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Plasma medicine is a developing field that utilizes the effects of cold physical plasma on biological substrates for
therapeutic purposes. Approved plasma technology is frequently used in clinics to treat chronic wounds and skin
infections. One mode of action responsible for beneficial effects in patients is the potent antimicrobial activity of
cold plasma systems, which is linked to their unique generation of a plethora of reactive oxygen and nitrogen
Virus inactivation species (ROS). During the SARS-CoV-2 pandemic, it became increasingly clear that societies need novel ways of
Reactive oxygen species passive and active protection from viral airway infections. Plasma technology may be suitable for superficial
ROS virus inactivation. Employing an optimized neon-driven micro plasma jet, treatment time-dependent ROS pro-
duction and cytotoxic effects to different degrees were found in four different human cell lines with respect to
their metabolic activity and viability. Using the murine hepatitis virus (MHV), a taxonomic relative of human
coronaviruses, plasma exposure drastically reduced the number of infected murine fibroblasts by up to 3000-fold.
Direct plasma contact (conductive) with the target maximized ROS production, cytotoxicity, and antiviral ac-
tivity compared to non-conductive treatment with the remote gas phase only. Strikingly, antioxidant pretreat-
ment reduced but not abrogated conductive plasma exposure effects, pointing to potential non-ROS-related
mechanisms of antiviral activity. In summary, an optimized micro plasma jet showed antiviral activity and
cytotoxicity in human cells, which was in part ROS-dependent. Further studies using more complex tissue models
are needed to identify a safe dose-effect window of antiviral activity at modest toxicity.

1. Introduction shown that the viral load in the form of aerosolized droplets can be

reduced by filtration and physical inactivation, e.g., by UV light or

The SARS-CoV-2 pandemic has highlighted the severe threat
emerging respiratory viruses pose to humans [1]. Effective ways to
prevent infection and treat infected individuals are urgently needed to
address this threat. Methods to prevent infection primarily rely on
behavioral changes and hygiene measures by those affected, such as
keeping distance from others up to quarantine, wearing appropriate
masks, and frequent disinfection [2]. Especially indoors, it has been

reactive oxygen species such as ozone [3-5]. Therefore, cold plasma, as
a source of not only UV light and reactive oxygen species, gains
increasing attention for virus inactivation both in the environment and
in humans [6-9].

In the emerging field of plasma medicine, cold physical plasma has
already established itself as an effective means for various experimental
and clinical therapeutic purposes. Cold plasma is an energetic and
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partially ionized gas. It contains ions and mobile electrons in an electric
field, emits electromagnetic radiation such as UV, visible and infrared
light, and causes the formation of reactive oxygen and nitrogen species
(hereafter referred to as ROS) through interactions with ambient air
reaction partners such as oxygen and nitrogen [10]. The quality and
quantity of the different plasma components, including the individual
reactive species generated, differ to a certain degree depending on the
type of plasma source and its geometry as well as feed gas and operating
voltage used. Notwithstanding, overall similar biological effects of cold
plasma have been described [11]. As part of hygiene solutions, cold
plasma has been described for disinfecting medical equipment and
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goods in food processing [12,13]. In the clinical setting, approved
plasma technology is used to treat chronic wounds [14]. The applica-
tions in wound healing and for disinfection purposes are based on the
finding that the cold plasma-derived ROS have been ascribed potent
antimicrobial properties [15,16], which comes as no surprise consid-
ering ROS being an integral part of the innate immune defense against
microorganisms. Although the potential antiviral activity of cold plasma
has been addressed in several studies [7,8,17], much more needs to be
learned regarding the efficacy of different plasma sources, treatment
modalities and to untangle the precise mechanisms of action.

To this end, this study investigated the toxicity and antiviral activity

'
'
U
-
microwel
plate

D
Liquid
analysis

PBS

ROS
production

Cell culture
experiments

@

Viability

: 8 PTFE tube
1 P Al,O; nozzle
: O Cuwire

i, 8
hssssssss..----

IPSSEPSp—— o
Adherent cells  Suspension cells
-HaCaT -JE6.1-TPR
- Calu-3 -THP-1-R
118 h

Q

Metabolic
activity

Transcription
factor activation

Fig. 1. Experimental plasma setup. (A) Scheme of the miniaturized neon plasma jet mounted in an xyz-stage, and technical drawing of the plasma jet head (right).
(B) Photo of the micro plasma jet device and plasma effluent. (C) Photo of the micro plasma jet device attached to the xyz-stage. (D) Experimental setup for liquid
analyses and cell experiments. MFC: mass flow controller; HV: high voltage; PTFE: polytetrafluoroethylene.
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of a neon-driven micro plasma jet. Cytotoxic effects and transcription
factor activity were studied in four human cell lines using different
plasma treatment modes. Moreover, the murine hepatitis virus (MHV)
was used as a coronavirus model, and its inactivation by cold plasma was
measured. The results show apparent effects of plasma exposure on both
cell survival and virus inactivation at similar treatment times, indicating
potential applications of the micro plasma jet provided that optimal
treatment time intensities windows are identified.

2. Materials and methods
2.1. Plasma source and treatment

Cold physical plasma was produced using a miniaturized neon
plasma jet described and characterized before [18,19]. Three hundred
sccm neon (Ne) were used as feed gas and shielded with 300 sccm car-
bon dioxide (CO3). The plasma jet head consists of an aluminum oxide
(Al303) ceramic nozzle that forms a 0.6 mm wide capillary (Fig. 1A) in
which a Ne plasma is ignited (Fig. 1B). The electric field necessary for
the ignition is provided by a copper wire wound around a part of the
nozzle. It carries a sinusoidal high-voltage signal with a frequency of
approximately 415 kHz that is periodically switched on and off in a 1
kHz cycle, in which it is 32% of the time switched on and 68% of the
time switched off. An approximately 5 mm long visible effluent pro-
truding from the nozzle is generated with these operating parameters. If
the treatment target is located within this distance of about 5 mm, the
effluent visibly connects to the target, and, as the target acts as a counter
electrode, the discharge becomes slightly more intense and brighter. The
discharge then forms a conductive channel towards the treatment target.
In contrast to this conductive mode, the jet can be used to treat targets
remotely without any connection, referred to as non-conductive, as
described before [20]. A programmable xyz-stage (CNC, Germany) was
used to treat liquids, cell suspensions, and virus suspensions in a
pre-defined and automated fashion at 10 pm-precision to ensure com-
parable treatment conditions over time (Fig. 1C). If not indicated
otherwise, plasma treatments were performed in conductive mode tar-
geting a liquid with a volume of 300 pL in 96-well flat-bottom plates
(Sarstedt, Germany) with the jet nozzle placed 3 mm over the liquid
surface. In non-conductive mode, the distance was 7 mm or 11 mm. A
predetermined amount of double-distilled water was added for each
plasma treatment time to compensate for evaporation.

2.2. Quantification of reactive oxygen and nitrogen species

Relative detection of short-lived ROS deposition in liquids was done
using singlet oxygen sensor (SOS; Thermo Scientific, Germany) indica-
tive of singlet oxygen (10y), hydroxyphenyl fluorescein (HPF; Enzo,
Germany) indicative of peroxynitrite (ONOO™) and hydroxyl radicals
(‘OH) and aminophenyl fluorescein (APF; Enzo, Germany) indicative of
ONOO™, "OH and hypochlorous acid (HOCI). Fluorescent redox probes
were added to PBS or R2F prior treatment at a concentration of 20 pM,
respectively. Liquids were exposed to plasma in 96-well flat-bottom
plates at a volume of 300 pL per well for 10, 20, and 30 s in conduc-
tive mode. Specificity for detection of short-lived species was verified by
addition of 5 pg/mL catalase (cat) prior to plasma treatment or by
measurement of 50 pM-solutions of HoO,. For all probes, fluorescence
was determined at ley 485 nm and ey 525 nm in a microplate reader
(F200; Tecan, Switzerland). Scavenging activity of selected molecules
was done following similar conditions. Briefly, ascorbic acid (200 pM;
AA), cysteine (1 mM), DMSO (1 mM), glutathione (2 mM), histidine (1
mM), mannitol (1 mM), tyrosine (1 mM), N-acetylcysteine (10 mM;
NAC) and trolox (50 pM; all Sigma Aldrich, Germany) were added to PBS
or R2F and exposed to plasma for 30 s immediately after. Scavenging
activity was calculated as percent fluorescent intensity reduction
compared to untreated controls without scavengers. Untreated,
scavenger-containing controls were used for background subtraction of
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corresponding plasma-treated samples. Generation of hydrogen
peroxide (HO2) in plasma-treated liquids was quantified using the
Amplex Ultra Red assay (Thermo Fisher Scientific, Germany), as
described before [20]. The amount of nitrite (NO3) and nitrate (NO3) in
plasma-treated liquids was determined using the Griess assay (Cayman
Chemical, Germany) according to the manufacturer’s instructions
(Fig. 1D). Technical replicates were treated consecutively, one after
another.

2.3. Cell culture

JE6.1-triple parameter reporters (JE6.1-TPR: NFxB:eCFP, NFAT:
eGFP, AP-1:mCherry), a recombinant lymphocytic cell line originating
from Jurkat cells, and THP-1-NFxB:eGFP-TLR4-CD14 (THP-1-R), a
monocytic cell line, were provided by Peter Steinberger (Medical Uni-
versity of Vienna, Austria) [21,22]. JE6.1-TPR and THP-1-R were
maintained in cell culture flasks in R10F, consisting of Roswell Park
Memorial Institute 1640 (RPMI1640) cell culture medium supplemented
with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin (PAN-Biotech, Germany). Prior to plasma
treatment, cells were harvested and washed with PBS, and 2 x 10* cells
per well were seeded in fresh R10F in 96-well flat-bottom plates. Plasma
treatment took place within 30 min after seeding the cells. If indicated,
10 mM of the ROS-scavenging agent NAC and/or 5 pg/mL catalase were
added immediately before plasma treatment. The human lung adeno-
carcinoma Calu-3 cell line (HTB-55) was obtained from ATCC and was
maintained in cell culture flasks in R10F. HaCaT cells, spontaneously
immortalized, non-tumorigenic human keratinocytes, were maintained
in cell culture flasks in DMEM10, consisting of Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% FCS, 2 mM glutamine,
100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells were harvested
with Accutase cell detachment solution (BioLegend, The Netherlands)
and washed with PBS. A total of 1 x 10* HaCaT cells or 2 x 10* Calu-3
cells per well were seeded in fresh R10F in 96-well flat-bottom plates
and allowed to adhere in an incubator (37 °C, 5% CO5, 95% humidity)
for 18 h. Before plasma treatment, cells were washed with PBS, and fresh
R10F was added. If indicated, 10 mM of NAC and/or 5 pg/mL catalase
were added immediately before plasma treatment (Fig. 1D).

2.4. Metabolic activity

To analyze metabolic activity 18 h after plasma treatment, 100 pL of
cell culture medium was replaced with R10F containing resazurin
(Sigma, Germany) so that the final concentration in the wells was at 100
uM. Resazurin diffuses freely into cells and is reduced to its fluorescent
product, resorufin, as a function of the cell’s metabolic activity. After 4 h
of incubation, the plate was transferred to microplate reader (F200;
Tecan, Switzerland), and resorufin fluorescence was quantified at Aeyx
535 nm and Aey, 590 nm.

2.5. Measurement of calcium effects

To measure the calcium flux after plasma treatment, TK6 cells were
loaded with Fluo-3-AM (Thermo Fisher Scientific, Germany) for 15 min
according to the manufacturer’s instructions. JE6.1-TPR were not used
for this experiment because their reporter signal would have interfered
with the calcium-induced Fluo-3 signal. Afterward, cells were resus-
pended in DMEM10 and treated with the micro plasma jet for exposure
various times. PMA (20 ng/mL) and Ionomycin (1 pg/mL) were used as a
positive control. 10 min or 1 h after plasma treatment the Fluo-3 signal
was measured using flow cytometry (CytoFLEX S; Beckman-Coulter,
Germany), and data analysis was performed using Kaluza analysis
software 2.1.3 (Beckman-Coulter, Germany). To analyze the impact of
calcium on the activation of the transcription factor NFAT in JE6.1-TPR,
cells were loaded with the calcium chelator BAPTA-AM (Thermo Fisher
Scientific, Germany) according to the manufacturer’s instructions before



D.M. Mrochen et al.

plasma treatment. 18 h after plasma treatment, the activation of NFAT
was measured by its reporter signal using flow cytometry.

2.6. Cell viability

If not indicated otherwise, cell viability was determined 18 h after
plasma treatment by staining with Annexin V and DAPI (4',6-Diamidino-
2-phenylindole) or Zombie NIR (all BioLegend, The Netherlands). After
incubation, cells were harvested either with (HaCaT, Calu-3) or without
(JE6.1-TPR, THP-1-R) Accutase. Care was taken to include cells in the
supernatant of adherent cells (HaCaT, Calu-3) to avoid missing dying or
dead cells that had already lost adhesion. Afterward, cells were washed
with Annexin V Binding Buffer (BioLegend, The Netherlands) and
stained with either Annexin V (Alexa Fluor 647) and DAPI (1 pM)
(HaCaT, Calu-3), Annexin V (PE) and DAPI (1 pM) (THP-1-R), or
Annexin V (Alexa Fluor 647) and Zombie NIR (JE6.1-TPR). Cells were
measured using flow cytometry (CytoFLEX LX; Beckman-Coulter, Ger-
many), and data analysis was performed using Kaluza analysis software
2.1.3 (Beckman-Coulter, Germany). Viable cells were defined as
Annexin V™ and Zombie NIR™ or DAPI".

2.7. Preparation of viral stocks

17Cl-1 cells, a murine fibroblast cell line, and MHV-A59-GFP re-
porter virus (MHV), a murine coronavirus, were provided by Volker
Thiel (University Bern, Switzerland). 17Cl-1 cells were maintained in
cell culture flasks in DMEM10 (37 °C, 5% CO3, 95% humidity) and
grown to 90% confluency for viral amplification. A modified protocol
from Leibowitz et al. was used [23]. Before infection, cells were washed
with PBS and then infected with MHV (multiplicity of infection: 0.01) in
R2F consisting of RPMI1640 supplemented with 2% FCS, 2 mM gluta-
mine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. After 2 h, cells
were washed with PBS, and fresh R2F was added. Cells were cultured for
48 h in an incubator (37 °C, 5% COg, 95% humidity), then the cells were
subjected to three freeze-thaw cycles to release viruses from cells that
had not been lysed already. To remove cellular debris, the lysate was
centrifuged at 3000 x g for 30 min (4 °C). Afterward, the supernatant was
filtered through a 0.22 pm filter, aliquoted, and stored at —80 °C.

2.8. Plasma treatment of viruses

Virus stocks were diluted 1:3 in PBS for plasma treatment, and 300
pL per well were transferred to 96-well flat-bottom plates. If indicated,
NAC (final concentration: 10 mM), catalase (5 pg/mL), ascorbic acid (25
mM), and/or trolox (1 mM) were added to the PBS. Viral suspensions
were treated on the xyz-stage to ensure stable and comparable treatment
conditions. After compensating for the evaporation-induced volume loss
by adding predetermined amounts of double-distilled water, viral sus-
pensions were diluted, and the plaque assay was performed to determine
the viral titer. Viral titer was related to untreated virus and expressed as
“relative viral titer.”

2.9. Plaque assay

A modified plaque assay was used to determine the viral titer after
virus amplification and plasma treatment [23]. Briefly, 17Cl-1 cells were
grown to 100% confluency in 6-well plates in DMEM10, washed with
PBS, and infected for 90 min with 250 pL of diluted virus suspensions in
DMEM2 (DMEM supplemented with 2% FCS, 2 mM glutamine, 100
U/mL penicillin and 0.1 mg/mL streptomycin). Triplicates were used for
each dilution. In the meantime, a 1.6% (w/v) liquefied agarose type I
solution was mixed in equal parts with double-concentrated DMEM2
and stored at 50 °C in a water bath. After incubation, the cells were
overlaid with the DMEM2-agar without washing, and the plates were
gently swirled while the agar was still liquid to absorb the viral inoc-
ulum into it. The plates were left undisturbed at room temperature until
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the agar had solidified, transferred to an incubator, and incubated for 48
h (37 °C, 5% CO3, 95% humidity). To visualize the plaques, a 0.33%
(w/v) solution of neutral red (Sigma, Germany) was diluted 1:33 in PBS,
and 2 mL were added to each well, directly on top of the agar-overlay.
After 3 h of incubation at 37 °C, superfluous neutral red solution was
discarded, and plaques were counted against a bright background. To
determine the viral titer, the following formula was used:

Titer [PFU (plaque-forming units)/mL] = Average plaque count x
dilution factor x 4.

2.10. Metabolic activity after viral infection

17Cl-1 cells were grown to 100% confluency in 96-well flat-bottom
plates. After plasma treatment, viral suspensions were diluted in R10F,
and 100 pL were transferred to six wells per condition and dilution
before 15 h of incubation (37 °C, 5% CO3, 95% humidity). Then, 100 pL
of resazurin (200 uM) in R10F was added, and the plate was incubated
for 4 h before resorufin fluorescence was quantified at Aex 535 nm and
Jem 590 nm in a microplate reader (F200; Tecan).

2.11. Infrared spectroscopy

Before the temperature measurement, 300 pl of PBS was added to a
well of a 96-well flat bottom plate. The gas plasma treatment regimen
and distances were calibrated using an xyz motorized stage and a 10 pm-
precision caliper (Preciva, Germany). An infrared camera (Optris, Ger-
many) was used for the thermographic measurement throughout 2 min
of plasma treatment.

2.12. Statistical analysis

Graphing and statistical analysis were performed using Prism 9.4.1
(GraphPad Software, USA) and one-way analysis of variances (ANOVA)
or t-test as indicated in the figure legends. Data show mean =+ standard
deviation (S.D.) if not indicated otherwise. Levels of significance were
indicated as follows: ns = non-significant, p = 0.05 (*), p = 0.01 (**), p
=0.001 (***), p = 0.0001 (****).

3. Results
3.1. ROS production of plasma-treated liquids was stable

In this study, the micro plasma jet was used (Fig. 1A), emitting a
visible plasma effluent of 5 mm (Fig. 1B) that intensified upon contact
with a target. For reproducible plasma treatment in vitro, the jet was
hovered for a predetermined time over the centers of the wells of 96-well
plates via a motorized xyz-stage in an automated fashion (Fig. 1C).
Before performing antiviral studies, our study protocol included the
analysis of plasma-derived ROS and toxicity studies in four human cell
lines (Fig. 1D). Exposure of liquids to the plasma resulted in a loss of
water that must be replenished to maintain iso-osmolarity. Using the
plasma in conductive mode (nozzle 3 mm away from the liquid surface),
we measured an evaporation rate of about 0.16 pL/s of treatment time
(Fig. 2A). The calculated amount of water that had evaporated during
the plasma treatment was replenished in each cavity afterward. Hu-
midity accumulating in tubings overnight can affect plasma-derived
ROS production [24]. To identify the initial operation time necessary
to achieve stable plasma generation and ROS levels, we measured the
H20; production immediately, 15 min or 30 min after switching on the
plasma jet. Immediately after plasma ignition, there was a slightly
increased production of HoO5 compared to its production after 15 min or
30 min of continuous operation, in which Hy0, production was overall
comparable (Fig. 2B). Therefore, we decided to use a minimum opera-
tion time of 15 min before using the device in the subsequent experi-
ments to allow stable plasma generation. Moreover, it was apparent that
H20; production increases with prolonged treatment times. This was
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also true for the plasma production of nitrite (NO3) and nitrate (NO3) in
liquids (Fig. 2C). To test the interassay stability of the plasma ignition in
terms of ROS production, we measured H,Oy production on three
consecutive days and found comparable HyO3 levels over time (Fig. 2D).
The data suggested the micro plasma jet operation to be stable over time.

3.2. Toxicity of plasma treatment toward different cell lines

Different human cell lines were employed to determine the effect of
plasma treatment on cell viability, metabolic activity, and transcription
factor activity. Flow cytometry was used to determine cell viability 18 h
after exposure to plasma by staining for phosphatidyl-serine exposure
(Annexin V) and permeabilized cellular membranes (DAPI) (Fig. 3A).
Plasma exposure (grey bars) reduced cellular viability in four cell lines
in a treatment time-dependent fashion due to apoptosis (Fig. 3B-E),
which was partially or fully abrogated by prior addition of the antioxi-
dant NAC (blue bars), catalase (pink bars), or both (blue-pink striped
bars), respectively. As expected, treating cells only with the feed and
shielding gas without igniting the plasma did not affect cell viability.
Nine seconds of plasma treatment inactivated most JE6.1-TPR (lym-
phocytic) cells (Fig. 3B). By contrast, 90 s of plasma treatment were
required to inactivate most Calu-3 cells (Fig. 3E), an epithelial cell line.
The monocytic cell line THP-1-R (Fig. 3C) and the epithelial HaCaT cells
(Fig. 3D) were more robust than JE6.1-TPR but not as resistant as Calu-3
cells. To verify the apoptotic nature of cell death while excluding more
severe physical stressors which can cause toxicity, we analyzed necrotic
cell death by staining for cell membrane rupture in JE6.1-TPR and THP-
1-R cells 1 h after plasma treatment. Here, the exposure time was
extended more than six-fold (60 s; JE6.1-TPR) or two-fold (120 s; THP-1-
R) to the originally longest exposure time (Fig. 3B and C). Notwith-
standing, no necrotic action of plasma treatment was observed (Fig. 3F).
This does not imply that the 60 s plasma treatment was not toxic but
instead suggests that plasma-induced toxicity was not of necrotic but
apoptotic nature, as phosphatidylserine exposure takes about 8-10 h
post plasma treatment in lymphocytes [25]. Plasma exposure also
reduced the metabolic activity in those cells in a treatment
time-dependent manner, which also correlated with the cellular survival
as expected (Fig. 3G). The data suggested plasma treatment to confer
apoptosis but not necrosis in a ROS and cell-type-specific fashion in vitro.
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3.3. Conductive plasma exposure is potent and modulates transcription
factor activity

Plasma jets can be either in contact with their target, usually
accompanied by a visual intensification of the plasma effluent (Fig. 4A),
or remote to its target (Fig. 4B), where a cloud of ROS diffuses onto the
surface. The treatment modality also is of potential clinical relevance
[26]. Therefore, conductive and non-conductive plasma treatments
were compared side by side. While the longest plasma exposure time in
conductive mode nearly completely abolished cell viability in four
human cell lines, non-conductive plasma treatment was much less
potent (Fig. 4C-F). Cytotoxic effects were evident in JE6.1-TPR and
HaCaT cells in non-conductive plasma treatment; these cells were also
most sensitive to conductive plasma treatment, and to a lesser extent in
THP-1-R cells. Reduction in viability was not observed in Calu-3 cells.
Subsequent comparison of HyO4 generation revealed five-fold increased
production in conductive over non-conductive mode (Fig. 4G), sug-
gesting a significantly decreased introduction of other short-lived ROS
between both treatment modalities. Next, we studied whether
plasma-derived ROS (conductive mode) affected transcription factor
activity. Only live cells were used for this evaluation. In THP-1-R re-
porter cells, NFkB activity modestly increased with increased plasma
treatment times (Fig. 5A), which was abrogated in the presence of the
antioxidant NAC (Fig. 5B). By contrast, in JE6.1-TPR cells, the activity of
the antioxidant transcription factor AP-1 was not markedly increased
with the exception of a plasma exposure time of 3 s (Fig. 5C), which was
reduced with prior NAC or catalase addition (Fig. 5D). NFAT activity
was strongly increased with plasma exposure (Fig. 5E), which was
partially (NAC) or fully (catalase) abrogated by ROS removal (Fig. 5F).
NFxB activity in JE6.1-TPR was also slightly increased after plasma
treatment (Fig. 5G), although not as pronounced as NFAT activity, and
could be inhibited by adding antioxidants (Fig. 5H). Calcium plays an
important role in transcription factor activation. Plasma treatment
increased intracellular calcium rapidly (Fig. S1A,B). In line, NFAT
activation in JE6.1-TPR cells was markedly decreased when scavenging
calcium using the calcium chelator BAPTA-AM (Fig. S1C).

The data suggested particularly effective ROS production and tran-
scription factor activation of conductive plasma exposure.
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Fig. 3. Toxicity of plasma exposure in four human cell lines. (A) Exemplary gating scheme of live cells after exclusion of cell doublets and debris. Shown are THP-
1-R cells untreated (first picture), after 45 s of plasma treatment without (second picture) or with (third picture) catalase (cat), and after 60 s of treatment with non-
ignited gases (gas; last picture). (B-E) Two suspension (JE6.1-TPR, B; THP-1-R, C) and two adherent (HaCaT, D; Calu-3, E) cell lines were plasma-treated, and their
viability was measured 18 h later by Annexin V and DAPI or Zombie NIR staining and flow cytometry. If indicated, the antioxidant NAC and/or catalase were added
immediately before plasma treatment. To measure the influence of the gas stream alone, the cells were also treated with the non-ignited feed and shield gases (gas;
plasma = off). (F) No plasma-induced necrosis could be detected in JE6.1-TPR and THP-1-R cells using live/dead-staining 1 h after plasma treatment. Survival is
shown relative to untreated control cells. (G) Measurement of the metabolic activity of JE6.1-TPR and THP-1-R cells and its relation to survival (flow cytometry) 18 h
after plasma treatment for various times. Both metabolic activity and survival are shown relative to untreated control cells. Data are mean + S.D. of one repre-
sentative experiment with four technical replicates. Statistical analysis was performed using one-way analysis of variance (ANOVA) (*/"p<0.05, **/**p<0.01,
w2/ TH4520.001, and ****/ Tt +p<0.0001. Asterisks indicate a significant difference towards the respective “0 s treatment time”-group; only groups without added
antioxidants were compared. Pluses indicate a significant difference towards the “non-antioxidant”-group (grey bars) within the respective treatment time.
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Fig. 4. Conductive and non-conductive plasma exposure comparison. (A, B) Photographs of plasma treatment in conductive (A) or non-conductive (B) mode.
For better visualization, PBS was stained with crystal violet, and a larger volume of liquid was used than in the experiments. (C-F) Cells (JE6.1-TPR, C; THP-1-R, D;
HacCaT, E; Calu-3, F) were treated either conductively or non-conductively with the micro plasma jet. After 18 h, their viability was assessed by live/dead-staining,
followed by flow-cytometric measurements. To measure the influence of the gas stream alone, the cells were also treated with the non-ignited feed and shield gases
(gas). (G) The micro plasma jet treatment was employed either in conductive or non-conductive mode for 60 s to determine the mode-dependent differences in HoO4
production. Data are mean + S.D. of one representative experiment with three technical. Statistical analysis was performed using one-way analysis of variance
(ANOVA) (**p<0.05, **/T+p<0.01, ***/**p<0.001, ****/*+++p<0,0001). Asterisks indicate a significant difference towards the respective “0 s treatment time”-
group for conductively treated cells (C-F). Pluses indicate a significant difference towards the respective “0 s treatment time”-group for non-conductively treated cells
(C-F). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Influence of plasma exposure on the activity of transcription factors. (A, C, E, G) Representative histograms showing the expression of fluorescent
reporter proteins. Untreated cells are shown in dashed lines, gas stream controls in light grey, and plasma-treated cells (45 s for THP-1-R and 3 s for JE6.1-TPR) in
dark grey. (B, D, F, H) THP-1-R (B) or JE6.1-TPR (D, F, H) cells were plasma-treated, and transcription factor activity was determined 18 h later by measuring the
fluorescent reporter signal via flow cytometry. If indicated, the antioxidant NAC and/or catalase (cat) were added directly before plasma treatment to scavenge ROS.
To measure the influence of the gas stream alone, the cells were also treated with the non-ignited feed and shield gases (gas). Data are mean + S.D. of one
representative experiment with four technical replicates. Statistical analysis was performed using one-way analysis of variance (ANOVA) (*/*p<0.05, **/**p<0.01,
/T4 20,001, ***/++++p0.0001). Asterisks indicate a significant difference towards the respective “0 s treatment time”-group; only groups without added
antioxidants were tested. Pluses indicate a significant difference towards the “non-antioxidant”-group (grey bars) within the respective treatment time.

3.4. Antiviral plasma activity against murine coronaviruses

We measured the effect of plasma exposure on the inactivation of
viruses by determining the viral titer of treated viral suspensions via
plaque assay and by observing the inhibition of host cell metabolism
after infection with plasma-treated viruses (Fig. 6). A 5 min plasma
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treatment reduced the virus titer (Fig. 7A) by a factor of about 10
(Fig. 7B). By adding NAC alone or in combination with catalase (cat),
abrogation of antiviral effects was only minimal, while catalase addition
alone showed no effect (Fig. 7B). This was surprising as both agents
protected cells from toxic plasma effects, while the plasma treatment
time-dependent reduction of viral infectivity was more in line with
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Fig. 6. Experimental setup for MHV experiments. MHV was plasma-treated, and virus suspensions were used either in a plaque assay to determine viral titer or to

infect host cells to study infection-induced changes in metabolic activity.

results observed with human cell lines (Fig. 7C). Above 7.5 min of
plasma treatment, all viruses in the solution were inactivated according
to the plaque formation experiments. Interestingly, the addition of NAC
and catalase prior to such long plasma treatment times showed little but
evident protection of the virus’ cytolytic activity. Nevertheless, this
protective effect declined over time, most likely explained by the inac-
tivation of those agents after prolonged plasma treatment time. For
instance, catalase abrogated HyO, deposition in liquids up to 3 min of
conductive treatment, while a pronounced accumulation of H;O; could
be observed at 5 min exposure (Fig. S2). Investigating the antiviral ac-
tivity of non-conductive plasma exposure, it was found that its potency
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in reducing cytolytic viral activity was markedly impaired by a factor of
seven (Fig. 7D), which corroborates results on cytotoxic plasma effects
achieved in human cell lines. To verify the results on antiviral plasma
activity using another method, we infected 17Cl-1 cells with virus sus-
pensions and measured the cells’ metabolic activity 15 h later by
analyzing their capability of resazurin reduction (Fig. 7E). At high virus
concentrations (1:10 dilution of virus suspension), already reduced
metabolic activities were slightly enhanced by plasma treatment. At low
virus concentrations (1:10,000), there were barely any differences in
metabolic activities observed compared to uninfected cells. However, at
intermediate virus concentrations (dilutions of 1:100 or 1:1000), more
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extended plasma treatment (beyond 4 min) enhanced metabolic activ-
ities of infected cells to levels comparable to non-infected ones sug-
gesting plasma-mediated reduction of viral loads. The data indicate a
potent antiviral plasma activity in the conductive mode against a murine
coronavirus model infection in vitro.

Conductivity amplifies in particular the local generation of short-
lived species. The marked differences in antiviral activity in non-
conductive and conductive mode, in line with the diminished rescue
effects of HO, degrading catalase, pointed to an increased importance
of short-lived species concerning the virucidal activity of plasma. To
further elucidate the mode of action, deposition of singlet oxygen (*05),
peroxynitrite (ONOO ™), hydroxyl radicals ((OH), and hypochlorous acid
(HOCD) was assessed in PBS and R2F using redox-sensitive probes, with
reduced levels detected in the latter. Unsurprisingly, neither addition of
catalase or HoO; influenced levels of short-lived ROS in the liquids
(Fig. 8A-C). Next, different substances were tested for their scavenging
ability regarding the respective species. Hereof, trolox and ascorbic acid
proved to be highly efficient scavengers of short-lived ROS/RNS
(Fig. 8D-F) and were chosen for further protection assays with MHV. As
MHYV plasma treatment took place with viruses being suspended within
a liquid, we also considered plasma-induced changes in liquid temper-
ature as a potential factor in the mechanism of action. Surprisingly,
during the course of plasma treatment, the temperature did not increase
but rather decreased within the bulk liquid (Fig. 8G). This, however,
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does not rule out micro-increases of the temperature at the small spots
where the plasma streamers contact the liquid, which could have led to a
short (microseconds) and local (several dozens to hundreds of micro-
meters) temperature rise that may have contributed to the effects
observed. However, we did not have the technical setup to generate
temperature maps of liquid surfaces at high spatio-temporal resolutions.
With regard to the antioxidants and potential protection from plasma-
mediated inactivation, interestingly, a virucidal effect was already
observed after addition of ascorbic acid alone, while a rescue effect after
plasma treatment could not be observed for this vitamin C agent (Fig. 9A
and B). By contrast, a significant rescue effect could be observed with
trolox. Synergistic effects with catalase could not be observed, again
pointing to the impact of short-lived species (Fig. 9C and D). In both
cases, the results of the plaque assay were mirrored by the metabolic
activity of infected cells, providing evidence of the validity of this
method (Fig. 9B,D).

4. Discussion

During the SARS-CoV-2 pandemic, it became increasingly clear that
societies need novel ways of passive and active control of virus infection.
Plasma technology may be suitable for superficial virus inactivation
[17]. Employing an optimized micro plasma jet with the potential to
directly reach small nasopharyngeal cavities, we investigated the
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plasma source’s cytotoxicity and antiviral activity using a murine
coronavirus in vitro infection model.

Plasma exposure showed powerful effects in reducing viral loads and
infectivity in the MHV model in vitro. This is in line with other studies
investigating the antiviral effectivity of different types of plasma sour-
ces, albeit the effect size strongly depends on the specific virus model
and plasma source types employed [8]. Several log-reduction were
observed, for instance, when tested on MS2 phages [27], Tulane virus
[28], human herpes simplex virus type 1 [29], feline calicivirus [30],
and respiratory syndrome virus [31]. Many of the studies performed to
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analyze antiviral cold plasma effects are aimed at virus removal from
inanimate matrices or surfaces, such as food, packaging, air, and liquids
[8]. However, studies investigating the plasma’s antiviral activity in
clinically relevant model systems, such as infected animals, are not
available yet. Also the present study is limited to the analysis of antiviral
effects in a plasma-treated liquid, which is stirred by convection forces
introduced through the plasma jet’s feed gas flow that, through mixing,
enables interactions between plasma-generated antiviral compounds
and viral particles [32]. By contrast, the depth by which
plasma-generated compounds can penetrate into virus-infected tissues
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might be more limited, at least as plasma depth cytotoxicity studies in
relevant model systems suggest [33]. A recent study indicated decreased
SARS-CoV-2 uptake via downregulation of its entry port, the ACE2 re-
ceptor [34], upon exposure to long-lived species present in
plasma-treated liquids [35].

Several modes of action may be held accountable for the antiviral
plasma effects observed. The murine hepatitis virus is an enveloped RNA
virus of an average size of 86 nm [36]. Most likely, plasma-derived ROS
damaged the lipid membrane. Different mechanisms have been sug-
gested in this process. One relates to the formation of ROS-derived pores
via head group and lipid tail oxidation, introduced via hydroxyl radicals,
for instance Ref. [37]. Consequently, more ROS might have entered the
viral particle to render its cargo dysfunctional. Alternatively or in par-
allel, lipid peroxidation has been described in cold plasma-treated cells
[381, a process known to reduce viral infectivity via impairment of lipid
envelopes and protein shells [39]. Another, more subtle mechanism
relates to oxidative post-translational modifications (oxPTMs) of viral
proteins, such as the M-protein of MHV. We have recently described the
diverse landscapes of such plasma-derived oxidative modifications in
amino acids [40], peptides [41], proteins [42], and lipids [43]. Func-
tional changes were also observed for proteins and enzymes, pointing to
practical consequences of such modifications, such as reduced effectivity
of viral entry into cells. Recently, using influenza viruses, lipid peroxi-
dation was demonstrated to reduce viral transmission and infectivity
[44], underlining the putative role of ROS in explaining our results.

However, a surprising result was the limited capability of the ROS
scavenger NAC and the HyO,-degrading catalase to protect MHV from
plasma-induced damage. This was even more unexpected as both sub-
stances did protect plasma-treated cells from plasma-mediated cytotoxic
effects. However, HyO3 is a primary inducer of cytotoxicity in eukaryotic
cells [45], which can be abrogated by catalase [46]. At the same time,
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H20, is generally considered a weak oxidant [47]. It might not damage
viral particles to a greater degree at relatively low concentrations.
Human cell lines but not virus particles were protected from plasma
treatment by adding catalase. Therefore, the plasma-mediated inacti-
vation of catalase seems a less likely explanation for understanding
catalase’s inability to protect viral particles. It is more likely that an
Hy0,-independent mechanism was involved in plasma-mediated inac-
tivation of virus particles. Strikingly, notable rescue effects were ach-
ieved by addition of trolox, pointing to the importance of short-lived
species in the virucidal effects of plasma. In line, ozone and its precursor
atomic oxygen as well as singlet delta oxygen generated by plasmas
[48], have been described as antiviral agents before [39,49]. One
possible explanation for the lower ability of anti-ROS agents to protect
larger objects, such as cells, better from plasma-mediated effects than
smaller objects, such as viruses, is the relative likelihood of smaller
objects entering the plasma-liquid interphase. This may happen because
of their smaller size, allowing complete penetration into the interphase,
and their higher number [48]. In the interphase, diffusion distances of
the plasma gas phase-derived species to target objects such as viruses are
minimal, reducing the likelihood of antioxidants to protect such objects
by inactivating reactive species. This could also be the reason why
stronger effects were seen for the conductive over non-conductive mode
because, in the conductive mode, ROS transport from the plasma jet to
the liquid is maximized [50,51]. A temperature increase in conductive
mode has been described before [26] and might contribute to
ROS-independent effects. However, as indicated by infrared spectros-
copy measurements, temperature differences could not be observed for
the micro plasma jet used in the present study (data now shown).
Moreover, we cannot exclude non-ROS-related effects, e.g., UV radia-
tion, electric fields and changes in pH, that have been described as
contributors to virus inactivation before [8], albeit only secondary to
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ROS/RNS. It has become a standard in the field of plasma technology
research to test the cytotoxicity of novel plasma sources, which we had
implanted using four different cell lines (JE6.1-TPR, THP-1-R, Calu-3,
and HaCaT). Sensitivity to plasma treatment varied considerably among
the different cell lines, with JE6.1-TPR being the most sensitive and
Calu-3 the most robust one. What determines the sensitivity of a cell
towards plasma treatment is still unknown. However, there are hy-
potheses linking either the expression of aquaporins [52], the expression
of redox-related enzymes [53], the cholesterol content of the cell
membrane [54,55], or the baseline metabolic rate of the cell [56]. We
cannot draw any conclusions on this point from our data, but the results
of this study are consistent with the results of one of our previous studies
that were performed with the atmospheric pressure argon plasma jet
KkINPen [56]. Jurkat cells were more sensitive than HaCaT and THP-1
cells in both studies. Considering that JE6.1-TPR are modified Jurkat
cells, it is very likely that the points discussed also apply to JE6.1-TPR.

Our data indicate the induction of programmed cell death upon
plasma treatment rather than necrotic cell death. This is in line with other
publications [57,58]. The inhibition of cell death by adding NAC and/or
catalase shows that ROS are the main effectors. However, it is worth
noting that NAC failed to fully protect JE6.1-TPR cells after short (9 s)
plasma treatment, whereas it does this for a longer (120 s) treatment time
of Calu-3 cells. Therefore, it is unlikely that the antioxidative capacity of
NAC is exhausted after only a few seconds. There are either other ROS not
scavenged by NAC that affect the viability of individual cell lines or
ROS-independent mechanisms influence the viability. For example, cell
death following plasma treatment has been associated earlier with elec-
tromagnetic fields, charged particles, and UV radiation [59,60].

Transcription factors are essential for regulating cellular processes
such as cell cycle progression, activation, proliferation, and cell death
[61,62]. ROS can influence the expression and activation of transcrip-
tion factors like AP-1 [63,64], NFAT [65,66], and NFkB [63,64,67] and
thereby the general constitution and fate of the cell. As plasma generates
large amounts of ROS, effects on transcription factors are evident, as our
data suggest. For example, NFAT transcription factors regulate
apoptosis, with NFAT1 being a pro-apoptotic member of this family
[68-70]. Therefore, its activity in JE6.1-TPR cells could be a part of
programmed cell death induced by plasma treatment. Furthermore, von
Knethen et al. found in the RAW264.7 macrophage-like cell line that
AP-1 and NFkB activation by nitric oxide, as commonly produced by
cold plasmas [71], can attenuate apoptotic cell death by promoting
cyclooxygenase-2 (Cox-2) expression [72]. It is therefore conceivable
that the activation of specific transcription factors is not only a conse-
quence of the induction of programmed cell death, but also a means for
the cells to prevent this through a change in transcription factor activity
triggered by ROS stress.

5. Conclusion

We have investigated an optimized neon-driven micro plasma jet and
determined its potent ROS production and in vitro antiviral activity in a
murine coronavirus infection model. As expected, the cytotoxic effects
of the atmospheric pressure plasma jet in eukaryotic cells depended
mainly on the cell line’s source. All effects were maximal when the
plasma was in direct contact with its liquid target (conductive mode)
and were abrogated to a large and small extent in non-conductively
plasma-treated cells and virus suspensions, respectively. Future studies
on primary cells from human sources and on the plasma’s tissue surface
antiviral activity and the key antiviral ROS are needed to determine the
relevance for practice and mechanisms of our findings.
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