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Abstract

The COVID-19 pandemic has severely impacted public health worldwide. Evidence of SARS-CoV-2 transmission via aero-
sols and surfaces has highlighted the need for efficient indoor disinfection methods. For instance, the use of ozone gas as a
safe and potent disinfectant against SARS-CoV-2 virus is of particular interest. Here we tested the use of pseudoviruses as a
model for evaluating ozone disinfection of the coronavirus at ozone concentrations of 30, 100, and 1000 ppmv. Results show
that ozone disinfection rate of pseudoviruses was similar to that of coronavirus 229E (HuCoV-229E) at short contact times,
below 30 min. Viral infection decreased by 95% following ozone exposure for 20 min at 1000 ppmv, 30 min at 100 ppmv
and about 40 min at 30 ppmv. This findings mean that ozone is a powerful disinfectant toward the enveloped pseudovirus
even at low ozone exposure. We also showed that viral disinfection occurs on various contaminated surfaces, with a positive
association between disinfection and surface hydrophilicity. Infected surfaces made of aluminum alloy, for example, were
better disinfected with ozone as compared to brass, copper, and nickel surfaces. Lastly, we demonstrate the advantage of
ozone over liquid disinfectants by showing similar viral disinfection on top, side, bottom, and interior surfaces. Overall, our

study demonstrates the potential use of ozone gas disinfection to combat the COVID-19 outbreak.

Introduction

The COVID-19 pandemic has severely impacted pub-
lic health, with almost 63 M total cases and 1.5 M deaths
worldwide as of November 2020 (WHO 2020). The ongoing
pandemic is caused by a new coronavirus (SARS-CoV-2),
causing severe respiratory tract infection in humans. SARS-
CoV-2 is highly contagious and spreads by close personal
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contact through respiratory droplets, or indirectly through
either infected surfaces or aerosols (Ashour et al. 2020;
Kampf et al. 2020). Liquid disinfectants—such as ethanol,
hypochlorite, and quaternary ammonium—are often applied
to reduce dissemination through indirect pathways. How-
ever, these liquid-based disinfectants suffer from technical
and economical limitations, including transportation require-
ments, cost, difficulty in application on hard-to-reach loca-
tions, and a large environmental footprint. An attractive, less
employed, alternative disinfectant is gaseous ozone.

Ozone is a powerful oxidant frequently used for inacti-
vating pathogenic microorganisms in water and wastewater
(Crini and Lichtfouse 2019; Mecha and Chollom 2020; von
Gunten 2003). In addition to its qualities as a water disinfect-
ant, ozone gas has been successfully applied for the disin-
fection of viruses on surfaces and in aerosols (Cannon et al.
2013; Tseng and Li 2006). Tseng and Li (2008) have found
that ozone exposure—a product of exposure time and ozone
concentration—of 9-52 ppm-min results in 90% inactivation
(1-log,,) of four different bacteriophages placed on a gelatin-
based surface. Hudson et al. (2009) have suggested the use
of a mobile ozone generator to disinfect rooms in health
care facilities and hotels. Over 3-log,, inactivation of 12
different viruses placed on porous surfaces was achieved by
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applying ozone at peak gas concentration of 20-25 ppm with
an exposure time of 45 min (Hudson et al. 2009). Recently,
Yeargin et al. (2016) concluded that gaseous ozone is one of
the most efficient disinfectants to treat enteric viruses on soft
surfaces (e.g., carpets). However, studies evaluating ozone
disinfection of coronaviruses at specific local conditions are
scarce (Hudson et al. 2009).

A key challenge in the development and optimization
of new technologies to fight COVID-19 is the difficulty to
work directly with SARS-CoV-2, which requires biosafety
level 3 (BSL3) or higher. In light of these severe restrictions,
less-pathogenic viruses have been suggested as representa-
tive models to develop methods preventing SARS-CoV-2
infection (Aquino De Carvalho et al. 2017; Buonanno et al.
2020; Geller et al. 2012; Kampf et al. 2020; Liu et al. 2020).
For example, HuCoV-229E is a human coronavirus which
originated from bats, displays structural and genomic simi-
larity to SARS-CoV-2 (Li et al. 2020) and is currently used
as a model system to demonstrate disinfection technolo-
gies (Buonanno et al. 2020; Lee et al. 2020). An alternative
approach to overcome biosafety limitations of infectious
coronaviruses (CDC 2020) is the use of pseudotyped, non-
replicative viral particles (Letko et al. 2020). Today, there
are several technologies based on either Retrovirus, Lentivi-
rus, or Vesicular Stomatitis Virus (VSV) to generate single
cycle infecting particles (Steffen and Simmons 2016). In
principle, the genes required for particle assembly—except
the envelope protein responsible for cell recognition and
entry—are co-transfected to susceptible cells together with a
vector encoding an envelope protein from a different virus to
create virus particles that present the target envelop protein
on their membrane. Such pseudoviruses may offer simplicity
and high throughput, while still demonstrating high similar-
ity to the infective virus envelope and internalization mecha-
nism (i.e., spike-dependent entry of these particles into cells)
(Crawford et al. 2020; Walls et al. 2020). Pseudoviruses are
frequently employed for fundamental mechanistic immunity
and neutralization assays; however, their use as a model in
disinfection studies has never been attempted.

The main goals of this study are to (1) demonstrate the
use of pseudoviruses as a model for SARS-CoV-2 in ozone
disinfection and (2) use the pseudoviruses to determine
the feasibility of ozone for indoor inactivation of SARS-
CoV-2. For this purpose, we first compared the ozone dis-
infection rate of the pseudoviruses to coronavirus 229E
(HuCoV-229E). Subsequently, we used the pseudoviruses
to determine the efficacy of ozone in minimizing coronavi-
ruses infectivity on different surfaces and at various ozone
exposures. Finally, we applied gaseous ozone for inacti-
vating viruses placed at different, hard-to-reach, locations
(e.g., inside a closet), and validated its advantage over
liquid chemicals for indoor SARS-CoV-2 disinfection. Our
work shows the potential use of ozone gas disinfection to
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combat COVID-19 outbreak and propose a simple pseu-
doviral model to enable the design and development of
ozone-based systems for the disinfection of infected sur-
faces and aerosols.

Experimental
Viral infection tests

SARS-CoV-2-Spike pseudoviruses were synthesized by
co-transfection of Expi293F™ cells with three plasmids
encoding SARS-CoV-2-Spike (pCMV delta R8.2, pLenti-
GFP, and pCMV3-ORF SACI19 at a ratio of 1:2:1, respec-
tively). Post transfection, cell debris were removed, and
the pseudoviruses-containing supernatant was concen-
trated to yield 1x 10° particles per mL. To evaluate the
pseudovirus infectivity following ozone treatment, recon-
stituted pseudoviruses were added to HEK-293 cells stably
expressing hACE2 (Fig. 1a). After 48 h, cells media was
replaced with fresh DMEM (Sigma Aldrich, Israel) media
excluding Phenol Red. Cells were imaged using IncuCyte
ZOOM system (488 nm-channel, Essen BioScience) after
an additional 24 h to calculate the number of GFP-positive
cells from four images in each well. Coronavirus 229E
(HuCoV-229E) was analyzed at the laboratories of Smart
Assays (Nes Tsiona, Israel), using MRC-5 cells (ATCC,
VA, USA). Following exposure to ozone, HuCoV-229E
viruses were mixed MRC-5 cells and incubated for 120 h
at 35 °C in CO, incubator. Cells’ viability was determined
using Cell titer glo reagent and viral infectivity, and the
corresponding tissue culture infective dose (TCID5,) was
calculated. Further details of the synthesis method of
SARS-CoV-2-Spike pseudoviruses and infection tests of
both viruses can be found in the Supporting Information
(SD.

Ozone disinfection setup

Ozone gas was produced by either an air-fed UV light
ozone generator (APS 450, Pool-Purity, Israel) for low- and
medium-ozone concentrations (30 and 100 ppmv, respec-
tively), or a corona-discharge generator for high ozone
levels (BMT 802 N, Germany). Ozone concentration was
measured using low-range (106 M, 2B-Technologies, CO,
USA) or high-range (BMT 963, Germany) ozone analyzers.
Ozone generators and analyzers were connected to an 18 L
sealed reaction chamber. In the chamber, relative humidity
and temperature were set and maintained at 60% (+3%) and
25 °C (%1 °C) using humidity and temperature controllers
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Fig.1 A Pseudovirus production, left, and usage, right. B Kinetics of
viral infection following exposure to ozone (100 ppmv) at different
exposure times of HuCoV-229E and SARS-CoV-2-Spike pseudoviral
model. Relative humidity and temperature were 60% and 25 °C. Viral

(INKBIRD, China). Ozone off-gas was decomposed prior to
release using a catalytic scrubber (Bircon, Israel).

Experimental procedure

Inactivation experiments took place in the reaction cham-
ber connected to the ozone generators and analyzers (Fig.
S1). All ozone experiments were conducted on virally
contaminated surfaces. In a typical experiment, drops
of concentrated viruses were placed on sterile surfaces
(13 pL), and the surfaces were immediately inserted into
the reaction chamber and exposed to ozone. Surfaces were
removed from the chamber at different time intervals (dif-
ferent exposure times), reconstituted using DMEM media,
and analyzed for the virus’s infectivity. All experiments
were conducted in duplicates or triplicates.

Surface characterization

Six types of commonly-used surface materials were stud-
ied: glass (microscope slides), stainless steel (316), cop-
per (C110), brass (C260), aluminum alloy (6061), and
nickel (foil, GoodFellow). Hydrophilicity and surface
functionality of the inanimate surfaces used in this study
were determined using static contact angle measurements
and Fourier-transform infrared spectroscopy—attenu-
ated total reflection (FTIR-ATR), respectively. Contact
angle was measured by placing a 13 pL water droplet
(y=72.8 mN m~!) on each surface and analyzing left and
right contact angles from digital images. FTIR-ATR (Ten-
sor 27, Bruker, USA) analysis was conducted between 400
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infection values were normalized to those obtained in control experi-
ments to assess any changes arising from the reconstitution procedure
and drying effects. Each data point represents the average and stand-
ard error of three repetitions

and 4000 cm™! at spectral resolution of 4 cm™! with 16
scans. The spectrum obtained was normalized to the back-
ground spectrum.

Results and discussion

Corona pseudoviruses can be used to assess ozone
disinfection

Viral infection following ozone treatment was evaluated
for the SARS-CoV-2-Spike pseudoviruses and compared
to ozone inactivation of coronavirus 229E (HuCoV-229E).
As mentioned above, HuCoV-229E coronavirus displays
structural and genomic resemblance to SARS-CoV-2 (Li
et al. 2020); because morphological and genomic structure
are major contributors to viral inactivation kinetics, we
hypothesize that HuCoV-229E’s reaction rate with ozone
is approximately the same as SARS-CoV-2. Virus-con-
taminated plates (tissue culture treated 6-well polystyrene
plates, Corning, USA) were exposed to ozone gas in the
reaction chamber and to air (i.e., controls to account for all
non-ozone inactivation paths). Figure 1b show the relative
infectivity of the virus at different exposure times with 100
ppmv ozone (normalized to controls). HuCoV-229E and the
pseudovirus showed similar reduction in infectivity after
exposure times of 10 (~65%) and 20 min (7%); however,
longer exposure (60 min) resulted in different reductions:
~99% for the pseudovirus and 92% for HuCoV-229E. The
difference in the viruses’ behavior at long contact times may
arise from a drying effect of the virus suspension. Specifi-
cally, following 60 min, the drop was completely dry for
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both viruses; preliminary tests showed that the pseudovirus
reconstitution and infectivity are more sensitive to drying
than HuCoV-229E.

Coronaviruses are enveloped, single-stranded, positive-
sense RNA viruses. Ozone inactivation of enveloped viruses
most often takes place through oxidation and disruption of
the bilayer lipid structure (i.e., envelope) or the attached
glycoproteins, which leads to loss of the virus’s infectiv-
ity (Bogler et al. 2020; Sunnen 2005, 1988). The pseudovi-
rus employed herein accurately mimics the outer layer of
SARS-CoV-2, including its enveloped surface and spike
proteins, which may explain its similar disinfection rates
with HuCoV-229E. Therefore, pseudoviruses may act as a
surrogate to assess the effectivity of ozone treatment (within
short contact times). Moving forward, we used the pseudovi-
ral model to evaluate the applicability of ozone as an indoor
disinfectant for coronavirus.

Ozone decreases virus infectivity in a wide range
of concentrations

In this section, ozone inactivation of the SARS-CoV-2-
Spike pseudovirus on polystyrene plates was measured for
incubation at three ozone concentrations: 30 ppmv (low),
100 ppmv (medium), and 1000 ppmv (high). As expected,
increasing ozone concentration reduced the pseudovirus’
infectivity (Fig. 2). For example, at 30 min exposure time,
inactivation reached 90% (1-log,,), 94% (1.2-log,,), and
99% (2-log,) for the low, medium, and high ozone concen-
trations (respectively).

Quantitative comparison to other studies and viruses is
not straight forward, due to variations in key experimental
conditions such as size and dryness of the virus sample (for
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Fig.2 Infection of the SARS-CoV-2-Spike pseudoviruses following
exposure to three ozone concentrations in different time intervals. All
data were normalized to viral infection of freshly reconstituted drop.
Relative humidity and temperature were 62% and 26 °C. Each data
point represents the average and standard error of three repetitions
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example, in most studies viruses were dried prior to ozone
exposure). Experimental conditions in tests conducted in a
large 65 m® room, applying ozone at peak concentrations of
28 ppm and relative humidity of 40%, are comparable with
the conditions in our low ozone tests (Hudson et al. 2009).
These studies showed that total exposure time of 60 min
resulted in at least 2-log;, inactivation of various viruses
including herpes simplex virus 1, rhinovirus, and poliovi-
rus. In our case, a 1-log, inactivation was achieved with
30 ppmv ozone and exposure time of 30 min. Hence, we
estimate that ozone inactivation rate of the pseudoviruses
(simulating coronavirus) is in the same range of other previ-
ously tested viruses.

The inactivation effectivity at low ozone concentra-
tion and short exposure times strengths a newly emerged
hypothesis, which links local increases in concentration of
ambient (tropospheric) ozone (formed naturally by reaction
of sunlight with hydrocarbons and nitrogen oxides) to the
spread of the pandemic (Wang et al. 2020; Yao et al. 2020;
Yu 2019). For example, a recent study published by Yao
et al. (2020) found a negative correlation between ambient
ozone levels and COVID-19 cases in major Chinese cities
during Jan—March, 2020. A different study by Wang et al.
(2020) showed that ambient ozone concentration largely
increases in urban and rural areas during lockdown, which
might contribute to the success of the lockdown in control-
ling COVID-19. Further studies, integrating statistical and
engineering tools, should be performed to effectively deter-
mine the impact of ambient ozone on air-borne viruses in
general and SARS-CoV-2 in particular.

Surface material affects viral infection

An important parameter affecting indoor disinfection is the
surface material to be treated (Kampf et al. 2020; Tseng and
Li 2008). The tested surfaces were selected based on their
abundance in commonly-used indoor surfaces; nickel and
copper, for example, are used in electrical devices through
coating and wiring. Brass is a popular material used for dec-
oration, musical instruments, and jewelry. Stainless steel is
frequently used in kitchen appliances, tableware, and eleva-
tors including doors, walls, and bottom panels. Glass and
aluminum alloys are also common materials for general-
purpose use.

We evaluated the effect of inanimate surfaces on the
disinfection rate by exposing pseudovirus-contaminated
surfaces to a concentration of 1000 ppmv ozone for 5 min.
This moderate ozone exposure assured that differences in
performance can be monitored. Figure 3a shows the nor-
malized infection arising from control experiments (green
bars) and ozone treatment (blue bars). Controls showed
minimal effect on infection due to irreversible adsorp-
tion, drying, or other physical interface phenomena. In
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contrast, ozone treatment strongly inhibited the pseu-
dovirus’ infectivity on the tested surfaces, which ranged
from 60% (nickel) to 37% (aluminum alloy). Analysis of
variance (ANOVA) and Tukey’s post hoc test was used
to evaluate differences between pseudovirus disinfection
on different surfaces. The surface material had notice-
able effect on inactivation; glass, stainless steel, and alu-
minum alloy surfaces statistically significantly (p < 0.05)
enhanced ozone disinfection, compared to the other tested
surfaces (nickel, copper, and brass). Our results agree
with previous data published by Hudson et al. (2009),
which found a similar ozone inactivation rate of viruses
(including mouse coronavirus) placed on glass and stain-
less steel. The low inactivation rate for brass and copper
was unexpected since these materials are known to gener-
ate reactive species under ambient environmental condi-
tions (i.e., without ozone), which attack and inactivate
attached viruses (Warnes et al. 2015).

To determine the cause for enhanced inactivation on
aluminum, glass, and stainless steel, we further analyzed
properties potentially contributing to this activity, such as
surface hydroxyl groups (Ernst et al. 2004) and hydrophi-
licity. FTIR-ATR spectra (Figure S2) highlighted the OH
stretching (3000-2900 cm™') and bending (1400 cm™})
wavenumbers. While hydroxyl functional groups were
observed for most surfaces, no clear association was
found between surface functionality and infectivity fol-
lowing ozonation. However, contact angle—an indication
of surface energy and hydrophilicity—could be associated
with the normalized infection values (Fig. 3b), suggesting
infectivity rates may increase with hydrophilicity. While
nickel, copper, and brass are hydrophobic surfaces (i.e.,
contact angle larger than 90°), surfaces made of glass,
stainless steel, and aluminum alloy are of hydrophilic
nature. Therefore, we can hypothesize that surface hydro-
philicity, which is associated with surface-functional

groups, increases the overall ozone inactivation of the
viruses. The reasons for this phenomenon might be
enhanced ozone-surface interactions or shape variations
of the liquid drop, impacting the mass transfer of ozone
inside.

Ozone can effectively penetrate every part
of aroom

To demonstrate the advantage of gaseous disinfectants over
liquid chemicals, we tested ozone inactivation of SARS-
CoV-2-Spike pseudoviruses positioned in hard-to-reach
locations. To do so, we equipped the reaction chamber with
a miniature table and cabinet, and placed the contaminated
surfaces below the table and inside the cabinet, simulating
“real” indoor contamination events (Fig. 4a and Fig. S3).
We used these contamination events in three-dimensional
space to demonstrate the ability to treat entire rooms with
gaseous ozone and the potential to effectively disinfect sur-
faces not typically disinfected with manually-applied lig-
uid disinfectants, like the back of plane seats. Experiments
were conducted with ozone concentration of 1000 ppmv and
exposure time of 5 min. As can be seen in Fig. 4b, similar
viral infection values were obtained for all surfaces (top,
bottom, interior, and vertical). This suggests that applying
ozone gas for disinfecting SARS-CoV-2 may overcome the
low accessibility of commonly applied liquid disinfectants
and enables a complete and effective disinfection.

Other studies have proven ozone as an effective disinfectant
and, if applied properly, it can be a powerful tool to minimize
viral transmission indoors (Cristiano 2020; Yao et al. 2020;
Zhou 2020). The gas is easy and economical to produce on-
site, and it quickly reverts back to oxygen (half-life of about
20 min), leaving the treated area with no disinfection residues.
On the other hand, the ozone processes must be optimized
to prevent undesired phenomena such as corrosion and toxic
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Fig.4 A Positions by which a contaminated glass surface was placed
and ozonated. B Ozone disinfection of several surface positions. Sur-
faced were contaminated with SARS-CoV-2-Spike pseudoviruses

effect on humans. Additionally, ozonation can be optimized
and applied as a tertiary treatment for secondary effluents to
ensure SARS-CoV disinfection and avoid transmission via
wastewater (Medema et al. 2020; Randazzo et al. 2020), as
an additional component of overall COVID-19 pandemic
containment. Overall, this work suggests that development of
intensive ozone-based disinfection systems could prove highly
effective toward viruses similar to SARS-CoV-2, and proposes
a simple model system for the design and optimization of such
systems.

Conclusion

Our study suggests that corona pseudoviruses can be used as
a viral model to assess ozone disinfection, owing to its similar
ozone inactivation rate compared to coronavirus. We demon-
strated that ozone decreases virus infectivity in a wide range
of concentrations and exposure times, with 99% decrease
recorded following 30 min of exposure to 1000 ppmv ozone.
Surface material affected viral infection, with a positive asso-
ciation between disinfection and surface hydrophilicity. We
eventually showed that ozone can penetrate every part of a
room, suggesting ozone gas as an effective disinfectant for
SARS-CoV-2 with high potential to overcome the low acces-
sibility of commonly applied liquid disinfectants.
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