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Cold atmospheric pressure plasmas represent a favorable option for the treatment of heat sensitive
materials and human or animal tissue. Beneficial effects have been documented in a variety of medi-
cal conditions, e.g., in the treatment of chronic wounds. It is assumed that the main mechanism of the
plasma'’s efficacy is mediated by a stimulating dissipation of energy via radiation and/or chemical energy.
Although no evidence on undesired side effects of a plasma treatment has yet been presented, skepticism
toward the safety of the exposure to plasma is present. However, only little data regarding the muta-
genic potential of this new treatment option is available. Accordingly, we investigated the mutagenic
potential of an argon plasma jet (kinpen) using different testing systems in accordance with ISO norms
and multiple cell lines: a HPRT1 mutation assay, a micronucleus formation assay, and a colony formation
assay. Moderate plasma treatment up to 180s did not increase genotoxicity in any assay or cell type
investigated. We conclude that treatment with the argon plasma jet kinpen did not display a mutagenic
potential under the test conditions applied and may from this perspective be regarded as safe for the use
in biomedical applications.
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1. Introduction

Abroad variety of cold plasma sources have been developed and
investigated for medical or life science use [1]. Especially the field of
plasma medicine experienced a boost in the last few years, fueled by
the hope to improve treatment options for skin care, in dentistry,
or cancer [2-4]. Recent developments also include the treatment
of food to preserve quality or reduce microbial load [5,6]. Conse-
quently, fundamental and applied research leads to a growing body
of information on biological effects of cold atmospheric pressure
plasmas [7,8]. A common feature of these plasmas is the dissemi-
nation of energy; via radiation (ultraviolet and visible light, radio
waves etc.) and via chemical entities (electrons, ions, molecules),
showing synergistic behavior [9].

Two plasma sources widely used in fundamental and applied
research are the kinpen [10] and the similar kinpen med with an
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improved biocompatibility [11,12]. These argon plasma jets are
characterized by an emphasis on oxygen derived species produc-
tion. Among them, hydroxyl radicals (*OH), hydrogen peroxide
(H203), ozone (03), and superoxide anion radicals (*O,~) domi-
nate over atomic oxygen (O) [ 13]. Nitrogen containing species like
nitric oxide (NO), nitrite/nitrate (NO,~/NO3~), are less abundant
but present [14]. Its emission of UV radiation (mainly UVB) has
been characterized and was regarded as safe [10,15,16]. Some of
these chemical entities have the capability to interact with organic
molecules or are second messengers (nitric oxide, hydrogen perox-
ide) [17]. This potential may represent a threat by interacting with
biological macromolecules. It has been shown for different sources
and cell lines that plasma can indeed affect nucleic acids. For the
kinpen, DNA single strand breaks have been observed [18]. The
DNA alteration appears to be transient and cellular repair mech-
anism succeeded within 24 h after exposure. In accordance with
this, exposure to plasma in vivo did not reveal adverse effect in
animals or in small clinical cohorts in humans [19-21].

With respect to limited treatment times and under consider-
ation of the body of evidence existing to the present date it may
hence be assumed that the usage of a kinpen can be regarded
as safe. However, a dedicated study addressing a potential muta-
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Fig 1. Schematic (A) and side view (B) of kinpen plasma source. Close to the pin electrode, the feed gas argon is excited/ionized at the centered pin electrode by high frequent
high voltage (1) and forms excimers (Ar,*/", 2). In the effluent, excited Argon species react with ambient species from the air, forming atomic oxygen and nitrogen (3). In
secondary reaction, these create further reactive species (e.g., NO, H,0,) which diffuse into tissue or liquids. The tip of the effluent has a bulk temperature of about 30°C.

genic effect of this plasma source has not been published so far.
In accordance with the DIN EN ISO 10993-3:2015-02 recommen-
dations for testing the biocompatibility of medical products, we
here investigated the mutagenic potential of the plasma of the
kinpen by applying the hypoxanthine phosphoribosyltransferase
(HPRT1) mutation assay [22,23] and the detection of chromosome
breakage (micronucleus assay) [24,25]. Additionally, a 3D-colony
forming assay (clonogenicity assay) was applied to estimate the
role of plasma on anchorage independent growth of cells in soft
agar.

For the kinpen and the plasma generated by it, none of these
testing systems have yet been applied to investigate its mutagenic
potential. The result — no evidence of mutagenicity in any sys-
tem - thus provides a valuable asset to the risk assessment of this
promising argon plasma jet and its derivatives.

2. Materials and methods
2.1. Cell culture

Chinese hamster lung fibroblasts (V79) were obtained from
CLS (Eppelheim, Germany), HaCaT human keratinocytes and MRC5
fibroblasts from DSMZ (Braunschweig, Germany). SK-Mel-147 cells
were a kind gift from Dr. M. Soengas (Dept. of Dermatology, Uni-
versity of Michigan). All cell culture reagents were purchased
from Lonza (Verviers, Belgium) except fetal calf serum (FCS, Sigma
Deisenhofen, Germany). Cell lines (V79, HaCaT, MRC5) were culti-
vated under standard conditions in Roswell Park Memorial Institute
1640 medium (RPMI) containing L-glutamine (2 mM), antibiotics
(100 IU/mL penicillin; 100 pg/mL streptomycin), and FCS (V79 5%,
HaCaT 8%, MRC5 12%). SK-Mel-147 cells were cultivated in DMEM
under elsewise identical conditions.

2.2. Plasma source and treatment

In this work, an atmospheric pressure argon plasma jet (kinpen,
neoplas, Germany) was used (Fig. 1). It houses two electrodes: a
rod electrode (1 mm diameter) in the center of a ceramic capillary
(1.6 mm inner diameter) and a grounded electrode surrounding the

dielectric capillary. The plasma is generated by high frequency sinu-
soidal voltage of around 1 MHz which is applied to the centered
electrode. As feed gas, 3 standard liters per minute (slm) argon
(argon N50, Air Liquide) was used.

Indirect plasma treatment was achieved by the following rou-
tine: five milliliters of complete cell culture medium were placed
into a 60 mm Petri dish and treated with the plasma device mov-
ing in meanders, the effluent just reaching the liquids surface. After
treatment the medium was immediately (within 30s) transferred
to cell monolayers prepared in advance in appropriate cell culture
vessels.In some instances, adirect treatment was achieved by treat-
ing a cell suspension in RPMI medium (2 x 10° cellsmL~1). After
treatment, this cell suspension was used to seed and cultivate the
cells for experiments.

2.3. Detection of ROS and RNS deposited by the plasma treatment

Most plasma generated species are short lived and hard to
assess. As a representative, hydrogen peroxide deposition in cell
culture medium under experimental conditions (see Section 2.2)
was measured using titanium(IV) oxysulfate reagent according to
the manufacturers protocol (Sigma, Deisenhofen, Germany). Nitrite
and Nitrate as stable products of the reactive nitrogen species were
quantified using ion chromatography. Briefly, anion chromatog-
raphy was performed on an ICS5000 system (Thermo, Dreieich,
Germany) using a Dionex IonPac A623 column (2 mm x 250 mm)
and microbore isocratic flow with AS23 sodium carbonate eluent.
Ions were detected by conductivity and UV absorption (206 nm).
Calibration was performed using Thermo’s 7-ion standard and dilu-
tions thereof.

2.4. HPRT1 mutation assay and seeding efficacy assay procedure

To find applicable treatment times (plasma jet, UV light) or
concentration (H,0,) a toxicity assay was performed. Into 60 mm
Petri dishes 300 V79 cells were seeded using complete RPMI
After 24 h, cells were washed and incubated with plasma treated
FCS-free RPMI (10-300s), FCS-free RPMI containing H,0-,
(5-80 M), or irradiated by broadband UVB (20-160].¢m—2,
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Fig. 2. Deposition of hydrogen peroxide (A) or nitrite/nitrate ions (B) by the plasma device in liquids under the experimental conditions used throughout the study. Data
obtained by (A) colorimetric assay or (B) ion chromatography. Data represent mean of two independent experiments with three technical replicates each +SD. Statistical
analysis was performed by Student’s t-test (two tailed). p-value <0.001 in all tested cases (™).

Table 1

Micronucleus frequencies detected in HaCaT cells under the respective treatment and cytochalasin B cytokinesis block. Four independent experiments with 2 replicates each.
Data show mean +SD. Statistical analysis was performed by means of two-tailed Student’s t-test.

No. of MN/1000 binucleated cells

Standard deviation (S.D.)

p-Value/significancelevel Cytokinesis block proliferation index (CBPI)

Control 41 115
Plasma 20s 38 7.2
Plasma 60 s 43 8.9
Plasma 180s 40 7.4
UV 10mJcm! 56 4.6
UV 20mjcm! 63 4.5
UV 30mjcm! 49 1.5
Mitomycin 1.5 uM 135 10.3

- 1.87
0.68 ns 1.91
0.76 ns 1.8

0.94ns 1.71
0.04" 1.67
0.006" 1.61
0.45ns 13

<0.0001™" 1.67

Philips TL12 fluorescent lamps). UVB irradiation was normalized to
biological effective irradiation according to the published method
from International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) [26]. After one hour, medium was exchanged for
complete cell culture medium and cell left undisturbed for 6 days.
Then, number of colonies was counted using Giemsa stain solu-
tion. The re-seeding efficacy of cells from expression phase was
estimated similarly.

For mutation assay, V79 cells (3 x105) were seeded into
60cm? Petri dishes using complete RPMI. After 24h, medium
was exchanged with the treated RPMI medium as described
above. Hydrogen peroxide (25pM or 80uM), 15mM 1-
methylsulfonyloxyethane (EMS), or 20-60].sm~2 broadband
UVB (Philips TL12 fluorescent lamps) served as experimental
controls. After one hour of incubation, treated/supplemented
RPMI was removed and cells were cultivated in complete DMEM
for 7 days (expression phase). After counting, cells were seeded
at 1 x 106 cells per 75cm? cell culture flask in selection medium
(complete DMEM containing 9 wgmL-! 6-thioguanin; selection
phase). Medium was exchanged every 3-4 days. After 10 days,
cells were washed, fixated, stained, and counted. A maximum
of 5 passages after initial seeding were allowed in order to keep
spontaneous mutation rate low as described in the standard
procedure of the HPRT1 assay [27].

2.5. Micronucleus assay

The micronucleus assay detects acentric DNA fragments and
chromosomes lost during mitosis [25]. An epithelial cell line was
used instead of peripheral blood leukocytes [28]. This procedure
has been used previously and with good results while avoid-
ing the use of mitogens [29]. Briefly, HaCaT cells were seeded at
9000 cells cm~2 in complete medium. After 48 h, cells were treated
with plasma (20-180s), broadband UVB (20-60 J.;s m~2, Philips
TL12 lamps), or mitomycin C (Alexis, Lausen/A, 1.5 uM) in culture
medium containing 4 .M cytochalasin B (Axxora, Lérrach, D). After

24 hincubation cells were fixated and stained by 5% Giemsa (Merck,
Darmstadt, D) in PBS for 30 min. After drying, cells were embed-
ded in DPX mount (Sigma-Aldrich, Steinheim, D). Cover slides were
randomized and 1000 binucleated cells per sample were analyzed
for the presence of micronuclei (Observer Z.1; Carl Zeiss, D). Four
independent experiments were performed and data were analyzed
using the two tailed Student’s t-test.

2.6. Soft agar assay for colony formation (CFA)

Colony formation in soft agar indicates the ability of anchor-
age independent growth. SK-MEL-147, HaCaT, and MRC5 cells were
incubated with plasma-treated medium as described above for two
hours. Then, 3000 cells of each sample were transferred to an agar-
medium mixture (0.35% agar) as a sandwich between bottom agar
mixture (1%)and top agar (0.5%). After 30 days of incubationat37°C
the cell-agar mixtures were stained with 500 L of 0.005% crystal
violet and the number of colonies was evaluated microscopically.

3. Results
3.1. ROS and RNS species determination

As indicated in Fig. 1, nonthermal plasmas generate reactive
species with usually short life times. As a representative sta-
ble product, hydrogen peroxide deposition during treatment was
measured. The amount of deposited H, O, correlated with the treat-
ment time. After 3 min of treatment, up to 58 wmol L~! H,0, was
detected (Fig. 2A). Nitrite and nitrate ions are frequently found as
anindicator for reactive nitrogen species chemistry. Using ion chro-
matography, treatment time dependent concentrations of up to
12.5 wmol L~ (nitrite ions) and 8.5 wmol L1 (nitrate) were found
(Fig. 2B).
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Fig. 3. Survival and colony forming efficacy reveals susceptibility of V79 cells against indirect plasma treatment (A), broadband UVB (B), and hydrogen peroxide (C). Bar chart
(D) displays percentage (arithmetic mean +S.D.) of cell survival after indirect plasma treatment (A).
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Fig. 4. Results of HPRT mutation assay. V79 cells were exposed to various agents,
incubated for 3 weeks, and mutated cells were enumerated. Both, positive con-
trol with chemical agents (EMS) and UV-light treatment showed a significantly
(p<0.001; ") increased mutation rate. The number of mutants in cells exposed to
plasma or H,0, did not differ significantly from untreated controls (p =0.786). Data
represent mean of two to four independent experiments with three to four technical
replicates each. Statistical analysis was performed by ANOVA (Tukey HSD).

3.2. HPRT1 assay in V79 cells

Preliminary to the HPRT1 mutation assay cell survival and pro-
liferation were investigated after a one-hour challenge with the
respective agents (Fig. 3). Plasma treatment decreased the total
numbers of colonies with increasing exposure time (Fig. 3A and D).
Treatment times greater than 300 s completely prohibited colony
formation (data not shown). H,O, concentrations above 25 uM
reduced cell proliferation and above 100 wM completely inhib-
ited colony formation. Hence, 80 .M H,0, was chosen as positive
control for the HPRT1 assay (Fig. 3B). UVB irradiation between
20].;m~2 and 160 J.; m~2 increasingly reduced cell proliferation.
Consequently, 40 J.;s m~2 UVB was used as positive control (Fig. 3C).

In the HPRT1 assay, untreated cells were found to have a
spontaneous mutation frequency of 14 x 10-6 (Fig. 4), a typical
result [30,31]. With 1-methylsulfonyloxyethane (EMS), the num-
ber of mutated cells significantly increased to 288 x 10~6. When
cells were challenged with 40].;m~2 UVB radiation, a muta-
tion frequency of 170 x 106 was observed. These results clearly
indicated the genotoxic nature of both control treatments. Hydro-

gen peroxide did not show an increase in mutation frequency
(7.3 x 1075). Likewise, the number of mutants after exposure to
indirect plasma treatment (12.7-22.0 x 10-9) did not differ signif-
icantly from untreated control. For 30s of direct plasma treatment
the same observation was made (17.3 x 10-6),

3.3. Micronucleus assay

Micronuclei, chromosomal fragments lacking a centromere unit
were detected as small, DNA containing particle (Fig. 5B and
C). Mostly, one micronucleus per binucleated cell was observed
(Fig. 4A; Table 1). Under harsh conditions, number of micronuclei
per cell increased. In our treatment regimen, indirect jet plasma
(between 20s and 1805s) did not increase the number of nuclei as
compared to untreated control cells (4.0% vs. 4.1%). After exposure
to UVB (20-60 J.;s m~2) significantly more mutations were detected
(up to 6.3%). Treatment with mitomycin C significantly increased
percentages of cells displaying various numbers of micronuclei
(13.5%).

3.4. Clonogenic assay

Finally, the clonogenic capacity of three different cell lines was
tested after plasma treatment (Fig. 6). Exposure to plasma did
not increase colony formation or colony size of non-cancer cell
lines (MRC5, HaCaT) which indicates that anchorage independent
growth has not been triggered by the treatment. In contrast, colony
formation of SK-Mel-147 cells was distinctive even under control
conditions (0 s plasma treatment). Importantly, plasma did not sup-
port but diminished growth of these cells which is in line with
previous findings [32].

4. Discussion

Cold plasma possesses a therapeutic potential in various
pathologies but its safety is not fully established yet. We therefore
tested the mutagenicity of a widely used argon plasma jet (kin-
pen) according to official normative DIN EN ISO 10993-3:2015-02.
The kinpen (Fig. 1A) is a pre-clinic device designed for the treat-
ment of biological samples. It is intensively studied and is similar
in construction and plasma generation to the kinpen med (e.g.,
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Fig. 6. Clonogenicity assay. Formation of clones (+++), small clone (++), or single cell survival (+) was followed for 30 days. Microphotographs show clones of SK-Mel-147 cells
(control, top) and no detectable clones in HaCaT cells (60 s plasma, bottom) after 30 d of incubation. Results were evaluated by scoring of 2 independent investigators (no
visible cells/clones (—), slightly visible clones (+), visible clones (++), clearly visible clones (+++)). No evidence for anchor independent growth was observed. All experiments

were performed at least twice.

dimensions, antimicrobial efficacy, energy dissipation, and effluent
composition), which is specifically designed for clinical applica-
tions.

In this work and using different assays and cell lines, we neither
found a mutagenic action of the kinpen plasma nor liquids treated
by it. Presumably, comparable results would be obtained with the
kinpen med due to the almost identical plasma properties. A similar
result was published for a different plasma device (a dielectric bar-
rier discharge plasma in air), indicating the general plausibility of
the results presented [33]. Others however reported an increase of
micronucleus formation after a dielectric barrier discharge treat-
ment of TG98 glioma cells in air [34]. The plasma source used for
this study operates at higher power and creates huge amounts of
reactive species which then led to apoptotic nucleus fragmentation
potentially interfering with micronucleus detection as is suggested
by the figures published. Further, no experimental controls had
been performed as recommended by the micronucleus assay work-
ing group [35].

Various reactive components are being generated by the ignited
plasma jet. In the gaseous effluent of the kinpen especially oxy-
gen dominated reactive species prevail, including hydroxyl radicals
(*OH) and the corresponding hydrogen peroxide (H,0,), ozone
(03), superoxide anion radicals (*0,~), and traces of atomic oxy-
gen (0) [13,36-38]. In open systems as described here, ozone is
almost insoluble and failed to show an impact even at high con-
centrations [39,40]. The other species contribute to the presence of
oxygen species in the liquid, e.g., H,0,. Less abundant but present
in the effluent are nitrogen reactive species like nitric oxide (NO)
which lead to the formation of nitrite/nitrate (NO,~/NO3~) in the
liquid [14]. They do have effects in their own right in signaling but
do not directly interfere with DNA fidelity [41].

Immediately after the treatment the presence of ROS was
detected as hydrogen peroxide (Fig. 2A) and the presence of RNS
as nitrite/nitrate ions (Fig. 2B). The results presented suggest that
within the given exposure time their reactivity, half-life time,
and/or concentration in the liquid was not sufficient to have muta-
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genic effects. We could not detect remaining ROS after one-hour
incubation with mammalian cells under experiment conditions.
For HaCaT cells we recently showed the activation of the antiox-
idant Nrf2 signaling pathway, indicating an improved anti-oxidant
potential after plasma treatment [42]. In parallel, 80 uM H;0,
failed to show a mutagenic effect in the HPRT1 assay, a concen-
tration which is generated by the kinpen in 240 s of treatment [43].
However, at this concentration cell proliferation rate is reduced
markedly (Fig. 3A). Higher concentrations of H, 0, (>750 uM) have
been shown to be mutagenic [44] but are unlikely to be present
even after a clinically-irrelevant plasma treatment of tens of min-
utes with the jet described here. Data indicate, that within a certain
concentration range, H,O, in itself may not be a DNA damaging
item. In contrast, highly reactive hydroxyl radicals may be gener-
ated by Fenton reaction from H,0,. When created in the bulk (cell
culture medium, wound fluids) the lifetime of hydroxyl radicals is
too low the reach the intracellular DNA [45]. It was reported that
H,0, can access intracellular compartments by diffusion across the
cell membrane or through specific membrane pores, allowing a
Fenton reaction within the cell [46]. Yet, its intracellular concentra-
tion is tightly controlled by dedicated proteins to maintain intrinsic
signaling functions of this molecule [47]. The observed activation
of the Nrf2 pathway way further improves this control and reduces
the intracellularly available H,O, [42]. Another possibility which
may lead to an overestimation of H, O, mutagenicity in some exper-
iments originates from the use of lymphatic cells [48]. The then
present myeloperoxidase gives rise to hypochlorite, a strong DNA
damaging agent. Also, common lymphatic cell stimulants like phor-
bol myristate acetate trigger an oxidative burst interfering with
the external ROS [28]. By using cells of non-lymphatic origin in
our study this issue was avoided. Accordingly, with the moderate
H,0, amounts produced by the kinpen we did not find an acute
mutagenic effect in the HPRT1 assay. Prolonged treatment with this
chemical in vitro and ex vivo rather led to apoptosis [49].

Beside reactive species, radiation is another matter. The kinpen
creates UV radiation, mainly in the UVB-range with an consider-
ably low radiation output (0.35W;m~2) [10]. Hence, if a 1cm?
areal is treated for the maximal recommend 60s, only 1 J.;m—2
UV is delivered which is well below the ICNIRP recommendations
(30J.rm~2) [8]. In both the micronucleus assay and the HPRT1
assay, 20-40 J.;s m~2 were necessary to show a mutagenic effect.
Thus, the role of UV radiation generated by the kinpen is expected
to be negligible in vivo in living systems. Accordingly, the direct
treatment in the present study did not reveal a mutagenic potential
and studies using plasma generated UV radiation without reactive
species showed that the efficacy of plasma treatment mainly relies
on reactive species [9,50].

5. Conclusions

In this work, we demonstrated that exposure to the plasma
of the kinpen was not genotoxic to human cells in vitro. The
experiments were carried out using standard procedures for the
evaluation of the mutagenic potential of medical products as sug-
gested by a directive of the European Union. In addition to previous
risk assessment, these results provide further evidence for the safe
application of kinpen plasma in clinics. On the other hand, these
results also suggest that oxygen and/or nitrogen radicals gener-
ated by the plasma may not directly interact with DNA or show
only low concentrations which allow DNA repair mechanisms to
clear the damage. Work is underway to observe and quantify the
long-term effect of plasma in an animal based study to complement
this study and to obtain a general risk evaluation.
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