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Recently, atmospheric-pressure non-thermal plasma-jets (APP]) are being for the cancer treatment.
However, APPJ still has drawbacks such as efficiency and rise in temperature after treatment. So, in this
work, a synergetic agent D,O vapour is attached to APPJ which not only increase the efficiency of plasma
source against cancer treatment, but also controlled the temperature during the treatment. OD generated by
the combination of D,O + N, plasma helped in enhancing the efficiency of APP]. We observed OD induced
apoptosis on melanocytes G361 cancer cells through DNA damage signalling cascade. Additionally, we
observed that plasma induces ROS, which activated MAPK p38 and inhibits p42/p44 MAPK, leading to
cancer cell death. We have also studied DNA oxidation by extracting DNA from treated cancer cell and then
analysed the effects of OD/OH/D,0,/H,0, on protein modification and oxidation. Additionally, we
attempted molecular docking approaches to check the action of D,0, on the apoptosis related genes.
Further, we confirmed the formation of OD/OH simultaneously in the solution using optical emission
spectroscopy. Moreover, the simultaneous generation of D,0,/H,0, was detected by the use of confocal
Raman spectroscopy and density measurements.

for the cancer treatment. Most of the techniques applied for the control of cancer is depend on the use of
anticancer agents, which unfortunately provide restricted effects. Hence, development of a new methodo-

logy for the cancer treatment is a hot topic for research. Recently, atmospheric-pressure non-thermal plasma-jet
(APPJ) has been an emerging field which has been actively applied to resolve various medical problems' such as
treatment of skin diseases®™, dental cavities>, control the contamination of various surfaces’, promote cell
proliferation®, enhance cell transfection’, wound healing'’, and ablate the cultured cancer cells''. APPJ has been
well known for the generation of charged particles (electrons, ions), electronically excited atoms, and reactive
oxygen species (ROS) including the hydroxyl radical (OH), nitric oxide (NO) and superoxide radicals'*"**. Since,
the growing demands of APP] in clinical utility needs further innovation to increase its wide area of application in
the various therapies. However, still in plasma source, efficiency and abruptly temperature rise during treatment
are the main problems that need attention. Hence, there is an urgent need to develop or modify the plasma source.
Herein, we are proposing a synergetic agent D,O vapour along with nitrogen gas (N,) which can overcome the
heat problem during exposure and enhance more efficacies through the propagation of high amount of free
radicals when compared with other plasma jet source alone. Deuterium oxide or heavy water (D,0) is known for
exhibiting various kinds of different biological activities'". Since there have been several papers reported for the
incubation of tumor cells with varying concentrations of D,O, leading to inhibition of cell proliferation.
Additionally, they have found to be an active in various cancer cell line in-vitro and in-vivo'>™"*. However, very
little evidence is available for investigation of the cellular consequences of D,0O. Somlyai and co-workers stated
that naturally occurring deuterium might be essential for normal cell growth; in addition, they showed that the

T he induction of apoptosis or programmed cell death, in cancer cells is the fundamental step towards success
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proliferation of tumor cells can be suppressed by deuterium-depleted
water™. Recently, it has been reported that D,0O causes mitotic arrest
and inhibited DNA and protein synthesis in several cell lines*'~>*.
However, there is no study reported for the combined action of
plasma with the D,O for utility in cancer therapy. Therefore, to
investigate their biological applications, we have studied the action
of our new technology (combined action of plasma and deuterium
oxide radical (OD)) on the anti-cancer activity of melanocytes G361
cancer cells. In this work, we have studied the simultaneous genera-
tion of OD/OH using optical emission spectroscopy. However, the
instantaneous formation of deuterium dioxide (D,0O,)/hydrogen
peroxide (H,0,) was measured by confocal Raman spectroscopy
and density meter measurements after D,O + N, plasma treatment.
Furthermore, we have studied the oxidative stress related protein
signalling such as mitogen-activated protein kinases (MAPK p38)
and inhibit p42/p44 MAPK (extracellular signal-regulated kinases
(Erk2)). Moreover, DNA oxidation of extracting cell DNA was ana-
lysed using circular dichroism (CD), 8-OHdG measurements and
Agrose electrophoresis. In addition to this, we have also described
the structural changes of proteins [Myoglobin (Mb) and Hemoglobin
(Hb)] using the CD, protein oxidation and gel electrophoresis.
Further, we have used molecular docking approach to investigate
the action of D,0,/H,0, on the apoptosis related genes such as
ataxia telangiectasia mutated (ATM), p53 and cysteine-aspartic acid
protease (caspase-8).

Results

Physical and chemical parameter estimation during D,O plasma
exposure in media. Since plasma is responsible for altering the
physical parameters of the solution®, as well as in most of the
cases gradually enhanced the temperature”. However, the
combination of D,0O vapour with plasma has a significant effect to
overcome the heat problems and provides the synergetic effect of OD
with N, plasma. In order to reveal the plasma constituent, we apply
D,O along with N, gas and examine the emission spectra of plasma
to find out the OD and OH peaks. Figure 1D shows the emission
spectrum, which reveals the presence of the highest OD peak by
applying 600 sccm of D,O vapour. We applied D,O to enhance
the high amount of OD radicals, which was consequently
converted into D,0,. The richness of these species may make this
high efficiency of APPJ] compression with other sources. After
treatment with the D,O + N, plasma jet at different time interval
of 0, 1, 3, 5 and 10 min, we measured the pH and temperature of
RPMI (being used as main media in the experiments). There was no
significance change in pH of media with or without D,O + N,
plasma; this could probably be due to buffering capacity of media,
as shown in Figure 2A. Although, the temperature of D,O + N,
plasma doesn’t show any change over the treatment time. Whereas,
in case of N, plasma alone (without D,O vapour) temperature of the
solutions continuously increased with increase in treatment time and
reached ~ 55°C after 5 min treatment (Figure 2B).

It may be possible that the interaction between environment sur-
rounding and plasma affected the level and composition of ROS and
RNS during treatment*. Therefore, we have performed the plasma
treatment in the vacuum conditions (before plasma treatment we
removed out the atmospheric gas and then filled with nitrogen gas
only), in order to generate the ROS without interference of envir-
onmental conditions. In this environment, we treated 1 ml RPMI
media on different time intervals. In case of D,O + N, plasma, the
relative levels of OH, H,O, and NO radical were higher in compar-
ison to N, plasma (Figures 2C and D), the low levels of NO species
were observed in both conditions of plasma treatment (Figure 2E).
To measure the OH radicals, we used the standard protocol to detect
the OH concentration. Hence, we are not sure that these protocols
can differentiate between the OH and OD radicals. Therefore, the
detected concentration of the OH in Figure 2C, might be the com-

bined effect of both OH and OD radicals in D,0O + N, plasma.
Similarly, the Kit provided to detect the H,O, concentration after
the treatment cannot distinguish between the H,0, and D,0,, i.e
exhibits the total concentration of H,0, or D,0, present in solution.
During the treatment, the generation of nitrogen atom concentration
may be low that results in the insignificant generation of NO in D,0
+ N, plasma (Figure 2E).

In order to check the generation of the D,0, and H,0, in water
solution, we have studied the confocal Raman spectroscopy as dis-
played in Figure 3A, B. We added the titanyl ion that reacts with
D,0, and H,O0, in solution to form different complexes which were
then detected on a different wavelength®. The peaks for Ti-OD and
Ti-OH appeared at 1450 cm™" and 1600 cm ™", which clearly is an
evidence that our device can generate the both D,0, and H,0, in
solution at the same time. Whereas, in the D,O + N, plasma we have
not observed the peak at 2530 cm™'(present in the D,O control
sample) which being related to the v(O-D) of D,O. This, further
proves that in our experimental setup there were no free D,O
vapours, all D,O vapours were converted either in the D,0, or OD
from the plasma source. On the other hand, we observed the peak at
3400 cm™' in D,O + N, plasma, attributed to the v(O-H) of H,O,
similar to control H,O sample (without treatment). On comparing
the peak height and the area, we found that the peak height and area
decreased in the D,O + N, plasma as compared to the control H,O
sample. This reveals that during the treatment few water molecules
are converted into H,O,. Figure 3C shows the concentration of the
H,O0, in the solution using a chemical kit after the 3 min and 5 min
treatment. We observed that as the time of treatment increased, the
concentration of H,O, also increased. Additionally, we have also
checked the density of water solution after treatment with D,O +
N, plasma for 3 min. We observed that after the treatment of the
D,0O + N, plasma, the density of water was found to be 1.012358 g
cm ™, whereas the density of water before treatment was 0.998204 g
cm ™’ and density of D,0 1.107000 g cm ™. This also indicated that
after the treatment there is a generation of H,O, and D,0, that
resulted in the increased solution density. This increase in density
after the treatment clearly evidences the generation of D,0, and
H,0, in the solution. Therefore, OH, H,0,, OD and D,0, could
be the main radicals generated during the treatment which increase
the efficiency of our plasma source against cancer cells.

Plasma induced apoptosis study on different time intervals. To
find the plasma treatment time and dose at sublethal level, cell
viability was examined at different plasma doses. For determination
of cell viability and toxicity of D,O + N, plasma on normal cells, we
performed an MTT assay. After treating with D,O + N, plasma and
N, plasma for 0, 1, 3, and 5 min, G361cancer cells showed significant
decrease in viability after 3 and 5 min treatment for D,0O + N,
plasma, whereas the decrease was insignificant for the N, plasma,
during incubation time 24, 48, and 72 h (Figures 4A and B).
Although D,0 + N, plasma effects on normal-human dermal-
fibroblast (NHDF) cells showed no significant decrease in viability
in comparison to the control (without treatment, 0 min) and after
5 min treatment, respectively, during incubation time 24, 48, and
72 h (Figure S1). On the other hand, after treatment with D,0 +
N, gas for 0, 1, 3, and 5 min on G361 cells, no effects on viability were
observed during incubation time 24, 48, and 72 h (Figure S2).
Additionally, we also checked the G361 cell viability by applying
deionised water vapour (H,O) instead of D,O. The same condition
and treatment time were kept same as used in D20 experiment. After
treating with H,O + N, plasma, G361cancer cells showed about 55—
65 % viability of cells on 5 min treatment (Figure S3). Although, after
exposure to D,O + N, plasma for 5 min, only 20-30% viability of
cells was observed. No significant effect on cell viability was observed
on 5 min N, plasma exposure until 72 h incubation (Figures 4A and
B). This indicates that D,O + N, plasma is more effective than H,O
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Figure 1| Schematic diagram of D,O + N, plasma jet device and its OES spectra (A) A plasma jet system consisting mainly of a high-voltage power

supply, electrodes and dielectrics; (B) Shows vacuum chamber consists of vacuum pump which used to take out atmospheric gas from inside the chamber
and then chamber was filled with nitrogen gas only; (C) D,O + N, plasma jet device was used in this experiment. The distance between the cell media and
outer electrode is kept as 3 to 4 mm during exposure; (D) Measurement optical emission spectra during treatment with plasma.

+ N, plasma. MTT assay data shows that D,O + N, plasma has an
inhibitory effect after 3 min treatment on the growth of G361 cancer
cells, but no toxic effects on the growth NHDF cells upto 5 min
exposure. Further, we determined the plasma sublethal dose by
treating the cells on different time intervals (0, 1, 3, and 5 min)
and also checked the viability on every 3 h interval or incubation.
Figure 4C, reveals that cells become apoptotic after 3 min plasma
treatment and 12 h incubation.

To obtain direct evidence that supports a causative link between
over production of ROS and apoptosis in G361 cancer cells, a com-
parative study using actinomycine D was conducted. Apoptotic
activity was assayed using annexin V-FITC/PI staining (annexin
V-FITC/PI described in method section) for control cells (without
treatment), treated cells (3 min treatment of D,O + N, plasma) and
in the presence of 1 pM of actinomycin D treatment, in Figures 4D
and E. Plasma treated and actinomycin D treated cells induced
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Figure 2 | pH, temperature and ROS/RNS measurements after plasma exposure in media (A) Measurement of pH, (B) Temperature in 1 ml of RPMI
media were exposed to N, plasma and D,O + N, plasma for different time interval 1, 3, 5 and 10 min; (C) Determination of OH concentration;

(D) Determination of H,O, concentration; (E) NO in 1 ml media after N, and D,O + N, plasma exposure for 1, 3, and 5 min only. All values are
expressed as = SD in triplicates. Students’ t-test was performed to control (* denotes P<<0.05 and ** denotes P<<0.01).

apoptosis of ~52 % and 24 % of the total cells, respectively. However,
~21 % early apoptosis and ~31 % late apoptosis were observed for
3 min plasma treatment, whereas, in the presence of actinomycin D
~13 % early and ~11 % post apoptosis were observed (Figure 4D).
These results strongly suggest that over production of ROS generated
by D,O + N, plasma could be the only factor responsible for the
induced apoptosis in G361 cancer cells.

Plasma stimulated Intracellular ROS effect on apoptosis related
gene study. Intracellular ROS levels dramatically increased over the
D,0O + N, plasma-treated cells, and it was significantly higher after
3 min treatment in comparison with 0 min (Figures 5A and B).
Although in the presence of trolox with 3 min treatment, there
was no significant enhancement in ROS due to scavenging activity
of trolox (Figure 5A). Therefore, the presence of trolox proves the
enhancement of intracellular ROS through extracellular ROS,
generated by D,O + N, plasma. Oxidative stress inside the cell
modulates the several kinds of protein signalling such as MAPKs
family which take part in the regulation of cell survival and
apoptosis related gene expression”. In mammalian cells, basically
there are least 3 different groups of MAPKs, including p38 MAPK,

p42/p44 MAPK (Erk2), and c- jun N-terminal kinase (JNK)”.
Among the MAPKs family, MAPK p38 are known as highly
responsive to oxidant stress inside the cell®®. In this study, we
showed the mechanistically induced oxidative stress by reactive
oxygen species ROS with 3 min exposure of D,O + N, plasma and
20 pM concentration of H,0O,, which activated phosphorylation of
MAPK p38 and inhibited the phosphorylation of p42/p44 MAPK
(Erk2) respectively, triggering cell death (Figure S4).

Further, to establish that role of ROS in cancer cell death induced
by D,0 plasma, we examined the mRNA expression of five oxidative
stress related gene (NOX 1-5) and four apoptosis (ATM, BAX, cas-
pase-8, p53) related genes. The generation of ROS by nicotinamide
adenine dinucleotide phosphate-oxidase (NOX) is essential for sig-
nal transduction. NOX generate ROS in a variety of cells and tissues
in response to apoptosis related signalling”*°. While, ATM has
belonged to one of the largest protein kinase family, that is respons-
ible for regulating cellular responses and activated H2AX and p53 in
the DNA damage signalling cascade®. This study illustrate that ROS
induction after treatment of cells with D,O + N, plasma increased
the levels of intracellular ROS that might be mediated through NOX-1
and p53/ATM genes over expression. In our result (Figure 5C),
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cancer cells exposed to D,O + N, plasma for 3 min without the
presence of trolox showed high expression of NOX-1, ATM and p53
genes. This proves that the over expression of these genes leads to
DNA damage in G361 cancer cells. Moreover, slightly enhanced
expression of Caspase-8 gene can activate apoptosis and lead to
induction of cell death through the oxidative DNA damage.
Although in the presence of trolox with 3 min treatment, showed
no significant enhancement in gene expression due to scavenging
activity of trolox. Therefore, ROS play a key role in initiating cell
death in response to oxidative DNA damage.

Effects of ROS on DNA oxidation of G361 cells. High levels of ROS
generated through the NTP (non thermal plasma) in tumour cells
elevated the levels of oxidative stress or oxidative DNA damage in
human malignancies relative to normal cells’’. In order to check the
effect of plasma on DNA oxidation, we have studied the CD spectra
(CD is described in method section) of DNA. The ellipticity (6)
measurement has been widely used to supervise the conformational
changes of DNA®>. The changes in the CD spectra of DNA are
triggered by the certain factors such as stacking interactions,
hydrogen bonding between the electrostatic repulsion of the
negatively charged phosphate groups and complementary bases®.
The obtained changes in ellipticity as a function of wavelength
before and after plasma, in the presence of actinomycine D drug
and 1M urea (added the 1M urea in cancer cell DNA, to check the
extent of DNA denaturation in cancer cell DNA) are shown in
Figure 6A. Before the plasma treatment, (control) G361 cancer cell
DNA exhibited a negative peak at 209 nm and positive peak at
243 nm. After 3 min treatment of D,0 + N, plasma, the negative
peak appeared at 212 nm and positive peak at 252 nm. While cancer

cell DNA treated with the actinomycine D drug revealed the negative
peak at 211 nm and positive peak at 249 nm. In order to investigate
DNA damage by plasma and urea, we have extracted the DNA of
cancer cells and then treated with 1M urea. We obtained the positive
peak at 244 nm and negative peak at 210 nm. This indicates that the
deformation occurring in the DNA varies with the type of treatment.
These deformations in the DNA structure could be due to DNA
oxidation*. From the Figure 6B, we observed that the maximum 8-
OHAG was formed after 3 min D,O + N, plasma treatment and the
concentration of 8-OHdG formation was less for the actinomycine D.
This also boosts the fact that in the change in conformation of DNA
was found to be different in the presence of different type of
treatment (urea, plasma and actinomycine D). For further
validation, we did 1% agarose gel analysis, which showed that
DNA oxidation increased significantly at 3 min treatment when
compared with control and actinomycine D (Figure 6C). Gel
bandwidth became thicker in 3 min D,0O + N, plasma treatment
as compared to actinomycine D. This reveals that the formation of
DNA oxidation was dependent on the presence of D,0,/H,0, and
OD/OH radicals produced by D,O + N, plasma. Further, we
observed the action of D,O + N, plasma on the Mb and Hb as
standard proteins.

Estimation of protein modification. In order to obtain a detailed
understanding of the extent of modification by D,O + N, plasma on
Mb and Hb, we further performed CD experiments. CD spectrum
(190-240 nm wavelength range) was used to determine the variation
in the secondary structure. The far-UV CD spectra of Hb and Mb
under treatment are shown in Figures 7A and B. As seen from
Figures 7A and B, the far-UV CD spectra of proteins indicate that

| 4:7589 | DOI: 10.1038/srep07589

5



Exposure

120

o) 80 ==3hr

8 ~=-Ghr

> 40 Shr

X =¢=12hr

0 =w=24hr
0 1 3 5 Act
Exposure

E

Control- P1

101 102 103 104 105
FITC-A

D20+3min - P1

FITC-A

120
& N2
E 80 T
i)
> 40
2
0
0 1 3 5
Exposure
D
Act D,O+N,
()
5
8 3 Blate
u% 0 mEarly
0 20 40

% apoptosis

Actinomycin- P1

1059.75
10
u<'§103
e
10%454 13.95
101 102 103 104 105 101 102 103 104 105

FITC-A

Figure 4 | Viability of G361 cells treated with (A) D,O + N, plasma; (B) N, plasma (C) cell viability during different time intervals after plasma treatment
with D,O + N, plasma. Viability of plasma treated cells was measured after 3, 6, 9, 12 and 24 h incubation by MTT assay; (D) Early and late
apoptosis analysis through flow cytometry after Annexin V-FITC/PI staining of plasma treated G361cells; (E) The normalized cell number distribution to
Annexin V-FITC/PI intensity of G361 cells was plotted by plasma exposure time. Actinomycin D was used to make positive control. All values are
expressed as = SD in triplicates. Students’ t-test was performed to control (* denotes P<<0.05 and ** denotes P<<0.01).

the deformation of secondary structure of proteins. The CD
spectrum for a polypeptide chain which is usually organized in o-
helix conformation with two well-labelled minima at = 210 and =
222 nm for proteins in water®>*¢. The results in the Table 1 reveal that
in case of both proteins (without treatment) have 51 % and 50 % of o
helical structure for Mb and Hb respectively. Whereas, after 1 min
D,O + N, plasma treatment Mb = 41 % and Hb = 49 %, while, after
3 min treatment Mb = 38 % and Hb = 31 % of a-helical structure.
However, 5 min treatment of D,O + N, plasma leads to the Mb = 30
% and Hb = 25 % of a-helical structure. The a-helical structure of
Mb = 26 % and Hb = 12 % decreased in 30% (v/v) of H,O,
treatment. Therefore, the denaturation was very different in H,0,
treatment as compared to D,O + N, plasma because in the D,O +
N, plasma there is generation of both H,0O, and D,0, which may
result to different extent of secondary structural changes as
compared to control (without treatment). Further, to see more
clearly the action of D,O + N, plasma treatment on proteins, we
have studied gel electrophoresis. From gel electrophoresis, we
predicted the change of molecular weight of the Mb and Hb after
the D,O + N, plasma treatment. The results summarized in
Figure 7C reveal that the intensity of gel bands increases more in
case of Mb and Hb after D,O + N, plasma, as compared to 30% (v/v)
H,0, treatment. The increase in bandwidth is due to protein
oxidation or protein carbonylation. Protein oxidation is widely
used as an indicator of oxidative stress. In order to gain insight

into these problems, we have studied the protein carbonyl test in
the presence of 3 min, 5 min plasma treatment and H,O,, as
displayed in Figure 7D. This shows that percentage of protein
oxidation after 5 min treatment is maximum, as compared to
3 min and H,0,. So, in order to check the attacking position of
D,0,/H,0, with cancer cell proteins, we also explored the
molecular docking studies.

Exploration of binding site interacting residues through
molecular docking. The propose of the molecular docking analysis
was to elucidate whether D,0,/H,0, and actinomycin D modulate
the anticancer target or not. However, this study was used to identify
the binding site pocket against the long-familiar anticancer
molecular targets Erk2 (Figure 8A), p53 (Figure 8B) and caspase-8
(Figure 8C) protein receptor. The result of the molecular docking
reveals that D,0,/H,0, binds well to the Erk2, p53 and caspase-8
proteins. This is theoretically validated by computational simulation
process i.e., molecular docking. Docking procedure is used to show
the molecular insight of interacting compound with that of target
protein. This method is used to show the molecular interaction and
the interaction can be measured in terms of docking score or docking
energy. At the same time, we get the information related to docked
binding site and interacting residues. Molecular docking experiments
mimic the biological process under standard simulated parameters.
This is most commonly used approach to see the molecular
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interaction and interlinked the experimental results very well
matched with our data. Through molecular docking simulations,
we successfully explored the binding affinities and orientations (in
terms of docking score refer here as ‘total score’) of H,O, against the
anticancer targets Erk2 (Figure 8D), p53 (Figure 8E) and caspase-8
(Figure 8F) protein receptors.

The molecular docking procedure reliability was corroborated by
using the known crystallographic X-ray structure of target protein
Erk 2 complex with known anticancer (against skin cancer) inhibitor
norathyriol®”’. The co-crystallized anticancer inhibitor norathyriol
was re-docked into the binding site and the docked conformation
with the highest total score of 4.4761 was selected as the most prob-
able binding conformation. The low root mean-square deviation
(RMSD) of 0. 56284 between the docked (computational) and the
experimental structure conformations®, indicates the high reliability
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Figure 6 | DNA oxidation and genomic DNA modification analyses.
Melanocytes G361 cancer cells were exposed to D,O + N, plasma for

3 min and used for the analyses of DNA oxidation and genomic DNA
modification through (A) Circular dichroism; (B) Production of 8-OHdG
measured. Each value is the average of three technical replicates.
Students’ t-test was performed to control (*denotes P<<0.05 and **denotes
P<0.01); (C) 1%Agarose gel electrophoresis analysis of genomic DNA
extracted from the treated G361cells.

of Surflex-dock software (Sybyl-X, Certara, USA) in reproducing the
experimentally observed binding site for this inhibitor. The RMSD
measure is normally used to see the statistical deviation between two
superimposed structures within the same binding (active) site of the
target protein. Before running any docking experiment on unknown
compounds, in general, mostly docked compound/inhibitor structure
is compared with the actual co-crystallazed bound inhibitor structure
by using the superimposition method of molecular docking and devi-
ation from the original conformation crystallographic structure® is
measured in terms of RMSD. We set the standard cut-off of RMSD
not more than 0.6. Re-docked inhibitor norathyriol was almost in the
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Figure 7 | Protein oxidation and extracellular protein modification analyses (A) Mb; (B) Hb proteins were exposed to D,O + N, plasma for different
time intervals through circular dichroism; (C) SDS gel electrophoresis of treated Mb and Hb proteins for 5 min and 30% (v/v) H,O, treatment;

(D) Production of carbonyl content measured the treated protein with D,O + Nitrogen plasma for without treatment (control), 3 min, 5 minand 50 pM
H,0,. Each value is the average of three technical replicates. Students’ t-test was performed to control (* denotes P<<0.05 and ** denotes P<<0.01).

same active site as shown in Figure S5. The experimental X-ray
crystallography data®” showed that the polar acidic (negative
charged) residue aspartic acid (Asp-106) and nonpolar hydrophobic
residue methionine (Met-108) were the “gatekeeper” residues, an
important determinant of inhibitory functional specificity in the
Erk2 binding site.

For comparison of binding affinity and docking score, addi-
tional known anticancer drug actinomycin D and its known antic-
ancer targets Erk2, p53 and caspase-8 were selected for docking
simulations®~*°. The docking results of actinomycin D with the
known anticancer targets Erk2, p53 and caspase-8 showed signifi-
cant binding affinity, as indicated by docking score (i.e., total
score) of 1.0890 (Figure 8G), 3.4505 (Figure 8H) and 3.3725
(Figure 8I), respectively, and displayed in Table 2. These docking
results were considered as positive control data and later used to
compare the significance level on the basis of binding affinity

(docking score) of H,O,. Although structural diversity resulted
in the variation in binding site residues and H-bonds formation.
On comparing with actinomycin D, the docking results for H,O,/
D,0, against target Erk2 showed high binding affinity docking
score as indicated by total score of 3.4751 and also revealed the
formation of two H-bonds of length 1.95A and 1.90A with the
polar acidic residue aspartic acid (Asp-106) and nonpolar hydro-
phobic residue methionine (Met-108) similar to inhibitor nor-
athyriol””. In this docking pose, other binding site residues
within a selection radius of 4A from bound substrate were polar
uncharged residue glutamine (GIn-106), polar acidic (negative
charged) residue aspartic acid (Asp-106), nonpolar hydrophobic
residues e.g., alanine (Ala-52), leucine (Leu-107, Leu-156), methionine
(Met-108) and isoleucine (Ile-31, Ile-84), as a result, the bound sub-
strate depicted a strong interaction with Erk2, thus contributing to
more inhibitory activity and stability with H,O, (Figure 8]).

Table 1 | Secondary structure changes of Mb and Hb proteins, determined from CD spectra in different condition at 25°C determined
Samples o- sheet (%) B-sheet (%) Turn (%) Random coil (%)
Mb control 51 22 1 26

1 min 41 20 15 23

3 min 31 23 22 24

5 min 25 29 19 26
H,O, 26 38 0 35
Hb control 50 22 10 18

1 min 49 20 10 20

3 min 38 33 6 23

5 min 30 31 7 31
H,O, 12 49 04 38
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Figure 8 | Backbone ribbon diagram of the Erk2 (A), p53 (B) and caspase-8 (C) heterodimer. Inhibitors are shown as in magnatacolor. Electrostatic
potential mapped onto molecular surface for substrate binding-site (active pocket) of Erk2 (D), p53 (E) and caspase-8 (F). Inhibitors are shown as

in green color in binding pocket site. In silico molecular docking studies elucidating the interaction of actinomycin D in the binding site of Erk2 (G), p53
(H) and Caspase-8 (I) protein. H,O,/D,0, docked on target with total docking score 3.4751 (J), 3.7161 (K) and 2.6876 (L) show two H-bond
oflength 1.9and 1.9 Ato binding pocket residue ASP-106 and MET-108, with Erk2, four H-bond oflength 1.8,1.8, 1.9 and 2.0 Ato binding pocket residue
GLY-154, THR-155, CYS-220 and GLU-221 with p53 and two H-bond of 2.1 A to binding pocket residue GLU-396 with caspase-8 within selection radius
of 4A from bound substrate revealing the binding site pocket of active conformation.

Although, H,0,/D,0, docking outcomes against the anticancer
target protein p53 showed a high binding affinity with total docking
score of 3.7161 and simultaneously revealed the formation of four H-
bonds of length 1.86 A, 1.88 A, 1.99 A and 2.00 A to the polar
uncharged residues e.g, glycine (Gly-154), threonine (Thr-155),
cysteine (Cys-220) and polar acidic residue glutamine acid (Glu-
221) similar to inhibitor QC5 (2-(4-(4-fluorophenyl)-5-(1H-pyrrol-
1-yl)-1H-pyrazol-1-yl)-N,N-dimethylethanamine)*. In this docking
pose of the H,O, p53complex, the chemical nature of binding site

residues within a radius of 4A was polar basic due to arginine (Arg-
156, Arg-202) and nonpolar hydrophobic due to proline (Pro-153,
Pro-219) similar to Thr-150, PRO-153, Glu-221 and Pro-222, as a
result, the bound substrate showed a strong interaction with p53
protein (Figure 8K).

Contrary to this, docking results for H,0,/D,0, against antic-
ancer target caspase-8 showed low binding affinity score as indicated
by total score of 2.6876 and simultaneously revealed the formation of
two H-bonds of length 2.13A and 2.15A to the polar acidic residue
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Table 2 | Comparison of binding affinity of D;O5/H205, Actinomycin D and Norathyriol and against Erk2, p53 and Caspase-8 receptor
profein
Target Involved group of  Length of No. of
Inhibitor/Compound ~ protein/PDB ID  Total Score Amino acid involved in active pocket in 4 A Amino Acid H-bond A Hydrogen Bond
HoO; (Test substrate) Erk2/3SA0 3.4751 ILE31, ALA-52, ILE-84, GLN-106, ASP-106, ASP-106 MET-108 1.95 2
LEU-107, MET-108, LEU-156 1.90
p53/3ZME 3.7161 PRO-153, GYS-154, THR-155, ARG-156,  GLY-154 1.86 4
ARG-202, PRO-219, CYS-220, GLU221  THR-155 1.88
CYS-220 1.99
GLU-221 2.00
Caspase-8/3KIQ  2.6876  GLU-396, PHE-399, THR-469 GLU-396 2.13 2
2.15
Actinomycin Erk2/3SA0 1.0890 TYR-30, ILE-31, GLY-32, GLU-33, GLY-34, -
(positive control) ALA-35, VAL-39, GLU-109, THR-110,
ASP-111, TYR-113, LYS-114, LEU-115,
LYS-117, LEU-156
p53/3ZME 3.4505 THR-150, PRO-153, ARG-202, GLU-221,
PRO-222, PRO-223, GLU-224, VAL225
Caspase-8/3KIQ  3.3725 PRO-322, TYR-334, GLU-335, SER-338, LYS-344 1.99 1
GLN-339, THR-341, LYS-344, GLU-396,
THR-467, THR-469
Norathyriol®” Erk2/3SA0 4.4761  GLY-34, VAL39, ALA-52, LYS-54, ILE-84,  MET-108 1.83 3
GLN-105, ASP-106, LEU-107, MET-108,  ASP-106 2.03
ASP-111, LYS-114, LEU-156 GLN-105 1.96
QC5°® p53/3ZME 4.6541  LEU-145, VAL-147, ASP-148, THR-150, - )
PRO-151, PRO-152, PRO-153, CYS-220,
GLU-221, PRO-222, THR230
B94%° Caspase-8/3KIQ  3.8974  TYR-334, THR-337, SER-338, GLU-396,
PHE-399, THR-467, PHE-468, THR-469

glutamine acid (Glu-396) similar to inhibitor B94 ((3S)-3-({[(5S,8R)-
2-(3-carboxypropyl)-8-(2-{[(4-chlorophenyl)acetyl]Jamino}ethyl)-1,
3-diox0-2,3,5,8-tetrahydro-1H-[1,2,4]triazolo[1,2-a] pyridazin-5-yl]
carbonyl}amino)-4-oxopentanoic acid)*. Moreover, in this docking
pose, the chemical nature of other binding site residues within a
radius of 4Awas nonpolar hydrophobic due to amino acid residue
phenylalanine (Phe-399) and polar uncharged due to residue threo-
nine (Thr-469) similar to GLU-396, PHE-399, THR-469, as a result,
the bound substrate showed weak molecular interaction with cas-
pase-8, thus leading to less stability and inhibitory activity with
HzOz/DzOz (Flgure 8L)

Discussion

Combination of D,O and N, plasma is the advance technology which
not only controls the temperature of the plasma source but also
increases the efficiency for anti-cancer activity. D,O vapour is such
a synergetic agent that helps in increasing the efficiency of APP].
However, by applying D,0 vapour, there was no significant change
in pH and temperature. This indicates that D,O + N, plasma during
the treatment has no direct effect of pH and temperature on cell
viability. Plasma generated from the D,O + N, plasma contained
radicals, mainly OD and nitrogen atom. Nitrogen atoms dissociated
from nitrogen molecules may form nitrogen monoxide by the reac-
tion of N + OD — NO + D in D,O + N, plasma. But, electrons
require relatively-high energy for dissociation of nitrogen molecules
by electron impact because of a high dissociation-energy of 10 eV.
Hence the OD radicals react with other OD radicals to form D,0, as
the main component in the solution (OD + OD — D,0,), rather
than NO. Generation of OD/D,0, is very well interpreted using the
optical emission spectroscopy and Raman spectroscopy analysis.
Further, the increase in density solution after the treatment clearly
revealed the generation of D,0,. Therefore, the direct generation of
OD and D,0, in culture media by plasma enhanced the intracellular
ROS level. In response to oxidative stress induced by the ROS, p38
MAPK are generally phosphorylated®. In Figure S4, up regulation of
phosphorylation of p38 MAPK and inhibition of p42/p44 MAPK

(Erk2) signalling after D,O+ N, plasma exposure, which may upre-
gulate proapoptotic genes through distinct phosphorylation events,
resulting in stress stimulus DNA damage®. These results are sup-
ported by Chen et al.** They suggested that enhanced ROS activated
p38 MAPK phosphorylation and inhibits Erk2 phosphorylation,
results in tumor cell death.

In our experiment, the OD and D,O, generated by the D,O + N,
plasma produce oxidative potential that is partially mediated
through NOX-1 and p53/ATM over expression. Over expression
of these genes clearly indicates that ROS dependent DNA damage-
triggered signalling leading to cell death. So, in order to check the
attaching position of H,0,/D,0, with a binding site pocket of the
well-known anticancer molecular target Erk2, p53 and caspase-8
protein receptor we studied the docking studies. These results reveal
that the binding affinity of D,0,/H,0, is very high than actinomycin
D, hence it supports our experimental data that activity of combined
action of OD and plasma is more as compared to actinomycin D.
Additionally, we observed the DNA damage or oxidation on treat-
ment with D,O + N, plasma using CD, DNA oxidation and gel
electrophoresis. Further, molecular docking approach to show that
D,0, strongly binds to the active site of apoptosis related genes of
Erk2, p53 and caspase-8 as compared to actinomycin D. Hence, the
presence of the OD/OH radicals, or D,O,/H,0, that generated from
D,0 + N, plasma resulted in the oxidative stress and finally leads to
DNA oxidation. Later, we have studied the far-UV CD spectra of Hb
and Mb after D,O + N, plasma treatment. It leads to different extent
of secondary structural changes in both proteins. Moreover, we
observed that D,O + N, plasma can produce oxidants that can
generate carbonyls into proteins can result in the structural changes.

However, DNA damage through the D,0,/H,0, generation, the
detailed mechanism remains to be uncovered and still need to be
investigated. Our results show that D,O + N, plasma source is a
useful therapy against human skin carcinoma cells in vitro. It is the
fact that makes it more potential candidate for the treatment of skin
tumors. However, in vivo studies are needed to determine the value of
D,O for the treatment of these, mostly fatal, tumors. Nevertheless,
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uses of D,O + N, plasma can be one of the cheap and effective
alternative methodology for cancer therapy. Hence, this approach
makes a remarkable milestone to increase the utility of APPJ for the
plasma medicines.

Methods

Plasma properties. The nonthermal plasma jet system used in our study (Figure 1A)
mainly consists of a high voltage power supply, electrodes and dielectrics*'. The
vacuum chamber is fabricated to study the activity in a closed environment as shown
in Figure 1B. A commercial transformer for the neon light as a commercial
transformer is used for the high-voltage power supply. The inner electrode is an
injection needle made of stainless steel with thickness of 0.2 mm and inner diameter
of 1.2 mm. Quartz tube as a tight cover with an outer diameter of 7 mm. The outer
electrode is also fabricated from stainless steel and centrally perforated with a hole
of mm, through which the plasma jet is ejected into the surrounding ambient air.
Porous alumina with a diameter of 12 mm and a length of 17 mm is machined to be
in tight contact with the inner and outer electrodes (Figure 1C). The discharge gap
distance is adjusted to be 2 mm between the inner and outer electrodes. Gas is
injected into the injection needle and then ejected through the 1 mm hole in the outer
electrode via the porous alumina, which is approximately 30 % (vol.) porosity with an
average pore diameter of about 300 pm. Nitrogen with D,O (heavy water) vapor
600 sccm (standard cubic centimeter per minute) is used as the feeding gas, and the
flow rate is controlled to be 1 lpm (liter per minute) by mass flow as well as flow meter
controller. These flow meters are used for mixing D,O vapour and nitrogen gas, once
the nitrogen gas flow to move through the heavy water bottle to evaporate heavy water
and mix the vapour molecules with nitrogen gas. The actual voltage and current are
distorted sinusoidal waveforms due to micro-discharges through porous alumina*. A
typical rms values of current and voltage are approximately 11 mA and 2 kV,
respectively. In order to know the plasma constituent, we apply D,0O along with
nitrogen used as feeding gas and examined the emission spectra of plasma to find out
the OD and OH peak (Figure 1D).

OES spectra measurement of NPJ. Spectra of the NPJ emission are recorded by the
use of HR4000CG-UV-NIR (Ocean Optics, FL, USA) over a wide wavelength range
200-1100 nm and cover the whole experimental conditions explored in the study
under electrical power of about 7 W (2.2 kV, 11 mA with a phase angle of 60°
between the current and voltage) with a 60 V input voltage at 60 Hz frequency and we
used nitrogen gas flow of 1lpm with a combination of 600 sccm of D,O vapours.

pH & Temperature measurement. RPMI media in a 48 well plate (1 ml per well)
were exposed to D,O + N, plasma for 0, 1, 3, 5 and 10 min. After exposure, the pH
and temperature of the media was measured using a pH meter (Eutech Instruments,
Singapore) and Infrared (IR) camera (Fluke Til00 Series Thermal Imaging Cameras,
UK). All measurements were carried out in triplicate.

Cell lines used in the study. Melanocytes G361 cell lines were used for the effect of
plasma on cell viability and Normal human dermal fibroblast (NHDF) cell lines were
used for toxic effect on normal cells effect after treatment with D,O + N, plasma.
Both cells were maintained in RPMI and DMEM supplemented with 10 % fetal
bovine serum, 1 % nonessential amino acids, 1 % glutamine, 1 % penicillin (100 U/
ml) and streptomycin (100 mg/ml) (all from Hyclone, USA). All cultures were
maintained at 37°C, 95 % relative humidity and 5 % CO,. The cells allowed to grow in
75 cm? tissue culture flasks until confluence were then sub-cultured for
experimentation.

MTT assay. Cells were seeded in culture plates at a concentration of 2~4 X 10° cells/
plate in 1 ml of complete media and incubated for 12 h at 37°C in a 5% CO,
atmosphere to allow for cell adhesion. Cells were treated with D,O + N, plasma for 0,
1, 3 and 5 min. A control (without treatment) was included in each assay. After
incubation times of 24, 48 and 72 h, each plate was carefully rinsed with 1 ml
phosphate buffered saline (PBS). Viability was assessed using MTT (3-[4,5-

dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide). 50 ul MTT solutions

(5 mg/ml in PBS) were added to each well in the plate and the plates were incubated
for 3 h. Following incubation, the medium was removed and the purple formazan
precipitates in each well were released in the presence of 1 ml DMSO (Dimethyl
sulphoxide). All assays were performed as three independent sets of tests. Absorbance
was measured using a micro plate reader (Biotek, Techan, USA) at 540 nm and the
cell viabilities were assessed as the ratio of absorbance between plasma treated and
control cells which, was directly proportional to the metabolically active cell
number*>*, Percentage (%) viability was calculated as equation 1:

Optical Density in well treated with plasma

Viability (7o) =100
iability (%) * Optical Density in control well treated with only gas

Measurement of ROS and RNS inside the Solution and Cells. For the comparative
study between N, and D,O + N, plasma, ROS and RNS levels in Media (RPMI) were
analysed after N, Plasma and D,0 + N, plasma exposure for 0, 3, 5 min and

3 min+Trolox/cPITO (1 pM Trolox used for OH, H,O, scavenger and 0.5 mM
cPITO used for NO scavenger), and then the concentrations of OH, H,0, and NO
radical was measured in the solutions RPMI media, we have used the previously
reported method from our group*. To study the total ROS inside the cell, we have
used the H2DCFDA. Attached G361 melanocytes cells in RPMI were treated with
D,0+ N, plasma for 0, 3 min and 3 min + Trolox then, transferred to a
microcentrifuge tube. The cells were washed with PBS and 500 ml of 10 mM
H2DCFDA was added. After 30°C incubation for 1 h, the cells were washed twice
with PBS. Then, the cells were recovered in again with PBS at 30°C for 30 min and
read at 495/515 (ex./em.) nm using a microplate reader. Mean fluorescence intensity
is calculated between plasma and control (no treated) cells. MFI (%) = 100 X
(fluorescent value at an excitation wavelength of 485 nm and an emission at 535 nm
of plasma treated cells — Control)/Control.

Detection of apoptosis. Apoptosis in human skin melanocytes G361 cancer cell lines
were treated with D,O + N, plasma for 0 (control) and 3 min detected using the
EzWay AnnexinV-FITC apoptosis detection kit, Komabiotech Inc, Korea. (This kit
can identify apoptosis at earlier stage as compared to DNA based assay. During
apoptosis, phosphatidylserine (PS) exposed to extracellular environment binds to
annexin V. After 12 h incubation, cells were trypsinized and washed with 0.5 ml of
cold 1x binding buffer. Then, 1.25 pl of Annexin V-FITC (0.5 pg/ml) were added and
incubated for 15 min at room temperature in the dark environment. Cells were
washed and stained with 10 ul PI (0.3 pg/ul) and observed by flow cytometry (BD
FACS Verse, BD Biosciences).

DNA extraction for 8-OHdG detection and agrose gel analysis. Genomic DNA was
extracted after plasma exposure and media in a 48 well plate (1 ml per well) was
exposed to D,0 + N, plasma for 0 (control), 3 minand 0.5 pM of actinomycin D for
OH-dG detection, 1 % agrose gel and CD analysis. Treated cells were subjected to
genomic DNA extraction kit. Genomic DNA was extracted following a standard
molecular biology protocol and re-suspended in 50 pl water*. The same amount of
genomic DNA (2 mg) extracted from cells was used for the detection of 8-OH-dG
level using a oxidative DNA damage ELISA kit (Cell Biolabs, inc. USA), same amount
of DNA was loaded on a 1 % agarose gel and runned for 1 h. Then, the DNA bands
were photographed, after staining with ethidium bromide.

RNA extraction for quantitative real time PCR. We measured mRNA expression of
nine apoptosis related genes, including p53, caspase-8, ATM, BAX and NOX1-5. The
total cellular RNA was isolated from cancer cell line after 1 day (3 min and 3 min +
Trolox) D,O + N, plasma exposure. Primers designing, cDNA synthesis and
quantified every gene, according to the previously reported method from our group*.
Quantitative real-time PCR was performed by using following forward and reverse
primer sequences were listed in Table 3.

Table 3 | Primer sequences used for evaluation of the mRNA expression

Genes Forward primers [5-3] Reverse primers [5-3]

18S rRNA AACGAGACTCTGGCATGCTAACTA CGCCACTTGTCCCTCTAAGAA
p53 CACATGACGGAGGTTIGTGAG ACACGCAAATTTCCTTCCAC
Caspase8 TTGAACCCAAGAGGTCAAGG ACGGGGTCTTGTTCTGTCAC
ATM GGGCAACATGGTGAAACTCT CCTTAACCTCCAGGGCTCAG
Bax AACATGGAGCTGCAGAGGAT CAGTTGAAGTTGCCGTCAGA
NOX1 CCACTGTAGGCGCCCTAAGTT ATGACCGGTGCAAGGATCC
NOX2 GCCCAAAGGTGTCCAAGC TCCCCAACGATGCGGATAT
NOX3 CCTTCTGTAAAGACCGCTATGCA GACCACAGGGCCTAAAATCCA
NOX4 ACCCTGTTGGATGACTGGAA ACCAACGGAAAGGACTGGATA
NOX5 CAGGCACCAGGAAAAGAAAGCAT TGTTGATCCAGATAAAGTCCACCTT
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Western blotting. The whole cell protein extracts from control and treated cells were
prepared as described previously*. Protein of 50 mg were resolved on 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels and latter blotted onto
nitrocellulose membranes as described in previous paper**. We have used p38 MAP
kinase, p42/p44 MAPK (Cell Signaling Technology, Danvers, MA, USA), phospho-
p38 MAP kinase, phospho- p42/p44 MAPK (Cell Signaling Technology), and actin
(Abcam) antibodies. The analysis were measured using SuperSignal West Pico
Chemiluminescent substrate (Pierce, Rockford, IL, USA) and imaged using a Vilver
imaging system (Vilver, Upland, CA, USA).

Circular dichroism Spectroscopy (CD,) confocal Raman spectroscopy and density
meter measurement analysis. CD spectroscopic studies were performed using a J-815
spectrophotometer (Jasco, Japan) equipped with a Peltier system for controlling the
temperature. CD was calibrated using the previous reported protocols***’. Far UV
CD spectra of proteins reveals the important characteristics of the secondary
structure of proteins. and also provides the conformational properties of DNA. The
secondary structure of Mb and Hb were monitored by using 1.0 cm path length
cuvette. The concentration of secondary structures of proteins was 0.1 mg/ml, each
spectrum being an average of six spectra. However, for CD DNA the concentration
was 0.2 mg/ml. Each sample spectrum was obtained by subtracting appropriate blank
media without proteins and DNA. The percentages of secondary structures of
proteins were calculated by using Jasco inbuilt software.

A confocal Raman microscope (WITec, Alpha 300 R) with a 632.8 nm of He-Ne
laser was utilized to measure the Raman spectra at room temperature. The incident
laser beam was focused onto the sample using a microscope objective (100X) in order
to obtain the Raman spectra for the titanyl ion and N, + D,O plasma treated
mixtures. The scattered light was collected by same objective lens and then dispersed
by a grating. And, it was detected with the help of a charge-coupled-device array
detector.

The density (p) measurement was performed with an Anton-Paar DSA 5000 with
an accuracy of temperature of * 0.01 K. The uncertainties in the density measure-
ment was = 0.00005 g cm >, Prior to measurements, the instrument was calibrated
with deionized water and dry air as standards at 293.15 K.

In silico molecular modelling and docking parameters. To find the possible
bioactive conformations of D,0,/H,0, and actinomycin D, the Sybyl X 2.0 interfaced
with Surflex-Dock module was used for molecular docking. The program
automatically docks ligand into the binding pocket of an enzyme/receptor protein
using a protomol-based algorithm and empirically produced scoring function. The X-
ray crystallographic structures of skin cancer receptor protein targeting Erk2
(PDB:3SA0)”, p53 (PDB:3ZME)*® and caspase-8 (PDB:3K]JQ)* protein receptor was
taken from the protein data bank (PDB) and modified for docking calculations**™*",
the detail explanation is given in supporting information.

Statistical analysis. All values are represented by the mean * S.D of the indicated
number of replicates. Statistical analyses of the data were performed using student’s t-
test to establish significance between data points, and significant differences have
been based on the P<<0.05 or P<<0.01.
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