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ABSTRACT: Cancer study is among the hottest topics in plasma medicine. Differential kill-
ing of cancer cells and controllable selectivity may be achieved using exposure to plasma gen-
erated by various atmospheric pressure discharges. In this article, we discuss the possibility 
of generating low-temperature air plasma directly inside standard 24- and 96-well cell-culture 
plates and its subsequent use to achieve selective cytotoxicity. After exposure, cell viability 
was assessed and molecular biology tests carried out to understand the effect of plasma on cell 
biology. HeLa (neoplastic cells) and Vero (normal cells) cultures were exposed to air dielectric 
barrier discharge plasma. We performed viability assessment using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide assay at 8 and 24 hr after treatment and found a 
reduction in cell viability, with a variable amplitude of effect. The cytotoxicity of plasma on 
HeLa cells at 8 hr was 59.92% and reached 68.58% by 24 hr. The cytotoxic effect on Vero cells 
was limited to 37.75% at 8 hr and only 6.33% at 24 hr. General cell biology analyses were as-
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I. INTRODUCTION

Many technological operations now use various forms of atmospheric pressure plas-
mas. Well-known examples originate from cutting, welding, printing, and thin-layer-
deposition plasma-based devices.1,2 The expertise in plasma-based device design for 
heat-sensitive material processing presented the opportunity for direct plasma exposure 
of soft biological matter. Unlike inert matter, plasma exposure of cells, tissues, or living 

-
tions that must not exceed safety limits. 

network of physicists, medical doctors, and biologists. Many applications of plasma 
sources in life sciences are now transferred to clinical use and different medical trials 
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including sterilization and decontamination of medical surfaces, medical devices for 
human skin, wound healing, treatment of dermatological diseases, cancer treatment, 
dentistry, and other related applications.3,4

A major problem in current therapeutical strategies for cancer is the lack of major 

there exists a dire need for novel cancer therapeutics and combination strategies. The 
success of future cancer treatment will rely on whether these alternative strategies can 

5 Therapeutic selectivity is associated 
-

nary results from different research groups indicate that a selective response to plasma 
treatment may be achieved while exposing different cell types, with atmospheric plasma 
sources more active in targeting cancerous cells.6–18

The main types of discharges used so far for cancer cell exposure are helium 
plasma needles, plasma jets (operating in helium or argon), dielectric barrier discharg-

-
blast treatment, with related studies reporting apoptosis and cell death.19,20 SMD treat-
ment of human melanoma and glioblastoma cells led to apoptosis and senescence.21,22 
DBD treatment on human cancer cells resulted in apoptosis, DNA damage, as well 
as the presence of intracellular reactive oxygen species (ROS) and selective cellular 
death.23–25 Plasma jet (both He and Ar) treatments induce cell cycle arrest, intracellular 
ROS, selective death, decreased metabolic activity, and alteration of gene expres-
sion.6,9,26,27

The treatment of HeLa cells using nonthermal plasmas has presented a major inter-
est for various research groups. Previous study results have reported apoptosis, mito-
chondrial dysfunction, and cell membrane permeabilization.28,29 Hensel et al. studied 
the effects of an air transient spark discharge on HeLa cells compared with a helium 
plasma jet and reported the same cell cycle arrest, selectivity, and viability decreases.30 
However, their results show minimal impact of the helium plasma jet compared to 
transient spark effects. These results point to the necessity of a slightly more aggres-
sive discharge but with the use of reduced current values than those used with transient 
spark discharge. 

Furthermore, DBD produced directly inside well plates used for growing cell 
cultures may minimize manipulation of cell cultures during exposures and biological 
assays. The well plates represent an additional dielectric for the discharge, also ensur-
ing that the cells will not be affected by external factors until postexposure biological 
assessment. 

This article focuses on the effects of air DBD discharge produced directly in well 
plates with HeLa (neoplastic cells) and Vero (normal cells) cell cultures. In addiiton, we 
emphasize selective response, viability, apoptosis, and TP53 gene expression.
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II. MATERIALS AND METHODS

A. Experimental Setup and Plasma Diagnosis

Air DBD plasma production inside standard cell-culture well plates must take into ac-
count a certain few particularities. First, the well plates must have minimum amount of 
manipulation to preserve the sterility of the system. This requires a discharge that does 
not affect the integrity of the electrodes and the well plate itself, eliminating any con-
tamination risks. Second, the electrode system must ensure a volume discharge inside 
the well plates, with minimum power loss in the areas surrounding the wells. Taking into 
account these considerations, the air DBD used in this study creates a plasma volume 
inside the wells containing cell cultures, treating one column of the well plate at a time. 
The air DBD plasma system schematics is presented in Fig. 1, left. 

An array of stainless-steel cylindrical electrodes connected through a copper plate 
was inserted in the well plate, with the number of cylinders in the array equal to the num-

for the 96-well plate and four electrodes (14 mm diameter) for the 24-well plate. Elec-
trode diameters were selected according to plate dimensions, ensuring no contact between 
them and the walls of the wells. A second planar electrode made of copper plate (1.5-mm 
thick) and covered with a thin (0.1 mm) dielectric layer was placed under the well plate, 
covering the entire bottom surface of the wells. Cell cultures were attached to the bottom 
of each well and covered with phosphate-buffered saline (PBS) solution throughout all of 

FIG. 1: Air DBD plasma experimental setup (left) and electrode position in a 96-well plate 
(right)
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the 24-well plate). A total gap (of PBS and air) of 3 mm between the electrode array and 
well plate bottom (Fig. 1, left) was kept constant during all experiments.

The discharge was sustained by alternating-current power supply (50 Hz) that pro-
vided a sinusoidal waveform, with a maximum of 15-kV peak-to-peak voltage. A glow 
discharge with superimposed spark-like discharges formed inside the wells where the 
cylindrical electrodes were inserted. During the experiments, we noticed that the spark-
like discharges had a tendency to ignite into the wells in the neighboring columns. In 
Fig. 2, we present typical discharge voltage and currents of DBD generated inside of 
the wells. The current trace, as returned by a Pearson 6585 monitor, represented the 
summation of the currents produced in all of the simultaneously exposed wells of one 
treated column.

The overall discharge consists of multiple discharge events grouped in packages 
corresponding to each rising and falling edge of the high-voltage (HV) sinusoidal wave. 
For each package (50-Hz frequency), individual current peaks, having tens of nanosec-
ond duration and 2–250 mA amplitude, occurred at ~10-kHz frequency. These current 
measurements showed that the air DBD plasma produced inside the well plates was a 

FIG. 2: Typical discharge voltage and current of DBD generated in a 24-well plate
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more aggressive discharge than a regular helium plasma jet (1–10-mA amplitude), hav-
ing lower current values than a transient spark discharge (up to 10 A).30

Optical emission spectroscopy was used to study emission spectra of air DBD 
plasma using a monochromator equipped with a charge-coupled device (CCD) detector 

emission spectrum (Fig. 3) mainly contains the signatures of the second positive system 
of molecular nitrogen (300–470-nm range): molecular nitrogen bands (N2 from 306 to 
380 nm and 399 to 405 nm) and nitrogen molecular ions bands (N2

+ from 391 to 470 
nm). In addition, emission lines corresponding to H (656.2 nm) and O (777.4 and 844.6 
nm) and the emission band corresponding to OH (306–310 nm) are present but with 

the second order of grating diffraction corresponding to molecular nitrogen (between 
600 and 800 nm). 

provided by the discharge generated over the cell culture. Because proteins are present 
in cell structures and, most importantly, DNA material starts to degrade after a 40ºC 

wells to clarify whether plasma induced a thermal effect on the cell cultures. All wells of 

cells during treatment. Discharge was then switched on for various amounts of time. 
After switching the discharge off, the temperature of the liquid was measured using a 
type-K thermocouple. We found increases in liquid temperature to a maximum 22°C in 
the exposed column (Fig. 4), gradually decreasing in a lateral direction. Nevertheless, 

FIG. 3: Typical emission spectrum of air DBD plasma generated in a 24-well plate
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-
sured that discharge had no overall thermal effect on the cell cultures. The effects of air 
DBD plasma exposure on cell cultures were studied using peak-to-peak voltages of 10, 
12.5, and 15 kV and exposure times of 30 s to 25 min. 

B. Cell Cultures and Biological Assays

1. Cell Cultures

Biological material was represented by cell cultures of neoplastic cells (HeLa American 
Type Culture Collection [ATCC] CCL-2) and normal cells (Vero ATCC CCL-81) that were 

bovine serum and antibiotics (streptomycin/penicillin) and maintained in a 5% CO2 atmo-
sphere with 95% humidity. For the viability assay, cells were seeded into 96-well plates at 
a density of 104/well. To test for apoptosis, we used a propidium iodide (PI) viability assay 
and gene expression, for which cells were seeded into 24-well plates at a density of 4 × 104 
cells/well for HeLa and 5 × 104 cells/well for Vero. Cells were allowed to grow overnight, 
and before exposure to plasma the medium was discarded and washed with PBS. Finally, 

added. After exposure, the cell layer was covered with fresh complete DMEM. 

2. Viability Assay

We used the bromide assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

FIG. 4: Temperature evolution of the liquid in wells exposed to DBD generated in a 96-well 
plate (left) and a 24-well plate (right)
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MTT was converted to an insoluble formazan, which was then solubilized and the con-
centration determined by optical density at 540 nm. At 24 hr from plasma treatment, 

incubated for 3 hr. To dissolve the formed formaza we used dimethylsulfoxide and took 
readings at 540 nm.

3. Apoptosis Assay

We investigated apoptosis at 6 hr after plasma treatment using an Annexin V– -
cein isothiocyanate (FITC) (Abcam plc; Cambridge, UK)/PI assay. During apoptosis, 
phosphatidylserine is translocated from the cytoplasmic face of the plasma membrane 

the surface of the cell, thus allowing discrimination between preapoptotic and apoptotic 

medium was collected in individual tubes and cells were then rinsed with warm PBS 

trypsinization and then successively washing with PBS and binding buffer (provided 
with the kit). Finally, cells were labeled with Annexin V–FITC and, after 30 min of in-

cytometer (Beckman Coulter; Brea, CA), equipped with a 488 nm laser as excitation 

4. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction 

TP53 expression level was assessed after 4 hr of air DBD plasma exposure. Treatment 
and control group cell cultures were sampled in 2-mL cryotubes and immediately pre-
pared for RNA isolation. From all experimental variants, 90.000 to 100.000 cells per 

-

manufacturer instructions. RNA concentration and integrity were determined by spectro-
photometry, checking the A260/A280 ratio to assess the purity of the RNA. All samples 

Reverse transcription and quantitative real-time polymerase chain reaction (qRT-
® 

(Bosch Institute; Sydney, Australia) rotary RT-PCR. The reaction was carried out in 20 

and reverse primers, 100 ng of transfer RNA template, and nuclease-free water up to vol-
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control” was included for the TP53
independent runs were done with two replicates for each individual RNA sample.

We assessed the absolute expression level of TP53
primers for human cells including TP53 exon 5–300 nM forward and reverse primer mix 

-

hot-start activation for 10 min at 95ºC, 40 cycles of three-step qPCR (10 s at 95ºC for 
denaturation, 30 s at 60ºC for align and data collection [green channel SYBR Green 1 

dissociation step from 60ºC to 95ºC. 
Using PCR with the above primers, we obtained complementary DNA standards for 

run with samples. Each standard curve had six tenfold serial dilutions in duplicate, start-
ing at 9.64 × 106 copies of TP53
97% and an R2 value > 0.98 for standard curves. The absolute expression level of each 
assayed gene was calculated as a concentration mean (copies/reaction) of 32 expression 
values for all of the cells from the exposed column. The level of TP53 was evaluated by 

-
GEN; Hilden, Germany).

III. RESULTS AND DISCUSSION

Initial exposure using time frames of 30 s to 5 min showed little to no statistically sig-

noticeable effect on cell cultures; however, after 20 min, the quantity of PBS covering 
the cell culture decreased, disappearing almost completely after 25 min. In addition, the 
effects induced in the cell cultures increased with higher-voltage values. To minimize 
exposure time and maximize effects, all investigations presented below were performed 
using a 15-kV peak-to-peak voltage value and an exposure time of 10 min. 

To evaluate the cytotoxic impact of air DBD plasma on both HeLa and Vero cells, 
an MTT assay was performed. The exposure to DBD air plasma was performed in col-

observed in Fig. 5, at 24 hr after exposure to DBD plasma, the viability of the HeLa cells 

7, and 8), whereas in the other columns, the cytotoxic impact was not as high. In the 
case of Vero cells, the pattern of cell response to the DBD plasma was similar to that of 
HeLa cells, but cytotoxicity was no more than 20% (column 5), whereas in the rest of 
the columns, a slight proliferative effect occurred (Fig. 5).
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To obtain supplementary data about post-treatment cell viability to DBD plasma ex-
posure (applied for 10 min), HeLa and Vero cell viability was determined at 6 and 24 hr 

of HeLa neoplastic cells occurred at 6 hr (34%); however, regarding the control group, 

FIG. 5: Viability (MTT method) for Vero and HeLa cells at 24 hr after 10-min exposure to air 
-

formed in column 6 of the well plate.

FIG. 6:

of cells.
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which had a fraction of 16% dead or assimilated to the dead population, it can be said 
that the actual impact of the treatment was only 18%. At 24 hr after DBD plasma treat-
ment, the fraction of dead cells was four times higher than that observed at 6 hr, with the 
dead cells representing 64% of the total number of cells. In the case of the normal Vero 
cells, viability was affected to a reduced degree by exposure to DBD plasma, reaching 
only 22% (subtracting the 4% from the control group) at 24 hr. 

To further consider the mechanism underlying the effects of DBD plasma on cell 
viability and registered selectivity (observed to be three times more cytotoxic in neo-
plastic cells than in normal cells), apoptosis was investigated by Annexin V–FITC at 
6 hr after exposure. In comparison to the control group, levels of apoptotic and pre-
apoptotic cells were elevated in the HeLa cell group exposed to plasma (Fig. 7). The 
amounts of dead cells were identical in the control and treated groups. The presence 
of a large fraction of apoptotic (20%) and preapoptotic (7%) cells alongside the dead 

By subtracting the dead fraction registered in the control group, it could be seen that 
apoptosis in treated HeLa cells was not triggered immediately after DBD plasma ex-
posure; instead, it had a certain delay, which was responsible for the elevated increase 
in cytotoxicity at 24 hr. 

Regarding the normal cells, the frequency of cytotoxic effect in the different cell 

that of the reference group, with both at a small amount. Additionally, in the matter of 
both cell lines, the fraction of preapoptotic cells was similar (7% HeLa, 8% Vero), sug-
gesting a common course of DBD plasma but a different level of impairment depending 
on cell type (neoplastic or normal). 

FIG. 7: Apoptosis for Vero and HeLa cells at 6 hr after 10-min exposure to air DBD plasma. 
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The TP53 gene provides instructions for making a protein called tumor protein p53 
(or p53). This protein acts as a tumor suppressor, in that it regulates cell division by 
keeping cells from growing and dividing too fast or in an uncontrolled way. Further-
more, p53 is a transcription factor present in a latent state in all cells and isactivated 
by various stressors such as hypoxia, free radicals, DNA damage, and ultraviolet (UV) 
light.31 This protein has a critical role in determining whether DNA will be repaired or 
the damaged cell will self-destruct (undergo apoptosis). If the DNA can be repaired, p53 

dividing and signals it to undergo apoptosis. By preventing cells with mutated or dam-
aged DNA from dividing, p53 helps to block the development of tumors.

Cells committed to die via p53-dependent apoptosis typically follow the mito-
chondrial pathway, although p53 can also modulate cell death through death receptors. 
Furthermore, most evidence suggests that the key contribution of p53 to apoptosis is pri-
marily dependent on transcriptional activity. p53 has the ability to activate transcription 
of various proapoptotic genes, including those encoding members of death proteins such 
as Bax, Peg3, Apaf1, p53AIP1, and Fas.32,33 Alternatively, p53 can also trigger apopto-
sis by repressing antiapoptotic genes, such as survivin, thus promoting caspase activa-
tion.34 New evidence suggests that p53 may also have immediate proapoptotic effects, 
independent of gene transcription, through the activation of mitochondrial apoptotic 
pathways.35,36

Gene expression analysis uncovered the fact that the transcriptional level of the pro-
apoptotic gene TP53, -
ulated as follows: 21.91% for Vero (ATCC CCL-81) cells and 41.04% for the wild-type 
HeLa (ATCC CCL-2) cells (Fig. 8). TP53 gene expression correlated with the annexin 

FIG. 8: Effects of air DBD plasma on transcriptional levels of the TP53 apoptotic-related gene
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5–FITC apoptosis assay, demonstrating that the apoptotic effect of air DBD plasma is not 
due to a cryptic transcription-dependent p53 function but, rather, to a different pathway.

toxicity and selectivity, but the component of DBD plasma responsible for triggering 

species (suggested by Fig. 3 and data published on the subject37–40) could explain the 

capacity of normal cells to adequately respond to oxidative stress, but in cancer cells, a 
supplementary oxidative stress (added to the already high levels within neoplastic cells) 

death. In addition, continuous proliferation of neoplastic cells and their relative nonre-
sponsiveness to external stimuli make them more susceptible to the action of different 
components of nonthermal plasma, thwarting their own protective systems. Low levels 
of p53 expression in both cell lines exposed to DBD plasma and the increased apoptosis 
in neoplastic cells could be viewed as contradictory, but in HeLa cells, ROS (especially 
hydrogen peroxide) triggers apoptosis by a mitochondrial pathway.41 

The lateral effects recorded in the case of the 96-well plate viability assessment 
could be the consequence of few physicochemical agents acting in the area near the 

a distance with considerable biological effects on cell membranes42,43; RONS transport 
through air, gel, and liquid media44,45

around the pin-electrode array, concentrating plasma agents for short duration and 
inducing damage to biological soft matter.46–48 The stochastic behavior of these long-
distance factors is very well emphasized by the standard deviation level of the cell 
population in Fig. 5, around the plasma-exposed column. In the HeLa treated group, the 
cells from adjacent columns are affected, but the same occurrence has minor impact on 

was not limited to the area of application. This behavior could be used to an advantage 
in anticancer therapy by applying plasma to resection margins after surgery to reduce 
residual neoplastic cells.

IV. CONCLUSIONS

In this study, we successfully demonstrated the possibility of generating nonthermal 
air DBD plasma inside the well of cell-culture plates. Using an appropriate electrode 

DBD plasma with a controlled air gap can be generated inside the desired number of 

with other factors responsible for plasma biological effects, including charge transport, 

After we studied plasma cytotoxicity on normal cells (Vero) and neoplastic cells 
(HeLa) using different methods, we found a reduction in viable cells in both cell lines. 
However, the magnitude of the effect was greater for neoplastic cells. Selectivity of 
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cytophysiology of neoplastic cells, triggering apoptosis. The down-regulation of p53 in 
HeLa cells could be due to activation of an alternative apoptotic pathway (mitochon-
drial) in response to oxidative stress. 

to treatment area; a lateral effect was seen, with spreading occurring in surrounding cell 
cultures. If this lateral effect is observed for other cell cultures using other discharge 

therapy. Together with observed selectivity, the relatively long-distance action of plasma 
active agents can be used to damage residual neoplastic cells and limit their survival 
after surgery. 
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