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ABSTRACT

Non-thermal atmospheric pressure plasma jet (NTAPPJ) was shown as a promising tool for sterilization, treatment of chronic
wounds & tumors. A portable and facile NTAPPJ system will broaden the application of plasma for many other biomedical
applications. This paper demonstrates the feasibility of a customized dimmer controllable atmospheric pressure plasma jet
(APPJ) in treating HeLa cells. A plasma torch was energized at 8 kVpp and 35 kHz from a neon transformer and discharged
with argon gas-producing plasma plume of various gas species. The output intensity of the plasma discharge was adjusted by
the voltage input from the dimmer controller circuit. Between 60 — 220 V, a different power output of the dimmer can be
varied between 8.4 to 83.6 W, to generate different intensities of non-thermal APPJ (NTAPPJ). The NTAPPJ was then
applied to HeLa cells for 20 sec & it was found that cells reduced their adhesion at a dimmer power < 20 W but stayed
viable. This progressed to observations of damaged cell body when the power was increased beyond 20 W & the cell
membranes shattered when the power was up to 83.6 W. This was due to the ultraviolet rays and reactive oxygen species
(ROS), that induced detrimental effects to the cells. The controllable NTAPPJ system, based on dimmer control, induced
different levels of effects on the biophysical structures of cells, ranging from reduced cell spread to apoptosis and eventually
cell membrane disintegration.
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INTRODUCTION

Plasma is the ionization of gases discharged under
high electrical energy. Positive ions, electrons,
ultraviolet (UV) rays & other activated species in
the plasma generated, are released in balancing to
the atoms and molecules ionized in vacuum or
atmospheric air (Scholtz et al., 2015). These species
are usually chemically reactive when interacting
with solid or liquid (Siow et al., 2014; Nguyen et
al., 2016). The applications of non-thermal APPJ
(NTAPPJ) are broad in the field of engineering and
science that include polymer surface treatment,

* To whom correspondence should be addressed.

sterilization, cleaning & etching (Scholtz et al.,
2015). In plasma medicine, argon plasma was
applied clinically to cauterize living tissues
exceeding room temperature (Watson et al., 2000;
Kalghatgi et al., 2011). The thermal plasma induces
intense heat to the tissues and the thermal property
of plasma is difficult to be controlled (Vargo, 2004).
Indeed, the intensity of the plasma products is
determined by the degree of the electric field
applied. Non-thermal plasma generates ions, photons
& electrons at relatively lower temperatures or
down to room temperature (Scholtz et al., 2015).
The applications of non-thermal plasma include
sterilization of surfaces (Scholtz et al., 2015; Rizan
et al., 2017) modifying the adhesion of cells (Kieft
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et al., 2006), to suppress invasiveness of cancer cells
(Li, 2016), indirect treatment to cancer cells (Yan
et al., 2015), application in wound healing (Haertel
et al., 2014), drug delivery (Vijayarangan et al.,
2018) and selectively killing cancer cells (Liu ef al,,
2017). Electrically controlled plasma exposes cells
or tissues to different levels of charged particles,
reactive gas species, radicals, UV photons, ozone,
nitric oxide (NO), hydroxyl radicals (OH") & singlet
oxygen (Saadati et al., 2018). Previous studies
(Chernyak et al., 2006; Kalghatgi et al., 2011;
Laroussi, 2018) suggested that reactive oxygen
species (ROS) formation by ionizing radiation is
the major mechanism in damaging the DNA of cells
(Kalghatgi et al., 2011). ROS may be actively
transported across the bilayer cell membrane via a
transient opening of pores in the membrane or
calcium channels (Van der Paal et al., 2016). Hence,
short-term exposure to plasma suppressed the
migration and invasion of HeLa cells in a matrigel
invasion assay (Li et al., 2016). Furthermore, it was
reported that plasma irradiated cells lost their ability
to attach and incurred cellular changes (Kieft ef al.,
2004). The controllable plasma products enable
different levels of applications, whether to modify
the attachment of cells or to the extent of being
destructive to the cells. Chemo-therapeutic active
drug molecules are used to decipher signaling of the
cell leading to deoxyribonucleic acid (DNA)
damage. Many anticancer drugs for HeLa cells
treatment are cytotoxic to normal cells leading to
many side effects for the patient (Takara et al.,
2005). Hence, a localized method for treating cancer
cells are always of interest.

The modifiable non-thermal plasma in a
different configuration such as dielectric barrier
discharge (DBD), atmospheric pressure radio-
frequency (RF) torch (Scholtz et al., 2015), DC
pulsed power supplied APPJ (Dowling et al., 2011),
zero voltage switching driver/flyback transformer
APPJ (Mohd Zin et al., 2017), inductively coupled
microplasma jet and, atom flow RF-plasma reactor
(Mariotti et al., 2016) are simply appealing for a
different area of applications. However, these
systems are usually cumbersome and heavy. High
voltage, up to several kilovolts (kV), is needed for
a non-thermal plasma system to discharge the
plasma (Zerouali ef al., 2014; Dowling et al., 2011).
Non-thermal plasma density and intensity of
compositions can be regulated to control the plasma
discharge at atmospheric pressure. To have better
control over the selectivity and effectiveness in
killing targeted and non-targeted cells, the
development of a flexible plasma-controlled system
is required to extend the applications of non-thermal
plasma in tissue treatment. Moreover, a portable and
facile NTAPPJ system will broaden the applications
of plasma in other biomedical areas.

A portable dimmer controlled NTAPPJ is
reported in this work. The system consists of a
quartz torch injected with argon gas and energized
with a pair of charged copper electrodes. This
system operates at low temperature in an ambient
surrounding and is yet to be explored for the
controlled treatment application to cancer cells.
Also, we demonstrate that the proposed NTAPPJ
discharged at different intensities could modulate
different biophysical changes leading to the
destruction of HeLa cancer cells. This work
investigates the effects of AC power supply
regulated by a dimmer circuit, leading to influencing
the morphology and adhesion of cells.

MATERIALS AND METHODS

Characterization of current, voltage & optical
emission

The plasma jet system used in this work is
similar to the dielectric barrier discharge con-
figuration (Lin et al., 2017) in which a quartz tube
as a dielectric barrier or known as a plasma torch is
powered by the voltage supply from a pair of copper
electrodes (Figure 1a). The cathode is made up of a
rod copper electrode, which is inserted inside the
plasma torch, while the anode is a ring electrode
wrapped around the quartz tube. The quartz tube
has an inner and outer diameter of 3 and 5 mm,
respectively. To ionize the argon gas at 40 L/min,
flowing through the plasma torch, the tube was
supplied with a maximum of 8 kVpp and 60 W at
35 kHz from a neon-transformer. The output voltage
of the transformer was regulated by a dimmer
circuit variable between 60 — 240 V. The current,
voltage & power at the output of the dimmer were
determined using a hall-effect current power meter
(PZEM-061, USA) and voltage probe (Tektronix
P6015A, USA) linked to a digital oscilloscope
(Agilent DSOX2022A, USA).

The element emitted from the plasma plume
was quantitatively analyzed using glow-discharged
optical emission spectroscopy (OES). The glow of
the plasma plumed was focused using a focus lens
in line-of-sight at a separation distance of 15 mm
from an optical fiber sensor linked to a mono-
chromator (Ocean Optic HR 4000). The wavelength
of the plasma emission was determined in a spectra
wavelength ranged between 200 to 1000 nm. The
measurements were acquired using Spectra Suite
software.

Cell culture and preparation for plasm treatment

HeLa cell lines were obtained from ATCC
(CLL-2, Virginia, USA) and cultured in a Petri dish
at a density of 1.3 x 10° cells/mL. These cells were
grown in a Dulbecco’s Modified Eagle’s Medium
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Fig. 1. (a) The setup of an OES measurement for an NTAPPJ system, (b) Plasma exposure to the monolayer of HeLa cells.

(DMEM) supplemented with 10% Fetal Bovine
Serum (Gibco®, Life Technologies, US), Penicillin/
streptomycin (100 units/mL, 10 mg/mL Sigma-
Aldrich, UK), L-Glutamine (Gibco®, Life Techno-
logies, US) & Fungizone (2.5 mg/L, Sigma-Aldrich,
UK). The cells were then incubated in a 37°C
incubator perfused with 5% CO,. When the cells
were nearing 80% confluency, the culture media
was discarded & the cells were rinsed with Hank’s
Balanced Salt Solution (HBSS). Subsequently, the
cells in the Petri dish were added with 1 mL of
complete DMEM before plasma treatment (Figure
1b).

Plasma treatment to HeLa cells

Plasma jet was produced using the NTAPPJ
setup as shown in Figure 1. The plasma plume was
directed to the cells immersed in 1 mL of culture
media at a separation distance of 15 mm. The varied
dimmer voltage, in turn, changed the voltage
supplied to the neon-transformer, energizing the
plasma torch which was purged with argon as the
carrier gas for plasma. The temperature of the plasma
jet varied between 35 to 55°C according to the
applied voltage of the dimmer (Mohd Zin et al.,
2019). The effects of the plasma treatment on the
cell morphology and adhesion were studied by
varying the plasma emission adjustable at different
dimmer voltage between 60 — 240 V for 20 sec. The
photomicrographs of the cells before and after
plasma treatments were captured using a phase-
contrast microscope (Nikon eclipse T-100, Tokyo,
Japan) and analyzed using QCapture software.

Live and dead cells stainings of HeLa cells treated
with the plasma jet

The viability of the cells was further investigated
using a staining kit (Invitrogen, Paisley, UK). Live
and dead cells were stained using Calcein-AM (20
pL, 2 mM in 10 mL HBSS) in green and ethidium

homodimer-1 (EthD-1, 5 uL, 4 mM in 10 mL HBSS)
in red. The controls and plasma-treated cells at
different dimmer voltages (60 to 240 V) were
stained in the mixed reagents for 10 min before
imaging in a BX53 fluorescence microscope
(Olympus, Tokyo, Japan) linked to a DP73 charged-
coupled-device camera (Olympus, Tokyo, Japan).
The plasma treatment and staining experiments were
repeated three times.

RESULTS AND DISCUSSION

Figure 2 shows a typical phase angle output of a
voltage dimmer supplied to the neon-transformer.
The power produced is subjected to the on-time
under the waveforms. The dimmer works both for
resistive and inductive load assembled in the neon-
transformer. The effective root means square power
delivered to the neon-transformer is adjustable by
varying the phase angle of each alternating half
cycle of the sinusoidal waveforms. At root-mean-
square voltage (Vrms) of 60 V, a major portion of
the full cycle of a sinusoidal waveform was “cut off”
while maintaining short on-time for a peak voltage
in the waveform as shown in Figure 2a. This
occurred to both positive and negative half-cycles
of the phase angle waveforms. When the voltage was
increased from 60 to 240 V, the sinusoidal waveform
gradually regained the full sinusoidal cycle at 240
V (Figure 2j). Hence, the modulation of the phase
angle of the sinusoidal waveform changed the power
delivered to the neon-transformer & in turn,
changing the electrical supply to the plasma torch.
In addition to the three species; hydroxy radicals
(OHY), nitrogen (N2) and argon (Ar) detected by the
OES, UV, negative ions & reactive oxygen species
(ROS) were also produced (Jiang et al., 2014;
Scholtz et al., 2015).
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Fig. 2. Dimmer controllable voltages supplied to the neon-transformer at (a) 60 V, (b) 80 V, (¢) 100 V, (d) 120 V,
(e) 140 V, (f) 160 V, (g) 180 V, (h) 200 V, (i) 220 V, and (j) 240 V.

The electrical energy provided to the plasma
torch is proportional to different gas species
generated as revealed by the OES measurements
(Figure 3). Correlatively, the intensity or the
quantity of the argon, OH", O, & N, are regulated
by the different power of the plasma torch. As
shown in Figure 3a, a low level of OHy and Ar are
detectable by the OES at 306 and 762 nm,
respectively. The spectra obtained are similar to a
plasma jet of argon gas as reported previously (Jiang
et al., 2014). The atomic lines for the O, and N,
gases are more apparent at 777 and 335 nm
(Figure 4(i)-(j)), respectively when the dimmer
voltage was adjusted above 200 V.

Figure 4 shows the power output of the dimmer.
The output voltage of the dimmer was varied
between 60 to 240 V, corresponding to a power
output of 8.4 — 83.6 W (Figure 4a). This in turn
varied the power of the neon transformer delivered
to the plasma torch at different energy levels. The
increase of the dimmer voltage increased the
ionization Ar gas, resulting in an increased density
of OH’, N, & Ar (Figure 4b). However, there was a
small increase in N, as compared to Ar and OH
molecules directed to the culture media. A small
peak appeared for N, over the increased voltage,

indicating that N, gas is less excitable in the Ar
carrier gas.

At lower dimmer voltage < 80 V or < 20 Watt,
the cells remained attached to the surface of the
Petri dish similar to the morphology of control,
shown in Figure 5. However, the cells were found
round-off with a smaller cell adhesion area at an
applied voltage between 80 — 100 V (Figure 5b-f).
Any plasma produced at a voltage greater than 80
V induced damaging effects to the cell membranes.

For plasma treatment at a dimmer voltage above
140 V, shattered cell membranes and fragments of
broken membranes were observed. This might be
associated with cell surface blebbing and breakage
of actin filaments (Lee & Kim, 2016). Also, a
previous study suggested that the ROS could impose
oxidative stress on the cells and dissociating cell
membrane proteins (Lin ef al., 2017).

However, it is difficult to identify the viability
of the cells treated with plasma based on the phase
contrast microscopy images even though they
seemed to be physically intact on the plastic surface.
In live/dead cell stainings (Figure 6a-b), plasma-
treated HeLa cells produced from a dimmer voltage
less than 60 V remained viable similar to the
control. Plasma treatment at a dimmer voltage of
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Fig. 3. OES output measured for dimmer voltage set at (a) 60 V, (b) 80 V, (¢) 100 V, (d) 120 V, (e) 140 V, (f) 160 V,
(g) 180 V, (h) 200 V, (i) 220 V, and (j) 240 V.
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Fig. 5. Effects of different controlled voltage at (a) control, (b) 6 0V, (¢) 80 V, (d) 100 V, (e) 120 V, (f) 140 V, (g) 160 V,
(h) 180 V, (i) 200 V, and (j) 220 V to the plasma treatment of HeLa cells.

80 V is cytotoxic causing approximately half of
the cells to enter apoptosis (stained in red). The
attachment of the live cells was much reduced with
retracted filopodia and lamellipodia as seen in
Figure 6¢. This observation is supported by a
previous report which revealed that short-term
NTAPPJ could inhibit the signaling pathway
associated with invasion and metastasis of HelLa
cells (Li et al., 2016). However, our study under-
pinning that the power applied to generate
atmospheric plasma is a crucial factor in inhibiting
cell adhesion despite short term plasma exposure to
cells. The cells remained attached and round.

As observed in Figures 3 and 4b, there is an
increase of OH" proportional to the dimmer voltage
adjusted from 80 — 240 V. A previous report (Attri
et al.,, 2015) revealed that plasma-activated UV-

photolysis could induce the generation of hydroxyl
radicals (OH®) and hydrogen peroxide in bio-
solutions. The hydrogen peroxide at the ambient air
phase is produced via the process of OH® + OH® >
H,0,. This reaction could also produce H,O + O.
When UV interacted with the H,O in the media (UV
+ H,0 > H,0%*), the H,O* will be converted into
OH- and H* in the culture media (Attri et al., 2015).
In turn, the OH- + OH- produce H,0, + 2e". Hence,
the bombardment of the plasma to the culture media
increased the major reactive species of hydroxyl
radicals and hydrogen peroxide within. Both species
are well-studied toxins to cells (Mahaseth & Andrei,
2017). Reduced attachment of cells and cell death
can be explained by the detrimental effects of UV
and free radicals produced at a dimmer voltage
above 80 V.
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220V

Fig. 6. Fluorescence stainings of live and dead HeLa cells treated at different dimmer voltages of (a) control, (b) 60 V,
(¢) 80 V, (d) 100 V, (e) 120 V, (f) 140 V, (g) 160 V, (h) 180 V, (i) 200 V, and (j) 220 V.

The dimmer voltage applied is proportional to
the density of the plasma products at a short
treatment time of 20 s (Figure 4b). The temperature
of the plasma plume released was about 35 to 50°C
for the first 20 s of operation (Lin et al., 2017).
However, the treatment time is also an important
factor in regulating the dosage of ROS released
(Lee & Kim, 2016). The results indicated that the
NTAPPJ system based on dimmer control produced
tunable charged species and photon energy, that
induced a different level of effects to the
biophysical characteristics of cells, ranging from
reduced cell adhesion to apoptosis and eventually
cell membrane destructions. It is postulated that the
controllable intensity of plasma discharges might be
applicable in damaging the cancer cells while
offering reduced effects to the surrounding normal
tissues.

CONCLUSION

The plasma system based on the dimmer circuit and
neon transformer provide controllable power, which
in turn regulates the intensity of plasma discharges.
Different species of Ar, N,, OH" & O were identified
in the optical emission spectra, but the existence of
N and O atomic lines were subjected to higher
dimmer voltage above 100 V. The controlled power
output corresponding to the controlled intensity of
gas species discharges are essential for different
levels of treatments. Photon energy, oxidative stress
& ROS of the plasma discharges produced above
80 V of dimmer voltage might be the main factors
inducing detrimental effects on the biophysical
structures of the cells. However, the cells were found
viable and well spread for plasma treatment below
a dimmer voltage of less than 80 V or 20 W. The
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system presented is useful in modulating the cell
adhesion, causing cell fatality or breaking down of
cell membranes.
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