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Nanosecond-pulsed DBD plasma
treatment on human leukaemia
Jurkat cells and monoblastic U937
cells in vitro

Rasool Erfanil?*‘, Cameron Carmichael’, Thea Sofokleous® & Qiuyu Wang?

Plasma therapy offers an exciting and novel way of cancer treatment. Specifically, it is shown

that Jurkat death rates are closely governed by the plasma treatment time. However, apart

from time, alterations to different parameters of treatment process may yield better results. Here,
Dielectric barrier discharge (DBD) reactors excited by a nanosecond-pulse energy source are used

to investigate cell viability for longer exposure times as well as the effects of polarity of reactor

on treatment. Plasma discharge regimes are discussed and assessed using imaging and thermal
imaging methods. We found that by changing the polarity of reactor i.e. changing the direction of
plasma discharge, the plasma discharge regime changes influencing directly the effectiveness of
treatment. Our results showed that ns-DBD- reactor could induce both apoptosis and necrosis of
human Jurkat and U937 cells, and this cytotoxic effect of plasma was not completely antagonized by
N-acetyl cysteine. It indicates that plasma could induce ROS-independent cell death. Gene expression
analyses revealed that p53, BAD, BID and caspase 9 may play vital roles in plasma caused cell death.
In addition, our findings demonstrate how different parameters can influence the effectiveness of
our reactors. Our assay reveals the custom ability nature of plasma reactors for hematologic cancer
therapy and our findings can be used for further development of such reactors using multi-objective
optimisation techniques.

Dielectric barrier discharge (DBD) reactor generates non-thermal plasma via the ionisation of the surrounding
gas by means of the electrodes and dielectric material'>. Plasma generation in gas, liquid, or at the gas-liquid
interface initiates chemical and physical processes. Chemically, it leads to the formation of active oxidizing spe-
cies, such as radicals (e.g. H®, O°, OH*®) and molecules (e.g. H>05, O3, N, O, NO;, NO3). Physically, it causes
shock waves and intense UV light emission*®. In treatment in vitro, intracellular DBD-originated reactive species
proved to have main contributing factors in DNA damage®°. These series of actions break the cell membrane
which showed their promising apoptotic effects on cancer cell lines of lung'!, brain'?, gynecological'?®, breast',
colorectal'™!6, blood!” and skin'®. Turrini et al.'® proved that the DBD plasma reactors effectively induces apopto-
sis in Jurkat cells due to increased generation of reactive oxygen and nitrogen species (RONS) levels. It is believed
that non-thermal plasma promotes oxidative stress, resulting in increased intracellular RONS levels, including,
hydroxyl radicals (*OH), atomic nitrogen (N) and oxygen (O), nitric oxide (NO) and superoxide (05)*, and
subsequently cell death. However, those levels are restored to normal pre-treatment levels days after treatment?'.
In addition, research is signifying that non-thermal plasma induces the generation of hydrogen peroxide (H,
0O,) which serves an important role in inducing apoptosis in malignant cells**~%¢.

The effectiveness of trailed non-thermal treatment is cell dependent, meaning alterations to the treatment
process may yield better results for different types of cancer. This characteristic could make future treatment
more target specific and customisable to a patient’s needs. Non-thermal treatment has been found to be dilat-
ability dependent allowing dose size to be varied adding to the custom ability of the treatment”. Large amounts
of anti-cancer research have been conducted with two different designs of DBD non-thermal plasma reactors,
these are named the Atmospheric Pressure Plasma Jet (APP]) and the DBD reactor®®. The DBD reactor, which
is the subject of this study, has several advantages over the jet reactor. DBD’s do not require a carrier gas as they
produce plasma in air and directly across the treated sample itself. However, one major drawback to the DBD

!Department of Engineering, Manchester Metropolitan University, Manchester M1 5GD, UK. *Department of
Civil, Environmental and Geomatic Engineering, UCL, London WC1E 6BT, UK. Department of Life Sciences,
Manchester Metropolitan University, Manchester M1 5GD, UK. *email: r.erfani@mmu.ac.uk

Scientific Reports |

(2022) 12:6270 | https://doi.org/10.1038/s41598-022-10056-8 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-10056-8&domain=pdf

www.nature.com/scientificreports/

i— &

\
l
\
I

IR thermal IR thermal
camera camera

Exposed ey

Electrode Exposed
Electrode
Plasma '/Sample Plasma Sample

/
/

Well plate — Well plate

\’ Encapsulated \’
Electrode

/
/

Encapsulated

N\

(b)

Figure 1. Schematic of reactor designs and experimental setup. (a) ns-DBD™, (b) ns-DBD .

reactor is that it requires an electrode to be placed behind the treated sample, which in a surgical environment
this could prove to be more intrusive and has the potential of more complications in the treatment processes.

Homogeneous and filament plasma regimes arise from the behaviour and the arcing characteristics of the
plasma discharge. Homogeneous discharges are sought after in medical trials as they provide a constant and even
plasma dose for experimentation?. Reactor design is vital to this characteristic as less favourable filamentary
plasma can be produced. The characteristics of the plasma regimes depends on several variables including volt-
age source (DC/AC/nano/micro-pulse), excitation frequency, voltage amplitude, reactor design and carrier gas.
DBD plasma, which is excited by short pulsed high voltage, in the order of nanoseconds, can enhance plasma
chemistry while maintaining low gas temperature. Plasma chemistry is enhanced as this plasma can produce
increased RONS. Research found that using ns-DBD plasmas increased gas temperature by 20% but OH pro-
duction by 100-500%%.

Investigating new methods for the treatment of leukaemia and other blood cancers is very important as blood
serves many purposes within the body such as, inflammatory response and blood coagulation. The first study to
examine the effects of non-thermal plasma on leukaemia cells was conducted by Barekzi and Laroussi*’. A DBD
plasma pencil was used to treat human T-cell line from a paediatric patient diagnosed with acute lymphoblastic
leukaemia. Findings showed an accelerated rate of cell death between 3 and 4 min of plasma exposure. Interest-
ingly, they observed that when the samples were analysed at 12, 36 and 60 h after treatment, the cell death rates
were statistically increasing with longer treatment exposure times. Additionally, a single dose of plasma treatment
continued to have apoptotic effects on cancer cells even 60 h after treatment. Collectively, suggesting that cell
death rates are closely governed by the treatment exposure duration, thus being indicative of a time-dependent
response. Although non-thermal plasma was found to effectively induce apoptosis in several cancer lines such
as leukaemia however, their effectiveness is limited and can be improved. The aim of the current investigation
is to characterise the effect of different parameters on DBD reactors effectiveness on plasma induced leukaemia
cell death.

Methods

Plasma generation, and voltage and current measurements. The ns-DBD reactor (as called previ-
ously by Shashurin et al.*!) is shown in Fig. 1. The ns-DBD reactor uses a well plate as a dielectric barrier and
it has a solid 2 mm rod as an exposed electrode and copper tape as encapsulated electrode. Polarity effect was
examined by reconnecting the wires to electrodes. ns-DBD reactors are named ns-DBD™, when exposed rod
electrode was connected to the power supply, Fig. 1a, and ns-DBD, Fig. 1b, when exposed rod electrode was
earthed. The height of the well plate is 20 mm and the distance from the surface of the cell medium to the edge
of the well plate is about 8 mm. The distance from the electrode to the liquid is tried to be minimum and it is
estimated to be around 1 mm. The thickness of the bottom wall of the well plate which acts as dielectric material
is 3 mm. The gap between electrodes is filled by polystyrene (wall) and cell solution. Cells were directly exposed
with plasma while untreated cells were used as negative control.

In order to enhance the plasma chemistry for this investigation, a nanosecond pulse high-voltage generator
(Megaimpulse, model: NPG-18/3500(N)) with a pulse rise time of approximately 4 ns was used. This is different
to ac-driven DBD (ac-DBD) plasma, which is excited by sinusoidal signal. The output voltage and frequency
from the transformer was measured using a LeCroy PPE-20kV high voltage probe that was provided with a
detailed calibration from the manufacturers. The output current was measured using a current shunt cs-10/500.
The voltage and current output signals were connected to a LeCroy 500 MHz wavesurfer 3054, 4 GS oscilloscope
where the signals were displayed and recorded.
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Temperature measurement and control. The thermal properties of the reactor as a result of plasma
generation can be explored using Infra-Red thermal imaging, see Fig. 1 for thermal camera location. A FLI-
RONE PRO LT IR camera was used with a thermal overlaid picture. The reactor was switched on for 2 s to reach
the stable run set before commencing the treatment. Constant IR camera monitoring ensured that the tempera-
ture of the sample was kept to 35 + 1 degree during the experiments. Experiment was halted when temperature
exceeded the interval, thus letting the sample cool down to 34 degrees before resuming it.

Cell culture and measurement of cell viability. Jurkat cells and U937 cells were cultured in RPMI
1640 growth medium (Lonza, UK) along with 10% foetal bovine serum, 100 IU/ml penicillin and 100 pg/ml
streptomycin and 2 mM L-glutamine solution (All purchased from Sigma-Aldrich Company Ltd., Dorset, UK).
Cultured cells were maintained in a humidified atmosphere containing 5% CO; at 37 °C. Subculture of the
cells occurred every three days in order to expand the concentration of cells. 1 x 10 cells/ml in 2 ml complete
medium were directly exposed to plasma treatment in a 12-well cell culture plate. Jurkat and U937 cells main-
tained under the same culture conditions without exposure to plasma were used as negative controls.

Cell viability was measured at 2 and 24 h after plasma exposure using trypan blue exclusion assay. Some
experiments were performed with 6 mM N-acetyl-L-cysteine (NAC) (Sigma-Aldrich) pre-treatment for 1 h
before cells were exposed to plasma. Plasma treated or untreated cells were then mixed with equal volume of 0.4%
trypan blue solution (Sigma-Aldrich Company Ltd) before loading into C-Chip disposable counting chamber
(NanoEnTek, USA). Both viable (unstained) and non-viable (stained) cells were counted under microscope. Total
number of cells were number of viable cells plus non-viable cells. The percentage of viable cells was calculated
using Equation (1).

% viable cells — number of viable cells

100
total number of cells )

Various conditions of plasma exposure were tested to achieve IC50 response (the effectiveness of 50% cell
viability).

MTT assay. Jurkat and U937 cells were seeded into a 96-well plate immediately after treatment with DBD™
or DBD plasma. After 24 h post-treatment culture, the CellTiter 96 Non-Radioactive Cell Proliferation Assay
solutions (Promega, UK) were used to analyse viable cells. Briefly, 15 11 of dye solution was added to each sam-
ple in a 96-well plate. The plate was incubated for 4 h at 37 °C and 5% CO5. Stopping solution 100 I was then
added to each sample and the absorbance of 570 nm was measured using a spectrophotometer.

Cell apoptosis assay. Cell apoptosis and necrosis were evaluated at 4 h after plasma exposure using the
Apoptosis/Necrosis Detection Kit (Abcam, UK) according to the manufacturer’s instructions. Phosphatidyl-
serine binding to Apopxin Deep Red (APC) (Ex/Em = 630/660 nm) indicated apoptotic cells. DNA Nuclear
Green, DCSI (Ex/Em = 490/525 nm), a membrane-impermeable dye, staining the nucleus of damaged cells,
indicated late apoptotic and necrotic cells. Plasma treated or untreated cells were collected and measured on a
MACSQuant Analyser 16 (Miltenyi Biotec, Germany). The data were analysed using MACSQuantify software
2.13 (Miltenyi Biotec, Germany).

Detection of intracellular ROS. The reactive oxygen species (ROS) in Jurkat and U937 cells were assessed
at 1 h after plasma exposure. Plasma treated or untreated cells were collected and stained with CellROX Green
Reagent (ThermoFisher Scientific, UK) at a concentration of 5 #M and incubated for 30 minutes at 37 °C. Cells
were washed three times with PBS. The fluorescence resulting from CellROX oxidative stress reagents were
measured at 485/520 nm (excitation/emission) using MACSQuant Analyser 16.

Real-time PCR. Total RNA of Jurkat cells were isolated with the EZ-RNA II total RNA isolation kit (BI,
Biological Industries, Israel) according to manufacturer’s instructions at 24 h after plasma exposure. Quantifica-
tion of RNA was carried out using a Nanodrop 2000 (Thermofisher Scientific). cDNA was synthesised by reverse
transcriptase reaction using SensiFAST cDNA Synthesis Kit (Bioline, UK). Polymerase chain reactions were car-
ried out using SYBR Green Master Mix (ThermoFisher Scientific) and specific primers (Sigma-Aldrich) for P53
(NM_001126114.1), BAD (NM_004322.3), BID (NM_197966.2) and GAPDH (NM_002046.3). The expressions
of GAPDH were used as endogenous controls for normalisation. The changes in mRNA expression of P53, BAD
and BID were analysed using the threshold cycle 2722 method.

Caspase 9 activity assay. Jurkat cells were seeded into a 96-well white walled plate immediately after
plasma treatment. After 4-h incubation, the caspase 9 activities in plasma treated and untreated cells were meas-
ured using the Caspase-Glo 9 Assay kit (Promega) according to the manufacturer’s instructions. Luminescence
from each sample was measured using Gen5 Microplate Reader (BioTek, UK).

Extracellular H;0;, NO; ~ and NO3; ~ assays. The extracellular H,O; concentrations in Jurkat and
U937 cell culture media were assessed at 1 h and 24 h after plasma exposure. The Hydrogen Peroxide Assay Kit
(Abcam) was used according to manufacturer’s instruction. Cell culture media samples were collected, cen-
trifuged and deproteinization following the protocol. The H,O, concentration in the samples were calculated
based on the standard curve. The concentrations of nitrite and nitrate (NO, ~ and NOj3 ) in Jurkat cell culture
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Figure 2. Effects of time, frequency, and polarity on cell viability using the ns-DBD reactor. Results are
presented as the mean + SD (n = 3). Students t-test was preformed, and the significance is indicated as
*

p < 0.05.

media were measured at 1 h and 24 h after plasma exposure using the Nitric Oxide Assay Kit (ThermoFisher
Scientific, Austria) according to manufacturer’s instruction.

Statistical analysis. An arithmetic mean value represented an average for each experiment + standard
deviation calculated from three independent experiments. Two-tailed t-test was used to compare the control
(plasma untreated cells) with the test samples. Significance is captured at p-value <0.05.

Results and discussion

DBD reactor treatment. An investigation into the effects of polarity, treatment time and frequency on the
effectiveness of plasma treatment was conducted using the ns-DBD reactor. The treatment times used were 40
and 60 s at a frequency of 0.9 and 1.8 kHz. The voltage was constant at 12 kV. Results from Fig. 2 show similar
trend of reduction on cell viability by increase of treatment time and increase of driven frequency. A noticeable
trend can be seen in the effects of reactor polarity on cell viability. The ns-DBD  treatment has an increased effect
at the higher frequency oppose to the ns-DBD™ scenario, both tend to increase cell death at higher exposure
time. P-value < 0.05 uncertainty was achieved for the majority of the results compared to the negative control
(0 exposure) which are indicated by an asterisk in the figure. This may be due to the radical charged species
production and their movement through the sample by electrostatic forces. When one of the electrodes in the
configuration is provided with sufficient voltage and frequency magnitude, the breakdown field strength of the
gas in the discharge gap has been reached, resulting in the formation of a plasma that appears constant to the
naked eye'. The negative electrode of a reactor provides a source of electrons contrary the positive provides a
well that can mitigate electrons. The direction of the transfer of electrons from one electrode to the other across
the sample and dielectric barrier produces a different ion producing mechanism therefore altering the effective-
ness of treatment. From the investigation, it shows that electron production on the sample side of the dielectric
barrier provides a more effective treatment. The permeability of the dialectic material used in a reactor also
influences the electron transfer mechanism through the sample.

Cell viability at 2-h and 24-h post treatment.  Following previous investigations, the effects of plasma treatment
were significant but unable to reach a minimum threshold in order to define an IC50 value. Longer exposure to
plasma and increased intensity was required to reach a minimum cell viability plateau. Exposure to treatment
was increased (20, 40, 60, 90 and 120 s) and cell viability measured 2 h after treatment for both the ns-DBD*
and ns-DBD’ reactors. Voltage and frequency were fixed at 17 kV and 3.5 kHz, respectively. Figure 3a displays
result following this investigation. The graph shows significant effects on cell viability after 40 s of exposure with
a minimum threshold of 0% viability reached. From the results the that the IC50 for the ns-DBD™ will occur
between 40-60 and 60-80 s for the ns-DBD™ reactor.

The same cell viability assay was conducted 24 h after the treatment. Figure 3b demonstrates that cell death
was still occurring 24 h after treatment. This could be due to radicals remaining in the media or delayed apoptosis
in some cells. The negative control (0 exposure) cell viability during this investigation increased from Fig. 3a by
around 4%. This is due to the availability of nutrients within the media allowing continued cell growth. Similar
biological effects on the viabilities of U937 cells were observed at 2 h and 24 h after plasma treatment with ns-
DBD' reactor (Fig. 3¢).
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Figure 3. Cell viability versus exposure time (a) 2-h after treatment for Jurkat Cell, (b) 24-h after treatment
for Jurkat cell, and (c) 2-h and 24-h after treatment for U937 Cells by ns-DBD . All results achieved a p <0.05
compared to the negative control (0 exposure), (n = 3).

24-h post treatment MTT assay. The results of MTT assays conducted on the 24-h post treatment of Jurkat
and U939 cells (Fig. 4) confirmed the observations in the trypan blue assays (Fig. 3b,c). 570 nm absorbance
was measured using a spectrophotometer. CellTiter 96 was used during this assay as a reagent. Absorbance is
indicative of enzyme activity and general cell viability. It demonstrates that the leukemia cell viability decreased
significantly in vitro when the duration of the plasma treatment increased.

Types of cell death following plasm treatment. To identify the types of leukemia cell death induced by plasma
treatment, flow cytometry was performed. Figure 5 shows that both apoptosis and necrosis were induced in Jur-
kat and U937 cell by plasma treatment. The percentages of vital cells (APC-/FITC-) were significantly reduced
in plasma treated cells compared to untreated cells. These results are consistent with previous findings from cell
viability assays by us (Fig. 3) and other research groups". It was found that 90 s plasma treatment induced higher
proportion of apoptotic cells (APC+/FITC#) than necrotic cells (APC-/FITC+). However, there was no signifi-
cant differences in the percentages of apoptotic and necrotic cells after 60 s plasma treatment for 4 h. It indicates
plasma could induce both apoptosis and necrosis of leukaemia cells in vitro.
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Figure 4. Absorbance of 570 nm spectrum 24 h after treatment. (a) Jurkat cell, (b) U937 Cell treated by
ns-DBD . Results from 40 s onward achieved a p < 0.05 (n = 3).

Effects of plasma on the expressions and activity of apoptosis/necrosis regulatory molecules and on the intracel-
lular ROS and extracellular H,O,, NO; ~ and NO3 ~ levels. To explore the mechanisms of plasma exposure
on the induction of leukemia cell death in vitro, real-time PCR analyses were used to evaluate mRNA expres-
sions of apoptosis/necrosis regulatory molecules. P53 expression was significantly up-regulated 1.78-fold in
plasma-treated Jurkat cells when compared with untreated controls. Upregulations of BID (1.28-fold) and BAD
(6.67-fold) were also identified in plasma-treated Jurkat cells (Fig. 6a—c). Caspase 9 plays a key initiator role in
the intrinsic apoptotic pathway®>. The Bcl-2 family members BAX and BAK undergo oligomerization in the
outer mitochondrial membrane resulting in the release of apoptosis inducing substrates and the activation of
caspases®?. In this study, the enzymatic activity of caspase 9 was significantly enhanced in plasma-treated Jurkat
cells in comparison with untreated control cells (Fig. 6d). It was reported that caspase 9 can cleave BID and this
cleavage of BID is required for ROS production®.

The effects of plasma on the levels of intracellular ROS in Jurkat and U937 cells were evaluated at 1 h after
plasma treatment by flow cytometry, (Fig. 7a,b). Representative histograms of FITC fluorescence intensities
indicating intracellular ROS levels in plasma-treated cells are shown in Fig. 7c. Figure 7 demonstrates higher
intracellular ROS levels after plasma treatment in both cell lines; however, only 90 s plasma exposure significantly
increased intracellular ROS levels. These results support the observations in the cell viability and apoptosis tests
(Fig. 3 and Fig. 5, respectively).

Plasma can generate a different kind of free radicals that react with the cell culture medium to form long-lived
stable reactive species such as H»O, NO, ~ and NO3 . The extracellular levels of H,O5 in both Jurkat and
U937 cell media increased significantly at 1 h of plasma treatment compared to the untreated control (Fig. 8a,b).
Plasma treatment for 90 s induced more extracellular H,O; generation than the 60 s treatment. However, after
24 h extracellular H,0; in plasma-treated cell media descended to the similar levels as in plasma-untreated
controls. The levels of NO, ~ and NO3 ~ in Jurkat cell media increased significantly after plasma treatment at
1 h and 24 h (Fig. 8c,d). There were no significant changes of extracellular NO, ~ and NO3 ~ concentrations
between 1 and 24 h. The fast consumption of plasm-produced H,0O; in cell medium by cancer cells have been
observed previously?”**. The rise of intracellular ROS observed in Fig. 7 may be partially attributed to the dif-
fusion of extracellular ROS and intracellular formation. The changes of transmembrane proteins, aquaporins,
following plasm treatment have been reported®. Specific aquaporins involved in the transportation of reactive
species across leukemia cell membrane and the underlying mechanisms of the transport of need further study.
Previous study demonstrated that the extracellular NO, "/NO3 ™ at concentrations of 900 M had no effects on
cancer cell viability**. Although plasma treatment induced NO, ~ and NO3 ~ generation in Jurkat cell media,
however, whether these species efficiently permeated cellular membrane as H,O; did and whether they play
significant roles in the plasma-mediated leukaemia cell viability remain elusive.

Previous studies have demonstrated that pre-treating cancer cells with the intracellular ROS scavengers could
counteract the anti-cancer effects of plasma treatment'>?”%%*. To investigate whether the rise of intracellular
ROS plays a crucial role in cytotoxic effect of plasma on leukaemia cells, Jurkat cells were pre-treated with 6 mM
NAC for 1 h and then with ns-DBD " plasma for 90 s. After 2 h from plasma treatment, a significant increase in
cell viability was observed in cancer cells pretreated with NAC and then exposed to plasma compared to cells
treated only with plasma, see Fig. 9. This is in accordance with previous reports that ROS is one main mediator
that induce cell death by plasma®**’. However, the cytotoxic effect of plasma in Jurkat cells was not completely
antagonized by NAC. Previous study by other researchers found that NAC did not fully abolish phosphorylation
of H2A X, a marker of genotoxicity'®, and plasma could induce ROS-independent cell death®. All these indicate
that other factors except intracellular ROS involved in plasma-induced cell death.

The cell death mechanisms induced by plasma treatment have been investigated in different types of cancer
cell lines include leukemia. The chemical factors are largely regarded to cause cell apoptosis by both direct and
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Figure 5. Analysis of apoptosis and necrosis induced by plasma in leukaemia cells in vitro. (a) Jurkat cells and
(b) U937 cells were assessed at 4-h after treatment with ns-DND ™ plasma. Data represent mean percentage
(%) of live (APC-/FITC-), apoptotic (APC+/FITC+) and necrotic cells (APC-/FITC+), n = 3. Compared to
untreated cells (0 exposure), significant percentages of apoptotic and/or necrotic cells exist in plasma treated
cells vs control cells (p < 0.05, n = 3). (c) Representative dot plots of apoptosis and necrosis results using APC
(Apopxin labelling phosphatidylserine, red fluorescence) vs FITC (Nuclear green DCS1 labelling the nucleus
of damaged cells, green fluorescence). I-III, Jurkat cells treated with plasma for 0, 60, 90 s respectively; IV-VI,
U937 cells treated with plasma for 0, 60, and 90 s, respectively.

indirect plasma treatment*"**°. In this study, necrosis was observed in both plasma-treated cell lines. Recently,
it was demonstrated that the physical factor, electromagnetic waves in plasma, might cause a new type of necrosis
in glioblastoma cells*. Our results could suggest that both physical and chemical factors of plasma contributed
to leukemia cell death in vitro. The detailed mechanisms triggering leukaemia cell death and especially ROS-
independent cytotoxicity need further investigation.

Although the underlying mechanisms of plasma-induced leukemia cell death remain unclear, results from this
study and other previous studies'>!*1”!? strongly suggest that excessive production of oxidative stress, exceed-
ing the cellular anti-oxidative defense, can activate both apoptosis and necrosis singling pathways and lead to
leukemia cell death. The apoptosis regulatory molecules such as p53, BAD, BID and caspase 9 may play vital
roles in plasma caused cell death.
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Figure 6. (a)-(c) Real-time PCR analysis of alterations of mRNA expressions in Jurkat cells after plasma
treatment in vitro. Increased expressions of (a) P53, (b) BID, and (c) BAD following plasma treatment was
shown as mean of fold-changes vs untreated controls (0 s exposure). The expression of housekeeping gene
GAPDH was used for normalisation. (d) The caspase 9 activities in plasma treated and untreated Jurkat cells
were measured. The luminescent signal (RLU) generated was proportional to the amount of caspase 9 activities
present. Data represent mean of independent tests (n = 3). (a)-(d) show significant differences in mRNA
expression and caspase 9 activity between plasma treated cells vs the control (p < 0.05).

The use of plasma for the treatment of hematological malignancies is a novel field in clinical oncology. The
marked anti-leukaemia effects induced by plasma treatment in this study and others!”'>** highlight its therapeutic
potential. Given plasma could enhance drug delivery and enhance the effects of standard chemotherapy and even
in resistant cancer cells*®*!, plasma may be applied as part of a combination therapy in leukaemia treatment.

Plasma regime and thermal properties of plasma discharges. The images presented in Fig. 10
show the plasma discharge regimes for the positive (a) and negative (b) ns-DBD reactors. The generated plasma
regimes are vastly different. The ns-DBD™ reactor produced highly filamented plasma that domed towards the
negative electrode. The plasma produced emits more light than that of the ns-DBD " reactor. The regime of the
negative reactor is homogenous but with the lower light emittance less can be seen.

The temperature measured at thermal hotspots is displayed on each image of Fig. 11. The average temperature
of exposed electrodes of ns-DBD™ and ns-DBD ™ during experiment are recorded in Fig. 11a,b, respectively. The
ns-DBD™ reactor produced a slightly higher temperature of 24 degrees compared to the 22.3 degrees of ns-DBD .
However, this is not representative of the temperature of the treatment sample (medium with cells). Figure 11¢c
shows the temperature of the samples before plasma treatment. It has been noticed that the temperature of the
samples increased to temperatures as high as 50 degrees for both reactors during the experiment. This is differ-
ent from what has been reported in literature using ac-DBD where only slight increase in the temperature of
medium observed*”*2. To avoid the influence of temperature on our treatment, the temperature of the samples
has been kept at 35 1 degree by constant monitoring of the temperature during the experiment, see Fig. 11d.

ns-DBD electrical characteristics. The electrical characteristics of the ns-DBD reactors were measured
using the experimental setup section. Figure 12 shows the first pulses of voltage and current. When one of the
electrodes in the configuration is provided with sufficient voltage magnitude, current peak will appear in the
current trace. It is different from ac-DBD that microdischarges could be seen in the current trace and usually,
the amplitude is within a few mA (or few tens mA) levels. The current discharges occur due to reaching the
break down field strength of the gas in the discharge gap, resulting in the formation of a plasma that appears
constant to the naked eye. The microsecond pulse (ac-DBD) has relatively low dU/dt. Therefore, the voltage rises
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Figure 7. Detection of intracellular ROS levels in Jurkat (a) and U937 cells (b) after plasma treatment.
Quantitation analysis of oxidative stress based on staining with CellROX Green Reagent (Ex/Em = 485/520
nm) and flow cytometry. The mean signal intensity was proportional to the amount of intracellular ROS. Data
represent mean of independent tests (n = 3). (c) Representative histograms of FITC fluorescence intensity in log
scale show intracellular ROS levels in Jurkat (I-IIT) and U937 cells (IV-VI) following ns-DBD " plasma 0, 60, 90
s treatment respectively.

slowly on the HV electrode, the discharge occurs occasionally, maybe after some delay, and non-uniform over
the electrode area. The barrier improves the uniformity and prevents arcing; therefore, it is required obligatory.
The discharge current is limited by the barrier. In contrast, nanosecond pulse has much higher dU/dt. So, much
higher over-voltage can be obtained on the electrodes before the breakdown. This over-voltage helps to get the
breakdown. The current through the reactor is also much higher due to high dU/dt. In other words, many mA
level spikes in the case of microsecond DBD are replaced by a single (of few) much more powerful spike(s) over
the electrode area.

The ns-DBD™ reactor is seen to have a higher maximum current than the ns-DBD™ setup. The maximum
positive current was found to be 9 A and 4 A respectively for the reactors. This current has a duration of 2¢77 s
as this is half the period of the nanosecond pulse. Negative spike on both current oscillograms before the main
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Figure 8. Detection of extracellular HyO,, NO; and NO3 levels in cell culture media after plasma treatment
at 1 hand 24 h. H,O; concentrations in (a) Jurkat and (b) U937 cell culture media were measured following
plasma treatment for 0, 60 and 90 s respectively. The concentrations of NO; (c) and NOj (d) in Jurkat cell
culture media were measured at 1 h and 24 h following plasma treatment. All data represent mean concentration
+ SD, n = 3. Student’s t-test was preformed comparing plasma treated samples vs untreated control and the
significance is indicated as * p < 0.05.
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Figure 9. NAC counteracts the cytotoxic effect of plasma on Jurkat cells. Jurkat cells pre-treated with/without
NAC for 1 h, then treated with ns-DBD" plasma for 90 s. cell viability were tested 2 h following plasma
exposure. Results are presented as the mean + SD (n = 3). The significance is indicated as *p < 0.05.

pulse is a result of bad grounding the cable from the current shunt to oscilloscope. However, as it presents on
both graphs, it makes the comparison possible.

Based on the current and voltage measurements, the power consumption by the actuator is calculated using
Equation (2), where T and N represent the time period and the number of cycles, respectively.

1
Power = NT /NT V(t).I(t)dt (2)
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Figure 10. Plasma discharge generated in (a) ns-DBD™ reactor, and (b) ns-DBD™ reactor.

Figure 11. Representative temperature from IR thermal imaging of: (a) ns-DBD™ exposed electrode, (b)
ns-DBD exposed electrode, (c) samples before plasma treatment, and (d) samples during plasma treatment.
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Figure 12. Voltage and current characteristics of the ns-DBD™ (a) and ns-DBD™ (b) reactors.

The ns-DBD™ reactor has a higher maximum current of 9 A, this occurred on the first driven nanosecond pulse.
In this investigation the power consumption is calculated to be almost 65% more for the ns-DBD compare
with that of ns-DBD™ reactor. As the driven voltage forms should be matching the maximum current can be
seen to be much larger in the ns-DBD " therefore having a higher power. Not having access to all the data, this
calculation does only consider an estimation and therefore is not representative of the true power consumption.

Conclusion and future work

Investigations into reactor designs on the effectiveness of nanosecond-pulsed plasma treatment have shown a
large variance in performance. ns-DBD reactors displayed greater promise especially for longer exposure periods.
The effect of polarity on plasma discharge regime was significant and this also influenced the effectiveness of
treatment. The delayed cell response to plasma treatment from ns-DBD™ and ns-DBD" reactors shown by the
2-hour and 24-hour post treatment results. Polarity changes proved to have a substantial effect on treatment, this
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must be evidence of a difference plasma regimes production, homogeneous versus filamentary, that as a result
yield in different radical ion production due to the direction of electron discharges.

Our results demonstrate that the plasma produced by ns-DBD- could induce both apoptosis and necrosis of
human Jurkat and U937 cells, and this cytotoxic effect of plasma was not completely antagonized by N-acetyl
cysteine. It indicates that plasma could induce ROS-independent cell death. Gene expression analyses revealed
that p53, BAD, BID and caspase 9 may play vital roles in plasma caused cell death.

Results confirms the custom ability of plasma hematologic cancer therapy. Multi-objective optimisation
techniques can be employed to promote the development of such reactors>***%. If in future a similar type of
reactor is used for blood cancer treatment, some sort of bypass machine would be required as well as the need
for a standardised plasma source which can make it cuambersome for treatment. To overcome this drawback,
plasma-activated liquids (PAL) or plasma-activated cell media (PAM) are studied in literature.Characterising
the power and discharge of a ns-DBD shows that ns-DBD ™ consume more power than ns-DBD™ which can be
due to the filamentary regimes presents in later reactor.

Further investigation into other reactor designs could harbour more potential and improve effectiveness of
nano-plasma treatment while reducing invasiveness. Testing on different types of leukemia cell lines, primary leu-
kemia cells as well as healthy cells to understand the effective treatment thresholds would be of great significance
for future research. On top of this, research into radical species production mechanisms and the possible addition
of electromagnetic devices to plasma reactors could improve the delivery of radical species to targeted areas.

Received: 13 August 2020; Accepted: 24 March 2022
Published online: 15 April 2022

References

1. Erfani, R., Zare-Behtash, H., Hale, C. & Kontis, K. Development of dbd plasma actuators: The double encapsulated electrode. Acta
Astronaut. 109, 132-143 (2015).

2. Erfani, R,, Erfani, T., Utyuzhnikov, S. V. & Kontis, K. Optimisation of Multiple Encapsulated Electrode Plasma Actuator (Aerospace
Science and Technology, New York, 2012).

3. Multiple encapsulated electrode plasma actuators to influence the induced velocity: Further configurations

4. Popov, N. A. Effect of a pulsed high-current discharge on hydrogen-air mixtures. Plasma Phys. Rep. 34(5), 376-391 (2008).

5. Boselli, M. et al. Characterization of a cold atmospheric pressure plasma jet device driven by nanosecond voltage pulses. IEEE
Trans. Plasma Sci. 43(3), 713-725 (2015).

6. Azzariti, A. et al. Plasma-activated medium triggers cell death and the presentation of immune activating danger signals in mela-
noma and pancreatic cancer cells. Sci. Rep. 9(1), 1-13 (2019).

7. Lu, X. et al. Reactive species in non-equilibrium atmospheric-pressure plasmas: Generation, transport, and biological effects. Phys.
Rep. 630, 1-84 (2016).

8. Bhartiya, P. et al. Pulsed 3.5 ghz high power microwaves irradiation on physiological solution and their biological evaluation on
human cell lines. Sci. Rep. 11(1), 1-16 (2021).

9. Kalghatgi, S. et al. Effects of non-thermal plasma on mammalian cells. PloS One 6(1), 16270 (2011).

10. Graves, D. B. The emerging role of reactive oxygen and nitrogen species in redox biology and some implications for plasma appli-
cations to medicine and biology. J. Phys. D Appl. Phys. 45(26), 263001 (2012).

11. Kumar, N. et al. The action of microsecond-pulsed plasma-activated media on the inactivation of human lung cancer cells. J. Phys.
D Appl. Phys. 49(11), 115401 (2016).

12. Vermeylen, S. et al. Cold atmospheric plasma treatment of melanoma and glioblastoma cancer cells. Plasma Process. Polym. 13(12),
1195-1205 (2016).

13. Utsumi, F. et al. Effect of indirect nonequilibrium atmospheric pressure plasma on anti-proliferative activity against chronic
chemo-resistant ovarian cancer cells in vitro and in vivo. PloS One 8(12), e81576 (2013).

14. Kim, S. J., Chung, T. H., Bae, S. H. & Leem, S. H. Induction of apoptosis in human breast cancer cells by a pulsed atmospheric
pressure plasma jet. Appl. Phys. Lett. 97(2), 023702 (2010).

15. Kim, C. H. et al. Effects of atmospheric nonthermal plasma on invasion of colorectal cancer cells. Appl. Phys. Lett. 96(24), 243701
(2010).

16. Ishag, M., Evans, M. D. M. & Ostrikov, K. K. Atmospheric pressure gas plasma-induced colorectal cancer cell death is mediated
by nox2-askl apoptosis pathways and oxidative stress is mitigated by srx-nrf2 anti-oxidant system. Biochimica et Biophysica Acta
Mol. Cell Res. 1843(12), 28272837 (2014).

17. Thiyagarajan, M., Anderson, H. & Gonzales, X. F. Induction of apoptosis in human myeloid leukemia cells by remote exposure of
resistive barrier cold plasma. Biotechnol. Bioeng. 111(3), 565-574 (2014).

18. Yajima, L. et al. Non-equilibrium atmospheric pressure plasmas modulate cell cycle-related gene expressions in melanocytic tumors
of ret-transgenic mice. Exp. Dermatol. 23(6), 424-425 (2014).

19. Turrini, E., Laurita, R., Stancampiano, A., Catanzaro, E., Calcabrini, C., Maffei, E.,, Gherardi, M., Colombo, V., & Fimognari, C.
Cold atmospheric plasma induces apoptosis and oxidative stress pathway regulation in t-lymphoblastoid leukemia cells. Oxid.
Med. Cell. Longevity 2017 (2017).

20. Hirst, A. M., Frame, E M., Arya, M., Maitland, N. J. & O’Connell, D. Low temperature plasmas as emerging cancer therapeutics:
The state of play and thoughts for the future. Tumor Biol. 37(6), 7021-7031 (2016).

21. Lin, A. et al. Nanosecond-pulsed dbd plasma-generated reactive oxygen species trigger immunogenic cell death in a549 lung
carcinoma cells through intracellular oxidative stress. Int. J. Mol. Sci. 18(5), 966 (2017).

22. Szatrowski, T. P. & Nathan, C. E. Production of large amounts of hydrogen peroxide by human tumor cells. Cancer Res. 51(3),
794-798 (1991).

23. Lopez-Lazaro, M. Dual role of hydrogen peroxide in cancer: possible relevance to cancer chemoprevention and therapy. Cancer
Lett. 252(1), 1-8 (2007).

24. Ahn, H.J. et al. Targeting cancer cells with reactive oxygen and nitrogen species generated by atmospheric-pressure air plasma.
PloS One 9(1), e86173 (2014).

25. Yan, D. et al. Principles of using cold atmospheric plasma stimulated media for cancer treatment. Sci. Rep. 5, 18339 (2015).

26. Yan, D., Sherman, J. H. & Keidar, M. Cold atmospheric plasma, a novel promising anti-cancer treatment modality. Oncotarget
8(9), 15977 (2017).

27. Yan, D. et al. The specific vulnerabilities of cancer cells to the cold atmospheric plasma-stimulated solutions. Sci. Rep. 7(1), 1-12
(2017).

Scientific Reports |

(2022) 12:6270 | https://doi.org/10.1038/s41598-022-10056-8 nature portfolio



www.nature.com/scientificreports/

28. Tendero, C., Tixier, C., Tristant, P., Desmaison, J. & Leprince, P. Atmospheric pressure plasmas: A review. Spectrochim. Acta Part
B 61(1), 2-30 (2006).

29. Nagaraja, S., Li, T, Sutton, J. A., Adamovich, I. V. & Yang, V. Nanosecond plasma enhanced h2/02/n2 premixed flat flames. Proc.
Combust. Inst. 35(3), 3471-3478 (2015).

30. Barekzi, N. & Laroussi, M. Dose-dependent killing of leukemia cells by low-temperature plasma. J. Phys. D Appl. Phys. 45(42),
422002 (2012).

31. Shashurin, A., Keidar, M., Bronnikov, S., Jurjus, R. A. & Stepp, M. A. Living tissue under treatment of cold plasma atmospheric
jet. Appl. Phys. Lett. 93(18), 181501 (2008).

32. Karch, J. & Molkentin, J. D. Regulated necrotic cell death: The passive aggressive side of bax and bak. Circ. Res. 116(11), 1800-1809
(2015).

33. Brentnall, M., Rodriguez-Menocal, L., De Guevara, R. L., Cepero, E. & Boise, L. H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 14(1), 1-9 (2013).

34. Yadav, D. K. et al. Cold atmospheric plasma generated reactive species aided inhibitory effects on human melanoma cells: An
in vitro and in silico study. Sci. Rep. 10(1), 1-15 (2020).

35. Yusupov, M., Razzokov, J., Rodrigo, M. C., & Annemie, B. A molecular level picture. Oxidative medicine and cellular longevity.
Transport Reactive Oxygen and Nitrogen Species Across Aquaporin (2019).

36. Nakamura, K. ef al. Novel intraperitoneal treatment with non-thermal plasma-activated medium inhibits metastatic potential of
ovarian cancer cells. Sci. Rep. 7(1), 1-14 (2017).

37. Kaushik, N., Kumar, N., Kim, C. H., Kaushik, N. K. & Choi, E. H. Dielectric barrier discharge plasma efficiently delivers an apoptotic
response in human monocytic lymphoma. Plasma Process. Polym. 11(12), 1175-1187 (2014).

38. Conway, G. E. et al. Non-thermal atmospheric plasma induces ros-independent cell death in u373mg glioma cells and augments
the cytotoxicity of temozolomide. Br. J. Cancer 114(4), 435-443 (2016).

39. Yan, D. et al. The anti-glioblastoma effect of cold atmospheric plasma treatment: Physical pathway vs chemical pathway. Sci. Rep.
10(1), 1-17 (2020).

40. Koritzer, J. et al. Restoration of sensitivity in chemo-resistant glioma cells by cold atmospheric plasma. PloS One 8(5), e64498
(2013).

41. Dubuc, A. et al. Use of cold-atmospheric plasma in oncology: A concise systematic review. Therap. Adv. Med. Oncol. 10,
1758835918786475 (2018).

42. Saadati, F et al. Comparison of direct and indirect cold atmospheric-pressure plasma methods in the b 16 f 10 melanoma cancer
cells treatment. Sci. Rep. 8(1), 1-15 (2018).

43. Erfani, Tohid and Erfani, Rasool. Fair Resource Allocation Using Multi-population Evolutionary Algorithm. European Conference
on the Applications of Evolutionary Computation, Springer. pp.214-224 (2015).

44. Erfani, Tohid and Erfani, Rasool. An evolutionary approach to solve a system of multiple interrelated agent problems. Applied Soft
Computing 37, 40-47 (2015).

Acknowledgements
The authors are indebted to the technical and administrative staff at The Manchester Metropolitan University
for their assistance.

Author contributions

C.C. & T.S. produced the first set of results and wrote part of the literature review and background of plasma
cancer therapy. Q. W. wrote some parts of methodology section, produced the main idea of Leukaemia cancer
therapy and helped producing results and reviewed the manuscript. R.E. conducted the research, wrote the
main part of the text, produced results and wrote the manuscript with added references and background text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-10056-8.

Correspondence and requests for materials should be addressed to R.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:6270 | https://doi.org/10.1038/s41598-022-10056-8 nature portfolio


https://doi.org/10.1038/s41598-022-10056-8
https://doi.org/10.1038/s41598-022-10056-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nanosecond-pulsed DBD plasma treatment on€human leukaemia Jurkat cells and€monoblastic U937 cells in€vitro
	Methods
	Plasma generation, and voltage and current measurements. 
	Temperature measurement and control. 
	Cell culture and measurement of cell viability. 
	MTT assay. 
	Cell apoptosis assay. 
	Detection of intracellular ROS. 
	Real-time PCR. 
	Caspase 9 activity assay. 
	Extracellular H O , NO  and NO  assays. 
	Statistical analysis. 

	Results and€discussion
	DBD reactor treatment. 
	Cell viability at 2-h and 24-h post treatment. 
	24-h post treatment MTT assay. 
	Types of cell death following plasm treatment. 
	Effects of plasma on the expressions and activity of apoptosisnecrosis regulatory molecules and on the intracellular ROS and extracellular H O , NO  and NO  levels. 

	Plasma regime and thermal properties of plasma discharges. 
	ns-DBD electrical characteristics. 

	Conclusion and€future work
	References
	Acknowledgements


