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Atmospheric pressure pulsed helium plasma jets are utilized for plasma-cell interactions. The effect

of operating parameters such as applied voltage, pulse repetition frequency, and duty ratio on the

generation of specific reactive oxygen and nitrogen species in gas and liquid phases and within

cells is investigated. The apoptotic changes detected by terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP nick-end labeling assay in cells caused by plasma exposure are observed to

correlate well with the levels of extracellular and intracellular reactive oxygen and nitrogen

species. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928545]

Various effects of atmospheric pressure plasma on liv-

ing cells have been demonstrated.1–3 Atmospheric pressure

plasma jets (APPJs) enable the generation of a stable dis-

charge that transports reactive species to a wanted site

beyond the plasma-generating electrode.4 The use of APPJs

in cancer therapies is of particular interest because plasmas

contain short-lived free radicals including reactive oxygen

and nitrogen species (RONS) that can induce apoptosis in tu-

mor cells.5,6

In the plasma treatment of living tissues, plasma species

are delivered to the air-liquid interface and then undergo

transportation and sometimes secondary generation of reac-

tive radicals within the liquid medium before reaching cells

and tissues.4 Plasma-generated RONS depend on the plasma

conditions controlled by many operating parameters. Thus,

the investigation into the effects of operating parameters on

plasma-cell interactions would be an important research

topic for cancer therapeutic applications of atmospheric pres-

sure plasmas.

Plasma-generated radical species are mainly reactive

nitrogen species such as nitric oxide (NO) and nitrogen diox-

ide (NO2) and reactive oxygen species (ROS) such as ozone

(O3), hydroxyl radicals (OH), superoxide anion (O2
�), and

singlet oxygen (1O2).7 The interactions between the plasma

and the liquid are of great interest and importance.5 The

hydroxyl-radical (OH) is one of the most active species gen-

erated in moist gas mixtures and is so reactive that it is

thought to react with essentially any target.1 The OH radicals

are produced via diverse routes in gas phase, electron impact

dissociation of H2O molecules, the reactions of O (1D) and

N2 (A) with H2O molecules, the Penning and charge transfer

reactions of H2O molecules with excited species.6,8,9 In liq-

uid phase, they are produced in the pathway starting from

superoxide anion and/or by dissociation of vibrationally

excited water through collision with ground state water.10

Measuring the absolute density of OH species will

improve the determination of treatment doses and allow for

optimization of the plasma process for a specific applica-

tion.6 Moreover, of special interest is nitric oxide owing to

its crucial role in both cell death and proliferation.11 There is

substantial literature on the role of NO and related com-

pounds as a direct cancer therapy.12,13 These studies pro-

vided evidence of an important tumor apoptotic intercellular

signaling mechanism involving NO and ONOO�.12–14

In plasma exposure to cells in vitro, the interaction of

plasma species (excited neutral species and ions) with me-

dium results in the generation of reactive species which can

produce biologically important processes. Therefore, it is

necessary to consider the interaction between a plasma jet

and the liquid phase, particularly in the cell culture environ-

ment.15 This paper examines the effect of the parameters

such as applied voltage, pulse repetition frequency, and duty

ratio of atmospheric pressure pulsed plasma jets on the

RONS in gas and liquid phases and within cells. In order

to examine plasma-induced chemistry effects, we used fluo-

rescence probes (4, 5-diamino-fluorescein diacetate (DAF-

2DA), 30-(p-aminophenyl) fluorescein (APF), and Griess

reagent to detect highly reactive species in living cells. The

terminal deoxynucleotidyl transferase (TdT)-mediated dUTP

nick-end labeling (TUNEL) technique was used for the

detection and quantification of apoptosis after plasma

treatment.

Figure 1(a) shows a photograph of the plasma plume

and the schematic of the experimental setup of the jet source

driven by a pulsed unipolar high voltage with a repetition

rate of several tens of kHz (FT-Lab PDS 4000). The plasma

jet consists of copper wire electrodes (2 mm diameter), poly-

etheretherketone (PEEK) plastic housing, and a pencil-

shaped ring-grounded electrode (copper, 6 mm inner diame-

ter and 16 mm outer diameter at the exit) covered with

dielectric PEEK. A typical operating condition of the pulsed-

dc plasma jet has applied voltage of 1.5 kVpp, repetition fre-

quency of 50 kHz, gas flow rate of 2 l/min, and duty ratio of

8%, unless otherwise stated. The optical emission spectra were

recorded from the jet in the wavelength range of 200–900 nm

using a fiber-optic spectrometer (Ocean Optics USB-2000). The

plume temperature was measured using a fiber-optic tempera-

ture sensor (Luxtron, M601-DM&STF). A light-emitting diode

(LED) light source (Ocean Optics, k¼ 310 nm, FWHM 10 nm)

was used to excite hydroxyterephthalic acid (HTA) in the

cuvette, and the spectrum around k¼ 425 nm was recorded

through an optical fiber by a spectrometer.
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Figure 1(b) shows the measured gas temperature as a

function of applied voltage. With an increase in the applied

voltage, the plume temperature was increased. The tempera-

ture was less than 35 �C despite the high applied voltage.

Figure 1(c) shows the variations of the emission intensities of

NO, OH, O, and Ha via the optical spectra with the different

operating parameters. It is observed that operation conditions

under higher frequency and lower duty ratio results in the rich-

ness of these reactive species. Figure 1(d) represents the wave-

forms of total current in the ring grounded electrode and

sample lines. The inset shows the waveforms of applied volt-

age and total current. The temporal delay (Dt) between current

traces measured from ground and sample lines for the primary

discharge offers information on the apparent plasma bullet

propagation speed.16 The drift velocity of plasma plume was

estimated indirectly by the propagation speed of the luminous

bullet by the time of flight method.16,17 The plasma electron

density is obtained by the ratio between the conduction current

density and the product of electron charge and drift veloc-

ity.16,17 The plasma plume current is estimated as a current

measured in sample line. The cross-section of plume was

estimated from the observation of the plasma plume by photo-

graphs. Using the average current value on the sample line and

plasma plume diameter, the electron density was estimated as

1–6 � 1012cm�3. The electron density increased from 3.4

� 1012 to 5.41 � 1012cm�3 with increasing applied voltage

(1.5 kVpp! 1.8 kVpp) and increased from 1.12 � 1012 to 4.57

� 1012cm�3 with decreasing duty ratio (35%! 8%).

RONS in the gas phase spread into the liquid phase and

react with water to produce various biologically active reac-

tive species. As a method of OH radical detection, we uti-

lized the hydroxylation of TA, which is a typical

photocatalytic reaction that specifically oxidizes TA; that is,

the OH radical reacts with TA to form HTA. When the solu-

tion containing TA and HTA molecules is irradiated by UV

light, the HTA molecules emit light.8 Fluorescence intensity

was observed to increase after reaction with plasma, indicat-

ing the increase in the OH radicals trapped by TA.

Figure 2 shows the fluorescence spectra of HTA as func-

tions of operating conditions. Aqueous solution of TA was

prepared by dissolving TA (Sigma) in distilled water con-

taining NaOH (Wako). The initial concentrations of TA and

NaOH were 3 mM and 10 mM, respectively, and the initial

pH value was 8. The dish including liquids was irradiated

with plasma (for 5 min), and samples of the liquids from the

dish after plasma treatment were taken using a cuvette to

observe the fluorescence after excitement by a light source.

As the applied voltage (1.3 kVpp! 1.7 kVpp) and repetition

frequency (20 kHz! 50 kHz) increased, the fluorescence in-

tensity increased, indicating an increase in the OH radicals,

as shown in Figs. 2(a) and 2(b). As the duty ratio decreased

(30% ! 8%), the intensity increased (Fig. 2(c)). These

observations are in accordance with the intensity level of OH

in optical spectra (Fig. 1(c)). It was observed that the plasma

with gas mixtures containing 95% helium and 5% oxygen

and 90% helium and 10% oxygen led to an increase of the

fluorescence intensity (Fig. 2(d)). The OH density was

observed to increase with both the applied voltage and pulse

repetition frequency exhibiting a similar tendency to Ref. 18.

Reactive nitrogen species are also formed in the liquid

phase. Nitrite concentration was determined using the Griess

reagent (Molecular Probes). We used cell permeable

reagents DAF-2 DA (Enzo Life Sciences) and APF

(Sigma)). In liquids, nitric oxide is converted into nitrite and

nitrate ions.11 The Griess reaction can be used to analyze ni-

trite and can provide a good measure of the nitric oxide pro-

duction.11 Figure 3 shows the results of the nitric oxide

quantitation assay performed on serum-free Hanks’ balanced

salt solution (HBSS, layer 3 mm) containing cells (or no

cells). The dish including A549 cells (104 cells) was irradi-

ated with plasma (0.5–3 min), and samples of the liquids

from dish after plasma treatment were taken using a 96-well

plate. The absorbance at 548 nm was measured using a spec-

trophotometer (Perkin-Elmer, CT) following incubation. In

order to quantify the nitrite concentrations, a calibration

curve was prepared using the standard sodium nitrite solu-

tions (Molecular Probes). No significant difference is

FIG. 1. (a) Schematic of experimental setup. (b) Gas temperature as func-

tions of applied voltage and (c) variations of the emission intensities of NO,

OH, O, and Ha as functions of applied voltage (1.3 and 1.5 kVpp), repetition

frequency (upper figure: 20 and 50 kHz), and duty ratio (bottom figure: 8%

and 50%). (d) The waveforms of total current in the ring grounded electrode

and sample electrode lines. The inset represents the waveforms of applied

voltage and total current.

FIG. 2. Fluorescence spectra of aqueous TA solutions exposed to pulsed dis-

charge as functions of (a) applied voltage (1.3 and 1.7 kVpp), (b) repetition

frequency (20 and 50 kHz), (c) duty ratio (8% and 30%), and (d) additive

oxygen flow rate (0%, 5%, and 10%).
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observed between the untreated control and gas-only expo-

sure. On the other hand, the nitrite concentration increased

after plasma exposure with increasing treatment time (Fig.

3(a)). It is observed that the concentration in the presence of

cells is higher than that in the absence of cells. This suggests

that plasma can influence NO production not only in the

liquids but also in the cells despite the thick layer of buffer

solution (serum-free). As the applied voltage increased (1.5

kVpp ! 1.7 kVpp) and pulse duty ratio decreased (50% !
8%), the nitrite concentration increased, indicating the fact

that the density of nitric oxide also can be controlled by

plasma parameters of the discharge (Fig. 3(b)). It has been

reported that the high production efficiency of reactive spe-

cies is related to application of a voltage with a short pulse

width.19 The reason for this can be explained by two factors:

larger electron density caused by a short pulse width and an

increase of the active species mainly produced in primary

streamer (N and O in our case). This may explain the reduc-

tion of nitrite concentration at higher duty ratio.

The intracellular generation of ROS after plasma treatment

was detected by fluorescence microscopy using 20, 70-dichloro

fluorescein diacetate (DCF-DA) (Molecular Probes), which dif-

fuses into cells and is deacetylated by cellular esterases to non-

fluorescent 20, 70-Dichlorodihydrofluorescein (DCFH). In the

presence of ROS, DCFH is rapidly oxidized to highly fluores-

cent DCF.20 A549 cells in dishes were pretreated with 10 lM

DCF-DA for 5 min at 37 �C in the dark. Then, cells were

exposed to plasma (and/or gas flow only) for 10 s on 9 points

per dish and incubated for 5 min. Fluorescence-activated cells

were detected and analyzed using a fluorescence microscopy.

Figure 4 shows the fluorescence images of intracellular ROS

production and bright field images. Figure 4(a) shows that

plasma-treated cell populations containing high levels of DCF

fluorescence were increased. However, the nonfluorescent

H2DCFDA becomes fluorescent in the presence of a wide vari-

ety of RONS including, but not limited to, peroxyl (ROO•) and

hydroxyl (•OH) radicals and the peroxynitrite anion (ONOO�).

In contrast, APF has much more limited reactivity and higher

resistance to light-induced oxidation; namely, fluorescein deriv-

ative is nonfluorescent until it reacts with the hydroxyl radical

or peroxynitrite anion.21 In order to examine more specific re-

active species, we used APF (10 lM), and likewise, cells were

loaded with the fluorescent cell-permeable NO-specific probe

(DAF-2 DA; 10 lM). DAF-2 DA and APF were also per-

formed by the same procedure that was used for DCF-DA

assay. As shown in Fig. 4(b), the increase of NO-sensitive fluo-

rophore was more specific and was observed in the plasma-

treated area only (plume-cross section). Figure 4(c) shows in-

tracellular OH generation after plasma treatment. It is observed

that plasma induces a prompt cellular response (the track left

by the plasma; the upper figures of Fig. 4(c)).

We examined plasma-induced cellular apoptotic death

by using the TUNEL technique.22 The extent of apoptosis

was assessed with the APO-BrdU (deoxythymidine analog

5-bromo-20-deoxyuridine 50-triphosphate) TUNEL Assay kit

(Molecular Probes). The cells (106 cells) were exposed for

5 min on a dish (with 3 mm thick layer of serum-free DMEM

(Dulbecco’s Modified Eagle’s Medium)) with a distance of

10 mm between nozzle and cell surface. Cells were harvested

by trypsinization 48 h after exposure to plasma and then

fixed with 1% paraformaldehyde for 20 min in phosphate

buffered saline (PBS). After fixation, the TUNEL assay was

performed by following the manufacturer’s instructions. The

emitted green fluorescence from apoptotic cells was

observed under fluorescence microscopy (Nikon TS100-F).

Cell nuclei by propidium iodide staining were also observed

with microscopy. As shown in Figs. 5(b) and 5(c), the ratio

of TUNEL-positive cells increased after plasma treatment

compared to that in gas-treated control cells (Fig. 5(a)). It is

observed that the extent of apoptotic DNA fragmentation

increased with increasing doses of plasma. The rate of apo-

ptotic events increased from 4.7% to 37.5% with increasing

applied voltage (1.4 kVpp! 1.9 kVpp).

Our previous studies23,24 indicated that apoptosis was

increased with increasing applied voltage and repetition

FIG. 4. Fluorescence images of intracellular ROS production and bright field images: by using (a) DCF-DA (upper row of figure: plasma-treated cells; bottom

row of figure: gas-treated control cells), (b) DAF-2 DA (upper row of figure: plasma-treated cells; bottom row of figure: gas-treated control cells), and (c) APF

(upper row of figure: the track left by the plasma; bottom row of figure: plasma-treated cells). The scale bar corresponds to 100 lm.

FIG. 3. Nitrite concentration as functions of (a) treatment time (0.5–3 min)

in the presence and absence of cells, (b) applied voltage (1.5 and 1.7 kVpp)

and duty ratio (8% and 50%) (each point represents the mean 6 SD of three

replicates).
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frequency and with decreasing duty ratio, and that the vol-

ume and luminosity of plasma bullet increased in the same

manner. These observations agree well with the dependence

of RONS measured in gas and liquid phases and within cells.

These data suggest that the generation of intracellular RONS

and the induction of apoptosis are the results of plasma’s

interaction with the extracellular medium and that the

plasma effects depend on the concentration of active species

in the medium (thus on the plasma dose).

In conclusion, the increase in applied voltage, pulse fre-

quency, and decrease in duty ratio leads to an increase in the

densities of OH and NO in gas and liquid phases and within

a cell. Apoptosis rate correlates well with the levels of intra-

cellular and extracellular RONS. Under the conditions of

pulsed plasma experiments in this study, it can be concluded

that the application of high voltage with 50 kHz frequency

and duty ratio 8% results in the efficient production of reac-

tive species for cancer cell treatment. These results could

become potentially valuable information in utilizing

atmospheric pressure plasma jets as a RONS-promoting can-

cer therapy.
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FIG. 5. TUNEL-positive (green) apoptotic cells (red circles), cell nuclei

(red) by propidium iodide staining and bright field images: (a) gas-treated

control cells, (b) plasma-treated (1.4 kVpp) cells, and (c) plasma-treated (1.9

kVpp) cells. The scale bar corresponds to 100 lm.
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