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The ongoing pandemic caused by the novel coronavirus, SARS-CoV-2, is influencing global health. Moreover,
there is a major threat of future coronaviruses affecting the entire world in a similar, or even more dreadful,
manner. Therefore, effective and biocompatible therapeutic options against coronaviruses are urgently needed.
To address this challenge, medical specialists require a well-informed and safe approach to treating human
coronaviruses (HCoVs). Herein, an environmental friendly approach for viral inactivation, based on plasma
technology, was considered. A microwave plasma system was employed for the generation of the high amount of
gaseous nitric oxide to prepare nitric oxide enriched plasma-activated water (NO-PAW), the effects of which on
coronaviruses, have not been reported to date. To determine these effects, alpha-HCoV-229E was used in an
experimental model. We found that NO-PAW treatment effectively inhibited coronavirus infection in host lung
cells, visualized by evaluating the cytopathic effect and expression level of spike proteins. Interestingly, NO-PAW
showed minimal toxicity towards lung host cells, suggesting its potential for therapeutic application. Moreover,
this new approach resulted in viral inactivation and greatly improved the gene levels involved in host antiviral
responses. Together, our findings provide evidence of an initiation point for further progress toward the clinical
development of antiviral treatments, including such coronaviruses.

1. Introduction

Coronavirus disease 2019 (COVID-19) was first reported in 2019 and
subsequently categorized as a pandemic by the World Health Organi-
zation, in March 2020. Generally, coronaviruses (CoVs) are categorized
as positive-stranded RNA viruses belonging to the family Coronaviridae
[1]. It is believed that the highly pathogenic human CoVs (HCoVs)
belong to the subfamily, Coronavirinae, wherein viruses have been
divided into four genera: alpha-, beta-, gamma-, and
delta-coronaviruses. To date, seven CoVs that affect humans have been
identified, along with the recently discovered, severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). These include two alpha-CoVs
(HCoV-NL63 and HCoV-229E) and five beta-CoVs, namely
HCoV-0C43, HCoV-HKU1, Middle East respiratory syndrome corona-
virus (MERS-CoV), SARS-CoV, and SARS-CoV-2 [2]. CoVs are usually
enveloped viruses and have some structural proteins such as membrane

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.
** Corresponding author.

(M), spike (S), envelope (E), and nucleocapsid (N) proteins. The S, E, and
M proteins are believed to be embedded in the envelope of the virus [3].
COVID-19 can cause severe pneumonia and has resulted in worldwide
fatalities during this pandemic. In this concern, the biocompatible
treatment approaches dealing with COVID-19 infection are predomi-
nantly essential. Therefore, the evaluation of therapeutic options against
HCoVs is urgently needed. Even though many antiviral strategies for
COVID-19 are under development or have not been sanctioned yet,
numerous methodologies have been suggested including repurposed
drugs for use against this novel virus. The effectiveness and biocom-
patibility of many of these approaches are under investigation. Tradi-
tional treatment methods have many drawbacks, and innovative
strategies for virus inactivation are urgently required. Ritonavir, a pro-
tease inhibitor used to treat human immunodeficiency virus (HIV),
demonstrated promising in vivo and clinical results against MERS-CoV
and SARS-CoV [4,5]. It’s in vitro activity against SARS-CoV-2, has
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Fig. 1. Generation of NO-PAW using gaseous NO by the microwave plasma system. (A) Schematic diagram of the experimental setup for the preparation of NO-PAW
using gaseous NO. (B) Scheme for preparation of NO-PAW using plasma-generated gaseous NO. (C) Optimization of high NO, generation from gaseous NO exposed DI

water, by changing various parameters as indicated.

been recently proposed [6]. Chloroquine, an antimalarial and
immune-modulating drug, has also been proposed as an effective anti-
viral agent against SARS-CoV [7] and the in vitro activity of hydroxy-
chloroquine against SARS-CoV-2, has been investigated [8].
Nevertheless, evidence of the anti-HCoV activity of hydroxychloroquine
at effective doses in clinical settings is limited, because of its toxicity.
Therefore, we aimed to explore the efficacy of nitric oxide enriched
plasma-activated water (NO-PAW) against 229-E HCoV, at various
concentrations that could be safely administered to infected patients via
intraperitoneal, intravenous, intratracheal, or oral administration
routes. Non-thermal plasma generates abundant reactive nitrogen and
oxygen species [9], consequently stimulating interest in the environ-
mental and biomedical application potential of plasma [10-13]. The
role of plasma in microbial inactivation and sterilization [14] has been
widely studied. However, plasma-based viral inactivation is a moder-
ately new area of research [15], in which few studies over the past
several years have merely described the virucidal properties of plasma
along with its mode of action [16-18]. Earlier studies have shown that
plasma effectively inactivates A bacteriophages and feline calicivirus
[19,20]. Notably, the biological influence of plasma is dose-dependent,
which is essential in plasma-based biomedical applications [21].
Plasma-activated water (PAW) produced by plasma successfully in-
activates $174, T4, and MS2 bacteriophages and has revealed an effect
similar to that of direct plasma exposure [22]. PAW-induced structural
modification and S protein damage in a SARS-CoV-2 pseudovirus was
recently demonstrated, providing a new disinfection strategy to combat
the pandemic [23]. This report specifically shows the effect of PAW on
the receptor-binding domain (RBD) of the S protein of pseudovirus
particles. However, the inactivation effects and therapeutic potential of
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PAW on real corona viruses or SARS-CoV-2, have not yet been reported.

It is well recognized that nitric oxide (NO) plays a role in the path-
ogenesis of several human viral contaminations [24], and antiviral ac-
tivity [25]. One study shows that NO can be utilized for antiviral activity
on the virions and/or impede the intracellular viral replication process
[26]. While the mentioned studies have presented the antiviral effects of
NO produced by donor drugs, the present study is presumably the first to
exhibit the antiviral effects of plasma-generated, gaseous NO. Based on
the literature, improvement of NO-based treatments for viral inactiva-
tion, with enhanced outcomes and lacking side effects, is required
straightway. Our plasma research center developed the so-called mi-
crowave plasma system, which generates a major component of
plasma-based gaseous NO. Earlier reports produced from the use of this
system have suggested that plasma-generated NO-treated water could be
useful as fertilizer, enhancing plant vitality while offering sanitation
effects [27,28], as well as extending potential anticancer activity [29]. It
has also been shown that NO-PAW potentially modulates immune cells
and several immune factors (cytokines and chemokines), which could
represent a promising treatment modality against cancer or inflamma-
tory diseases. Since NO-PAW has shown therapeutic and biocompati-
bility potential, the present work was undertaken to investigate its effect
on viral inactivation for disease-treatment purposes. SARS-CoV-2 ex-
periments are limited to performance in a Biosafety Level 3 laboratory,
which greatly restricts relevant research [30]. Consequently, utilization
of an HCoV-229E model system could alleviate this limitation by
enabling study of the coronavirus under Biosafety Level 2 facility con-
ditions. Herein, a 229-E alpha-HCoV was employed as model to evaluate
the inactivation of SARS-CoV-2 by NO-PAW, after infection of human
lung fibroblast host cells. We aimed to establish the antiviral potential of
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NO-PAW against HCoVs, thus offering a new inactivation and treatment
approach to combatting the pandemic.

2. Materials and methods
2.1. Research material and reagents

For virus culture, HCoV-229E was purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA) while MRC-5
human lung fibroblast host cells were purchased from the Korean Cell
Line Bank (KCLB, Seoul, Korea). The QuantiChrom Nitric Oxide Assay
Kit and QuantiChrom Peroxide Assay Kit (BioAssay Systems, Hayward,
CA, USA) were used to measuring total NO and Hy05 levels, respec-
tively, and the alamarBlue Assay Kit (Invitrogen, Waltham, MA, USA)
was used to measure cell cytotoxicity. All procedures were performed
according to the manufacturers’ instructions. Chloroquine diphosphate
and ritonavir were purchased from Sigma-Aldrich (Yongin, Korea).
Stocks of these drugs were prepared in dimethyl sulfoxide (DMSO) and
stored at —20 °C until further use. An antibody specific to the HCoV S
protein was obtained from Sino Biological (Chesterbrook, PA, USA). All
cell culture plasticware was purchased from SPL Life Sciences (Pocheon,
Korea). Nitrogen (99.99%) and oxygen (99.99%) gases were purchased
from Dong-A Scientific (Seoul, Korea). Other analytical reagent-grade
solvents and chemicals were purchased from Sigma-Aldrich (Merck,
St. Louis, MO, USA). Distilled water with a resistivity of 18.2 MQ.Cm,
obtained from a Milli-Q® water purification system (Millipore, Bedford,
MA, USA) was used to prepare all aqueous solutions in this study.

2.2. Microwave plasma torch system and nitric oxide enriched plasma-
activated water

Fig. 1A schematically represents the generation of NO and the
treatment of liquids with the gas generated by the microwave plasma
system, the configuration of which has been well described earlier [27,
29]. Microwaves (2.45 GHz) radiated from a magnetron passed through
a circulator, power monitor, and three-stub tuner, before being guided
through a tapered waveguide and entering a discharge tube made of
quartz. To generate a microwave plasma torch, nitrogen (5 or 10 lpm)
and oxygen (100 or 200 sccm) gases, controlled by a mass flow meter,
were mixed and injected into the system, and approximately 400-410 W
microwave power, applied. Resultantly, a plasma torch (temperature:
6000 K; plasma density: 10'3/cm®) was generated in the discharge tube
[31]. The gas generated by the torch flame was cooled by passage
through a metal pipe wrapped with water tubing (Fig. 1A) and then
injected into either 1 L or 0.5 L of deionized (DI) water (pH 6.7). DI was
preferable to other solvents—such as cell culture media—because the
solution contained many components and its chemical composition
would be even more complicated after plasma-generated gas exposure.
Therefore, we chose to start with a simple background liquid, to simplify
the system. NO-PAW has been added to the cells right after the prepa-
ration throughout the experiments for consistency.

2.3. Nitric oxide enriched plasma-activated water characterization

Since NO is slowly oxidized to nitrite and nitrate within 20% in the
liquid phase after 1 h of NO-PAW generation [27], quantitating total
NO/NO3/NOj is a feasible method to estimate the NO level. By this
way, the total level of NO, NO5 and NOj3 are presented as NOx. The NOy
produced in the NO-PAW was analyzed by their respective detector or
using a commercial QuantiChrom Nitric Oxide Assay Kit based on the
improved Griess method. The concentration of HyO, in NO-PAW was
measured by using a commercial QuantiChrom Peroxide Assay Kit based
on the Fe?™/Fe3* ~xylenol orange oxidation reaction induced by Hy0».
All measurements were performed following the instruction of the
manufacturers. The measurement of eOH was measured using
3’-(p-aminophenyl) fluorescein (APF, Thermo fisher). Briefly, after 20
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min of incubation, the APF fluorescence intensity in PAW was detected
by a plate reader (Synergy HT, Biotek). The oxidation-reduction po-
tential [32] and conductivity of the water samples were analyzed by an
ORP30 Tester and CON30 Tester (Clean Instruments, Shanghai, China),
respectively. The pH value of the NO-PAW samples was obtained using a
pH spear (Eutech Instruments, Paisley, United Kingdom). All measure-
ments were carried out right after the plasma treatment in triplicates.
The gas-phase Fourier transform infrared spectroscopy (FTIR) of the
plasma was analyzed by a MATRIX-MG5 Gas analyzer (Bruker, MA,
USA). This is an automated real-time FT-IR gas analyzer with OPUS GA
software. Also, this software simulates these parameters by the specific
temperature as it can be varied at room temperature. In this machine,
the gas cell has a heating system and we have used a 25 °C temperature
in our setup. The gas outlet of the microwave plasma system was con-
nected to the gas analyzer for the in-situ measurement of the plasma
composition.

2.4. Cell and virus culture (inoculation)

MRC-5 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Amarillo, TX, USA) supplemented with 10% fetal bovine
serum (FBS, RDTech, Palatine, IL, USA) and 1% antibiotics (Welgene
Inc., Gyeongsan, Korea), and maintained in 5% CO5. Cells were passaged
every 2-3 d, to maintain a healthy state, and routinely tested for my-
coplasma contamination, using the MycoAlert™ Mycoplasma Detection
Kit (Lonza, Basel, Switzerland). The viral strain was propagated by
inoculation of flasks containing 24 h-old seeded host cells, which were
approximately 80-90% confluent. After 6-7 days of incubation in a fresh
infection medium at 37 °C, the supernatant, including the working viral
stock, was harvested by centrifugation (2000 rpm, 15 min). The viral
titer was calculated using the 50% tissue culture infective dose (TCIDs)
by evaluating the cytopathic effect (CPE), in the form of cell rounding
and sloughing and cytoplasmic vacuolization recorded using a bright-
field microscope (10X). Additional virus stock was prepared after
propagation and kept frozen at —80 °C, for future use. Virus inactivation
experiments were performed in serum-free DMEM to prevent restriction
by any factor that exists in serum. The second passage of HCoV-229E in
susceptible MRC-5 host cells, at a titer of 1 x 10758 TCIDso/mL from
laboratory stocks kept at —80 °C, was utilized for all experiments. As
mentioned, all infection experiments were performed in a Biosafety
Level 2 laboratory.

2.5. Infectivity titer determination using median tissue culture infectious
dose (TCIDsp)

The viral titer was determined using an end-point titration assay.
First, a 96-well culture plate (sample dilution plate) was inoculated with
serial two-fold dilutions of defrosted HCoV-229E. In total, nine dilutions
were performed, and eight replicates of each dilution were allocated per
column. Thereafter, an additional 96-well culture plate with MRC-5 host
cells was cultured in the culture medium described above. MRC-5 cells
were rinsed with phosphate-buffered saline (PBS) after 24 h of seeding
before each well was inoculated with virus from the sample plate and
incubated to allow viral infection and replication within the MRC-5
cells. HCoV-229E was grown and propagated in MRC-5 cells cultured in
serum-free DMEM. For the NO-PAW treatment studies, MRC-5 cells were
seeded the day before HCoV-229E infection, in 96-well plates, in DMEM
containing 10% FBS. Briefly, experimental HCoV-229E virus aliquots
were thawed under running water at room temperature (RT) for 5 min
and treated with NO-PAW or market-available drugs for 2 h at room
temperature, inside a cell culture hood, before inoculation of seeded
MRC-5 host cells. The virus culture and controls were subjected to CPE
determination using a Nikon bright-field microscope for up to 7-10 days
of culture, and TCIDs was calculated as previously described [33].
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Table 1
List of PCR primers used in this study.

Gene Name Sequence (5'-3')

ACTIN-forward
ACTIN-reverse
18sRNA-forward
18sRNA-reverse

229E (E-Gene)-forward
229E (E-Gene)-reverse
229E (M-Gene)-forward
229E (M-Gene)-reverse
229E (N-Gene)-sense
229E (N-Gene)-antisense

GGC ATC CTC ACC CTG AAG TA
AGG TGT GGT GCC AGA TTT TC
CAGGTCTGTGATGCCCTTAGA
GCTTATGACCCGCACTTACTG
ATGTTCCTTAAGCTAGTGGATGA
TTAGAAATCAATAACTCGTTTAG
ATTGGCTTCAGGTGTTCAGG
TCATGTTGCTCATGGGAGAG
AGGCGCAAGAATTCAGAACCAGAG
AGCAGGACTCTGATTACGAGAAG

ABCC9-forward CTGGCAGTGGGAAATCATCG
ABCC9-reverse GGCTTCCCAGAGTCTGTCAT
BIRC3-forward CTGTGATGGTGGACTCAGGT
BIRC3-reverse TTCATCTCCTGGGCTGTCTG
DDIT4-forward CAGCTGGATGTGTGTGTAGC
DDIT4-reverse TACACAAACCACCTCCACGA
FOSL1-forward CCGCCCTGTACCTTGTATCT
FOSL1-reverse CTGCTGCTACTCTTGCGATG
IRF1-forward GCCTTCTTCCCTCTTCCACT
IRF1-reverse TTAATCCAGATGAGCCCCGG
CD13-forward CTCACTGCAGCCTCAACTTC
CD13-reverse CAAGGGACCCAGAATAGCCA
IRF2-forward TTAACTCAGGACTCCAGCCC
IRF2-reverse TATCTCGTCCGTTCTGAGGC

2.6. Cytotoxicity assay

Cytotoxicity of NO-PAW and positive control drugs was assessed in
MRC-5 cells using the alamarBlue™ assay. MRC-5 cells were seeded in
96-well cell culture plates at a density of 10* cells/well and incubated
for 24 h in a cell culture incubator. The next day, MRC-5 host cells were
treated with various concentrations of NO-PAW or drugs and incubated
for an additional 4 days. Thereafter, the culture medium was discarded,
and cells were incubated with 10% alamarBlue solution in DMEM, for 2
h. Mean fluorescence intensity was measured using a Synergy HT
spectrophotometer (BioTek, Winooski, VT, USA) at 540 nm excitation
and 600 nm emission. Viability was calculated as a percentage or frac-
tion by comparing the fluorescence of untreated control cells with that
of treated cells. The 50% cytotoxic concentration (CCsp) is the concen-
tration of NO-PAW or drugs that reduced cell viability by 50%. Herein,
the CCso was calculated using the inbuilt curve fitting tool of GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA, USA).

2.7. Effective antiviral concentration determination

The inactivation effect of NO-PAW and positive control drugs against
HCoV-229E was evaluated using microscopic observation of CPE. MRC-
5 cells (10* cells/mL) were seeded in 96-well plates, and a volume of 100
pL/well media was used. After 24 h incubation, NO-PAW and the posi-
tive control drug solutions were added to 100 TCIDso viruses and
incubated for 2 h. Thereafter, treated 100 TCIDs( viruses were added to
MRC-5 host cells in 96-well plates. Three controls were used for these
experiments: 1) cell control (cells without viruses), 2) virus control (cells
with viruses), and 3) positive controls (cells with market-available
drugs). Cytotoxicity measurements were performed as described, using
the alamarBlue assay. The percentage of CPE was observed after 4 days
of infection and treatment and calculated using the controls. The anti-
viral concentration of 50% effectiveness (ECsg) was expressed as the
drug concentration that achieved a 50% inhibition rate of virus-induced
CPE. The resultant graph presented treatment doses and %CPE on the X-
and Y-axes, respectively. The ECsy was calculated using GraphPad
Prism’s inbuilt curve fitting function.

2.8. Selectivity index analysis

The selectivity index (SI)—an indicator that measures the interface
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between cytotoxicity and antiviral activity—was analyzed by dividing
CCsp by ECsp for each tested treatment candidate and virus.

Selective index (SI)=CC50/EC50

A high SI'suggests low toxicity at concentrations that display efficient
antiviral activity. It also specifies that a significant range of concentra-
tions displays an effective antiviral effect with nominal toxicity. In
contrast, a low SI would indicate critical toxicity at concentrations with
effective antiviral activity.

2.9. Quantitative real-time PCR analysis - viral RNA load detection and
host cell response

For the isolation of viral RNA, 20 pL of cell suspension containing
infected and non-infected cells was collected and mixed with 80 pL of
PBS, centrifuged at 5000 rpm for 10-12 min and resuspended in 150 pL
of 0.1% diethylpyrocarbonate (DEPC, Sigma-Aldrich, Korea) according
to an established protocol [34]. Primer pairs used for qRT-PCR were
designed and purchased from DNA Macrogen (Seoul, Korea) and are
listed in Table 1. Cellular RNA from MRC-5 cells was extracted using the
TRIzol method [35,36]. The effects of NO-PAW treatment on viral RNA
load and early activated antiviral response gene expression in MRC-5
host cells after HCoV-229E infection were analyzed.

2.10. Immunocytochemistry

To evaluate whether NO-PAW and the positive control drugs reduced
the number of viral particles in HCoV-infected cells, we followed a
standard fluorescent immunostaining protocol to detect viral antigens in
the human host cells [37]. Briefly, 2 x 10° MRC-5 host cells for
HCoV-229E were plated in each well of 12-well plates, the day before
the experiment. After treatment, 200 pL of virus suspension was overlaid
on a monolayer of MRC-5 host cells. The cells were rinsed twice with 1X
PBS and incubated with the virus for 24 h in a fresh infection medium.
Infected cells were then fixed in 100% ice-cold methanol at 4 °C for 5-6
min and labeled with anti-HCoV spike glycoprotein (1:200) in PBS
containing 1% bovine serum albumin (BSA), at room temperature for 2
h. Thereafter, cells were washed thrice in 1X PBS and labeled with
secondary antibody-tagged Alexa-fluor 647 (1:400) in PBS containing
1% BSA, for 30 min in the dark at room temperature. Cells were stained
with 4/,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Korea) to
achieve nuclear staining and observed using an Olympus confocal
fluorescence microscope. Representative results were determined twice
for each NO-PAW dose-, drug-, and virus subgroups. Up to five fields of
view of the combined DAPI and Alexa Fluor images were obtained for
each sample.

2.11. Flow cytometric analysis

Anti-HCoV spike glycoprotein antibody was used to analyze the
expression of spike protein using a flow cytometric analysis. Briefly, NO-
PAW treated and untreated virus-infected cells were harvested and
stained with the desired antibody with secondary antibody-tagged
Alexa-fluor 488. Samples were incubated for 45 min in ice and
analyzed using a BD FACSVerse system equipped with the FACS suite
software.

2.12. Statistics

Experimental data are expressed as the mean + SD of three biolog-
ical replicates. Statistical comparison was performed using either using a
Two-tailed unpaired parametric t-test among two groups or a one-way
ANOVA with Dunnett corrections for multiple comparisons to un-
treated control using PRISM9.3 software. Differences were designated
statistically significant if * p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. Physical characteristics of NO-PAW prepared by microwave plasma system. (A) Gas-phase FTIR spectrum of the microwave plasma system. The concentration
of microwave plasma system compositions was determined from FTIR analysis (B) NO (C) NO; (D) N,O (E) HNOj3 and (F) Os. (G) Summary of the gaseous species
composition concentration of the microwave plasma. (H) NOy concentration in prepared NO-PAW. (I) Influence of various storage conditions on NOy concentrations
in NO-PAW. (J-N). H0,, eOH, pH, Conductivity, and ORP of prepared NO-PAW using microwave plasma system, respectively.
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Fig. 3. NO-PAW inhibited the cytopathic effect in lung epithelial cells. (A-F) Cytopathic effect (CPE) was detected in MRC-5 cells, 7 days after exposure to HCoV-
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log order of change in viral TCIDs, at indicated NO-PAW concentrations.
3. Results

3.1. Preparation of nitric oxide enriched plasma-activated water (NO-
PAW)

Herein, we used a microwave plasma torch source to prepare NO-
PAW, as shown in Fig. 1A. Microwave plasma was generated using a
mixture of oxygen and nitrogen gas flowing at 100 or 200 sccm and 5 or
10 1pm, respectively. Gaseous NO in water acts as a signaling molecule
that can affect the virus inactivation process (Fig. 1B). The level of NOy
generated by microwave plasma increased, when the amount of DI
water and exposure time were reduced and increased, respectively.
Approximately 4000 pM of NOx was detected in the in-water after
exposure to plasma-generated gas formed using 10 lpm nitrogen and 200
sccm oxygen, within 2 h of treatment (Fig. 1C). Moreover, the pH
remained in the 6.5-4.5 range from the lowest to highest level of NOy
generation in the liquid phase by plasma-generated gaseous NO, under
different treatment conditions.

3.2. Physical characterization of nitric oxide enriched plasma-activated
water

The physicochemical properties of microwave plasma-generated ni-
tric oxide water are shown in Fig. 2. First, we analyzed the composition
of the plasma by using real-time gas phase FTIR analysis. The FTIR
spectrum reveals the existence of gaseous NO at 1700-2000 cm ™}, NO,
at 1550-1650 cm ™!, and N;O 2800-2900 cm ™! (Fig. 2A). We have
noticed that NO is the dominant species with a high concentration of
about 4000 ppm (Fig. 2B). On the other hand, the concentration of NO,
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and N3O are significantly smaller, about 75 ppm and 0.3 ppm, respec-
tively (Fig. 2C-D). Other common plasma-generated gases such as HNO3
and O3 were not detected in our system (Fig. 2E-G). The gas composition
analyzed by FTIR proved that NO is the main product of the microwave
plasma, all absolute values were calculated using inbuild OPUS GA
software in Bruker Matrix-MG5 gas FTIR instrument. In this analyzer,
the optical path length is 5 m of the optical cavity between a pair of
mirrors and the gas cell size is 20 cm. The OPUS GA software establishes
an easy-to-use graphical user interface to control MATRIX-MG gas an-
alyzers. All concentration values are given by OPUS GA software in real-
time. The software utilizes the extinction coefficient parameter auto-
matically and shows the final concentration as per gas and temperature.
After that, we measure the concentration of some dissolved reactive
species that are commonly produced in PAW as well as several important
physical parameters. Fig. 2H shows the NOx concentration in water at
different treatment conditions as mentioned in this report. In the case of
NO -PAW3, a maximum of 4000 ppm of NO in the gas phase and
approximately 4000 pM NOy were measured in the liquid phase, but
with NO-PAW1 and NO-PAWZ2, it was only about 200 pM and 620 pM,
respectively in the liquid phase. The high amount of NOy produced in the
PAW is in agreement with our previous report, where NO was detected
by using an electrochemical sensor [27]. We emphasize that the con-
centration of NOy in the PAW depends on several parameters, such as the
microwave power, feeding gas flow rate, treatment time, and volume of
the sample. Since our experiments were mainly based on NOy concen-
tration, therefore we have additionally checked the aging/decay effect
of NOy concentration in our prepared NO-PAW using different condi-
tions when stored at RT (~25 °C), 4 °C, and —80 °C until 14 days. We
observed that the concentration of NOy in PAW was decreased at RT,
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Fig. 4. NO-PAW shows effective anti-viral activity. (A-C) Viability of MRC-5 cells after treatment with NO-PAW, chloroquine, and ritonavir at indicated concen-
trations, after 4 days. (D-F) Cytopathic effect (CPE) was detected in MRC-5 cells after 4 days of exposure to 100 TCIDso HCoV-229E viruses. (G) Anti-viral activity of

NO-PAW, chloroquine, and ritonavir against HCoV-229E in MRC-5 cells.

while it was more stable at lower temperatures (Fig. 2I). To validate
next, whether NO is the main product as observed by FTIR analysis, we
have detected H,0, and OH radical in NO-PAW which shows that these
species exist in less or negligible amounts (Fig. 2J-K). These findings
indicated that these short-lived reactive species were slightly present in
prepared PAW. The plasma generated gaseous NO gets immediately
dissolved into the liquid phase and get converted into NO5 and NO3 and
further to nitrous and nitric acid (HNO; and HNOs). The pH (-log [H+])
is a measurement of hydrogen ion concentration in a sample. The pH
value of different treatment conditions is also shown in Fig. 2L. The pH
value of the plasma-generated water is lowered in accordance with the
NOy concentration. Corresponding electrical conductivity and ORP are
also measured and presented in Fig. 2M — N, respectively. The calcu-
lation of electrical conductivity involves the ability of a substance to
transmit an electrical current over a defined area. On the other hand,
electrical conductivity is a non-specific measurement of the concentra-
tion of both positively and negatively charged ions within a sample.
Similarly, ORP reflects electron transfer ability through a chemical re-
action. Measurements of ORP show the redox status of water. Regardless
of the oxidant type or concentration, ORP rises as pH falls. The presence
of any hydrogen ions present in a substance will impact the pH level and
most probably influence conductivity levels and ORP which is seen in
Fig. 2. NO-PAWS3 has the lowest 4 pH, the highest conductivity (1300 ps
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crn_l), and the highest ORP (400 mV) in this experiment. It can be
explained as previously described that the dissolved plasma generated
gaseous NO can be converted into NO3 and NO3 anions that can raise
the solution conductivity, especially for NO-PAW3, which was subjected
to the highest amount of NOy. Also, the highest decrease in the pH can be
attributed to the high concentration of the NOy species in the NO-PAW3.
The increased ORP value also suggests that the NO-PAW3 has the
strongest oxidizing capability.

3.3. Nitric oxide enriched plasma-activated water reduced the
cytopathogenic effect

First, we tested the effect of NO-PAW on HCoV-229E infectivity.
Accordingly, it was added directly after 229E viral adsorption in the
cells, and viral growth was evaluated. Preliminary testing indicated that
HCoV-229E-exposed MRC-5 cells started to exhibit signs of cytolytic
infection-depicted by rounded cell morphology and clum-
ping—approximately 4 days after infection. To compare the effect of
NO-PAW at various concentrations (low to high), we have utilized NO-
PAWS3 due to the presence of high NOy concentration as compared to
NO-PAW1 and NO-PAW2 in this experiment. In the presence of NO-PAW
(NO-PAW3), these indications of CPE were repressed; NO-PAW inhibi-
ted cell detachment, which was followed by clumping (data not shown).
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Fig. 5. Expression of genes involved in antiviral response after NO-PAW treatment. (A-C) q-PCR analysis of HCoV-229E virus N, E, and M gene expression, after 7
days of relevant treatment [48]. q-PCR analysis of ABCC9, BIRC3, DDIT4, FOSL1, IRF1, IRF2, and CD13 in HCoV-229E-infected MRC-5 cells, after 7 days of rele-

vant treatment.

The degree of CPE inhibition by NO-PAW was concentration-dependent
in the HCoV-229-exposed MRC-5 cells (Fig. 3A-F). A concentration of
1000 pM NO-PAW provided near-complete defense against a detach-
ment of the cell monolayer caused by HCoV-229E, during the seven-day
investigational period. Viral infection was observed in exposed cells
after 4 days of infection at higher dilutions; however, it was detected
nearly 7 days after infection, in case of lower dilutions. Therefore, the
effects of NO-PAW at various concentrations (150, 300, 500, and 1000
pM) were examined at 7 days—based on the CPE observed—using the
TCIDs assay, which reflects the number of viral particles identified in
the sample. The decrease in HCoV-229E virus growth correlated well
with the variations in TCIDsg, in a concentration-dependent manner
(Fig. 3G). The addition of 150, 300, and 500 pM NO-PAW, respectively,
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for 7 days decreased viral infectivity by approximately 1.0, 1.6, and 1.6
logs, respectively (Fig. 3H). Importantly, NO-PAW strongly suppressed
viral growth by 2-log order of change, at concentrations of 1000 pM or
higher. In sum, the results obtained from the CPE inhibition assay of
anti-HCoV-229E activity indicated that NO-PAW inhibits CPE in HCoV-
229E-infected MRC-5 cells.

3.4. Nitric oxide enriched plasma-activated water exhibits antiviral
activity against HCoV-229E

Standard assays were used to measure the cytotoxicity of NO-PAW
and its effects on HCoV-229E infection rates. Initially, cytotoxicity of
NO-PAW in MRC-5 cells was determined using the alamarBlue assay
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along with market-available antiviral drugs such as chloroquine and
ritonavir. To conduct this analysis on all three groups, cells were treated
with each treatment candidate at various concentrations, and the cells
were incubated for 4 days. Our results indicated a CCsq value of 2402.0
pM for NO-PAW in MRC-5 cells, suggesting that its working concen-
tration was not toxic to these cells. The corresponding values for chlo-
roquine and ritonavir were 105.4 and 280.7 pM, respectively
(Fig. 4A-C). Subsequently, we determined the effective concentration
that inhibited HCoV-229E propagation by 50% (ECsp). To determine
ECsp, MRC-5 cells were infected with 100 TCIDsy HCoV-229E viruses in
the presence of variable concentrations of NO-PAW, chloroquine, and
ritonavir. Data showed that NO-PAW inhibits HCoV-229E infection in
MRCS5 cells, with an ECs of 70.8 pM, whereas chloroquine and ritonavir
showed this effect at 9.1 pM and 44.8 pM with an ECs, respectively. In
addition, NO-PAW exhibited better SI (33.8) whereas chloroquine and
ritonavir display a narrowed SI of 11.5 and 6.2, respectively (Fig. 4D-F).
The higher SI ratio demonstrates the theoretically more efficient and
safer drug would be at the time of infection for a given viral infection.
These results indicated that NO-PAW—reflected the highest SI value and
had the strongest anti-HCoV-229E activity among the tested drugs.

3.5. Nitric oxide enriched plasma-activated water upregulates antiviral
host genes response following HCoV-229E infection

Since above results indicate that NO-PAW could effectively inhibit
HCoV-229E infection in a concentration-dependent manner. Further
investigation was conducted to determine whether NO-PAW could affect
the expression of the 229E virus at the molecular level in the evaluated
samples. It is well-known that the coronaviral genome encodes mainly
four structural proteins: N, E, M, and the S protein, which are essential to
construct a whole viral particle [38,39]. Few methods for coronavirus
detection are available; recently described techniques for screening for
human coronavirus include PCR amplification, with primers stated for
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the N protein gene [40,41] and E protein gene [42] in earlier reports.
The coronavirus N protein is required for coronavirus RNA synthesis,
binds to viral RNA, and is associated with viral genome replication [43,
44] including host cellular response to viral infection [45], whereas M is
considered as the vital organizer of coronavirus assembly, cooperating
with other major structural proteins [39]. Also, E proteins have partic-
ipated in virus assembly and growing [46]. Our data showed that
NO-PAW treatment reduced the expression of N, M, and E gene
messenger RNA (mRNA) levels more noticeably than chloroquine and
ritonavir in HCV-229E virus (Fig. 5A-C). Following the construction of
virus assembly, epithelial cells are primary targets for viral replication
and represent the first line of defense against virus entry and infection.
Friedman et al. reported a database of approximately 319 genes
involved in the antiviral response, some of which seem to be activated in
MRC-5 cells during HCoV-229E infection [47]. Based on this literature,
the expression of genes involved in the antiviral response was examined
in HCV-229E-infected MRC-5 host cells. Herein, RNA was extracted
following infection of MRC-5 cells with HCoV-229E, and related anti-
viral host response genes were quantified using qPCR analysis. We
evaluated the expression of interferon regulatory factors (IRF1, IRF2),
ATP-binding cassette, sub-family C member 9 (ABCC9), DNA
damage-inducible transcript 4 (DDIT4), FOS-like 1, AP-1 transcription
factor (FOSL1), and baculoviral IAP repeat-containing 3 (BIRC3).
Interestingly, NO-PAW enhanced the mRNA levels of ABCC9, BIRC3,
DDIT4, IRF2, and FOSL1 antiviral genes involved in host defense
(Fig. 5D-I). However, IRFI mRNA expression was significantly elevated
at lower concentrations (50 pM) as compared to control and higher
NO-PAW concentrations (Fig. 5H). Notably, chloroquine and ritonavir
also improved the expression of these antiviral host response genes in
MRC-5 cells; however, they presented with high toxicity compared to
NO-PAW, as previously indicated. Moreover, we have checked the
expression of CD13, a common receptor on human cells for several
molecular functions and biological processes including viral receptor
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activity. Though, our results indicated that NO-PAW did not affect the
CD13 expression in host lung cells following 229E infection, suggesting
that the normal expression of this receptor is maintained after treatment
(Fig. 5J).

3.6. Nitric oxide enriched plasma-activated water reduces the expression
of spike protein following HCoV-229E infection

Finally, we investigated the integration of HCoV-229E in MRC-5 host
cells after exposure to NO-PAW and relevant positive control drugs. The
spike protein is a glycosylated protein-making spike on the viral surface
that mediates the virus entry into the host cells. Fig. 6 shows represen-
tative spike protein fluorescent images of HCoV-229E-infected MRC-5
cells treated with 100 pM NO-PAW and 10 pM chloroquine. In Fig. 6A,
the red fluorescence intensity qualitatively indicates infection of MRC-5
host cells with live HCoV-229E virus. Treatment with NO-PAW notice-
ably reduced the expression of viral spike glycoprotein, as indicated by a
reduction in red fluorescence in HCoV-229E-infected MRC-5 cells, when
compared to the virus control (Fig. 6B). To examine further to quantify
the expression of the spike protein of viral particles in HCoV-infected
MRC5, we performed flow cytometry analysis after NO-PAW treat-
ment in those cells. Results revealed that expression of spike protein was
significantly reduced after NO-PAW treatment in infected MRC-5 host
lung cells (Fig. 6C-D). Taken together, NO-PAW has the potential to
inactivate HCoV-229E virus through the diminution of spike protein
levels.

4. Discussion

The public health crisis caused by SARS-CoV-2 has become a
worldwide pandemic. The severity of the COVID-19 pandemic demands
the rapid development and implementation of successful countermea-
sures to lower person-to-person transmission. Although the disinfection
of viruses in the environment can effectively prevent their transmission,
efficient treatment strategies for viral inactivation need to be estab-
lished. We have developed a promising antiviral treatment approach
using gaseous NO based on plasma technology. The entire plasma NO-
generating system used in this study was separated from the atmo-
spheric environment; hence, the NO-PAW components were uniquely
controlled by the inlet gases, N and O». First, we confirmed whether our
system generated a significant amount of NO among other species. FTIR
analysis revealed the dominance of NO concentration over other species
which proved the high amount of NO that can be transported to the PAW
(Fig. 2). The liquid phase analysis also confirmed the high NOy level in
the prepared NO-PAW, at standardized parameters. The effects of
reactive nitrogen species, such as NOy, on biological systems, are known
to depend on their concentrations. Low concentrations can stimulate cell
function and initiate many cell signaling pathways, but at high con-
centrations, it can provoke cell death [49-51]. Moreover, the formation
of endogenous NO appears to have an encouraging antiviral effect
against human respiratory viruses. It might be postulated that the
administration of added NO could have a beneficial therapeutic effect
against these infections when endogenous NO concentrations are not
sufficiently abundant to attain significant antiviral effects. Various
strategies for administering additional NO in the body have been
recognized, some of which are in the early stages of development,
whereas others have been applied at the clinic level [52]. Many exog-
enous NO donors have been manufactured and translated at the clinical
level (not as antiviral treatments) [50,53]. In most in vitro studies, the
donor is supplied to the cell culture media and its biological effects (e.g.,
inhibition of viral replication) were examined. However, researchers
usually do not measure the concentration of generated NO; therefore,
the correlation between the therapeutic level of the donor and inhibition
of the virus is not very clear. A facile, potent substitute was discovered in
the pulmonary administration of gaseous NO through inhalation. This is
necessary from the perspective of the main topic of this discussion,
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namely the treatment of HCoVs. Inhalation of gaseous NO has been
successfully used in the treatment of respiratory conditions, including
pulmonary infections and tuberculosis [54]. More recently, portable
devices that can generate NO have been established for clinical appli-
cations [55].

NO in NO-PAW is dissolved from the gaseous phase, after being
produced by the plasma-induced breakdown of molecular oxygen and
nitrogen. The most used treatments in the SARS-CoV-2 pandemic
include various repurposed drugs and traditional methods that may
have potential safety, biocompatibility, and therapeutic efficiency is-
sues. In contrast, NO-PAW does not exhibit side effects or treatment
efficacy concerns. Based on the investigation of the HCoV-229E model,
NO-PAW drastically inactivated viruses and inhibited their infection
rate in lung host cells, reflecting the inactivation ability of the present
plasma-based strategy. Data from TCIDsq assays on MRC-5 cells suggest
that NO-PAW exerts therapeutic effects against the HCoV-229E virus by
inhibiting viral replication. In the cultured cells, virus particles
decreased and TCIDs( was altered by 2-log order of change at a NO-PAW
concentration of 1000 pM, suggesting the practicality of NO-PAW in
therapeutic applications. NO-PAW presented antiviral effects in a dose-
dependent manner at specific 100 TCIDsq virus dilution factors, but its
cytotoxicity in lung host cells was not dose-dependent, up to very high
concentrations. The antiviral compounds inhibited cell growth, with the
SI depending on experimental design and the methods used to measure
cytotoxicity [56]. Thus, the SIs of antiviral drugs, as well as CCso and
ECs¢ (by visualization of CPE), could be easily determined. We also
confirmed the antiviral activity of two compounds (chloroquine and
ritonavir) that have been previously reported to inhibit HCoV-229E
replication in vitro, along with NO-PAW. Of the evaluated alternatives,
NO-PAW was the most powerful candidate with an ECsg of 70.8 pM, a
CCsp of 2402 pM, and an SI of 33.8, indicating that it could efficiently
fight HCoV-229E infection. Both chloroquine and ritonavir had lower SI
values than NO-PAW (Fig. 4). However, most studies showed an anti-
viral effect in vitro for these two control drugs, with potential cytotox-
icity that warrants further investigation. In agreement with prior studies
[6,571, we also observed the high cytotoxicity of chloroquine and rito-
navir in MRC-5 host cells, which precluded the study of their anti-HCoV
effect. In contrast, NO-PAW showed no or minimal toxicity at concen-
trations up to 2000 pM in lung host cells (Fig. 4). On the other hand,
storage conditions are critical factors affecting the composition and
antiviral potential of PAW. In this regard, we revealed that NOy con-
centration was comparably more stable when stored at lower tempera-
tures after the generation of the NO-PAW as shown in Fig. 2.

Generally, viral infections initiate a broad range of defense mecha-
nisms inside host cells. Upon infection, viral particles are present in the
cytosol and are recognizable by intracellular sensors. These sensors
initiate signaling pathways that activate IFN regulatory factors (IRFs).
Other members of the IRF family have been shown to play a vital role in
the regulation of viral replication and apoptosis [58]. The inhibitor of
apoptosis (IAP) family member, BIRC3 has been shown to trigger IRF to
endorse an interleukin-1-mediated inflammatory response [59].
Largely, IFNs cannot directly display antiviral functions; however, they
activate the downstream JAK-STAT signaling pathway by binding to the
receptors, IFN alpha and beta receptor subunit 1 (IFNAR1) and IFNAR2,
to induce the transcription of IFN-stimulated genes (ISGs) for antiviral
activity [60,61]. It is also stated that an adaptor protein named mito-
chondrial antiviral signaling adaptor, localized in the mitochondria, is
recruited and activates IRFs to trigger the expression of IFNs and
pro-inflammatory cytokines [62]. These all genes through various
pathways collectively enhance the IRFs expression in host cell antiviral
responses. Besides, DDIT4, which is DNA damage-inducible transcript 4,
stimulated by IFN was upregulated after treatment of NO-PAW in
infected MRC-5 cells. Earlier literature suggests that DDIT4 protein
levels enhance at the time of viral entry or/and primary viral tran-
scription and are then down-regulated at late stages of infection. Mata
et al. demonstrated that the transient early induction in DDIT4 levels
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Fig. 7. Possible mechanism of virus inactivation by NO-PAW in host cells.

probably signifies an antiviral response, where DDIT4 serves as a host
defense factor [63] and prevented induction of mTORCI signaling by
the virus [64]. One another critical factor in antiviral immunity seems to
be mammalian ABCC9 protein, which was recognized to be essential for
antiviral immunity in human cells [65]. We observed that NO-PAW
efficiently upregulated the expression of the above discussed antiviral
gene response in MRC-5 host cells, upon HCoV-229E infection (Fig. 5).
Considering its efficacy in host defense system enhancement activity,
NO-PAW can act as an anti-viral agent after more preclinical studies for
the treatment of coronavirus infections. Interestingly, NO-PAW sup-
pressed the detectable level of viral N, M and E gene mRNA, suggesting
its potential for viral inactivation itself. Confocal microscopy revealed a
wide distribution of spikes in the cytoplasm of MRC-5 cells transfected
with HCoV-229E. Spike staining is prominent in virus-infected MRC-5
cells, which may be partly explained by their adherence to membrane
receptors and synthesis of spike protein, prior to them assembling to
form new virus particles during the replication process. Flow cytometric
analysis revealed the remarkable reduction of spike protein levels after
NO-PAW treatment (Fig. 6). The results indicated that NO-PAW have the
potential to suppress the spike protein expression in 229E-infected
MRC-5 cells, suggesting possible viral inactivation in host cells. These
findings propose that NO-PAW efficiently reducing the construction of
viral genome assembly and inducing the expression of host cell antiviral
response genes to lead biocompatible and nontoxic candidate for ther-
apeutic purposes (Fig. 7). Further studies should be extended to pseu-
doviruses to explore the specificity of NO-PAW against novel and future
coronaviruses.

5. Conclusion

Herein, we confirmed the anti-coronavirus effect of plasma gener-
ated gaseous NO based NO-PAW by comparing it to two well-known
antiviral compounds, hydroxychloroquine, and ritonavir, which have
been previously reported to inhibit HCoV replication in vitro. Our find-
ings indicated that, among all tested compounds, plasma generated
gaseous NO offered the most powerful means to fight HCoV infection in
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lung host cells. NO-PAW reduced viral RNA load and decreased the
expression of spike proteins, thereby improving the host antiviral
response. The outcomes of the present investigation, conducted in our
plasma bioscience center, could reflect future treatment strategies
against coronavirus infection that are affordable and could be used in a
clinical setting. Administration routes could include oral, intratracheal,
or intraperitoneal delivery, or form part of a combined treatment
regimen against coronavirus diseases. Future clinical trials concerning
this topic are required to further improve understanding of the antiviral
activity of NO-PAW.
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