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e Wide-spectrum disinfection using pulse
power-driven CAP on coronavirus and
SARS-CoV-2 variants is studied for the
first time.
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and SARS-CoV-2 variants within 300s.
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ARTICLE INFO ABSTRACT

Editor: Danmeng Shuai Coronavirus disease 2019 (COVID-19) has become a worldwide public health emergency, and the high trans-
mission of SARS-CoV-2 variants has raised serious concerns. Efficient disinfection methods are crucial for the

Keywords: prevention of viral transmission. Herein, pulse power-driven cold atmospheric plasma (CAP), a novel steriliza-

SARS-CoV-2

tion strategy, was found to potently inactivate SARS-CoV-2-like coronavirus GX_P2V, six strains of major
epidemic SARS-CoV-2 variants and even swine coronavirus PEDV and SADS-CoV within 300 s (with inhibition
Coronavirus rate more than 99%). We identified four dominant short-lived reactive species, ONOO", 102, 05 and-OH,
Short-lived reactive species generated in response to CAP and distinguished their roles in the inactivation of GX_P2V and SARS-CoV-2 spike
Peroxynitrite anion protein receptor binding domain (RBD), which is responsible for recognition and binding to human angiotensin-
converting enzyme 2 (hACE2). Our study provides detailed evidence of a novel surface disinfection strategy for
SARS-CoV-2 and other coronaviruses.

Cold pressure plasma
Pseudotyped variants

* Corresponding author at: College of Life Science and Technology, Beijing University of Chemical Technology, Beijing 100029, China.
** Corresponding authors.

E-mail addresses: tong.yigang@gmail.com (Y. Tong), fanhuahao@mail.buct.edu.cn (H. Fan), wrx@mail.buct.edu.cn (R. Wang).
1 These authors contributed equally.

https://doi.org/10.1016/j.jhazmat.2022.128414

Received 11 December 2021; Received in revised form 19 January 2022; Accepted 31 January 2022
Available online 4 February 2022

0304-3894/© 2022 Elsevier B.V. All rights reserved.


mailto:tong.yigang@gmail.com
mailto:fanhuahao@mail.buct.edu.cn
mailto:wrx@mail.buct.edu.cn
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2022.128414
https://doi.org/10.1016/j.jhazmat.2022.128414
https://doi.org/10.1016/j.jhazmat.2022.128414
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2022.128414&domain=pdf

H. Qin et al.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
novel coronavirus that emerged in 2019 and caused the global epidemic
of COVID-19 (Dehning et al., 2020; Zhou et al., 2020). It is infectious to
the human respiratory tract, causing fever, dry cough, fatigue, shortness
of breath, body aches, diarrhea, and other symptoms (Latinne et al.,
2020). With viral evolution, several variants, such as B.1.1.529 (Omi-
cron), B.1.617.2 (Delta), B.1.351 (Beta) and P.1 lineage (Gamma), have
emerged and become the dominant strains in the pandemic, likely
facilitating transmission in the population, increasing the severity of
infection and diminishing vaccine efficacy (Fan et al., 2022; Li et al,,
2021a,b, 2022; Lou et al., 2021). There is an urgent need to develop
additional prevention and treatment strategies and methods against
SARS-CoV-2.

It has been reported that SARS-CoV-2 can survive and retain infec-
tious on the surface of substances for up to 9 days, therefore, effective
disinfection strategies are vital for preventing and minimizing the virus
transmission (Kampf et al., 2020; Noorimotlagh et al., 2021). Current
surface disinfection methods include ultraviolet disinfection, ozone
disinfection, heat sterilization and chemical agent disinfection (Heilin-
gloh et al., 2020; Hijnen et al., 2006; Wu et al., 2020; Xiling et al., 2021).
Limitations of these disinfection methods include irreversible harm to
humans or environmental contamination. Cold atmospheric plasma
(CAP), having advantages of low cost, high flexibility and great safety, is
recognized as a new hope for viral disinfection (Zhang et al., 2021;
Bernhardt et al., 2019; Criscuolo et al., 2021; Song et al., 2022; Tx et al.,
2020; Vilcassim et al., 2021; Walcher et al., 2021).

CAP generates complex mixtures of reactive substances, such as
reactive oxygen and nitrogen species (RONS). Considering its distinct
characteristics compared to neutral gas, plasma is regarded as one of the
four states of matter together with solid, liquid and gas (Filipic et al.,
2021). During the past two decades, plasma has attracted great attention
in the food production industry and biomedical field such as oncother-
apy and skin lesions recovery, which affirm the safety for its application
(Bourke et al., 2018; Chen et al., 2017; Li et al., 2019; Metelmann et al.,
2012). Previous studies have reported that bacteria, including Staphy-
lococcus aureus and Bacillus atrophaeus, can be successfully inactivated in
vitro and in vivo using CAP (Keudell et al., 2010; Nicol McKayla et al.,
2020; Zhang et al., 2016). In addition to bacteria, plasma exhibits a
disinfecting effect on bacteriophages and feline calicivirus (Aboubakr
et al., 2015; Guo et al., 2018; Sakudo et al., 2019). The inactivation of
SARS-CoV-2 by CAP was first demonstrated by Chen et al., who used
CAP to inactivate SARS-CoV-2 on various surfaces (Chen et al., 2020),
and their alternative current (AC)-powered plasma exhibited efficient
disinfection of virus within 180 s with SARS-CoV-2 at 2 x 10° PFU/mLin
a 25 pL volume. Guo et al. proposed another strategy to inactivate
SARS-CoV-2 pseudovirus using plasma-activated water (PAW) which
can be generated in large volume and remains effective for several days,
and disinfection of SARS-CoV-2 was achieved using PAW treatment for
5-10 min (Guo et al., 2021).

SARS-CoV-2 is classified as a biosafety level 3 (BSL-3) agent, which
impedes related research. Lam et al. reported that pangolin coronavirus
GX_P2V isolated from Manis javanica exhibited high genomic similarity,
sharing 92.2% amino acid identity with the SARS-CoV-2 spike protein (S
protein), and using the same receptor with SARS-CoV-2 to initiate
infection (Fan et al., 2020a; Hu et al., 2021; Lam et al., 2020). Fan et al.
employed the GX_P2V model for SARS-CoV-2 pharmaceutical research
and successfully screened cepharanthine from two libraries of 2406
clinically approved drugs, which has been verified by other research
groups (Drayman et al., 2021; Fan et al., 2020b; Li et al., 2021b; Ohashi
et al., 2021). Pei et al. used the GX_P2V model to screen ultrashort
peptide RBD inhibitors that combined with hACE2 (Pei et al., 2021). All
of these cases demonstrate that pangolin coronavirus GX_P2V is an ideal
substitute model for SARS-CoV-2 research. Furthermore, pseudoviruses
expressing the S protein can be introduced to study the entry stage of
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SARS-CoV-2.

In this study, SARS-CoV-2-like coronavirus GX_P2V, pseudoviruses
incorporated with SARS-CoV-2 variants S protein were utilized to
examine the disinfection efficacy of CAP (Fig. 1A). In addition, two other
important porcine coronaviruses, coronavirus porcine epidemic diar-
rhea virus (PEDV) and swine acute diarrhea syndrome coronavirus
(SADS-CoV) were employed to evaluate the disinfection ability of CAP
on coronavirus. Microscopy images, viral attachment assays, enzyme-
linked immunosorbent assays (ELISAs), sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) assays, and viral RNA
detection and scavenger addition assays were performed to investigate
the disinfection mechanisms of CAP on coronavirus and to distinguish
the roles of RONS generated using plasma jets.

2. Materials and methods
2.1. CAP fabrication and characterization

The CAP was constructed in plasma jet form, in which the plasma
plume was ejected from the nozzle. This construction is easy to carry and
suitable for surface treatment. The CAP device was placed 10 mm above
the solution. The treatment area can be adjusted simply by grouping
individual plasma jets together (Wang et al., 2017). A schematic dia-
gram of the experimental device is shown in Fig. 1B. The plasma jet
adopted a typical needle-ring electrode structure, and the specific
structure was shown previously (Wang et al., 2016a, 2016b). The hollow
stainless steel tube was inserted into the quartz tube (inner diameter
1.5 mm, wall thickness 0.1 mm, length 150 mm) as the high voltage
electrode. A copper strip with a width of 10 mm and a thickness of
180 mm was wrapped on the surface of the quartz tube as the grounding
electrode. The plasma jet was powered using a pulse power supply
(Xi’an Smart Maple Electronic Technology, HVP-22 P, Xi’an, China).
The working gas was research grade argon (99.999%) with a flow rate of
2 SLM (standard liter per minute). The voltage and current character-
istics were monitored using a high voltage probe (Tektronix, P6015A,
1000:1, OR, USA) and a current probe (Pearson, Model 4100, 1 V/A) via
a digital oscilloscope (Lecory WR204XI, NYC, USA), respectively. Using
an applied voltage of 8 kV, two current peaks were observed at the rise
and fall times of the voltage waveform (Fig. S1(A)), presenting a typical
dielectric barrier discharge (DBD) character. The pulse power supply
with a narrow pulse rise and fall time provided a high instantaneous
power of 9 kW, and the average discharge power was calculated as
10.89 W (Fig. S1(B)).

The fiber optic cable was placed at the exit nozzle of the plasma jet
with a spacing of 40 mm to capture the light emitted from the plasma jet
to the spectrometer (Fuxiang, FX2000, Shanghai, China). A thermo-
couple (Chenyi, CY-009, Hangzhou, China) was used to measure the
plate wall temperature after plasma jet treatment.

2.2. Virus and cell proliferation

African green monkey kidney (Vero E6) cells and human hepatoma
carcinoma cell Huh 7 obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, HyClone, Utah, USA) supplemented with 10%
fetal bovine serum (FBS), 1% nonessential amino acids (NEAAs) and a
1% antibiotic-antimycotic mixture (Gibco, NY, USA). The SARS-CoV-2-
related pangolin coronavirus GX_P2V (accession No. MT072864.1) was
isolated from smuggled dead Manis javanica in 2017, and it was prop-
agated in Vero E6 cells. PEDV and SADS-CoV were maintained and
amplified in Huh 7 cells. The cells and virus were cultured at 37 °C in a
5% CO5 incubator.
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2.3. Detection of the virucidal effect using 50% tissue culture infectious
doses (TCID50) and plaque assays

To determine the virucidal effect of CAP on coronavirus, TCID50
assays and plaque assays were performed to determine the infectivity of
CAP-treated versus untreated viruses as previously described (Weston
et al., 2020). Three species of coronavirus GX_P2V (2 x10° PFU/mL),
PEDV (1 x10° PFU/mL) and SADS-CoV (1 x10° PFU/mL) suspended in
DMEM were subjected to CAP or Ar jet for various durations (10 s, 30 s,
60 s, 120 s, 180 s and 300 s). After CAP or Ar (without plasma) treat-
ments, viruses were serially diluted in DMEM containing 10% FBS, and
then the dilutions (100 pL) were inoculated into 96-well plates pre-
seeded with cell monolayers in duplicate. The cells were incubated at
37 °C with 5% CO2 and observed daily for cytopathic effect (CPE)
development for up to 3 days. The CPE of each well was observed and
recorded for TCID50 determination. The titers of infectious viruses are
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expressed as log10 TCID50/mL. For the plaque assay, viruses (2 x10°
PFU/mL) treated with CAP or Ar were diluted 10-fold from 10! to 107°
in DMEM containing 10% FBS (Fan et al., 2020b). One milliliter of each
dilution was introduced into a 6-well plate preseeded with cell mono-
layers for a 2 h incubation at 37 °C with 5% CO,. The virus inoculum
was completely removed, and the cells were supplemented with culture
media. The cells were examined daily for CPE up to 3 days. Cells were
fixed in 4% paraformaldehyde for 2 h and then stained with crystal vi-
olet for 10 min. The plaques were quantified after crystal violet staining
and washing with water.

2.4. Inactivation assay of pseudotyped SARS-CoV-2 variants

The SARS-CoV-2 S protein pseudotyped variants were prepared
using a VSV pseudotyped virus packaging system, and the packing and
quantification procedures were based on the protocol published by Nie
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Fig. 1. Schematic diagrams. (A) Schematic diagram of virus inactivation. (B) Schematic diagram of the plasma jet device for virus treatment.
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etal. (Nie et al., 2020). Plasmids expressing various S protein variants of
SARS-CoV-2 were synthesized by Ruibo Xingke Biotech (Beijing, China).
HEK-293 T cells were obtained from ATCC. One hundred microliters of
pseudoviruses bearing wild type or variant S protein treated with CAP
and untreated pseudovirions were diluted 10-fold and mixed with a
9-fold volume of DMEM supplemented with 10% fetal bovine serum
(FBS), 1% nonessential amino acids (NEAAs) and a 1%
antibiotic-antimycoticen mixture (Gibco, NY, USA) and 100 pL Vero E6
cells. After incubation at 37 °C and 5% CO, for 24 h, then the luciferase
substrate was added for chemiluminescence detection. To determine the
disinfection ability of CAP, the relative light unit (RLU) of
pseudovirus-containing medium was measured using a microplate
reader (Bio Tek, H1), and the inactivation effect was calculated as
follows:

RLU(CAP — treated) — RLU (blank)

100%
RLU(CAP — untreated) — RLU (blank) x ’

Inhibition (%) =1—

2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed to deter-
mine the morphological characteristics of virus before and after CAP
treatment. One hundred microliters of concentrated GX P2V particles
(107 PFU/mL) was subjected to CAP for 180 s. The virus samples were
irradiated with ultraviolet light for 50 min to ensure the safety for
subsequent analysis. Twenty microliters of untreated or treated GX_P2V
suspension was pipetted onto carbon-coated support membrane copper
mesh and retained for 10 min at 20 °C, followed by negative staining
with 2% phosphotungstic acid solution and for 1 min retention. After
further drying, virus particles were observed under an electron micro-
scope (JEM-1200EX, Japan) at an accelerating voltage of 100 kV.

2.6. Detection of viral attachment

GX_P2V treated with CAP was added to 24-well plates preseeded
with Vero E6 cells and incubated for 2 h at 4 °C (for viral attachment)
and 37 °C (for viral attachment and entry). After functional GX P2V
attachment to cells, the unbound GX_P2V was removed, and the cells
were washed with PBS 3 times before collection for subsequent real-time
polymerase chain reaction (RT-qPCR) analysis.

After harvesting the cells, total viral RNA was extracted and purified
using a Flying Shark® Tissue & Cell RNA Kit (Cat No. RNE11, Nobelab
Biotech, Beijing, China) and AxyPrep™ Body Fluid Viral DNA RNA Kit
(LOT. 05921KC5, Corning Life Science, Wujiang, China) in accordance
with the manufacturer’s instructions. Reverse transcription was per-
formed using a Hifair II 1st Strand cDNA Synthesis Kit (Yeasen Biotech,
Shanghai, China) to obtain viral cDNA. To perform the RT-qPCR assay,
1 pL viral cDNA was mixed with 10 pL Hieff QqPCR SYBR Green Master
Mix, 0.4 puL forward primer, 0.4 pL reverse primer and 8.2 pL water.
RT-qPCR was performed using a QuantStudio 1 Real-Time PCR detec-
tion system (Applied Biosystems, CA, USA) with a two-stage SYBR Green
method. Primer sequences are listed in Table S1 and have been previ-
ously described (Pei et al., 2021), and the procedure was performed as
follows: 95 °C for 10 min; 40 cycles of 95 °C for 10 s and 60 °C for 30 s;
and melting curve stage: 95 °C for 15 s, then 60 °C for 1 min and 95 °C
forls

2.7. Effect of CAP on SARS-CoV-2 RBD protein

The RBD located at the top side of the S protein is the key component
for cellular entry of SARS-CoV-2. To investigate the effect of CAP on the
SARS-CoV-2 RBD, ELISA was employed. ELISA of the RBD treated with
CAP was performed using a SARS-CoV-2 (2019-nCoV) Inhibitor
Screening ELISA Kit (Sino Biological, Cat No. KITO01A, Beijing, China).
Briefly, RBD (horseradish peroxidase [HRP]-conjugated) (150 ng/mL)
treated with CAP for different durations was added to each well and
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incubated at room temperature for 1 h. The wells were subsequently
washed and incubated with 3,3',5,5'-tetramethylbenzidine (TMB) sub-
strate for 15 min in the dark. Then, stop solution was added, and the
absorbance of each well was measured at 450 nm using a microplate
reader (Bio Tek, H1).

2.8. SDS-polyacrylamide gel electrophoresis (PAGE) of SARS-CoV-2 RBD

Purified SARS-CoV-2 RBD (2 pg/mL) was treated with Ar-fed CAP for
various durations. The proteins were boiled at 100 °C for 10 min and
loaded in 15% gradient SDS-PAGE gels. Finally, the RBD band was
visualized using Coomassie Blue staining.

2.9. Investigation of the CAP degradation effect on viral RNA

GX_P2V particles were exposed to Ar-fed CAP for various durations.
Then, genomic RNA was extracted and subjected to reverse transcription
to obtain complementary DNA (cDNA). Specific primers of which
amplification product covers the region from nucleotide 24025-24145
were employed to amplify the genomic region of the S protein in
RT-qPCR analysis. The results are shown as the copy number of viral
RNA.

2.10. Measurement of RONS in CAP

CAP-generated RONS in the liquid phase were measured using
different assay kits. The-OH generated by the CAP device was measured.
Terephthalic acid is a well-known specific probe for detecting-OH due to
its high reaction rate coefficient (k = 4.3 x 10° M1 s (Kanazawa
et al., 2011). The generation of hydroxyterephthalic acid was measured
using a microplate reader according to the fluorescence intensity
(excitation wavelength 310 nm, emission spectrum 420 nm). Furfuryl
alcohol is extremely reactive to 102 (k=1.2x10M s 1) (Coteetal.,
2018). A high-performance liquid chromatography system was used to
analyze the decay of furfuryl alcohol. The concentration used for
detection was 1 mM, and the degradation rate of furfuryl alcohol rep-
resented the yield of !0, A superoxide anion detection kit
(R30343-50 T,Yuanye Bio-Technology,Shanghai, China) was used to
detect superoxide anion radicals (Os) in solution by hydroxylamine
oxidation. Oy reacts with hydroxylamine to form NO; °, NOy™ reacts with
aminobenzene sulfonic acid and naphthylamine to form pink P-benze-
nesulfonic acid-naphthylamine, and the absorbance at 530 nm was
determined using a microplate reader. The color of Oy” was proportional
to the color within a certain range. The peroxynitrite anion (ONOO")
content of liquid samples was detected using an ONOO™ detection kit
(MM-0798M1,MEIMIAN,Yancheng, China). The O56 reactive oxygen
species probe in the kit reacts with ONOO™ to form green fluorescent
substances, which had a maximum excitation/emission wavelength of
488/516 nm and were detected using a microplate reader.

2.11. Scavenger addition assay

To further verify the role of active substances generated by plasma in
virus inactivation, 0.1 M D-mannitol (MI828-500 g, Jiuding chemistry,
China), 0.05 M L-histidine (H-25672, HEOWNS, China), 100 U/mL su-
peroxide dismutase (S8410, Solarbio, China) and 1 mM ebselen
(QE417-10 mg,Jiuding Chemistry, China) were employed to
quench-OH, 10, and-OH, O, and ONOO", respectively. The scavenger
solution was added to the viral suspension prior to CAP treatment. A
viral suspension without scavenger treated with CAP was used as a
control. All CAP-treated samples were subjected to plasma jet treatment
for 180 s. By comparing the titers of the CAP-treated virus to virus
treated with scavenger and then CAP, the roles that each active sub-
stance played were clarified. In addition, titers of virus suspension
treated with scavenger were measured to exclude the effect of D-Man, L-
His and SOD on viruses and cells.
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3. Results

3.1. Disinfection of SARS-CoV-2-like pangolin coronavirus GX_P2V by
CAP

In this study, pangolin coronavirus GX P2V, which shares 92.2%
amino acid identity with the SARS-CoV-2 S protein, was employed as a
model to study the disinfection effect of Ar-fed CAP on SARS-CoV-2.
Vero E6 cells were used as recipient cells for the assessment of CAP’s
disinfection effect. First, different volumes of viral suspensions (2 x10°
PFU/mL) were exposed to Ar-fed CAP for 300 s. The disinfection effect
of CAP on infectious virus increased as virus volume decreased (Fig. 2A).
Then, 100 pL virus suspensions were subjected to Ar-fed CAP for various
durations. Meanwhile, inhibition of GX_P2V infection increased with the
duration of CAP treatment (Fig. 2B). Although CAP only partially
inactivated GX_P2V in response to 10 s of exposure, the decrease in in-
fectious virions was over 90% after exposure to CAP for 60 s or more.
The inhibition rate increased to 98.04% after 180 s plasma treatment
and further increased to 99.94% after 300 s plasma exposure. These
results indicated that GX_P2V infection was effectively inhibited by CAP
treatment. Plaque forming assay results revealed little production of
infectious viruses remined after CAP treatment for 180 s, with no
obvious plaque observed after 10-fold dilution (Fig. 2C). Many trans-
parent plaques were visible after 10*-fold dilution in the sample treated
with CAP for 10 s (Fig. 2D), whereas several plaques were observed after
10°-fold dilution in the untreated virus sample, as indicated by the red
arrow (Fig. 2E). Microscopic images further confirmed that the viral
cytopathic effects of cells were reduced with increasing plasma treat-
ment time (Fig. S2(A)). Meanwhile, the viral suspension containing
phenol red turned from red to yellowish as the duration of CAP exposure
increased, indicating that acidic conditions were achieved after CAP
treatment (Fig. S2(B)).
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3.2. Disinfection of pseudotyped SARS-CoV-2 variants

Six types of pseudoviruses incorporated with the S protein of SARS-
CoV-2 variants were prepared and used to investigate the disinfection
abilities of CAP. Vero E6 cells were used as recipients, and infection was
used to evaluate the inactivation effect of CAP on S protein variants. In
this study, 100 pL pseudotyped wild type and variants referred to as
B.1.351 (Beta), P.1 (Gamma), B.1.526 (Lota), B.1.1.7 (Alpha), B.1.617.2
(Delta) and C.37 (lambda) were subjected to CAP for 300s. After
infection, the relative light unit (RLU) of wild type, B.1.351, B.1.526 and
B.1.1.7 were decreased from 1.86 x 103, 2.14 x 103, 6.57 x 103,
6.85 x 10%and 5.37 x 10%to 15.75, 12.25, 17.25, 14.25 and,15.50 with
inhibitions calculated as 99.51%, 99.74%, 99.85%, 99.90% and 99.84%,
respectively; the RLU of P.1 and B.1.617.2 were decreased from
1.06 x 10*and 1.21 x 10* to 21.8 and 21.0, with inhibitions calculated
as 99.84% and 99.88%, respectively (Fig. 3). Based on these results, it
appeared that CAP treatment inactivated SARS-CoV-2 wild type and
variant pseudoviruses by inactivating the S protein anchored in the
membrane of the pseudovirions.

3.3. Disinfection of coronavirus SADS-CoV and PEDV

Coronavirus SADS-CoV and PEDV were also subjected to CAP
exposure to investigate its inactivation ability and efficacy against
coronavirus. SADS-CoV, reported by Peng et al. for the first time in 2018,
is a bat-related alphacoronavirus that had led to large-scale outbreaks of
fatal disease in pigs in both China and America (Zhou et al., 2018). PEDV
is another alphacoronavirus that is also pathogenic to pigs (Wang et al.,
2016a, 2016b), notably similar results were observed for SADS-CoV and
PEDV. The inactivation efficacy of CAP increased when the viral volume
decreased. When the viral volume was less than 100 pL, the reductions
in both SADS-CoV and PEDV after CAP treatment for 300 s were greater
than 99.74% and 99.86%, respectively (Fig. 4A and C). Similarly, the
inactivation efficacy of CAP treatment increased when the duration of
CAP exposure was increased. Compared to SADS-CoV, PEDV exhibited
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Fig. 2. Effects of plasma on the elimination of SARS-CoV-2-like coronavirus GX_P2V. (A) Inhibition (%) of GX_P2V at various volumes by Ar-fed CAP. The calculation
of inhibition was based on the titer of the corresponding volume of GX P2V with Ar treatment. (B) Inhibition (%) of GX_P2V at various Ar-fed CAP exposure du-
rations. (C) Plaques produced by GX P2V after CAP treatment for 180 s (D) Plaques produced by GX_P2V after CAP treatment for 10 s (E) Plaques produced by

GX_P2V without CAP treated.
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Fig. 3. Effect of plasma on SARS-CoV-2 wild type and variants. Pseudotyped
SARS-CoV-2 wild type and five strains of variants, B.1.351 (Beta), P.1 (Gamma),
B.1.526 (Lota), B.1.1.7 (Alpha), B.1.617.2 (Delta) and C.37 (lambda), were
subjected to the plasma jet.
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increased susceptibility to CAP treatment, with infectious virion pro-
duction decreasing by 97.39% after treatment with CAP for 60 s, while
the yield of infectious SADS-CoV decreased by 87.44% (Fig. 4B and D).
Microscopic images of cells and color changes of the virus suspension
further confirmed the disinfection effect of CAP treatment (Fig. S3 and
S4). These results indicate that CAP is a promising disinfection agent for
coronavirus PEDV and SADS-CoV.

3.4. The effect of CAP on GX_ P2V particle morphology

To visually observe the mechanism of CAP exposure on virus, TEM
was used to examine the morphological changes of GX_P2V particles
before and after CAP treatment. Untreated GX_P2V exhibited a spherical
and symmetrical morphology with an intact structure and a diameter of
100 nm (Fig. 5A). In response to CAP treatment for 180 s, distinct
morphological changes were observed, with most of the particles
exhibiting shrunken and irregular spherical structures (Fig. 5B). This
result indicates that CAP destroyed the structure of the GX_P2V outer
membrane, in which the S protein was anchored.

3.5. The effect of CAP on RBD at the cellular and molecular levels

Our early results indicated that CAP treatment inactivated SARS-
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Fig. 5. GX_P2V images captured by TEM. (A) Transmission electron microscopy (TEM) images of GX_P2V after CAP exposure for 3 min (B) TEM images of GX P2V
not treated with CAP. The bars in Al, A2, B1 and B2 represent 200 nm.The bars in A3 and B3 represent 50 nm.
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Fig. 6. CAP effectively inhibit GX_P2V adsorption and entry into cells and reduce the binding ability of SARS-CoV-2 RBD to hACE2, rather than degrading viral RNA.
(A) The viral inactivation ability of CAP was analyzed by viral attachment assay. The virus with Ar-fed CAP treated at 60 s and 180 s was added to Vero E6 cells for
attachment at 4 °C and for entrey at 37 °C. The same volume of GX_P2V with only Ar treatment was used as a control. ***p < 0.001,****p < 0.0001. (B) Binding
activities of the SARS-CoV-2 RBD treated with Ar-fed CAP for different durations were analyzed by ELISA. (C) SDS-PAGE analysis of RBDs with CAP-treated and
untreated. (D) Viral copy number was detected by RT-qPCR. Specific primers for the S protein were employed for cDNA amplification in RT-qPCR analysis.
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CoV-2 wild type and variant pseudoviruses through its inactivation of
viral S protein, a structural protein that recognizes and attaches to
cellular receptors (ACE2). To preliminarily verify this hypothesis,
100 pL of GX_P2V with Ar-CAP treatment for 60 s or 180 s was incu-
bated with Vero E6 cells at 4 °C (for viral attachment only) and 37 °C
(for both viral attachment and internalization) to detect attachment
between the virus and cells. Treatment with CAP for 60 s and 180 s
significantly reduced the relative levels of GX_ P2V RNA by more than
70% (P < 0.001) and 85% (P < 0.0003), respectively (Fig. 6A), indicating
that the amount of GX_P2V attached to target cells decreased in response
to CAP treatment.

Next, ELISA was performed to directly examine the effect of CAP on
the interaction between the SARS-CoV-2 RBD and receptor hACE2. The
binding activity to hACE2 was slightly weakened when the SARS-CoV-2
RBD was exposed to CAP for 10 s ~ 120 s (Fig. 6B). When treated with
CAP for 180s, the binding activity of the SARS-CoV-2 RBD was
dramatically lost. Several amino acids located in the S protein, including
cysteine, tryptophan, tyrosine, histidine and methionine, become fragile
when exposed to CAP. These proteins were easily oxidized by RONS
generated from CAP exposure. The front view and top view of the S
protein and the distribution of amino acids are shown in Fig. S5A and
S5B. The structure file of the SARS-CoV-2 S protein was obtained from
NCBI (PDB ID: 6VXX) (Walls et al., 2020). SDS-PAGE analysis showed
that the bands of the SARS-CoV-2 RBD became obscure as the CAP
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treatment duration increased, suggesting that the RBD was degraded by
CAP treatment (Fig. 6C). Based on the above results, it was suggested
that reactive species generated in CAP caused the denaturation and even
degradation of RBD, preventing its binding to cellular ACE2.

3.6. The effect of CAP on viral genomic RNA

To investigate the degradation of GX_P2V genomic RNA in response
to CAP treatment, relative quantification of viral RNA was performed.
After genomic RNA extraction, the viral RNA was reverse transcribed to
cDNA for subsequent RT-qPCR analysis. No obvious difference of the
spike gene amplification by Ar-fed CAP treatment was observed, even
after 180 s of exposure, indicating that CAP exposure of GX_P2V had
little influence on viral genomic RNA within 180 s (Fig. 6D).

3.7. Reactive species measurement and scavenger addition assay

It is well recognized that RONS generated by CAP is the primary
feature that contributes to virus inactivation (Filipi¢ et al., 2020). Due to
their short lifespan, the measurement and identification of RONS is a
challenging task (Filipic¢ et al., 2020). Gaseous reactive species, inclu-
ding-OH and Ny second positive system(Cz/7, — Bsll,), were detected
using optical emission spectroscopy (Fig. S6). The concentrations of
aqueous reactive species that ultimately function in viral disinfection
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Fig. 7. Detection of active substances produced by plasma. (A) 'O, content produced by plasma jet in different duration of exposure. (B) O content produced by
plasma jet in different duration of exposure. (C) Trend of-OH content produced by plasma jet in different duration of exposure. (D) Trend of ONOO™ content produced

by CAP plasma jet in different duration of exposure.
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efficiency were determined by the chemical reactions between gaseous
RONS and water molecules (Yo et al., 2019). Due to the limitations of
detection probes for short lifespan species, only a few aqueous species,
including 10,, 05",-OH and ONOO" were detected. The concentrations of
these four species increased with CAP treatment time (Fig. 7A-D). In
response to CAP treatment for 180 s, the concentrations of 102 and Oy
were 753 pM and 359 pM (Fig. 7A and B), respectively. Only qualitative
results were obtained for-OH and ONOO™ due to the limitations of the
detection kit (Fig. 7C and D). 102 in the solution was derived from
electron collision and oxygen recombination reactions (1-2) (Taka-
matsu et al., 2014).

02+€—>102 (1)

20-'0, @)

The-OH was mainly produced through electron driven dissociation of
water, and partly originated from the photolysis of water and charge
exchange of incident positive ions on the gas-liquid surface via reaction
(3-5) (Delgado et al., 2018; Gorbanev et al., 2016; Kristian et al., 2020).-
OH was mainly produced in the region between the jet nozzle and the
liquid interface and then diffused into the solution. As the relative
amounts of-OH and 10, formed in the gas depend strongly on the hu-
midity of the feed gas, the humidity in this experiments were monitored
and controlled at 65% during the experiments.

H,O+e¢ —»H+OH+e” 3
HV + H,0,,~H,, + OH,, @
2H;0,y +M* =M+ H;0, + OH,, (5)

The primary formation modes of Oy were electron attachment
formed by dissolved oxygen reactions (6) (Chen et al., 2014). Other
pathways may exist through H,O5 decomposition reactions (7-9) (Liu
et al., 2016).

0, +e—0; (6)
H,0,+NO3;—~HO, +NO; +H" @
OH + 0;—~HO, + 0, (8)
HO,—0, +H" )

The formation of ONOO™ primarily depends on the reaction of NOy
and-OH to form ONOOH, followed by the decomposition of ONOOH to
form ONOO™ reactions (10-11) (Liu et al., 2016). In addition, the
chemical reaction rate between Oy and NO is extremely high
(k=1.6 £0.3 x 1010 m’ls’l) (Kissner et al., 2003). The fast increase in
ONOO" concentration after 60 s of CAP treatment indicated that the
reaction (12) dominated during CAP treatment between 60 s and 120 s

NO, + OH—-ONOOH (10)
ONOOH—ONOO™ +H* an
NO + 0; - ONOO~ (12)

To determine the roles of short-lived active species generated by CAP
in viral disinfection and RBD inactivation, scavengers of typical RONS
were added in the solution. The choice of scavengers for different
reactive species, including ONOO’, Oy, l02 and-OH, were supported by
several literatures (Tarabova et al., 2019; Wu et al., 2012; Xu et al.,
2021). The scavengers of ONOO', Oy, 102 and-OH which were ebselen
(1 mM), superoxide dismutase (SOD) (100 U/mL), L-histidine (0.05 M)
and D-mannitol (0.1 M), respectively, were premixed with GX_P2V and
RBD before CAP exposure. The addition of scavengers had no influence
on cell survival. However, the existence of scavengers did significantly
offset the disinfection effect of CAP on GX_P2V (Fig. 8A). The
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inactivation effect of CAP was mostly eliminated by ebselen, with in-
fectious virion production increasing by 3.13 orders of magnitude,
indicating that ONOO™ plays a primary role in the CAP disinfection ef-
fect. The addition of SOD and L-histidine secondarily offset the inacti-
vating effect of CAP by 2.85 and 2.20 orders of magnitude, respectively.
The addition of D-mannitol increased the infectious virus yield by only
1.05 orders of magnitude, indicating that-OH exhibited the least disin-
fection effect compared to the other three short-lived active species.
Furthermore, ELISA was performed to distinguish the effects of-OH, 102,
O, and ONOO™ on the SARS-CoV-2 RBD. Similarly, the inactivation ef-
fect of CAP on the RBD was crippled by the removal of-OH, 10,, 05" and
ONOO" (Fig. 8B). Likewise, these results indicated that the quenching of
ONOO™ mostly eliminated the inactivation effect of CAP on the RBD. The
effect of short-lived species on viral disinfection followed the order of
ONOO™ > Oy > '0, > -OH.

4. Discussion

In summary, we presented a high-performance pulse power excited
CAP for the rapid disinfection of SARS-CoV-2-like coronaviruses
GX_P2V, pseudotyped SARS-CoV-2 and other coronaviruses. The infec-
tious GX_P2V production measured by the TCID50 assay decreased by
99.94% after 300 s of CAP exposure, indicating that CAP-treated viruses
exhibited nearly abolished infectivity. The inhibition rate of SARS-CoV-
2 pseudotyped variants was greater than 99.50% after 300 s of CAP
treatment. As expected, CAP treatment also exhibited excellent inhibi-
tion of swine coronavirus SADS-CoV and PEDV, with inhibiton rates of
99.74% and 99.86%. These results are comparable with widely
employed disinfectants such as HyO», Os, peracetic acid, or UV. Cris-
cuolo et al. investigated the inactivation efficacies of SARS-CoV-2 by
ultraviolet light (UV) and ozone (O3), and infectious SARS-CoV-2 par-
ticles reduced by > 99.9% after UV irradiation at a work distance of
20 cm for 15 min in a well plate, and by > 90% after 4 ppm O3 for
30 min on six common materials. Chemical disinfectant involving per-
acetic acid, hydrogen peroxide exhibit rapid virucidal ability in 5 min (
~ 4 logl0 reduction) and 1 min ( > 4 logl0 reduction), respectively
(Becker et al., 2017; Criscuolo et al., 2021; Omidbakhsh and Sattar,
2006). Indeed, each of the developed methods have their own strengths
and shortcomings, and the virucidal efficacies of above disinfection
approaches were somehow obtained from the labs. The presence of
natural interfering substances (e.g. saliva, mucus etc) under real-world
conditions are highly likely to significantly reduce the effectiveness of
the disinfection approach and warrant further studies (Chen et al., 2020;
Simoncicova et al., 2019). Although CAP showed great potential for
virus disinfection, the small treatment area of a single plasma jet makes
it difficult for large-scale industrial applications. Large treatment areas
might be achieved by grouping many individual plasma jet together,
which provided an industrial application possibility (Wang et al., 2017).

The pulsed excited CAP employed in this work provided high
instantaneous power and plasma activity, which was responsible for the
rapid disinfection rate (Fig. S1A). The amplitudes of the applied voltage
and plasma current of the pulsed excited CAP were 8.5kV and 2 A,
respectively (Fig. S1B). Due to the short duration of pulse-on time, the
average power was quite low (10.89 W), making it a power-saving
technology. In addition, the effect of temperature was considered. The
pulse-powered CAP exhibited a slight temperature increase (~34 °C)
compared to traditional AC-powered CAP (54 °C) after 180 s of treat-
ment (Fig. S7A and S7B). The coronaviruses in solution retained
viability for 1~2 days at a temperature range of 33-37 °C (Chan et al.,
2020). Thus, the temperature factor can be excluded due to the short
CAP treatment time used for these tests. RONS with high oxidation
ability were believed to be the primary factors for CAP-mediated-viral
disinfection (Fig. 9).

Proteins are major biological targets for radicals due to their high
rate constants for reaction (Min et al., 2014). Although there are studies
reported on different extent of viral RNA damage occurring during
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plasma treatment, we did not observed significant discrepancy pre-
sented in the levels of intact RNA by PCR amplification in
3 min-treatment (Fig. 6D) (Aboubakr et al., 2018; Yamashiro et al.,
2018). Due to the nonspecific reaction of CAP-induced reactive species,
all outer proteins of the virus inevitably react with CAP, which may
affect binding to target cells and viral morphology, ultimately impairing
infection ability. The addition of ebselen, a scavenger for ONOO", largely
suppressed the reduction of GX_P2V infection and SARS-CoV-2 RBD
binding activity (Fig. 8A and B), which indicated that ONOO" plays a
primary role in virus disinfection by our Ar-fed CAP. It is speculated that
ONOO’ is the primary reactive substance of the CAP-treated liquid,
which is directly generated by the plasma jet and transformed from Oy,
NO’, NO; and H0; (Egs. 7and 9). The addition of L-histidine and SOD
resulted in slightly less pronounced reduction effects of disinfection and

10

inactivation, indicating that 'O, and O, play secondary roles. The
elimination of-OH only suppressed the disinfection effect by 1.05 orders
of magnitude and showed the least neutralization of RBD inactivation,
suggesting that-OH does not play a key role in our Ar-fed CAP. This
observation may be explained by a pathway in which-OH changes into
dissolved Oy and reacts with electrons to yield Oy". Our results are
basically in agreement with those of Gracanin M. et al. and Aboubakr, H
et al., who proposed that 10, is a dominant species generated by CAP
and is responsible for virus disinfection but that-OH does not play a key
role (Aboubakr et al., 2016; Akan and Gabuk, 2014; Gracanin et al.,
2009). The exact composition that CAP generated depends on the
component of the gas ignitor, and the role that reactive species may play
varies based on different gas conditions(Akan and Cabuk, 2014; Filipic
et al., 2021).
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The distribution of four typical amino acids, cysteine, tryptophan,
tyrosine and methionine, in the SARS-CoV-2 S protein and RBD was
indicated in the conformational landscape of the SARS-CoV-2 trimeric S
protein to better study the inactivating effect of CAP on S proteins
(Fig. S5). Tyrosine exhibited a tendency to be oxidized due to the
hydroxy-substitution of the phenolic ring. Histidine and tryptophan
possess a C—=C bond, while cysteine and methionine contain a sulfur
atom, making them susceptible to oxidation. Tyrosine is susceptible to
102, 02" and ONOO/, resulting in oxidative modification (Davies, 2016;
Gracanin et al., 2009; Radi, 2013). It is the most abundant amino acid in
the GX_P2V S protein and SARS-CoV-2 RBD, accounting for 4.41% and
6.88%, respectively. Tyrosine has no direct reaction with ONOO’, whose
oxidation and nitration are accomplished by peroxynitrite-derived rad-
icals, resulting in the production of 3-nitrotyrosine and 3-hydroxytyro-
sine (Alvarez and Radi, 2003; Radi, 2013). The reaction of tyrosine
and 102 leads to ring-derived hydroperoxides (Gracanin et al., 2009).
Chi et al. revealed that NTD-targeting antibody prevents infection of
both authentic and pseudotyped SARS-CoV-2 in vitro, suggesting that
dysfunction of the S protein NTD led to the disinfection of SARS-CoV-2
(Chi et al., 2020). Histidine is thought to be one of the major targets for
102 attack (Kim et al., 2008). 102—mediated oxidation of histidine results
in a mixture of products via the 1,4-cycloaddition of 105 to the imidazole
ring, resulting in the formation of one or more endoperoxides (Gracanin
et al., 2009). Cysteine and methionine are thought to react with ONOO"
and 10, with rate constants on the order of 10> ~10% m™! s'. Overall, the
RONS produced by CAP - induced oxidative damage to the viral S pro-
tein at specific residues rather than causing damage to genomic RNA (no
damage to viral RNA during plasma processing (Fig. 6D)), crippling the
binding ability of the S protein to cellular receptors and preventing
infection of cells.

5. Conclusions

In conclusion, Ar-fed CAP effectively inactivated SARS-CoV-2-like
coronavirus GX_P2V and SARS-CoV-2 pseudotyped virus for both wild
type and variants within 180 s. The potent inactivation ability of CAP
was also reflected in swine coronavirus PEDV and SADS-CoV. Morpho-
logical analysis, pseudovirus assays and RBD binding tests demonstrated
that virus-binding proteins are subjected to reactive species, such as
RONS generated by CAP, leading to morphological changes and loss of
infectivity. The effect of RONS followed the order of ONOO™ > 0,>10,
> -OH. CAP treatment does not cause secondary pollution or an increase
in temperature, exhibiting great potential to eliminate the coronavirus
as a novel form of surface sterilization.

Novelty Statement

Here, we introduce and evaluate a novel surface disinfection strategy
to coronavirus. Our results found that cold atmospheric pressure plasma
(CAP) disinfects coronavirus particles in 5 min and does negligible harm
to environment and human, which advantages over other surface dis-
infections. In this work we firstly describe the broad-spectrum disin-
fection of CAP on coronaviruses. We firstly access the disinfection effect
of CAP on SARS-CoV-2 and its dominant variants, and explore the
oxidative effect based on the amino acid sequence and structure of S
protein.
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