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Abstract: Plasma jets are extensively used in biomedical applications, particularly for exploring cell
viability behaviour. However, many experimental parameters influence the results, including jet
characteristics, secondary liquid chemistry and protocols used, slowing research progress. A specific
interest of the presented research was skin cell behaviour under a non-thermal kHz plasma jet—a
so-called cold plasma jet—as a topical skin treatment. Our research was focused on in vitro mouse
skin cell direct plasma treatment with argon as an operating gas. The research was complemented
with detailed gas-phase diagnostics and liquid-phase chemical analysis of the plasma and plasma-
treated medium, respectively. The obtained results showed that direct plasma jet treatment was very
destructive, leading to low cell viability. Even with short treatment times (from 35 s to 60 s), apoptosis
was observed for most L929 murine fibroblasts under approximately the same conditions. This
behaviour was attributed to plasma species generated from direct treatment and the types of cell lines
used. Importantly, the research exposed important points that should be taken under consideration
for all further research in this field: the urgent need to upgrade and standardise existing plasma
treatment protocols of cell lines; to monitor gas and liquid chemistries and to standardise plasma
discharge parameters.

Keywords: atmospheric pressure plasma jet; cell viability; plasma-treated media; reactive species;
optical emission spectroscopy

1. Introduction

Non-thermal atmospheric pressure plasmas (APPs) are widely used for various ap-
plications. They show great potential in the field of medicine [1–3] because of properties
such as low gas temperature, high generation rate of reactive species, affordability and
simple setup compared to low-pressure plasma systems. Different frequencies can ignite
plasma. The most widely used configurations are simple kHz driven jets [4–9], but mi-
crowave [10] and radio frequency [11,12] driven jets have also been reported. This type of
plasma contains short-lived free radicals, charged species, neutral species, reactive oxygen
and nitrogen species (RONS), UV radiation, and electric fields; all of which can influence
biological samples [9].

Assuming RONS influence living cells the most out of all plasma components, their
production is of interest for this research [13]. In the gas phase, plasma ionises and excites
species from the ambient air which recombine into RONS. These then reach the cell culture
medium and interact with liquid components. Gaseous RONS quickly recombine, leading
to the formation of other species, such as nitrites (NO2

−), nitrates (NO3
−), hydrogen
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peroxide (H2O2) and peroxynitrite (ONOO−), of which NO2
− and H2O2 are the easiest to

detect and quantify.
Based on their presence in a given liquid medium, some assumptions about RONS

dynamics can be made. Depending on the dosage of nitrite (NO2
−) and hydrogen peroxide

(H2O2), one can obtain both positive (cell proliferation, cell differentiation, angiogenesis)
and negative (apoptosis, necrosis, growth arrest) effects on cells [1,2,9,14]. Both positive and
negative effects can be useful in different applications. For example, in cancer treatment, it
is useful to induce damage to target cells, but in open wound treatment, cells should not be
damaged at all.

Depending on the required result, there are different approaches to treating cells:
direct and indirect. The direct approach involves direct plasma treatment of biological cells
while they are inside the cell culture medium. Indirect plasma treatment means that a liquid
medium is treated with plasma (a plasma-treated medium (PAM)) and is subsequently
added to the cells. One difference between these approaches is the species—produced
in the gas phase—that reach and interact with the cells [15]. In the case of direct plasma
treatment, both short- and long-lived species will interact with cells. In contrast, with an
indirect approach, only long-lived species produced in the gas phase will interact with cells.
However, this does not imply that there are no short-lived species inside the liquid; they
form again when long-lived species decompose and recombine. Both direct and indirect
plasma treatments influence cell processes and morphology changes [16].

This research aimed to create a simple single-electrode, kHz-driven plasma jet and
examine its effect on L929 murine fibroblast cells. The motive was to explore this type of
plasma jet’s usability for topical skin treatment—and consequently for wound healing or
gene delivery—and then compare this source with other similar approaches and investi-
gations. To do so, we chose argon plasma, which is relatively unexplored, for direct cell
treatment on healthy mouse skin cells. Direct plasma treatment was chosen in order to
shorten the procedure, as indirect plasma-treated cells must be incubated in PAM for at
least 24 h. Argon was chosen over helium gas because of its affordability and processing
sustainability. Moreover, under the same conditions, argon plasma has higher electron
density but lower electron temperature, which was considered an advantage for direct cell
treatment [17].

2. Materials and Methods
2.1. Plasma Jet Configuration and Power Source Characterisation

A non-thermal APP in the form of a jet (powered by a kHz source) was used for
this research. The plasma jet was constructed as a single electrode jet with no additional
grounding. Therefore, a plasma plume could be formed inside a 2 mm diameter glass tube.
Depending on the gas type, flow could reach up to 1.5 cm in length, measured from the end
of the glass orifice outward. A schematic representation of this setup is shown in Figure 1.
Diagnostic measurements (optical emission spectroscopy (OES) and I-V characterisation)
were conducted while the plasma operated over a non-grounded distilled water target.
This target was chosen to allow the gas-phase diagnostics to be taken closer to the cell
treatment, as the cells are dispersed inside a liquid medium. Distilled water was placed
in a cylindrical container of 6280 mm3 volume at 2 cm distance from the end of the jet’s
glass tube.

The jet was powered by a 20 kHz power source (Amazing PMV500, Information
Unlimited, Amherst, NH, USA). Based on preliminary tests, parameters were fixed at
a maximum frequency and 60% power input in low operating mode (0.24 W). These
conditions produced the most stable argon plasma. Current and voltage were stable
sinusoidal waves without any arbitrary peaks.
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Figure 1. Schematic representation (left) and photograph (right) of the simple plasma jet system and setup for an in vitro
cell treatment.

The voltage and current of the power source were monitored in real time, just before
the jet. For this purpose, an HV probe (Tektronix P6105A, Tektronix Inc., Beaverton, OR,
USA) and a current monitor (Pearson 2877, Pearson Electronics Inc., Palo Alto, CA, USA)
were coupled with an oscilloscope (Picoscope 3204d, Pico Technology Ltd., Cambridgeshire,
UK). Waveforms were monitored to ensure they were stable under the experiments’ condi-
tions but were not monitored throughout the experiments on the cell culture medium.

2.2. Gas-Phase Diagnostics

Diagnostics of plasma in the gas phase is important for monitoring the excited species’
production and understanding the principles behind plasma ionisation. For this pur-
pose, both OES and time-resolved ICCD (Intensified Charged Couple Device) imaging
were used.

For OES measurements, we used broad-range, spatially-resolved and time-resolved
spectroscopy. The broad-range spectra provided insight into the species that were excited
in plasma, whereas the spatially-resolved spectra enabled monitoring of excited species’
intensities produced in plasma, with respect to the distance from the jet. The time-resolved
spectra exposed information about how chosen species form throughout one period. To
obtain the broad-range and spatially-resolved spectra, an Avantes spectrometer (Avantes
BV, Apeldoorn, The Netherlands) with 0.05 nm resolution was used. For time-resolved
spectroscopy, a 0.75 m Zolix spectrometer (Zolix Instruments Co., LTD, Beijing, China)
with a grating of 1200 grooves/mm (blazed on 500 nm) was used.

ICCD imaging was utilised to gain an insight into ‘bullet’ formation and propagation
within the waveform, along with filament production. For these measurements, a Hama-
matsu ICCD camera was used (Hamamatsu Photonics K.K., Naka-ku, Hamamatsu City,
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Japan). Imaging was time-resolved, and it covered the whole period. Images were obtained
with an exposure time of 100 ns and at one integration.

2.3. In Vitro Cell Experiments

To investigate the effects of a kHz plasma jet on biomedical samples with a focus on
skin treatment, in vitro experiments were performed with L929 murine fibroblasts. The
discharge parameters were constant throughout all experiments. The argon flow rate was 1
SLM, and the source’s power was fixed at 60% of the maximum available power. Different
treatment times were used; more precisely, 10 s, 35 s and 60 s. The distance between the
plasma jet and cell medium was 10 mm, 15 mm and 20 mm, respectively, measured from
the end of the jet’s glass tube to the surface of the well plate (marked as d in Figure 1).
This distance was measured from the jet to the top of the well plate rather than the liquid
surface, for easier monitoring. Another 7 mm should be added to these values to denote
the distance from the point plasma exists in the glass tube and mixes with the ambient
air to the surface of the cells dispersed in the culture medium. The distances were chosen
based on the position of the plasma plume, which was either touching the surface of the
substrate or its immediate or far afterglow region.

Since all in vitro cell experiments required a controlled sterile environment, they were
conducted inside a laminar cabinet (Iskra PIO M12V). Laminar is essentially a large metal
box, and it influences plasma intensity by acting as a grounding electrode under the sample.
To mitigate this effect, a 10 cm tall dielectric was placed under the well plate. Additionally,
single well treatment was assured by a barrier plate with a circular hole which was placed
on top of the well plate. This provided full control over jet species in the far afterglow
region and prevented their expansion to neighbouring wells. Both the dielectric under a
sample and the barrier placed on top of the well-plate are shown in Figure 1.

2.4. Cell Lines

The L929 murine fibroblasts (American Type Culture Collection, ATCC, Manassas, VA,
USA) were cultured in an advanced minimum essential medium (AMEM) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 5% fetal bovine serum (FBS;
Gibco), 10 mL/l L-glutamine (GlutaMAX; Gibco), 100 U/mL penicillin and 100 µg/mL
streptomycin (Pen-Strep, Sigma-Aldrich, Merck, St. Louis, MO, USA) in a 5% CO2 humidi-
fied incubator at 37 ◦C.

Cell Viability Assay

For cell viability assay, L929 cells were trypsinised and counted. Prior to treatment,
cells were resuspended in the cell medium (MEM (Minimum Essential Medium) with-
out phenol red, Gibco) and 1000 L929 cells/well were placed in 96-well plates (Corning
Incorporated, Corning, NY, USA) in a 0.1 mL cell culture medium. Immediately after
the cell suspension was placed in plates, plasma treatment was performed as described
above. Cells were incubated at 37 ◦C in a 5% CO2 humidified incubator for up to three
days. 24 h and 72 h after treatment, 10 µL of Presto Blue® viability reagent (Thermo Fisher
Scientific, Waltham, MA, USA) was added to the wells, and 1 h later fluorescence intensity
was measured by a microplate reader (Cytation 1, BioTek Instruments, Winooski, VT, USA).
The percentage of viable cells was calculated and normalised to the untreated control
group. Three replicates were used for each experimental group; each experiment was
repeated three times. For statistical analysis, GraphPad Prism Software (version 9.0.0) was
used. Data are presented as the arithmetic mean (AM) ± the mean standard error (SE).
One-way ANOVA followed by the Tukey test for multiple comparisons was used for the
determination of significant differences (p < 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****)
between groups.
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2.5. Liquid-Phase Chemistry Analysis

Plasma-induced modifications and the liquid chemistry of culture medium MEMs
were analysed using different analytical techniques. Identical plasma treatment conditions
were employed as in the case of in vitro cell experiments. Immediately following treatments
(0 h), the treated MEM’s pH and conductivity were measured with PC 52+ DHS® (XS
instruments, Italy). To obtain more information about the dynamics of the plasma-induced
liquid chemistry, colourimetric tests were performed to evaluate the presence of NO2

− and
H2O2 using a plate reader in UV-VIS spectrometry mode (Spark 10M, Tecan, Switzerland) at
0 h, 24 h and 72 h after the treatments. The presence of NO2

− was determined with standard
Griess reagent assay (Griess reagent system; Promega, Madison, WI, USA) measuring
absorbance values at 540 nm. H2O2 concentrations were tested with a ferric-xylenol
orange complex (xylenol orange, sorbitol and ammonium iron sulphate; Sigma-Aldrich),
which was added to the treated MEM. Following the chemical reaction, the absorbance
of the solution was measured at 560 nm. Tests were performed in multiple independent
experiments and results replicated. The obtained results were statistically analysed with
2-way ANOVA (GraphPad Prism, San Diego, CA, USA).

3. Results
3.1. Gaseous Plasma Characteristics

Broad-range spectra (Figure 2a) confirmed the presence of the usual species for an
APP generated within argon gas; excited argon species from the ionisation of the working
gas, and the reactive species of nitrogen (second positive band—C3Πu→ B3Πg), along with
OH groups coming from the ambient air filled with water vapour. Given that the OH peak
did not overlap with other lines, it was used to determine plasma gas temperature with
LIFbase Database and spectral simulation programme (Version 2.1) [12]. The temperature
measured was 318 K while plasma was in contact with a water target as described in
Section 2.2.
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Figure 2. Broad-range emission spectrum of Ar plasma operated above a non-grounded water target (a) and time-resolved
optical emission spectroscopy (OES) during one period (b).

Spatially-resolved spectra were measured at the exit of the glass tube and the plasma
plume’s end; approximately 1 cm apart. This distance was also the length of the used
plasma plume under all experimental conditions. The spectra exhibited no specific dif-
ference when the intensity was normalised to 1 (presented in the supplementary file).
Intensity normalisation allowed spectra intensity comparison, and did not influence the
line intensity ratio within each recorded spectrum. Based on this result, we were confident
that excited species from the gas phase delivered to the cell medium were similar at each
distance used for direct cell treatment.

Intensities of OH (309 nm), N2 (391 nm) and Ar (696 nm) were monitored throughout
one period by time-resolved spectroscopy. These data were paired with I-V characteristics
in Figure 2b. Our power source operated at an average maximum value of 3.4 kV and
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2.8 mA at chosen discharge parameters. One period lasted for 50 µs, where maximum
voltage values were fixed at 0 and 50 µs. All monitored plasma species exhibited similar
behaviour. Their excitation intensity increased as the voltage dropped, and later decreased
as the voltage reached its minimum value. A subsequent increase in the intensity started
when voltage rose. However, Ar time-intensity more than doubled compared to the
intensities of OH and N2. This behaviour is connected to plasma ‘bullet’ streamer and
filament formation and propagation, which ICCD images highlight in Figure 3 [18–20].
Plasma streamer formation starts around 12 µs when the voltage changes from positive to
negative, and propagates until the voltage reaches its minimum value. Then, the ionisation
shifts and at around 37 µs filaments start to appear, gaining their maximum intensity
soon after. Time-resolved OES indicated that Ar plays the most important role in filament
formation, with OH and N2 in secondary roles.
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3.2. Plasma-Liquid Chemistry

To fully understand the plasma jet impact on cells in a liquid culture medium, the
potential plasma-induced modifications in liquid chemistry need to be evaluated in detail.
Firstly, as the liquid culture medium’s pH is one of the most important factors that signifi-
cantly influence cell viability, the pH of MEM was measured immediately after exposure
to plasma. The results demonstrated no significant discrepancies from the non-treated
sample’s values or control (Figure 4). Thus, it was concluded that the pH level was not a
contributing factor. Along with pH, conductivity was measured. As in the results obtained
from pH measurements, conductivity exhibited similar stability. Data are presented in the
supplementary file.
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In contrast to the findings obtained for pH and conductivity measurements, the
plasma treatments induced a slight increase in the concentrations of NO2

− and H2O2.
Figure 5a displays the concentrations of NO2

− obtained immediately after treatment.
As demonstrated from the results, the concentrations gradually increased with shorter
distances between the plasma ignition point and MEM surface and longer exposure times.
The maximum NO2

− value (i.e., 10.5 µM) was measured at a distance of 10 mm after
60 s of exposure. Long distances led to negligible increases in NO2

− concentrations.
Similar trends were also observed for results obtained 24 h and 72 h after treatments
(Figure 5c,e), where, generally, a small increase in NO2

− concentration was noted. The
shortest treatment distance and longest exposure time also led to the formation of the
highest H2O2 concentration directly after plasma treatment (Figure 5b). A 60 s exposure
of MEM to plasma at 10 mm distance resulted in the generation of 25.9 µM of H2O2. In
contrast, concentrations of 19.5 µM and 6.3 µM were recorded at treatment distances of
15 mm and 20 mm, respectively. Unlike NO2

−, H2O2 concentrations significantly shrank
or completely disappeared after 24 h and 72 h (Figure 5d,f).
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treatment. Results are presented as mean values ± SEM. * p < 0.03; ** p < 0.002; *** p < 0.0002; **** p < 0.0001 (two-way
ANOVA, Dunnet’s post-tests; n > 3).

3.3. Cell Viability

Cell viability is represented as the percentage of viable cells normalised to the control
group (Figure 6) and is highly dependent on chosen parameters. As the cells were treated
via direct plasma treatment, it was expected that the closest distance of 10 mm—where
the plasma was in contact with the cell culture medium—would have the biggest effect
on cell viability. Results show that less than 60% of cells are still viable after just 10 s of
plasma treatment, and there are almost no viable cells as treatment time increases further.
Consequently, greater distances, e.g., 15 mm and 20 mm, leave more viable cells in well
plates. However, after just 60 s of plasma treatment, the number of viable cells dropped
below 20% at a distance of 20 mm, and none were viable for shorter distances.
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4. Discussion

Experimental results revealed that treating mouse skin cells with an atmospheric
pressure kHz argon plasma jet affects cell viability. Our plasma system, used as a direct
treatment, is very destructive towards L929 murine fibroblasts, highlighted by the fact that
most of the cells are not viable after just 35 s of plasma treatment.

To understand what exactly causes this behaviour requires comparison with other
studies and plasma systems. However, a comparison of plasma effects on cell viability
with other plasma sources is extremely difficult, due to plasma source variances, plasma
parameters, types of treated cells, types of plasma treatment and different approaches
to the assessment of cell viability. Another problem connected to this research is re-
peatability, since not all researchers follow the same procedures and protocols. Similarly,
researchers may not investigate all aspects needed to explain plasma effects on the treated
biological samples.

Nevertheless, a comparison of approximately similar plasma systems, presented in
Figure 7, highlights our plasma system’s toxicity to cells. All selected sources operated in a
kHz regime (20 or 40 kHz), except kINPen 09 [16], which operated in the MHz regime and
was chosen as the most widely used plasma source for biomedical applications. For ease of
reference, different plasma sources were given different symbols in Figure 7. The circle rep-
resents kINPen [16] (1.1 MHz, 2–6 kV, Ar—1.9 slm), the triangle represents a jet [7] (40 kHz,
4.9 kV, Ar—4 slm), the square represents a plasma torch [5] (20 kHz, 7 kV, He—5 slm), and
the star represents our system. Each cited study focused on slightly different applications,
so different types of cell lines were used (mHepR1, A431, HEK293, L929, LNCap, PC3
and P69). The direct approach is marked as a flat line, and the indirect approach as a
dashed line. Results were selected where the distance between plasma and cell medium
was 10 mm or less, and viability measured 72 h after treatment. The comparison indicates
that our plasma treatment was very aggressive and the most destructive in the shortest
treatment time.

To explain our jet’s destructive nature on the treated cells, we must first look at the gas-
phase diagnostics. OES did not show any deviation from expected species present in such
plasma. The observed plasma was very stable and produced typical species for atmospheric
pressure argon plasma at the beginning and end of the plasma plume (glow region) [17].
The gas temperature (measured as 318 K) is acceptable for in vitro biomedical applications
and comparable to other plasma systems (e.g., kINPen 09 operates at 319–323 K [21]). Both
time-resolved OES and ICCD images confirmed a regular ionisation process for a kHz-
driven plasma source with the formation of pulsed streamers and filaments throughout the
waveform [18–20].
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Since the gas-phase plasma parameters seem to be in accordance with other plasma
sources used in cell treatment, the chemistry of the plasma-treated cell culture medium
was explored. First, we made sure that the cell medium’s pH and conductivity did not
influence cell viability. Results were stable for all distances and treatment times. Then, we
measured concentrations of NO2

− and H2O2 inside the cell medium. Both concentrations
were relatively low, and the NO2

− concentration remained almost constant even 72 h after
plasma treatment. In contrast, H2O2 concentration gradually decreased and was negligible
72 h after treatment. Comparison of H2O2 production with similar plasma sources is
presented in Figure 8. Our results were compared to other sources that operate in the kHz
region: 39.5 kHz (marked as a circle [22]), 30 kHz (marked as triangle [9]) and 17 kHz
(marked as square [4]). Here, other concentrations are quite high compared to our system.
One possible reason for this difference in H2O2 concentrations could be various cell culture
media that were used; MEM was used in our research, DMEM (Dulbecco’s Modified Eagle
Medium) was used in [9] and RPMI 1640 was used in [22]. However, the results show
that inside the same medium (DMEM), different concentrations of hydrogen peroxide can
be obtained—almost a threefold difference for the longest treatment time of 60 s. Thus,
we conclude that the generation of H2O2 is not the main source of our plasma source’s
destructiveness towards the L929 murine fibroblast cells. Instead, this destructiveness is
thought to stem from the plasma characteristics of the argon jet used in the direct treatment
conducted on these cell lines. Despite this, the argon jet is generally more aggressive
towards cell lines in direct treatments than indirect ones, and as such, it should not be used
for direct treatments of skin cells such as L929 murine fibroblasts.
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5. Conclusions

A non-thermal kHz argon plasma jet and its actions towards skin cells—L929 murine
fibroblasts—was investigated. Although we followed reported protocols, we observed
very aggressive behaviour of the jet towards the cells during direct treatment. However,
neither gas-phase diagnostics nor liquid-chemistry characterisation provided a definitive
answer as to why our plasma system behaved much more destructively than other sources
reported. One possible reason is that such research has never been done specifically on
L929 murine fibroblasts. However, there are several other possibilities for the obtained
results. Firstly, plasma and its species can influence different types of cells in completely
different ways. Research conducted on mHepR1 cell lines demonstrated that cell viability
is higher after indirect plasma treatment than the direct approach [16]. Therefore, research
must be expanded to include the indirect plasma treatment of L929 cell lines, along with
additional research on other types of cells, in order to gain a deep understanding of cell
behaviour. Secondly, because of the consistency of the liquid chemistry and its stability
over time, it is likely that reactive species produced in the gas phase have a greater impact
on cells. This is also supported by the fact that there were no major changes in viability
after 24 h, from which we conclude that all cell death occurs before that time. Therefore, to
gain a better insight into the timeframe for cell viability, cell viability tests—immediately
or within a few hours after plasma treatment—have to be added to standard protocols. It
seems that direct and short-lived plasma species could have a more extended role in cell
viability than previously reported. Since this field of research is highly attractive—with
many potential applications in biology and medicine—the protocols for observation of
cells under plasma interaction have to be upgraded and modified.
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