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ARTICLE INFO ABSTRACT

Keywords: The global epidemic caused by SARS-CoV-2 has brought about worldwide burden and a sense of
Plasma-activated water danger for more than two years, leading to a wide range of social, public health, economic and
SARS-COV-2

environmental issues. Self-inoculation through hands has been the primary way for environ-
mental transmission of SARS-CoV-2. Plasma-activated water (PAW) has been reported as an
effective, safe and environmentally friendly disinfectant against SARS-CoV-2. However, the
inactivating effect of PAW on SARS-CoV-2 located on skin surface and its underlying mechanism
of action have not been elucidated. In this study, PAW was prepared using an air-pressure plasma
jet device. The antiviral efficiency of PAW1, PAW3, and PAWS5 on the SARS-CoV-2 pseudovirus
was 8.20 % (£2.88 %), 46.24 % (£1.79 %), and 91.71 % (+0.47 %), respectively. Additionally,
determination of PAW’s physicochemical properties, identification of major sterile effector in
PAW, transmission electron microscopy analysis, malondialdehyde (MDA) assessment, SDS-
PAGE, ELISA, and qPCR were conducted to reveal the virucidal mechanism of PAW. Our
experimental results suggested that peroxynitrite, which was generated by the synergism of acidic
environment and reactive species, was the major sterile effector of PAW. Furthermore, we found
that PAW treatment significantly inactivated SARS-CoV-2 pseudovirus through the destruction of
its structure of and the degradation of the viral RNA. Therefore, the possible mechanism for the
structural destruction of SARS-COV-2 by PAW is through the action of peroxynitrite generated by
the synergism of acidic environment and reactive species, which might react with and destroy the
lipid envelope of SARS-CoV-2 pseudovirus. Nevertheless, further studies are required to shed light
on the interaction mechanism of PAW-inherent RONS and viral components, and to confirm the
determinant factors for virus inactivation of SARS-COV-2 by PAW. Therefore, PAW may be a
candidate hand disinfectant used to disrupt the transmission of SARS-CoV-2.
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1. Introduction

The global pandemic of coronavirus disease 2019 (COVID-19) has resulted in significant social, public health, economic, and
environmental challenges [1]. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19,
primarilys alveolar epithelial cells, leading to respiratory tract transmission [2]. The genome of SARS-CoV-2 consists of a
single-stranded positive-sense RNA (4ssRNA) surrounded by a capsid formed by the nucleocapsid protein (N protein). The capsid is
enveloped by a lipid membrane composed of the membrane protein (M protein), spike glycoprotein (S-protein), and envelope protein
(E protein) [3]. The S-protein, located on the surface of the lipid envelope, plays a crucial role in binding to the receptor
angiotensin-converting enzyme 2 (ACE2) and mediating viral entry into host cells [3,4]. The receptor-binding domain (RBD), with an
approximate size of 34 kDa, is an important region of S1 which specifically binds to the receptor angiotensin-converting enzyme 2
(ACE2) mediating the entry of SARS-CoV-2 into the host cells [4].

In addition to respiratory droplets, SARS-CoV-2 has been detected on various surfaces commonly touched by hands, such as
stainless steel, plastics, and paper currency [5]. Self-inoculation, where contaminated hands come into contact with mucosal regions of
the face, is a significant mode of transmission [6]. Self-inoculation is a form of contact transmission, where a person’s contaminated
hands contact with the mouth, eyes, and nostrils, introducing the pathogens to oneself via an mucosal region [6,7]. SARS-CoV-2
remains highly infectious on the skin surface, even for extended periods [5b]. Therefore, hand hygiene is of utmost importance in
preventing the environmental spread of SARS-CoV-2 [5b,8].

Cold atmospheric plasma (CAP) is obtained at ambient temperature and atmospheric pressure, and contains great quantities of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), such as hydroxyl radicals (¢OH), singlet oxygen (*O,), nitrogen
dioxide (NOy), nitric oxide (NO), and ozone (O3) [9]. Based on their discharge mode, the most commonly used CAP devices can be
divided into dielectric barrier discharge (DBD), air-pressure plasma jet (APPJ), and corona discharge devices [9b].

CAP has been proposed as a potential technology for the disinfection of surfaces contaminated by various pathogens [10]. For
instance, Chen et al. observed that Ar-fed CAP jet treatment for 3 min inactivated 100 % of SARS-CoV-2 on plastic, metal, cardboard,
basketball composite leather, football leather, and baseball leather [11]. In our previous study, we reported that air-DBD treatment
exerted dose-dependent inactivating effect on SARS-CoV-2 on stainless steel surface [12].

Plasma-activated water (PAW) is produced by treating water with CAP, resulting in the generation of reactive species that possess
antimicrobial properties [13]. PAW has been shown to effectively inactivate a wide range of microorganisms, including bacteriophages
and viruses, making it a promising disinfectant [14]. When the reactive species of CAP are dissolved in water, the generated long-living
secondary reactive species, such as HyO, (hydrogen peroxide), NO3 (nitrate), and NO3 (nitrite) anions, are effective in inhibiting
microorganism growth [15]. PAW-inherent ROS and RNS (RONS) damaged both the nucleic acids and proteins of bacteriophages T4,
174, MS2, and Newcastle disease virus, causing their inactivation [16]. Guo et al. found that PAW effectively inactivated SARS-CoV-2
pseudovirus in solution through modification on the RBD of its spike protein [17]. Compared with traditional chemical sanitizers, such
as chlorinated disinfectants, 75 % ethanol and iodophor, PAW is more easily prepared, more environmentally friendly, and less toxic
[13,18]. Therefore, PAW exhibits great potential as an effective, safe, and green hand disinfectant that can minimize the environmental
transmission of SARS-CoV-2.

Compared with object surfaces, the structure of human skin is more complex, which contains plenty of substances, such as urea,
lipids, and inorganic salts. When the skin is contaminated, pathogens can be found not only on the surface of the skin, but also in the
deeper areas of the stratum corneum or in the hair follicles [19]. Lademann et al. reported that CAP treatment reduced by 94 % the
bacterial contamination on swine skin [20]. On chicken skin, PAW showed 0.35 log CFU/mL of E. coli and 0.73 log CFU/mL of S. aureus
decrement, respectively [21]. However, the inactivation effects of PAW on SARS-CoV-2 on the skin surface have not been reported.

In this study, we evaluated the inactivating effects of PAW on SARS-CoV-2 pseudovirus located on swine skin. We prepared PAW
using an air-pressure plasma jet device and evaluated its inactivation effects using microscopy and molecular techniques. Additionally,
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Fig. 1. Experimental process of PAW preparation and treatment against SARS-CoV-2 pseudovirus on swine skin.
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we investigated the physicochemical properties of PAW and explored the possible virucidal mechanisms. Our results suggest that PAW
has the potential to be used as an effective hand disinfectant to disrupt the transmission of SARS-CoV-2.

2. Materials and methods
2.1. CAP device and preparation of PAW

In this study, PAW was prepared with APPJ device (Fig. 1). This device has been designed and manufactured by ourselves, which is
connected to a 140 kHz AC power source with a high voltage of 20 kV. The working gas was air at a flow rate of 40 L/min. A volume of
100 mL of PAW was prepared by CAP irradiation of ultrapure water (100 mL) in a 250-mL beaker. To avoid liquid splashing and loss,
and ensure sufficient interaction between the plasma and ultrapure water, a test tube with four holes at its bottom was designed to
cover the APPJ nozzle. The distance between the APPJ plume and the ultrapure water was fixed at 2 cm, and the four holes of the
covering test tube were half-submerged in ultrapure water. Three groups of PAW samples were prepared under CAP irradiation for 1, 3,
and 5 min, which were named PAW1, PAW3, and PAWS5, respectively. The untreated ultrapure water was set as a control group (CR).

2.2. Antiviral activity assay

2.2.1. Pseudovirus treatment

Due to the high infectivity and pathogenicity of SARS-CoV-2, experiments need to be performed under high-level safety measures in
biosafety level-3 (BSL-3) laboratories, which has severely limited the development of antiviral research. The pseudovirus has the
ability to infect cells, similar to the true virus but without its replication ability, and thus can be safely handled in biosafety level-2
(BSL-2). Pseudovirus of SARS-CoV-2 (Fubio, China) with the SARS-CoV-2 S-protein and RNA sequence of GFP, was subjected to
PAW treatments. First, swine skin without hair was obtained from a trusted local butcher. This skin was carefully excised from the
upper region of the front leg of a female Landrace swine weighing between 30 and 40 kg. Following this, the skin underwent a
thorough cleansing using ultrapure water and was subsequently disinfected by exposure to ultraviolet light for a duration of 30 min.
Finally, the skin was precisely cut into squares measuring 0.25 x 0.25 cm. Then, 10 L of 2 x 107 TU/mL pseudovirus solution was
placed on the swine skin, air-dried for 20 min in a biosafety cabinet, and treated with 10 pL of PAW and untreated ultrapure water for 1
min. Finally, the pseudovirus was eluted from the swine skin with complete culture medium (CCM containing 89 %(v/v) Dulbecco’s
modified Eagle’s medium (DMEM, Biological Industries, Israel), 10 %(v/v) fetal bovine serum (Excell bio, China), and 1 % (v/v)
penicillin-streptomycin (Biological Industries, Israel)), to obtain 120 pL of pseudovirus-containing CCM.

2.2.2. Infection assay

The host cell, which is human embryonic kidney (HEK) 293T cell overexpressing ACE2 receptor, was purchased from Fubio
(Jiangsu, China). First, HEK 293T cell were incubated in a 96-well plate at 37 °C and 5 % CO> until its coverage rate reached 40 %.
Next, the residual CCM in each well was removed and cells were infected with 120 pL of pseudovirus-containing CCM. After incubation
for 7 h, the pseudovirus-containing CCM was replaced with fresh CCM and cultured for 72 h. Finally, the pseudovirus infection was
monitored using an inverted fluorescence microscope (Leica, Germany) at 100 x magnification. The number of GFP-positive spots was
counted using fluorescent enzyme-linked ImmunoSpot® analyzer manufactured by Cellular Technology Ltd. (CTL, Cleveland, OH,
USA).

2.3. Transmission electron microscopy

Different from the antiviral activity assay, 200 pL of phosphate buffered saline (PBS) was first used to elute the swine skin to obtain
pseudovirus-containing PBS. Then, 2 pL of the pseudovirus-containing PBS was deposited on a 230-mesh copper screen and stained
with 2 % uranyl acetate. Finally, the post-treatment pseudoviral morphology in the different groups was examined using a 120-kV
transmission electron microscope (FEI, USA) at x 43,000 magnification.

2.4. Physicochemical properties of PAW

The pH and electrical conductivity of PAW were detected by a pH meter (Mettler-Toledo, USA) and an electrical conductivity meter
(Leici, China) respectively. The ORP values were determined using an ORP electrode (Mettler-Toledo, Columbus, OH, USA), which was
connected to the same pH meter. All experiments were performed in triplicate.

The Hy04 concentration of PAW was measured by a Hydrogen Peroxide Assay Kit (Beyotime, China) following the operation
procedure manual. To quantify the NO3 concentration of PAW, 200 pL of 1 mol/L hydrochloric acid and 20 pL of 0.8 % sulfamic acid
were added to 10 mL PAW, followed by determination through ultraviolet absorption spectrometry (Jinghua, China) at 220 nm [22].
The level of NO3 of PAW was determined at 540 nm using 200 pL of 10 g/L sulphanilamide as a diazotizing reagent and 200 pL of 1.0
g/L N-(1-naphthy1l)-ethylenediamine hydrochloride as a coupling reagent [23].

2.5. Malondialdehyde (MDA) assessment

MDA levels were assessed using a Lipid Peroxidation MDA Assay Kit (Beyotime, China). First, 100 pL of pseudovirus-containing
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PBS, which was prepared by the method described above, was added to a microfuge tube. Then, 100 puL working solution for MDA
detection was added, mixed and heated for 15 min at 100 °C in a boiling water bath. After cooling to room temperature, the mixture
was centrifuged at 1000xg for 10 min to obtain 200 pL of supernatant. Finally, the absorbance of the supernatant was measured by a
microplate meter (Molecular Devices, USA) at 532 nm. To eliminate the interference of the self-contained lipid on the swine skin [24],
the swine skin without SARS-CoV-2 pseudovirus was treated with the same PAW, and then the detected MDA concentration was used
for MDA calibration in the treatment and control groups.

2.6. RBD protein measurement

RBD protein solution was dropped onto the swine skin, followed by treatment with CR, PAW1, PAW3, and PAWS5, and five-fold
elution with PBS to obtain 120 pL of RBD-containing PBS. In this study, SDS-PAGE and ELISA were applied to detect the molecular
weight and antigenic changes of RBD, respectively.

In SDS-PAGE assay, electrophoresis was conducted according to the procedure described in our previous study, but the silver
staining was performed instead of Coomassie bright blue staining using a Rapid Silver Staining Kit (Beyotime, China), which is more
sensitive to small protein fragments.

The binding activity of the RBD protein was measured with the SARS-CoV-2 spike protein S1 RBD ELISA Kit according to the
manufacturer’s protocol (Elabscience, China). A volume of 20 pL of RBD-containing PBS and the biotinylated anti-RBD antibody were
added onto the plate, which was simultaneously coated with an anti-RBD antibody. The absorbance value was measured at 450 nm
(A450nm) With a microplate meter (Bio-Rad Laboratories, Hercules, CA, USA).

2.7. Pseudoviral RNA extraction and quantitative polymerase chain reaction (qPCR)

Briefly, the Virus RNA Kit (Tiangen, China) was used to extract pseudoviral RNA, whose concentration and purity were qualified to
be reversely transcribed using an ultra-micro nucleic acid protein tester (Jiapeng, China) to inspect. Reverse transcription and real-
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Fig. 2. Suppressive effects of CR, PAW1, PAW3, and PAWS5 on the pseudovirus. a) The pseudovirus infection was monitored using an inverted
fluorescence microscope. The number of the cells in the bright fields was approximately 2500. The lower number of GFP-positive cells in the dark
fields indicated attenuated infection capacity of the pseudovirus treated with PAWs. Notably, the pseudovirus treated with PAW5 completely lost its
infective capacity. b) The antiviral efficiency of CR and PAWs. “****” indicates extremely significant difference as compared with the CR group (P
< 0.0001).
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time PCR were conducted following the manufacturer’s instructions of the cDNA First Strand Synthesis Kit (Tiangen, China) and the
Fluorescent Quantitative Detection Kit (Tiangen, China), respectively. PCR was applied to detect the target sequence of luciferase (Luc)
in the pseudoviral genome using Ct values. The primers of Luc, the reaction solutions and time setting were previously described. In
this assay, the percentage reductions of RNA in the pseudovirus were calculated according to the formula [25]:

“ Treated Sample Ct Value” — “K Ct Value”
40 — “K Ct Value”

The upper detection limit of Ct for Luc was 40 and was approximated to 100 % of the eliminated RNA, and “K” refers to pseudovirus
without PAW treatment [25].

%RNA reduction =

2.8. Cytotoxicity of PAW against normal skin cells

Normal human HaCaT keratinocytes were used to evaluate the cytotoxicity of PAW. HaCaT cells was inoculated into 96-well cell
culture plates at a density of 5 x 10° cells/well. After 24 h, 10 pL of PAW5 was added to each well, followed by incubation for 6 h. Cell
viability was then estimated as a ratio to untreated cells. Cell Counting Kit-8 (CCK8) (Sangon, China) was used based on absorbance at
450 nm.

2.9. Statistical analysis
All experimental data are presented as mean + standard deviation (SD) from at least three replicates. The differences between the
control group and the treatment groups were subjected to one-way ANOVA and Tukey’s test at a 5 % significance level. Both data

analysis and charts plotting were completed using GraphPad Prism 8 (GraphPad Software Inc.; San Diego, CA, USA). The statistical
significance of the differences was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

(b)

(d)

Fig. 3. Transmission electron microscopy (TEM) analysis of the pseudovirus treated with CR (a), PAW1 (b), PAW3 (c), and PAWS5 (d) (plotting scale:
100 nm).
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3. Results
3.1. Infective capacity of the pseudovirus

The pseudovirus used in this experiment successfully invaded 293T cells overexpressing the ACE2 receptor and expressed GFP upon
successful infection. Therefore, the expression of GFP was measured to assess the infectious efficiency of the pseudovirus. The number
of GFP-positive cells in a defined area containing approximately 2500 cells was determined. As shown in Fig. 2a, the number of GFP-
positive cells in the pseudovirus-infected cells treated with CR and PAW1 were comparable. However, PAW3 demonstrated effective
inactivation of the pseudovirus, as indicated by the significantly lower number of GFP-positive cells. Encouragingly, no GFP-positive
cells were observed in the cells infected with the pseudovirus treated with PAWS. To further quantify the differences in antiviral effects
between PAW1, PAW3, and PAWS, a fluorescence enzyme-linked immunospot assay was performed to count the GFP-positive cells in
each well. As depicted in Fig. 2b, the numbers of GFP-positive cells in the PAW1, PAW3, and PAW5 treatments were significantly lower
compared to the CR treatment. The antiviral efficiency of PAW1, PAW3, and PAW5 against the SARS-CoV-2 pseudovirus was deter-
mined to be 8.20 % (+2.88 %), 46.24 % (+1.79 %), and 91.71 % (£0.47 %), respectively.

3.2. Morphological pseudovirus changes by PAW

The morphological changes induced by PAW have been recognized as a crucial mechanism underlying its action in preventing
microbial infections [26]. Therefore transmission electron microscopy (TEM) was employed to investigate the morphological alter-
ations of the pseudovirus. Uranyl acetate staining was used to visualize the inner contents of the pseudovirus, which lacked intact
structure. As depicted in Fig. 3a and b, the pseudovirus structures remained intact following treatment with CR and PAW1, with no
penetration of uranyl acetate dye into the pseudovirus. However, Fig. 3© revealed that the pseudovirus treated with PAW3 was still
intact, yet displayed extensive internal staining. Notably, no intact pseudovirus was observed after treatment with PAW5 (Fig. 3d). The
TEM results strongly suggested that the presence of reactive oxygen and nitrogen species (RONS) in PAW led to the destruction of the
viral structure.

3.3. Physicochemical properties of PAW

To establish the mechanism of PAW virucidal action, we determined its physicochemical properties, including pH, electrical
conductivity, ORP, HoO,, and NO3 and NO3 concentration. As shown in Fig. 4a, the pH of PAW was significantly decreased to 2.86
(0.02) after 5 min of CAP irradiation. As presented in Fig. 4b and c, under CAP treatment in 5 min, the electrical conductivity and ORP
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Fig. 4. Changes in the pH (a), electrical conductivity (b), ORP (c), H2O2 (d), NO3 (e) and NO; (f) concentration of PAW over 5 min of CAP
irradiation. “****” indicates extremely significant difference as compared with the CR group (P < 0.0001).
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of PAW significantly increased from 4.92 (+£0.09) pS/cm to 641.67 (21.01) pS/cm, and from 306.00 (+4.58) mV to 567.67 (+1.53)
mV, respectively. Fig. 4d, e and 4f illustrate the generation of HyO3, NO3, and NO3 in PAW treated with CAP; their concentration rose
to 873.02 (£19.92) mmol/L, 1.405 (+0.007) pmol/mL, and 0.095 (£0.002) pmol/mL in 5 min, respectively.

3.4. The major sterile effector of PAW

To confirm the primary sterile effector of PAW, the Pearson’s correlations between physicochemical parameters and the antiviral
efficiency of PAW1, PAW3, and PAWS5 were evaluated. The Pearson correlation coefficients for the antiviral efficiency in relation to
H,0,, NO3, and NO; concentrations were found to be 0.639, 0.892, and 0.942, respectively. Therefore, significantly positive cor-
relation was obtained between antiviral efficiency of PAW and H>02, NO3, as well as NO3 concentration. To evaluate the effect of these
long-lived species in PAW, a mixture of H2O5 (873 mmol/L), NO3 (1.405 pmol/mL), and NO3 (0.095 pmol/mL) was used to treat the
pseudovirus. However, this treatment inactivated the pseudovirus only by 6.29 % (+0.69 %), indicating that the three long-living
species are not the major sterile effectors. Therefore, it was necessary to investigate whether the short-living ROS species,
including hydroxyl radicals(eOH), singlet oxygen (105), and peroxynitrite (ONOO™), could act as the major sterile effectors of PAW. In
this study, the common RONS scavengers, which were superoxide dismutase mimetic Mn(IID)tetrakis (4-benzoic acid) porphyrin
(MnTBAP) for peroxynitrite, and N-acetyl-i-cysteine (NAC) for ROS were used to distinguish the contribution of the different short-
living species to the viricidal effect of PAWS. We established that MnTBAP reduced the antiviral efficiency of PAWS5 on the pseudo-
virus to 4.24 % (+£0.97 %), whereas NAC only reduced the antiviral efficiency of PAW5 on the pseudovirus to 85.85 % (+0.72 %).
These data suggested that ONOO- significantly contributed to the inactivation effect of PAW against the pseudovirus. Next, to
determine the effect of pH on the virucidal ability, pH of PAW5 was adjusted to 7.0, and its antiviral efficiency was detected. The
results showed that the antiviral efficiency was significantly decreased from 91.71 % (+£0.47 %) to 21.71 % (+1.02 %).

3.5. Lipid peroxidation of the pseudoviral envelope

Lipid peroxidation of the pseudoviral envelope can result in destruction of the pseudovirus. MDA, one of the most common by-
products of lipid peroxidation, is frequently used as a biomarker for lipid peroxidation. The graph in Fig. 5 depicts the calibrated
concentration of MDA in the pseudovirus in the different treatment groups. The calibrated MDA concentration was O in the pseu-
dovirus treated with PAW1, which was the same as that treated with CR. As expected, the calibrated MDA concentration of pseudovirus
on the swine skin treated with PAW3 and PAWS5 increased significantly from 0 to 5.94 (£0.23) pM and to 6.59 (+0.79) pM,
respectively.

3.6. Effects of PAW on the RBD protein of the pseudovirus

Altering the binding ability of the RBD region is one of the possible mechanisms of SARS-CoV2 pseudovirus infection prevention by
PAW [17]. Thus, we treated the RBD sample with different PAW exposure doses to assess whether cleavage of the peptide chain was
induced. SDS-PAGE analysis was performed followed by silver staining. As can be seen in Fig. 6a, the RBD protein on the swine skin
treated by PAW displayed obvious brands between 30 and 37 kDa in their lanes, which had the same location, brightness and thickness
as that of the control group. The results of SDS-PAGE indicated that the RBD protein on the swine skin was not degraded by PAW.

Further, an ELISA experiment was conducted to verify the effect of PAW on RBD protein binding activity. The A450nm values of the
RBD protein in the CR, PAW1, PAW3, and PAW5 treatments were 0.78 (£+0.02), 0.79 (£0.03), 0.75 (+0.03), and 0.75 (£0.05),
respectively, with no significant differences (Fig. 6b). These results confirmed that the binding activity of the RBD protein on swine
skin was not changed by PAW.
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Fig. 5. Calibrated MDA concentration of the pseudovirus treated with CR and PAWs. “****” indicates extremely significant difference as compared
with the CR group (P < 0.0001).
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3.7. Effects of PAW on RNA of pseudovirus

It is of importance to confirm whether pseudoviral RNA was also a target of PAW with a role in viral inactivation on the swine skin.
Thus, we evaluated the effects of PAW on pseudoviral RNA by qPCR. As can be observed in Fig. 7, the RNA reduction in the pseudovirus
treated with CR was set as 0, and then the RNA reduction of pseudovirus treated with PAW1, PAW3, and PAWS5 were 2.1 % (£0.3 %),
16.69 % (+4.4 %), and 23.37 % (+2.26 %), respectively. Based on this experimental evidence, we suggest that both PAW3 and PAW5
significantly but not completely degraded the pseudoviral RNA on the swine skin.

3.8. No cytotoxicity of PAW to the normal skin cells

CCK8 assay was conducted to determine the cytotoxic effect of PAW5 on normal skin cells. As visible in Fig. 8, in HaCaT cells
(normal skin cells) treated with PAW, the viability was nearly equal to that of the control cells. Based on the results of the cytotoxicity
assay, PAW had no toxicity to normal skin cells.

4. Discussion

Previous research has evidenced the potential of PAW as a novel disinfectant due to its outstanding inactivation effect against a
broad range of pathogens, including S. aureus [27], E. coli [28], and Newcastle disease virus [16b]. Additionally, several studies have
highlighted the mechanisms underlying microbial inactivation by PAW, which involve interactions between PAW’s reactive species
and the structural components of bacteria or viruses. These interactions result in processes such as lipid peroxidation, protein
degradation, and nucleic acid damage [29]. Importantly, PAW is free from harmful chemicals and non-toxic to normal skin cells [14,
30]. Therefore, it is worth investigating whether PAW can be utilized as an effective hand disinfectant to mitigate self-inoculation of
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Fig. .7. RNA reduction of pseudovirus treated with CR and PAWs. “****” indicates extremely significant difference as compared with the CR group
(P < 0.0001).
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Fig. .8. Cytotoxicity of PAWS5 to HaCaT cells. Cell viability was investigated by CCK8 assay after treatment with PAWS5 and CR. As a result, the Aysg
of HaCaT cells treated with PAWS5 and CR were 0.98 (0.04) and 0.97 (0.04), respectively.

SARS-CoV-2.

Lee et al. demonstrated the effectiveness of PAW as a skin disinfectant against SARS-CoV-2 [30]. However, their study was limited
to an infected cell solution. In our research, PAW1 showed no inactivation effect on the SARS-CoV-2 pseudovirus on swine skin, while
PAWS3 significantly inactivated the pseudovirus. Furthermore, PAWS completely inactivated the pseudovirus on swine skin. These
results confirm the dose-dependent inactivation effect of PAW on SARS-CoV-2 on swine skin.

The potential of both CAP and PAW to destroy the structure of the feline calicivirus [31] and T4 bacteriophage [16a] has been
confirmed. Additionally, PAW was reported to cause cell membrane leakage through the oxidative stress which allowed the RONS to
enter the cells [32]. In our study, PAW3 may have caused leakage of the pseudovirus envelope, enabling PAW-inherent RONS to enter
and inactivate the pseudovirus. Complete structural collapse of the pseudovirus was observed with PAWS5, which explains its thorough
inactivation effect on the pseudovirus on swine skin. Thus, the destruction of the pseudoviral structure by PAW is the crucial
mechanism underlying its virucidal effect.

The CAP exposure dose of PAW is a crucial factor in its viral inhibition effect [16a]. However, the reference value of the exposure
dose is limited due to variations in CAP devices and operating parameters used in different studies. To address this issue, the physi-
cochemical properties of PAW, such as pH, electrical conductivity, ORP, H2O5, and NO3 and NO3 concentration, have been used as
general and rapidly established indexes to investigate the antimicrobial mechanisms of PAW and expand its potential applications
[13b]. PAW has a lower pH value but higher electrical conductivity and ORP compared to ultrapure water. The generation of ions,
including H", NO3, and NO3, decreases pH and increases the electrical conductivity of PAW [33]. Meanwhile, mainly the formation of
H,0; in PAW is regarded to be responsible for the enhancement of its ORP [34].

In our experiment, both acidification (pH decrease from 7.19 to 3.40) and the increase of HoO; concentration observed in PAW1,
which had a weak deactivation effect on the pseudovirus. Thus, neither acidic pH nor HyO concentration of PAW was confirmed to be
the dominant parameter inducing its antiviral effect. Similar results were also obtained by Tian et al. [35], who found that the higher
disinfection efficiency of PAW against S. aureus was not associated with the pH value and H,O, concentration. Nevertheless, the
experimental results presented here indicated that at non-acidic pH, PAW loses most of its antiviral ability. Additionally, the pH values
of PAW3 and PAWS5, which both inactivated the pseudovirus, were significantly lower than that of PAW1. Basically, two main
mechanisms of the antimicrobial activity-inducing effects of acidic pH on on PAW. On the one hand, as Gaunt et al. proposed, a
PAW-generated superoxide radical accepts a proton in acidic environment proceeding to form a hydroperoxyl radical, which pene-
trates the lipid membrane and then changes to hydroxyl radical in the cytosol (pH = 7.2) resulting in devast of cellular structure [36].
On the other hand, the formation of NO5 and HpO5 in PAW under acidic environment may proceed to form the peroxynitrite (ONOOH)
through the reaction NO3 + H,05 + HT - ONOOH + H,0 [29a].

Peroxynitrite is an isomer of NO3, which has been recognized as the major sterile effector of PAW [13a,37]. For example, Hye Ran
Lee et al. reported that peroxynitrite significantly contributed bactericidal effect of PAW against S. aureus [30]. Another example, Li
Guo et al. suggests that peroxynitrite in PAW play crucial roles in the inactivation against SARS-COV-2. However, the half-life of
peroxynitrite is less than 1s, which is too short to explain the anti-microbial effect of PAW. Therefore, it is of great necessity to
continuously generate the peroxynitrite in PAW through the synergism of acidic environment, NO3 and H,O5. The short-living species
in PAW, including peroxynitrite, singlet oxygen, and eOH radical, easily react with a wide range of organic compounds [38].
Therefore, the various self-contained compounds on the surface of swine skin may weaken the effect of these short-living species in
PAW [24]. We speculated that no sufficient peroxynitrite was formed in PAW1 to counteract the interference of the impurities on the
swine skin, because of its higher pH value and lower concentration of NO3 than those of PAW3 and PAWS. All in all, our experimental
results suggested that peroxynitrite was identified as the major sterile effector of PAW, and acidic environment, NO; and H,O5 were
prerequisites for the formation of peroxynitrite.

Peroxynitrite in PAW is known to cause lipid peroxidation of microbial membranes [32,39]. The lipid envelope of SARS-CoV-2
contains polyunsaturated fatty acids, which are susceptible to peroxidation by peroxynitrite [40]. The resulting levels of



Y. Xu et al. Heliyon 10 (2024) e34337

malondialdehyde (MDA), a marker of lipid peroxidation, were significantly higher in the pseudovirus treated with PAW3 and PAW5
compared to the control. However, the MDA levels in the pseudovirus treated with PAW3 and PAW5 were similar, despite differences
in the antiviral activity assay and TEM observations. This suggests that PAW may have additional anti-SARS-CoV-2 mechanisms on
swine skin. Dolezalova and Lukes [41] also reported an increased MDA level of E. coli under prolonged PAW treatment, indicating lipid
peroxidation of the microbial membrane. However, the MDA levels of the pseudovirus treated with PAW3 and PAWS5 were similar,
which differed from the results of the antiviral activity assay and TEM observations. Thus, other anti-SARS-COV-2 mechanisms are
possible to have been realized by PAW on the swine skin.

Prior research has shown that peroxynitrite in PAW can degrade viral proteins, contributing to its inactivation effect on SARS-CoV-
2 [17]. Interestingly, the NO2— level in PAW5 was more than twice that of PAW3 under more acidic conditions, potentially resulting in
a higher peroxynitrite content. However, our results indicate that PAW had little effect on the receptor-binding domain (RBD) protein
of SARS-CoV-2. Considering that the RBD protein is only a fragment of the S-protein, the degradation of the S-protein may be another
mechanism leading to viral destruction on swine skin, requiring further investigation for confirmation.

RONS in PAW can attack the sugar-phosphate backbone of viral DNA/RNA, subsequently leading to viral death [16,42]. As ex-
pected, the increasing trend of RNA reduction was consistent with that of PAW’s inhibitory effect on the pseudovirus. However, the
pseudovirus RNA reduction caused by treatment with PAWS5 was only around 23.37 %, whereas complete pseudovirus inactivation
was achieved in the PAWS treatment. Therefore, the degradation of the viral RNA by PAW is probably one of the important
SARS-COV-2 inactivation mechanisms.

5. Conclusion

In conclusion, the findings of this study demonstrate the ability of PAW to deactivate the SARS-CoV-2 pseudovirus on swine skin.
This suggests that PAW has the potential to serve as an effective hand disinfectant for preventing self-inoculation of SARS-CoV-2. The
proposed mechanism of PAW-induced SARS-CoV-2 inactivation involves the generation of peroxynitrite through the synergistic effects
of an acidic environment and reactive species. This peroxynitrite formation may lead to changes in viral morphology and degradation
of viral RNA. Further investigations are needed to elucidate the interaction mechanism between PAW’s inherent reactive oxygen and
nitrogen species (RONS) and viral components.
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