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Atmospheric pressure plasma jets employing nitrogen, helium, or argon gases driven
by low-frequency (several tens of kilohertz) ac voltage and pulsed dc voltage were
fabricated and characterized. The changes in discharge current, optical emission in-
tensities from reactive radicals, gas temperature, and plume length of plasma jets with
the control parameters were measured and compared. The control parameters include
applied voltage, working gas, and gas flow rate. As an application to plasma-cancer
cell interactions, the effects of atmospheric pressure plasma jet on the morphology
and intracellular reactive oxygen species (ROS) level of human lung adenocarcinoma
cell (A549) and human bladder cancer cell (EJ) were explored. The experimental
results show that the plasma can effectively control the intracellular concentrations
of ROS. Although there exist slight differences in the production of ROS, helium, ar-
gon, or nitrogen plasma jets are found to be useful in enhancing the intracellular ROS
concentrations in cancer cells. C© 2013 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4823484]

I. INTRODUCTION

Non-equilibrium atmospheric pressure plasma jets (APPJs) are of intense interest in current
low-temperature plasma research because of their immense potential for material processing and
biomedical applications.1 The plasma jets generate plasma plumes in open space while providing a
significant number of active species, such as radicals, electrons, and ions. Thus, they can be used for
direct treatment of materials or living tissues.2 One of the prerequisites to the biomedical applications
is that the plume should be near room temperature and carry a low current under moderate voltage.
The use of atmospheric-pressure plasmas in cancer therapies is drawing attentions since plasmas
contain short-lived free radicals including reactive oxygen species (ROS), charged species, and
electric fields that can induce apoptosis in tumor cells.3–11 Particularly, APPJs can be utilized in vivo
by delivering a lethal dose of plasma to a tumor without harming surrounding healthy tissues.3, 7

Depending on the jet configuration and the electrical excitation,2, 12–14 the plasma charac-
teristics including heat, charged particle, electric field, and chemically active species may differ
significantly.15 Another important parameter is the kind of utilized working gas (and gas flow rate).
Physically, the breakdown mechanism of APPJs depends strongly on the electron multiplication,
which controls the transition from Townsend breakdown to streamer breakdown.16, 17 Since the
Townsend ionization coefficient and the mobility of charged species in the electric field depend on
the gas properties, the gas type determines the electron multiplication and the breakdown mechanism
as well as the discharge mode. In addition, different working gases produce different plasma species
resulting in different interactions with the targets. Helium, argon, and nitrogen gases have been
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FIG. 1. Schematic of the experimental setup with the diagnostics systems.

mainly utilized in APPJs. For helium, electron multiplication can be easily kept at a low level and
glow discharge can be sustained well. For argon, the Townsend’s first ionization coefficient is larger
and increases faster with the electric field than that for He though much less than that for N2. The
Ar glow discharge can be kept in a small range of the applied field. Electron multiplication in N2 is
very sensitive to the applied field and the transition between Townsend and streamer (filamentary)
breakdown occurs suddenly around a certain level of the applied field. The range of the applied
voltage for a stable N2 glow regime is very small.16 In this paper, a pencil-type plasma jet driven by a
low-frequency (several tens of kilohertz) ac and pulsed dc voltages is reported. The gas temperature,
the plume length and the optical spectra are measured and compared as functions of the applied
voltage, the working gases, and the excitation methods (ac-driven and pulsed dc-driven).

Various effects of atmospheric plasma on live cells have been demonstrated recently.3, 4, 18–21

Of particular interest are the plasma interactions with cancerous cells. It has been shown by several
groups that the plasma is able to induce death (the programmed death, apoptosis or the necrotic
cell rupture) in a number of cancer cell types.3–11, 18–21 Among these, the induction of apoptosis by
plasma treatment has proven an intriguing issue. The ROS produced by plasma are considered to
be the key constituents that induce apoptosis. The ROS can penetrate the cells and might induce
high levels of DNA damage, resulting in apoptosis.5 Since the discharge characteristics strongly
depend on the gas property, different working gases will invoke different effects on plasma-cell
interactions. In this work, a preliminary plasma-cell interaction experiment is performed by using
three commonly utilized gases such as helium, argon, and nitrogen, and the effects of the plasma
exposure to the human lung adenocarcinoma cells (A549) and human bladder cancer cells (EJ) are
presented.

II. EXPERIMENTS

Figure 1 shows a schematic of the plasma jet device. The plasma jet consists of two electrodes,
Teflon fitting, glass confinement tube (8 mm inner diameter and 10 mm outer diameter), and pencil-
shaped nozzle (2 mm inner diameter at the exit). A tungsten pin wire (0.3 mm diameter) with a
sharpened tip was inserted coaxially in a glass tube protruding from the stainless steel holder by
13 mm. The glass tube served as dielectric barrier layer and a pencil-shaped nozzle was attached
to the end of the glass tube. The distance between the end of the tip and the end of glass tube was
approximately 10 mm. The working gas (nitrogen, helium, or argon) was delivered at a flow rate
1 l/min, controlled by a flow meter (RK1600R Kofloc), into the plasma jet and the plasma plume
was formed at the end of tip. In the case of nitrogen, a copper ring of 8 mm in length was used as
the ground electrode covering partially the outside of the glass tube for the generation of the plasma
plume.

Three different kinds of power supplies can be applied. The pulsed dc power supply (PDS4000
FTLab) delivers microsecond (or several hundreds of nanosecond) voltage pulses of up to 3 kV
at repetition rates from 10 kHz to 60 kHz. The sinusoidal voltage source of several tens of kilo-
hertz (HPSI 200 FTLab) is applied to the tungsten wire. The ac power supply for the nitrogen
discharge is a commercially available transformer for neon light source operated at 20 kHz. The
waveforms of the voltage and the current were measured using a real time digital oscilloscope
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FIG. 2. Photographs of the plasma plumes at different voltages of the 20 kHz sinusoidal ac-driven jets.

(WS44Xs-A LeCroy) via high voltage probe (PPE 20kV LeCroy) and current probe (3972 Pearson).
To identify reactive species that are generated in the discharge and subsequently expelled with the
gas flow, optical spectra were recorded for emission along the axis of the jet in the range from
200 to 900 nm. The light emitted by the microplasma was focused by means of optical fiber into
entrance slit of 0.75 m monochromator (1702, SPEX), equipped with a grating of 1200 grooves
per millimeter and slit width of 100 μm. In order to verify the general optical properties of the
plasma jets, the optical emissions were measured as a function of time. A photosensor amplifier
(Hamamatsu C6386-01) was used to observe the wavelength-integrated plasma emission.

The interaction of the plasma jet with living cells was examined on human lung adenocarcinoma
cell lines (A549) and human bladder cancer cell lines (EJ). The cancer cells were propagated in
RPMI 1640 (Rosewell Park Memorial Institute; A549) and DMEM (Dulbecco’s Modification of
Eagle’s Medium; EJ) with 10 % fetal bovine serum and 100 U/ml penicillin, respectively. Cells
were incubated at 37◦C with humidified air and 5% CO2. A common ROS detection dye, 2′, 7′-
dichlorofluorescein diacetate (DCFH-DA) was used to monitor the intracellular ROS production.
DCFH-DA passively diffuses into cells. In the presence of ROS, DCFH is rapidly oxidized to highly
fluorescent DCF.22 Fluorescence was measured with excitation and emission wavelengths set at
488 nm and 520 nm, respectively. The cancer cells were pretreated with 10 μM DCF-DA for
5 min at 37% in the dark. The plasma was generated by a sinusoidal ac-driven source. The applied
voltage and excitation frequency were 1.15 kVrms and 35 kHz, respectively. The working gas flow
rate was kept constant at 100 SCCM (cubic centimeter per minute at STP), unless otherwise stated.
Such a reduced gas flow rate is advantageous as it can limit damage by dehydration in sensitive
cells and tissue samples. Then, cells were exposed to plasma (and/or gas flow only) for 10 s on nine
designated points per dish. Intracellular ROS production was observed in the marked points. The
distance from the nozzle to the cell surface was 5 mm. The plasma plume directly reached the cells.
After treatment, cells were washed with phosphate buffered saline (PBS). Fluorescence-activated
cells were detected using fluorescence microscopy (Nikon TS100-F) and quantified by measuring
pixel intensity with Metamorph software (Molecular Devices, Sunnyvale, CA).

III. RESULTS AND DISCUSSIONS

A. Electrical characteristics

The plasma plumes from the 20 kHz sinusoidal voltage-driven jets are shown in Fig. 2 for
different working gases (He, Ar, and N2). In this configuration, the breakdown voltages turn out to
be 0.52 kVrms for the helium jet, 0.92 kVrms for the argon jet, and 1.14 kVrms for the nitrogen jets.
The plume-out voltages were measured as 0.72 kVrms, 1.0 kVrms, and 1.67 kVrms for the helium,
argon, and nitrogen plasma jets, respectively. Since the plasma jets developed in this work employ
a sharpened metal tip electrode exposed to the plasma, corona discharge around the metal tip can
provide seed electrons to lower the gas breakdown voltage. This allows the plasma jet to be ignited
and operated at moderate levels of applied voltage compared to plasma jets utilizing the annular
ring electrode.23 The breakdown voltages were observed to gradually become higher in the order of
helium, argon and nitrogen. For nitrogen and argon jets, auxiliary ground electrodes were needed to
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FIG. 3. Total Current as a function of applied voltage with different gases in (a) ac-driven jets at 20 kHz, and (b) pulsed
dc-driven jets.

generate plasma plumes in the 1 kV level of the applied voltage. In the nitrogen jet, the copper ring
of 8 mm in length was used as the ground electrode. In the argon jet, a planar ground electrode was
placed in front of the jet nozzle. The main ionization mechanisms are different depending on the
working gas: Penning ionization (for helium), stepwise ionization (for argon), and electron impact
ionization (for nitrogen). The ionization rate of helium is the highest among the gases employed in
this study. Helium atoms have less excited states than argon atoms and nitrogen molecules. Thus
the electrons of helium discharge lose the least energy before the helium atoms are ionized.24 In the
pulsed dc-driven mode operated at a repetition rate of 20 kHz and duty cycles of 10%, the breakdown
voltages for the helium and argon jets were 1.34 kVp-p and 2.30 kVp-p, respectively.

Figures 3(a) and 3(b) show the applied voltage and total current curves for the ac-driven jets and
the pulsed dc-driven jet, respectively, produced with different working gases at the gas flow rate of
1 L/min. The total current of the pulsed dc voltage-driven jet is found to be generally much larger
than that of the sinusoidal voltage-driven jet. The effect of pulsed excitation acts to reduce the
amount of power needed to sustain the discharge.

B. Optical characteristics

For a fixed gas flow rate, by increasing the applied voltage, the plasma volume increases, passing
through three different stages: the pointed plasma (corona mode), the extended plasma (plasma fills
the glass tube) and the plasma jet (plume mode). These developing stages of the plasma are presented
along with the temporal evolution of the wavelength-integrated optical emission intensity in Fig. 4.
The characteristics of plasma evolvement and light emission differ depending on the working gas
type. The different waveforms may result from different discharge mechanisms for corona mode and
plasma plume mode. The corona discharge is composed of short-lived pulses at the negative corona
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FIG. 4. The developing stages and the temporal evolutions of wavelength-integrated optical intensity of (a) the He and (b)
Ar plasma jets.

discharge in needle-plate geometry.25 With increasing applied voltage, the discharge is found to
produce at least one strong plasma bullet in every cycle of the applied voltage.26 In Ar discharge, the
plume mode starts at 1.9 kVrms, and the main optical emission occurs during the rising edge of the
positive half cycle of the voltage waveform and the weak light emission signal is found at the falling
edge of the positive half cycle. The optical intensity is found to be in phase with the conduction
current. However, in corona mode (below 1.8 kVrms), the optical emission occurs in the trough of the
applied voltage. At this moment the drifting velocity of the electrons driven away from the electrode
is very low when the electrons move to the low field region thus contributing to the formation of
point-like discharge electrons (the negative potential electrode tip covered by an electron-cloud).
On the other hand, in He discharge the mode transition occurs at much lower voltage (about
1.1 kVrms) because the electron mobility in helium discharge is much larger than that in Ar discharge.
Therefore, the He jet does not exhibit the temporal evolution typical to the corona discharge under
the parameter range in this study.

Optical spectra were recorded for emission along the axis of the plasma jet in the range from 200
to 900 nm. Figure 5 shows the emission spectra observed in the plasma jet. The different spectra of
(a) pulsed dc-driven mode helium (1 L/min, 1.95 kVp-p) (b) pulsed dc-driven mode argon (1 L/min,
2.56 kVp-p), and (c) ac-driven mode nitrogen (1 L/min, 1.54 kVrms) were compared. The discharge
produces a significant UV radiation that belongs to transitions of the OH band at 308 and 287 nm,
the atomic oxygen lines at 777.4 and 844.6 nm, the N2 emission bands at 310–440 nm, and the N2

+

emission bands at 391–428 nm. Helium jet is observed to produce efficiently the ROS. In particular,
the OH peak is observed to be very high in argon plasma jet. It was found that the OH emissions
were able to last for longer inside the nozzle than both N2 and Ar emissions.27 This causes the OH
peak to be much higher than other peaks. The Penning ionization of N2 and the charge transfer to
N2

+ are relatively suppressed in the argon discharge. Xian et al. also observed a strong OH emission
from Ar plasma jet and much stronger emission intensities of N2

+ from the helium jet.28

The spectrum for the nitrogen plasma jet has a series of NOγ lines. The N2
+ line is weaker

than N2 second positive system bands, which is quite different from that of the helium jet. The
most striking difference is that the nitrogen plasma produces very little emission above 400 nm. In
particular, there is little emission at the atomic oxygen lines. The emission spectra from the plasma
plumes using various working gases clearly indicate the excited NO, O, OH, N2, and N2

+.2, 29–32

Since the critical radicals to cell death are O, NO, and OH radicals, the richness of these species
may make the plasma jets suitable for biomedical applications.33–35

The excitation temperatures of He or Ar lines were measured by using the Boltzmann plot
–method.36–38 The atomic emission intensity (Ipq) of the transition from level p to level q depends
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FIG. 5. Emission spectra from 200 nm to 900 nm observed in (a) the pulsed dc-driven helium jet, (b) the pulsed dc-driven
argon jet, and (c) the ac-driven nitrogen jet at 20 kHz.

on the transition probability (Apq) and absolute population of the atomic level (np), as shown in the
following equation; Ipq = npApqhν(where h is the Planck constant and ν is the photon frequency
corresponding to the p→q transition). Assuming a Boltzmann distribution of the population of the

atomic level, the emission intensity is expressed as Ipq ∝ Apqgphν exp
(
− Ep

kBTexc

)
(where Ep and gp

are the energy and degeneracy, respectively, of excited level p, kB is the Boltzmann constant, and
Texc is the excitation temperature in Kelvin). From the measurement of intensity and wavelength, a
Boltzmann plot is obtained. Using this formula, the electron excitation temperature can be estimated.
Figure 6 shows the measurement of Texc in the helium discharge using a set of identified helium
atomic lines. In the helium discharge Texc is measured to be 0.15 - 0.16 eV. It is also observed
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that the argon discharges have much higher Texc than helium discharges. This indicates that the
excitation temperature is determined by the average power.36

C. Plume generation

As shown in Fig. 7, the gas temperature and the length of the plasma plume for different gases
can be adjusted by the applied voltage. Figure 7(a) shows the measured gas temperature by using a
fiber optic temperature sensor (M601-DM&STF, Luxtron). The gas flow rate was kept constant at
1 L/min. The gas temperature remained near room temperature and increased slightly with the
applied voltage. As the applied voltage was increased, the length of the plasma plume increased. The
plasma plume of helium was observed to be longer than those of other gases, while the Ar plume
emitted the strongest light, and the discharge in nitrogen was the weakest.24

It is widely accepted that the excitation is due to an ionization wave along the gas channel and
is triggered by the kHz excitation inside the source. There are three mechanisms to contribute to the
ionization front velocity: electron diffusion, ponderomotive force, and breakdown wave.39, 40 The
ionization wave front velocity due to electron diffusion can be expressed as υ = 2(vi Da)1/2, where
vi is the ionization frequency and Da is the ambipolar diffusion coefficient. For a nonequilibrium
plasma, Da is expressed as Da = μ+ kBTe /e, where μ+ is the ion mobility and Te is the electron
temperature. Since vi = α υd (where α is the Townsend’s first ionization coefficient and υd is the
drift velocity of ions), a larger applied voltage results in a larger υd, thereby increasing the ionization
frequency and ionization wave front velocity. The high bullet velocity is also directly related to the
local electric field. Furthermore, the local electric field is proportional to the charges carried by the
bullet.41 When more gas molecules are ionized, a stronger local electric field is induced in front of
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FIG. 7. Comparison of the measured (a) gas temperature and (b) plasma plume length as function of applied voltage for
20 kHz ac-driven jets.

the bullet; in this case, electrons travel toward the bullet head much more quickly, which results in a
high bullet velocity. Under a fixed applied voltage, different gases relate to the different velocities of
the ionization wave front via α and μ+. Since μ+ He > μ+ N2 > μ+ Ar and υd He > υd N2 > υd Ar,

42

we have an ordering of υHe > υN2 > υAr, because Te is not much changed in different discharges
(although we have a general scaling as αHe > αAr > αN2, the effects of μ+ and υd are stronger).
This argument is in agreement with the observed plume lengths (L) in the order of LHe > LN2

> LAr shown in Fig. 3. In a single pin electrode configuration, the pulsed dc-excited plasma plume
was about two times longer than the sinusoidal wave-excited plasma plume.43

D. Plasma-cell interaction: Intracellular ROS concentrations

Recent studies have reported that these ROS concentrations were directly related to the mech-
anism of the death of cancer cells.6 A certain level of ROS is required for cell survival, while
overwhelming ROS can change the equilibrium in cell redox status and lead to damage to pro-
teins, lipids, carbohydrates, and nucleic acids. The first stage of cellular responses to oxidative
stress is to use antioxidant defense and repair systems to minimize the damage. However, if the
cells are exposed to greater oxidative stress, they can be forced into a permanently growth-arrested
state, triggering cell death.44 The cells tend to vary in their responses to plasma treatment. Cancer
cell types have higher metabolic activities than others, and are under increased oxidative stress.45

This might make them vulnerable to plasma treatment that further augments ROS generation.
Figures 8 and 9 show the intracellular ROS fluorescence microscope images of EJ cells and A549
cells, respectively. The results were obtained with different conditions: (8/9a) non-treated control,
(8/9b) He gas flow only, (8/9c) the 35 kHz ac-driven He plasma jet at the applied voltage 1.15 kVrms,
(8/9d) non-treated control, (8/9e) Ar gas flow only, and (8/9f) the 35 kHz ac-driven Ar plasma jet
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FIG. 8. Intracellular ROS fluorescence microscope images (400×) of different strains after 3 min plasma treatment. The
right panels represent the photographs of cells immediately after plasma treatment: (a) non-treated control, (b) He gas flow
only, (c) the 35 kHz ac-driven He plasma jet (at 1.15 kVrms), (d) non-treated control, (e) Ar gas flow only, (f) the 35 kHz
ac-driven Ar plasma jet (at 1.15 kVrms), and (g) the fluorescence intensities are quantified by measuring pixel intensity with
Metamorph software. Each point represents the mean ± SD of three replicates.

FIG. 9. Intracellular ROS fluorescence microscope images(400×) of different stains after 5 min plasma treatment on A549
cells: (a) non-treated control, (b) He gas flow only, (c) the 35 kHz ac-driven He plasma jet (at 1.15 kVrms), (d) non-treated
control, (e) Ar gas flow only, and (f) the 35 kHz ac-driven Ar plasma jet (at 1.15 kVrms), and (g) the fluorescence intensities are
quantified by measuring pixel intensity with Metamorph software. Each point represents the mean ± SD of three replicates.

at the applied voltage 1.15 kVrms. In the control (non-treated and gas flow only), a few cells were
stained with DCF and the fluorescence intensities were much lower whereas in the plasma-treated
cells the fluorescence was increased indicating a high level of DCF staining. Figures 8(g) and 9(g)
show the quantification of fluorescence intensity by plasma treatment on the EJ cell and the A549
cell lines. The A549 cells produced higher intracellular ROS concentration than EJ cells.

In our previous study,46 it was found that the apoptosis rate correlated well with the levels of
the intracellular and extracellular ROS. Since the apoptosis rate is directly related to the intracellular
ROS level, the Ar plasma may be more effective in the induction of apoptosis for this specific plasma
jet configuration. It was observed that intracellular ROS production was dramatically increased in
cancer cells by plasma treatment and it could be adjusted by changing the applied condition. Thus,
it might provide a promising prospect of cold plasma as a pro-oxidant cancer therapy.

The nitrogen plasma jet has a similar cellular effect to those of He and Ar jets, but needs quite
a high breakdown voltage and has a shorter plume length hindering a direct contact with the cell.
When a copper ring serves a ground electrode, the generated plasma plume has a longer length up
to 8 mm. To confirm the indirect effects of the plasma, the distance from the nozzle to the cell was
adjusted. Figure 10 shows the intracellular ROS levels for the direct and indirect plasma treatment
on A549 cells. In the case of indirect plasma exposure (Fig. 10(b)), the distance from the nozzle
to the cell was 10 mm and the plasma plume reached the media (but did not contact the cells).
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FIG. 10. Fluorescence image of intracellular ROS generation in the nitrogen plasma jet on A549 cells: (a) non-treated
control, (b) plasma indirect, (c) plasma direct at 2.12 kVrms, and (d) the fluorescence intensities are quantified by measuring
pixel intensity with Metamorph software. Each point represents the mean ± SD of three replicates.

In the case of direct plasma exposure (Fig. 10(c)), the distance from the nozzle to the cell was
5 mm and the plasma plume was in contact with the cells directly. The applied voltage, excitation
frequency, and gas flow rate were 2.12 kVrms, 50 kHz, and 0.1 L/min, respectively. As shown in
Figs. 10(b) and 10(c), the level of intracellular ROS in the cells exposed to the plasma was increased
compared to non-treated control (Fig. 10(a)). Although relatively small, the indirect plasma exposure
results in increased ROS concentrations. The direct plasma exposure proved to be more effective in
inducing an enhancement of intracellular ROS level. This may be related to the transportability of
the plasma species and the penetration to the cells. In this study, it was shown that different cells had
different sensitivities to plasma depending on cell types and components of plasma plume in terms
of intracellular ROS production.

IV. CONCLUSIONS

APPJs excited at low frequencies utilizing different working gases (helium, argon, or nitrogen
gases) were fabricated and characterized. Since different gas properties have different dependences
of Townsend ionization coefficient and the mobility of charged species, each discharge demonstrated
discharge characteristics unique to the gas type. The emission spectra clearly indicate the excited NO,
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O, OH, N2, and N2
+ in the plasma plumes generated from these gases. Helium plasmas are observed

to be efficient producers of ROS. Especially, the nitrogen plasma jets produced a low concentration
of excited oxygen atoms but abundant excited nitrogen species. The breakdown voltages in different
working gases gradually become higher in the order of helium, argon, and nitrogen. In a single pin
electrode configuration, the plasma plume in the pulsed dc-excited jet was longer than that in the
ac-excited jet. The total current of the pulsed dc voltage-driven jet was observed to be much larger
than that of the sinusoidal voltage-driven jet. The gas temperature remained near room temperature,
which would enable these plasma jets to be adopted for a wide variety of biomedical applications.
The potential of plasma jets to induce oxidative stress in EJ cells and A549 cells was evaluated. The
experimental results indicate that the A549 cells produce higher intracellular ROS concentration
than EJ cells. These observations suggest that different types of human cells differentially respond
to the plasma exposure. Although there exist slight differences in the production of ROS, helium,
argon, and nitrogen plasmas are found to be useful in enhancing the intracellular ROS concentrations
in cancer cells.
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