supplied to this space
for carrying the ionized gas produced within the DBD unit.
Provisions were provided on both end attachment rings for
the inlet and outlet of air. Two separate variacs were used
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Figure 1 Schematic representation of plasma-bubbling unit.

for supplying power to the transformer and the air blower.
The air ionized inside the DBD was continuously removed
(air blower) and supplied to the sesame milk in the form of
ionized air bubbles.

Sesame milk (300 mL) was treated inside a food-grade
aluminium can. In order to maintain uniformity of ionized
air bubble supply, the tube from the plasma unit was con-
nected to a circular perforated tube; this aided in the con-
stant supply of ionized gas into the sesame milk. Based
on the previous studies on the plasma bubbling unit, the
power level of 200 V and the air supply of 16.6 mL/min
were used in the present study.?' In addition, the exposure
time (10, 20, and 30 min) of plasma was altered to identify
the effect of plasma exposure time on protein structure
and allergenicity.

Space for
plasma generation

Plasma bubbling in
sesame milk

Electron paramagnetic resonance spectroscopy

The hydroxyl (OH) radical present in the plasma-treated
sesame milk was estimated using EPR spectroscopy. The
EPR equipment and operating procedure used in this study
were similar to the equipment used to study on Neera pro-
cessing,”? with the following dimensions—model: Bruker
EMX Plus, microwave frequency: 9.800127 GHz, centre
field: 3480, power supply: 10 mW, and number of scans:
40. Spin-trapping agents were used to trap free radicals to
extend their lifetime. The common spin trap agent used for
OH radical identification for ERP analysis was 5,5-dimethyl-
1-pyrroline N-oxide (DMPO). The raw sesame milk + 50-mM
DMPO mixture was subjected to plasma bubbling for 10,
20, and 30 min exposure time. The DMPO-OH formed after
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plasma bubbling was characterized using EPR spectros-
copy. The DMPO-OH spectrum was a signal with four lines
with a peak ground acceleration, g = 2.009.

Characterization of the effect of plasma on
sesame milk

Thermal properties

The thermal properties of sesame milk were determined
using DSC (3 Star system, Mettler Toledo, Hong Kong). A
milk sample of 10 pL was used for analysis using contin-
uous nitrogen gas flushing at a rate of 20 mL/min. The
apparatus was calibrated using standard Indium. The milk
samples were placed on an aluminium sample holder and
heated from 0 to 300°C at a rate of 10°C/min.% The ther-
mal behavior of milk samples, such as heating onset, peak
temperature, and enthalpy, was calculated.

Protein profiling of sesame milk

The impact of cold plasma on protein profile was deter-
mined using the SDS-PAGE electrophoresis method.?*? The
sesame milk samples were diluted with distilled water to
obtain approximately 100-500 pg of protein in the sam-
ple. The diluted sample was mixed with sample loading
buffer (bromophenol dye) in a sample-loading buffer ratio
of 1:1.5. The mixture was then heated in a water bath at
90°C for 10 min and cooled down. The samples were then
centrifuged at 1000 rpm for 15 min. The prepared samples
and the pre-stained ladders were loaded onto the wells of
stacking buffer. After loading, the equipment was run at
a constant power level of 100 V and 200 mA. When power
was applied, the samples loaded onto the stacking gel
moved toward the separating gel. After electrophoresis,
the gel was stained in Coomassie blue dye overnight and
later destained using the destaining buffer. The destained
gel was then documented to identify the presence or
absence of protein bands in sesame milk.

Structural characterization of sesame milk protein

Fourier transform-infrared spectroscopy

Structural changes in control and plasma-treated sesame
milk samples were analyzed by subjecting freeze-dried milk
samples to FTIR analysis in Shimadzu IRAffinity-1S spec-
trometer (Analytical and Measuring Instruments, Japan).
As the equipment uses attenuated total reflectance (ATR),
a freeze-dried sample was used for analysis. This method
involves applying the sample above the ATR crystal and
measuring the spectra from the infrared light that was
internally reflected in the crystal. The spectroscopic scan
was performed in the mid-infrared range of 5000-400 cm™'
with a resolution of 4 cm™ in potassium bromide (KBr)
beam splitter and 45 scans per measurement. The infrared
(IR) solution program was used to identify spectra peaks.

Circular dichroism

Freeze-dried sesame milk was subjected to circular dichro-
ism to analyze the secondary structure of unprocessed and
plasma-processed sesame milk samples. The samples were
prepped based on the method described in a freeze-dried
almond milk powder study.?® A 0.01-M phosphate buffer at

a pH of 7 (sterilized) was used for dissolving the freeze-
dried powder. The freeze-dried powder-phosphate buffer
ratio of 1:20 was used for the analysis. In order to extract
the essence required for analysis, the mixture was incu-
bated for 12 h at 4°C. After incubation, the mixture was
centrifuged for 10 min, and the supernatant was used for
analysis. Further, the extract was diluted with the same
phosphate buffer solution at the time of analysis so that
the voltage used for analysis was below 700 V. Both control
and plasma-treated samples were scanned at a range of
260-190 nm with 1-mm bandwidth and 0.2-nm pitch.

IgE-binding capacity of sesame milk antigen
Sandwich-type ELISA was performed using the sesame
allergen ELISA kit (BioCheck, UK). As the kit was specific
for sesame seeds, the microtiter plate provided was coated
with sesame storage protein antibody. Thus, the diluted
sesame milk sample (containing approximately 50-pug pro-
tein) was applied to the microtiter plate and incubated
for 20 min.? % After incubation, the microtiter wells were
washed with the washing solution provided with the kit
to remove excess unbound material. The given peroxi-
dase-conjugated second antibody that acts against the ses-
ame storage protein was applied to the wells, incubated
for 20 min, and washed off. Later the substrate solution
was added to the wells, generating a blue color. The color
development was stopped after 20 min of incubation with
a stop solution, which turned blue color into yellow. Then,
the yellow color was measured using a spectrophotometer
at 450 nm. The color intensity developed directly indicated
the sesame seed protein allergenicity (IgE-mediated bond-
ing percentage) in sesame milk. The results were expressed
as percentage reduction in IgE binding, compared to the
untreated sesame milk sample.

Data processing and statistical analysis

As most of the parameters characterized in this work are
based on instrumental methods, replications were not per-
formed, except for ELISA analysis. The OriginPro software
was used for producing graphs from EPR, DSC, FTIR, and
circular dichroism data. OriginPro was also utilized for ana-
lyzing the area under the peak obtained in FTIR. The CD
pro (online) software was used for analyzing the circular
dichroism data. The statistical analysis of sandwich-type
ELISA was performed using the SPSS software (version 20.0)
using ANOVA with Tukey’s honestly significant difference
(HSD) test, with a significance level set at P < 0.05.

Results
Electron paramagnetic resonance spectroscopy

The EPR spectroscopy was applied to determine the con-
centration of reactive species with respect to the plasma
exposure time. It was observed that the intensity of the
signal obtained from the plasma-treated sesame milk
increased with increase in exposure time (Figure 2). The
intensity of the highest peak with g-force = 2.008 was
chosen to understand which treatment would form more
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Figure 2 EPR spectra of plasma-treated sesame milk.

quantities of DMPO-OH adducts. It was observed that the
20-min bubbling intended to have more intensity than
the 10- and 30-min plasma bubbling time. The intensity
of the 10-min plasma-bubbled sample had less intensity,
whereas the intensity of the 30-min plasma-bubbled sam-
ple was greater than 10 min but lesser than 20 min.

Thermal profile analysis (DSC)

In this study, the sesame milk samples were subjected to
heat from 0°C to 300°C. Figure 3 presents the thermo-
grams of control and plasma-treated sesame milk samples.
Almost all thermograms revealed a single deep endother-
mic peak at an approximate denaturation or peak tem-
perature (165-170°C approx.). The endothermic peaks
obtained in the present study, the onset temperature,
the peak or denaturation temperature, and the enthalpy
of the control and the plasma-treated samples were pre-
sented in Table 1. The onset temperature of raw sesame
milk was 165.95°C, which changed to 169.59°C, 165.83°C,
and 166.02°C plasma-bubbled samples at 10-, 20-, and 30
min, respectively. The peak denaturation temperature
also varied with respect to plasma treatment. However,
the change does not follow any trend; the peak tempera-
ture in raw milk (169.65°C) increased to 173.07°C at 10 min
whereas at 20 min (169.95°C), it remained similar to that of

2.02

2.04 2.06

the control. At 30-min plasma-bubbled sample, the peak
value was observed at 170.79°C. In this study, the enthalpy
value decreased with increase in the processing condition.
The enthalpy of raw sesame milk was 1360.03 J/g, which
decreased in plasma-processed sesame milk samples. The
enthalpy at 10-, 20- and 30-min plasma-bubbled samples
decreased to 1330.13 J/g, 1251.41 J/g, and 1240.28 J/g,
respectively.

Sesame protein profiling (SDS-PAGE)

The SDS-PAGE analysis (Figure 4) demonstrated the doc-
umentation of SDS gel for the marker, control, and three
plasma-treated samples. Three distinct bands between 20
kDa and 25 kDa and two bands below 35 kDa were identi-
fied in the raw sesame milk sample. Although there was
a band near 11 kDa, this band’s intensity was less, and it
looked more like a smear. In 20- and 30-min plasma-bub-
bled samples, new bands in the range of 45-65 kDa were
visible. In addition, in plasma-treated milk samples below
35 kDa, three distinct bands were visible; it was observed
that the middle band was not visible in the case of raw
sesame milk sample and 10-min plasma-bubbled sesame
milk. After 20-min plasma bubbling, the intensity of the
protein bands near 20-25 kDa increased, especially the last
two bands in the bottom. At 30-min bubbled sample, band
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Figure 3 Thermal profile of raw and plasma-processed sesame sample.

Table 1 Thermal parameters assessed by DSC: onset,
peak temperature, and enthalpy.

Treatment Onset Peak/denaturation Enthalpy
temperature (°C) temperature (°C) (J/g)
Control 165.95 169.65 1360.73
10 min 169.59 173.07 1330.13
20 min 165.83 169.95 1251.41
30 min 166.02 170.79 1240.28

intensities (20-25 kDa) increased such that there was no
clear distinction between the bands found in the previous
treatments.

Fourier transform infrared spectroscopy

The extracted milk samples were freeze-dried and tested
for FTIR analysis. The IR wavelength range of 1600-1700
cm™ was in the Amide | band region that represented
five major secondary protein structures, such as a-helix,
B-turns and sheets, 3, -helix, and random coils. The prom-
inent bands exhibited in sesame were a-helix in the wave-
length range of 1648-1660 cm™, B-sheets in the range of
1610-1642 cm™, p-turns in the range of 1660-1680 cm”,
and anti-parallel f-structures in 1680-1700 cm™ range.”?
Similar peaks were identified in the FTIR spectra obtained
in this study on sesame milk. In the present study, the
peaks obtained in the Amide | region were carefully exam-
ined using the OriginPro software. Based on the results

shown in Table 2, it was concluded that a-helix structures
increased after plasma treatment. In contrast, the p-helix
sheets decreased after plasma treatment. The percentage
of a-helices was higher in the 20-min plasma-treated sam-
ple, compared to the 30-min plasma-bubbled sample. Anti-
parallel p-structures were 0% in 20-min plasma-bubbled
sample.

Circular dichroism—secondary structure analysis

In this study, raw unprocessed sesame milk showed a spec-
trum in two positive coordinates and one in negative coor-
dinate; the positive elliptical dichroic bands were observed
from 190 to 200.5 nm and 240 to 270 nm whereas negative
dichroic band was observed from 200.5 to 240 nm. The
upbeat band in the range of 191-193 nm and negative bands
in the range of 208-210 and at 222 nm were reported due
to the presence of a-helices in the sample. Also, the pres-
ence of a negative band in the range of 216-218 nm and pos-
itive at 195 nm represented the structure of p-sheet in the
sample.*® It was observed that the total a-helices increased
with plasma treatment, and total p-sheets decreased with
an increase in plasma treatment time. Further, the decon-
volution of circular dichroism spectra in the CD Pro software
based on the method followed by Ghosh et al. was revealed
to have consistent results with that of the graphs obtained.*'
Table 3 represents the proportions of a-helices, p-sheets,
turns, and unordered structures in the control and the plas-
ma-treated samples. It was determined that the contents of
a-helices were more, compared to that of B-sheets; bubbling
of sesame milk increased the regular a-helices structures in
raw sesame milk (27.13%) to 39%, 29.03%, and 29.9% for 10-,
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Figure 4 SDS-page protein profile of raw and plasma-processed sesame milk.

Table 2 FTIR analysis of the percentage of secondary structures present in raw and plasma-treated sesame milk samples.

Treatment a-sheets (%) B-sheets (%) B-turns (%) Anti-parallel B-structures (%)
Control 44.34 8.75 34.25 12.63

10 min 391 7.3 35.46 18.07

20 min 77.94 6.77 15.27 0

30 min 60.02 5.69 23.47 10.8

Table 3 Circular dichroism analysis of proteins’ secondary structure of raw and plasma-processed sesame milk samples.

Treatment Regular a-helix Distorted a-helix Regular B-sheet Distorted fB-sheet B-turns Random coils
Control 27.13 14.3 8.56 8.56 18.23 23.1

10 min 39 20.46 6.2 6.53 11.3 16.43

20 min 29.03 17.66 8.6 7.56 14.83 22.16

30 min 29.9 17.9 8.16 7.73 16.4 20.56

20-, and 30-min plasma-bubbling time, respectively. Regular
a-helices were more in the case of 10-min plasma-bubbled
sample. However, it decreased to around 29% at 20- and
30-min plasma bubbling. Similar results showing increase at
10 min and decrease at 20 and 30 min were observed for
distorted a-helix. Regular B-sheets increased in the case of
20-min bubbling, and distorted p-sheets decreased for all
plasma exposure periods. p-turns and random coils were
also reduced after plasma treatment.

Sandwich enzyme-linked immunosorbent assay

The IgE-binding capacity of antigens in the freeze-dried
sesame milk sample was evaluated using the specific
sandwich-type ELISA test for sesame, as presented in
Table 4. The 10-min plasma-bubbled sample showed a
4.21% reduction in IgE binding whereas the 20-min plasma-
bubbled sample showed the highest reduction in binding,
accounting to 23.1% reduction, compared to the control
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Table 4 Changes in allergenicity in terms of reduction in
IgE binding in plasma-bubbled samples.

Treatment Percentage reduction in IgE
binding after plasma treatment (%)

10 min 4.21 + 0.86°

20 min 23.08 + 4.88°

30 min -3.69 + 6.28°

ab< yalues having varying alphabetical numbering are
significantly different.

sample (Table 4). However, the plasma-bubbling time of
30 min increased the binding capacity of antigens with IgE
antibody; it accounted to 3.7% increase in binding capacity,
compared to the control sample.

Discussion

Sesame seeds can cause IgE-moderated allergies in individ-
uals. Proteins in sesame seeds mainly induce IgE-mediated
allergies, whereas non-IgE-mediated allergies are caused
by lipids." The primary storage proteins (11S globulin, 2S
albumin, 7S globulin, and oleosins) present in sesame are
potent enough to cause allergies. The significant allergens
are further divided into seven subunits such as Ses i 6 and
Ses i 7 (11S globulin), Ses i 1 and Ses i 2 (2S albumin), Ses
i 3 (7S globulin), and Ses i 4 and Ses i 5 (oleosins).32 Cold
plasma processing of proteins can alter the IgE-binding
capacity of an antigen (allergen present in the product)
through oxidation of proteins by reorienting the protein
structure, or by destroying the epitopes and forming new
epitopes.’” Cold plasma can either decrease or increase the
IgE-binding capacity based on the protein conformation.
Thus, understanding the characteristics, structure, and
IgE-binding capacity of these plasma-treated proteins helps
in identifying the nature of sesame allergen and its bind-
ing with IgE human antibodies. Before studying the protein
structure, it is also necessary to assess the efficiency of
plasma equipment in generating reactive species.

Electron paramagnetic resonance spectroscopy uses
the paramagnetic behavior of free radicals to detect them.
It detects the intensity of microwave absorption by the
unpaired electrons present in free radicals under the influ-
ence of an applied magnetic field.** OH radical is the most
crucial and primary reactive species for generating second-
ary reactive species and is the primary species generated
during the splitting of a water molecule.?* Thus, OH radi-
cal was chosen to assess the effect of plasma processing
time on reactive species formation. As reactive species
are short-lived, spin trap agents are used in general to
trap them for longer duration. DMPO, a spin-trapping agent
specific for OH radicals, was used in this study to form
adducts (DMPO-OH). An increase in intensity at 20 min,
compared with 10 min, could be due to the dissolution
or formation of more reactive species at higher exposure
time. This increase in OH radical proves that the dissolu-
tion of reactive species in sesame milk increased with
increase in exposure time.* This could also be explained

by the changes in pH and conductivity with respect to
exposure time.3¢ However, decrease in intensity at 30 min
could be due to the saturation of radicals between 20- and
30-min plasma-bubbling time. Similar results of saturation
of DMPO-0OH adducts were observed followed by prolonged
exposure period.>*¥ Another reason could be the increase
in nitric oxide or other nitric acids in milk which could
decay DMPO-OH adducts in sesame milk.3® This proves that
reactive species increase with increase in plasma exposure
time.

As thermo-assisted changes in the sample correspond
to the changes in the sample’s proteins and starch, the
thermal profile of sesame milk was analyzed using a DSC. It
aids in studying the behavior of food material when these
are subjected to various changes in temperature and time.
While doing so, the equipment measures the heat flow
generated in the food material and represents its corre-
sponding changes in the form of a thermogram.* The ther-
mogram represents the area of the enthalpy associated
with heating process.

The study revealed that the plasma treatment changed
the sample’s peak temperature and enthalpy. An increase
in both onset and peak temperatures in plasma-processed
sesame milk, compared to the control sample, revealed the
thermal stability of the plasma-treated samples. Similar
results of the increase in peak and onset temperatures
were observed in previous studies;** however, there
was no drastic change in the temperatures after plasma
treatment. Although there were no visible changes in
both onset and denaturation temperatures, the enthalpy
varied drastically in plasma-processed milk samples
(Table 1). The enthalpy, also called the transition heat,
represents the proportion of proteins that were not dena-
tured during the heating process.* Thus, it was understood
that the percentage of proteins that were not denatured
in the plasma-treated sesame milk sample was less. Any
change in enthalpy denotes that the proteins’ thermal sta-
bility is altered, which in turn proves that the proteins are
oxidized, compared to the control. The study done by Di
et al. on sesame reported that the change in enthalpy is an
indication of alteration in the stable structure of sesame
protein and aggregation.” The results observed in the pres-
ent study were found in accordance with the cold plasma
studies conducted on quinoa flour® and carnauba wax;*
the change reported was due to the loss of protein struc-
ture or the reduction in starch crystallinity after plasma
treatment.

It was inferred from the data obtained from SDS-PAGE
analysis that the bands obtained in the present study dis-
played a typical pattern of native sesame protein based on
the previous studies conducted on sesame and sesame pro-
tein isolates.3®*4 |t was observed from the documented
electrophoresis gel that there were significant protein
bands in the sesame sample, as mentioned above. The
bands obtained in raw sesame milk between 20 kDa and
25 kDa and below 35 kDa were identified as of 11S globulin,
and the bands observed below or near 11 kDa were of 25
albumin (not prominent).* Similar results of protein bands
near 25 and 35 kDa were observed in a study on sesame
seed germination.”® In the present study, plasma treat-
ment increased the band intensity near 45-65 kDa, which
was identified as that of 7S globulin.”” The oxidation of
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proteins by reactive species in plasma could be responsible
for changes in the plasma-treated samples.* The forma-
tion of new bands at higher molecular weight denotes that
the protein bands get aggregated to form higher molecular
weight proteins. In addition, increase in the intensity of 11S
globulin protein bands denoted the same results. 2S albu-
min, one of the significant sesame allergens, was not found
prominently in this sesame milk sample; also, it did not
show any variation in plasma-treated samples. 11S globu-
lin is not soluble in water whereas 2S albumin is a water-
soluble protein.>® Thus, the nonavailability of 2S albumin
in the present study could be due to the leaching of this
protein in water during the soaking of sesame seeds.

In the case of 11S globulin, the intensity of one partic-
ular band faded near 25 kDa after plasma treatment. This
could be due to the degradation of that band and the for-
mation of new 7S globulin bands. The formation of clusters
in 11S aggregates at 30-min bubbled sample could also be
due to increase in the formation of aggregates at higher
exposure time. 11S globulins are insoluble aggregates; thus,
increase in the intensity of these protein bands indicates
the generation of more aggregates in the plasma-processed
sesame milk. In addition, Plancken et al. reported that at
higher exposure time, the hydrophobic residues are liber-
ated and enhanced the interactions of proteins, leading to
re-association and cross-linking."

The reactive plasma species, such as OH radical and
ozone, have been reported to be responsible for the oxida-
tion of proteins and formation of aggregates in food prod-
ucts.> Changes in protein bands could be attributed to the
electrostatic interaction of reactive species, formation of
disulfide bonds, and interchange of hydrophilic/hydropho-
bic bonds because of interaction of reactive plasma spe-
cies with sesame proteins.5? Formation of reactive species
in plasma bubbling unit and its increase with increase in
bubbling time, as found using EPR spectroscopy, proved
that changes in protein bands with an increase in expo-
sure time was due to the interaction of reactive species
with proteins. Similar results of increase in aggregates
followed by plasma exposure were observed in the cow
milk protein,> meat,>* squid,® and tropomyosin.”® Although
there were changes in protein bands, alteration in protein
binding can be better understood by studying structural
changes in proteins. Secondary structures of proteins are
mainly composed of a-helix and p-sheets. The percent-
age of these structures depends on the nature of the food
material and treatments.>® Thus, FTIR and circular dichro-
ism analyses were conducted to study structural changes in
proteins after plasma application in sesame milk samples.

The secondary structure of proteins was studied by
analyzing Amide | region in FTIR spectra, as the absorp-
tion related to this region matched the vibration of pro-
tein mainstay.”” Also, a particular work on sesame protein
isolate’s FTIR study reported that the absorption spectra
of Amide | region matched the proteins’ secondary struc-
tures.” Similarly, in the present study, we studied Amide
| region and found changes in the protein structure after
plasma treatment. It was observed that a-helical struc-
tures increased after plasma treatment, and f-structures
decreased in plasma-treated samples. The data obtained
from circular dichroism and calculation using the CD pro
software observed that the contents of a-helices were

more than that of B-sheets. Therefore, it was inferred that
a-helices increased with plasma treatment, and B-sheets
decreased with an increase in plasma treatment time.
However, the percentage of a-helices decreased at 30-min
exposure in FTIR and at 20- and 30-min exposure in cir-
cular dichroism in plasma-treated samples; this could be
due to the conversion of helical structures to p-sheets at
increased plasma processing conditions.

Most of the studies on plasma-treated proteins showed
a decrease in helical structure and an increase in sheets.*
This could be due to the nature of the proteins used for
analysis and the treatment parameters used. For exam-
ple, in a study conducted on sunflowers, protein isolate
and sodium caseinate were treated simultaneously using a
moderate electric field, during which it was observed that
B-sheets increased in sunflower protein isolate whereas
a-helix increased in sodium caseinate.®® On the contrary,
in another study on plasma treatment of glycinin, it was
observed that plasma did not have any significant change
in the secondary structure of proteins.*® This phenomenon
proved that the nature of proteins essentially determined
the structural changes during treatment. Similarly, one
particular study on cold plasma processing of milk casein
and whey revealed that the phenomena of change in pro-
tein structure depended on the nature of the protein.?
Plasma processing of whey decreased the a-helix structure
whereas a similar treatment on casein increased the a-he-
lix structure. Thus, it was inferred that the cold plasma
processing of sesame milk proteins (as a whole) increased
a-helix and decreased p-sheets.

An increase in the a-helix structures of sesame (FTIR
and circular dichroism data) could be attributed to the
increased denaturation (cross-linking or aggregation)
of proteins with respect to plasma treatment.®® These
changes revealed that the plasma exposure of sesame
milk altered the protein structure. An increase in a-helix
denoted a decrease in protein hydrophobicity because of
improvement in protein-water interaction.®’ Semwal and
Meera reported that increase in a-helix in sorghum pro-
tein during microwave treatment was due to aggregation
of proteins (formation of disulfide bonds while unfolding
proteins).®? They also stated that water present in the sam-
ple could have promoted hydrogen bonding in amino acids
cross-linkage. In a study on ultrasonicated whey protein,
aggregation of proteins caused by cavitation revealed that
B-sheets cross-linked to form aggregates at prolonged ultra-
sonication time.®® In the case of plasma, reactive species
were reported to change the conformation of proteins and
produce more sulfhydryl groups, which, in turn, interacted
with one another to form aggregates.® Thus, in the present
study, action of reactive species in milk (liquid) could be
the most appropriate reason for the oxidation of proteins,
which in turn promoted aggregation of sesame proteins.

Studies conducted on sesame protein structure proved
that denaturation occurred during plasma treatment and
changed its structure with change in exposure time. As
the processing method changed the conformation of epi-
topes or the generation of new epitopes (neoepitopes),®
they could either increase or decrease allergenicity based
on changes in protein conformation.® Thus, sandwich-type
ELISA test was conducted to understand the influence of
processed sesame milk on the degree of antigen-binding
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capacity with IgE antibody. The analysis revealed that the
percentage of antigen binding with the sesame-specific IgE
antibody was less in plasma-treated samples. Reduction in
binding was observed to be more in the 20-min plasma-
bubbled sample than in 10- and 30-min bubbling sample.
This was inferred in accordance to changes in protein
structure. Changes in conformation could be the possible
reasons that could have masked desirable epitopes for
binding, which in turn decreased IgE binding.¢’

Similar results showing reduction in IgE binding were
reported in plasma-treated samples, such as soybean iso-
late 75%,” peanut 43%,% B-lactoglobulin 56%, glycinin
91%,% and king prawn (tropomyosin) 17.6%.'® Results demon-
strated that changes in proteins because of conformation
were the primary reasons for reduction in allergenicity.
However, few studies on plasma also reported no evident
change in the IgE-binding capacity of cashew nuts” as well
as casein and whey.”" It proved that plasma didn’t have
any impact on some food materials, although results of a
few studies revealed that plasma treatment increased the
percentage of IgE binding, compared to the control sam-
ple. One particular study showed that plasma treatment
increased allergenicity in the case of p-lactoglobulin.> The
study revealed that change in protein structure not only
reduced allergenicity but can also increase it; formation of
new desirable epitopes for binding or the revealing of more
epitopes could be the possible reason for this increase.>
This could be the reason for increase in allergenicity while
treating sesame milk for 30 min. The epitopes formed in
30-min bubbled sample would have favored IgE binding.
Results of a study revealed that plasma’s effect on aller-
genicity reduction depended on the processing parameters
and nature of the food material used.”? Another critical
factor that contributed to allergenicity reduction was the
presence of water in the sample, which was reported to
enhance the generation of critical reactive species during
the splitting of water molecule, which in turn helped in pro-
tein oxidation.” Thus, it could be concluded that the water
present in sesame milk also contributed to the reduction of
allergen-binding capacity. Although plasma has variations
in the effects it has on antigen-binding capacity depending
on the nature of the food material and process parameters
used, this study observed that plasma was the potential
element for reducing the allergenicity of sesame milk at a
processing time of 20 min. The future studies can use dif-
ferent plasma processing parameters for further studying
their effect on proteins.

Apart from studying the nature of protein, it is also
quintessential to analyze the effect of plasma on lipid oxi-
dation. Cold plasma has been reported to have negative
impact on lipids because of the presence of reactive spe-
cies, which increase oxidation byproducts and adversely
affect the quality of final product.®"747¢ Thus, because ses-
ame is rich in oil content, the future studies must analyze
the plasma-induced oxidation byproducts in sesame milk.

Conclusion
The study on cold plasma treatment of sesame milk proved

that plasma caused oxidation of sesame protein, thus
reducing the binding capacity of sesame antigen with IgE

antibody. SDS-PAGE and DSC analyses confirmed the plas-
ma-induced oxidation of proteins. In contrast, changes
in the protein structure were demonstrated by FTIR and
circular dichroism secondary structure analyses. The pri-
mary reason for increase in oxidation was the interac-
tion of reactive plasma species with sesame protein at a
higher bubbling time. The EPR analysis for determining the
amount of OH radical produced in plasma-treated sesame
milk further proved that the reactive species increased
with an increase in plasma bubbling time. This study pro-
vided insight into the effect of cold plasma on the oxida-
tion of sesame proteins, which facilitated reduction in the
IgE-binding capacity. Although this study manifested that
plasma treatment reduced the IgE-binding capacity, the
proportion of reduction in binding was less 23%. Thus, it
is necessary to conduct further studies on reducing the
percentage of binding capacity. Additionally, increase in
IgE binding at 30-min bubbling, which could be due to the
formation of new epitopes, must also be studied further
to reveal exact reasons for the change. The future stud-
ies, such as combining this technology with other meth-
ods, must be considered to promote reduction in sesame
allergenicity.
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