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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has generated a major need for non-destructive and environmentally friendly disin-
FFP3 mask fection methods. This work presents the development and testing of a disinfection process based on gaseous
Cotton mask ozone for SARS-CoV-2-contaminated porous and non-porous surfaces. A newly developed disinfection chamber
Disinfection . . . P

Ozone was used, equipped with a CeraPlas™ cold plasma generator that produces ozone during plasma ignition. A
SARS-CoV-2 reduction of more than log 6 of infectious virus could be demonstrated for virus-contaminated cotton and FFP3

face masks as well as glass slides after exposure to 800 ppm ozone for 10—60 min, depending on the material. In
contrast to other disinfectants, ozone can be produced quickly and cost-effectively, and its environmentally
friendly breakdown product oxygen does not leave harmful residues. Disinfection with ozone could help to
overcome delivery difficulties of personal protective equipment by enabling safe reuse with further applications,
thereby reducing waste generation, and may allow regular disinfection of personal items with non-porous

Cold plasma

surfaces.

Introduction

SARS-CoV-2, the causative coronavirus agent of the infectious dis-
ease COVID-19, is mainly transmitted via respiratory droplets and
aerosols. Direct contact with virus-contaminated surfaces such as cell
phones, computer keyboards or door handles can also lead to infections,
and fecal-oral transmission has been reported [1-4]. The survival time
of SARS-CoV-2 on various surfaces has been described [5], with recov-
ery of infectious virus for up to 28 days when dried on non-porous
surfaces such as glass or metal at 20 °C and 50 % relative humidity.
Another study recovered SARS-CoV-2 from plastic surfaces for up to 28
days at room temperature (RT) and 40-50 % relative humidity [6]. On
the outer layer of surgical masks infectious virus could be recovered
after 7 days [7].

One of the strategies for protecting against transmission is the use of
personal protective equipment (PPE), including face masks and eye
protection. During certain phases of the COVID-19 pandemic, face
masks became sparsely available. The single use of PPE created a great

demand, resulting in critical delivery delays of weeks and months. On
the other hand, the extensive use of face masks and other protective
items has led to a new form of massive waste generation. The disposal of
huge amounts of used PPE components is an organizational challenge
and a previously underestimated hazard for the environment [8,9]. Due
to the high stability and rapid transmission of the virus, the shortage of
PPE and the environmental pollution, an easy to use and sustainable
disinfection method is needed that can make an important contribution
to combating the pandemic and protecting the environment through the
safe recycling of PPE.

Ultraviolet (UV) irradiation, vaporized hydrogen peroxide, moist
heat, microwave-generated steam processing and liquid chemicals have
all been reported to sterilize PPE [10,11], but each method has its dis-
advantages. Any kind of mask comprises a combination of various ma-
terials, each of which is differently sensitive to chemical or radiation
treatments. For example, liquid treatments such as alcohols require
drying time, may cause oxidation, e.g. at metal clamps, and lead to a loss
of filtering performance. Some materials are sensitive to heat or

Abbreviations: BSL3, biosafety level 3; FFP3, filtering facepiece 3; FCS, fetal calf serum; PPE, personal protective equipment; VI, Virus input; PFU/mL, plaque

forming units per ml.
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Fig. 2. Effect of ozone treatment on cotton masks. Heat-drying (5" at 40 °C) alone or in combination with ozone treatment for 10 min, compared to positive controls
(pos_Ctrl; cells infected with the same virus copy numbers as loaded on the masks). Cq values of 6 samples for each condition (5'_40 °C, 5'_40 °C_10'_ozone, pos_Ctrl)
are shown. Non-infected cells (2 samples) served as negative controls (neg_Ctrl). Nd: not detectable.

chemicals, and UV light is unsuitable for materials with complex
structures because areas shaded from the UV light will not be dis-
infected. Some masks also include electrostatically charged filter ma-
terials that may be adversely affected or even discharged by various
treatments.

An alternative is the use of the strongly oxidizing gas ozone. Indus-
trially, ozone is produced on a large-scale for water purification, paper
and pulp processing, disinfection of plant and animal products as well as
sterilization of medical supplies. It reacts with most elements of the
periodic system except for noble metals, fluorine and the inert gases [12,
13]. The antimicrobial activity of ozone has been reported for a broad
range of bacterial targets on surfaces such as glass, plastic or steel. Its
antiviral activity has been demonstrated for targets in enveloped and
non-enveloped viruses, including the viral capsid, specific viral attach-
ment epitopes and viral DNA/RNA [14-16]. Ozone disinfection of an
NO5 respirator has already been reported for Pseudomonas aeruginosa,
which was selected as a test organism because of its spore-forming ca-
pacity and high resistance to disinfection processes. It was assumed that
SARS-CoV-2 would likely be more susceptible to ozone disinfection than
the other species tested. Exposure to ozone did not show significant
changes in the filtering capacity of the N95 respirator after 10 cycles
[17]. Ozone disinfection of artificially SARS-CoV-2-contaminated KF94
face masks, which are similar to N95 respirators, has been reported
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recently [18]. Moreover, the virus-inactivating activity of ozone was
demonstrated for different metals, contaminated with a corona pseu-
dovirus and HuCoV-229E, such as stainless steel, nickel and copper as
well as glass [19]. Since ozone dosages for disinfection of different
surfaces vary, a process is needed that is suitable for hard materials and
PPE [20,21].

To address the need for safe and easy disinfection an experimental
disinfection chamber has been developed (TDK Electronics GmbH & Co
OG, Deutschlandsberg, Austria). The heart of the chamber is the
patented cold plasma generator (CeraPlas™ element), the function of
which is based on piezoelectric direct discharge (PDD) [22]. This con-
verts a low periodic input signal into a high output voltage via piezo-
electric coupling effects and enables the ionization of the surrounding
gas at atmospheric pressure and ambient temperature. The generator
provides a high ionization rate and an efficient ozone generation rate.
Advantages are the low energy consumption during the ignition of the
cold plasma in air at atmospheric pressure, the low thermal load for test
materials (below 50 °C) and the compact dimensions. In addition, ozone
generation enables the elimination of unpleasant odours. Cold plasma
applications have increased in a variety of different fields over the last
decades, including the automotive industry [23], medical devices,
biomedical applications, skin care and surface treatments [24]. A rela-
tively new application of cold plasma is the field of virus inactivation
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Fig. 3. Summary of data shown in Fig. 2 calculated for viral copy numbers
based on an international certified SARS-CoV-2 RNA standard (ATCC VR-
1986D™) that contains 4.73 x 10° genome copies per 1 pL. Heat-drying
combined with ozone treatment led to a reduction in virus copy numbers in
the range of log 7 in all six samples. Data is plotted in Log;o intervals. P value:
0.0001*** (t test).

research [25].

The aim of this study was to evaluate the disinfection capacity of
ozone, generated within a newly developed disinfection chamber,
against SARS-CoV-2 on cotton and FFP3 face masks as examples of
porous materials, and on glass as an example of a non-porous material,
to be used on a small scale, e.g. in homes, companies, offices, etc.

Material and methods
Ozone generation process for disinfection

The disinfection chamber developed (TDK Electronics GmbH & Co
OG, Deutschlandsberg, Austria) is an experimental device to investigate
the inactivation of SARS-CoV-2 on porous and non-porous surfaces. The
prototype is an aluminium chamber with a nominal capacity of 1450
mlL, containing a plasma generator and a microcontroller to regulate the
disinfection process.

The virus-contaminated matrices undergoing the disinfection pro-
cess are positioned on the metallic sample holder in the disinfection
chamber, which is closed by a screw cap on the top (Supplementary
Fig. S1). The plasma generator (CeraPlas™ element, Relyon Plasma
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GmbH, Regensburg, Germany) produces a cold plasma inside the
disinfection chamber and ozone is generated as a side effect of the
plasma generation. The ozone concentration was monitored before the
experimental series to evaluate the reactive environment inside the
disinfection chamber. During the experiments, no external air was
supplied. After a time period of 10 or 60 min the disinfection chamber
was opened in a laminar flow cabinet and was flushed with ambient air
to terminate the disinfection process.

Cell culture

Vero CCL-81 cells (CCL-81™, ATCC, Manassas, VA, USA) were
cultured in serum-free OptiPro medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 1% Penicillin-Streptomycin
(Thermo Fisher Scientific) and 2% i-glutamine (Merck KGaA, Darm-
stadt, Germany) at 37 °C and 5% COs. Vero E6 cells (Biomedica, Vienna,
Austria) were cultured in Minimal Eagle’s Medium (MEM) (Thermo
Fisher Scientific) supplemented with 5% fetal calf serum (FCS) (Thermo
Fisher Scientific), 1% Penicillin-Streptomycin (Thermo Fisher Scientific)
and 2% 1-glutamine (Merck KGaA) at 37 °C and 5% COs.

Preparation of SARS-CoV-2 virus stock

All experimental procedures with SARS-CoV-2 were performed in a
biosafety level (BSL)-3 laboratory at room temperature (RT, 22—24 °C)
and 45 % relative humidity [26]. The experimental series were per-
formed using a SARS-CoV-2 virus isolate (Human 2019-nCoV Isolate ex
China Strain: BavPat1/2020) originated in the city of Wuhan (Hubei
province, China). The virus was obtained under a licence agreement
from the Charité University Hospital, Berlin, Germany (Institute of
Virology, Prof. Drosten). Virus stocks were prepared by infecting VeroE6
cells with the virus isolate and incubating them at 37 °C and 5% CO,, for
72 h. The cell culture supernatants were collected, centrifuged for 10
min at 3000 xg and sterile filtered using 0.2 pm syringe filters (Thermo
Fisher Scientific, Waltham, USA). Adherent cells in cell culture flask
were frozen with fresh medium, thawed again and scratched from the
surface to release intracellular viral particles. Cell lysate samples were
centrifuged for 10 min at 3000 xg to remove cell debris and sterile
filtered using 0.2 pm syringe filters. Supernatants and cell lysates were
pooled and stored at —80 °C. The virus titer was determined via the
Spearman-Karber method [27]. In brief, VeroE6 cells were seeded in
48-well cell culture plates and infected with the serially diluted virus
stock (6 wells for each dilution) for 1 h at 37 °C and 5% CO,. After
infection, cells were washed twice with MEM, then MEM supplemented
with 2% FCS was added to each well and the cells were incubated at 37
°C and 5% CO-, for 72 h. All wells were observed under the microscope to
estimate the highest dilution at which all showed a cytopathic effect
(CPE). The TCIDs titer was calculated using the formula: log19 50 % end
point dilution = - (%9 - d/2 + d > ri/n;), where xo = logio of the
reciprocal of the highest dilution at which all wells showed CPE, d =
logi of the dilution factor, n; = number of replicates used in each in-
dividual dilution, and r; = number of positive wells (out of n;). Sum-
mation was started at dilution xg. The resulting TCIDs titer per ml was
multiplied by 0.7 to predict the number of PFU/mL [28].

Face mask preparation and ozone treatment

Cotton face masks (100 % cotton, white, Biiro Handel GmbH, Vil-
lach, Austria) and FFP3 face masks (Blautex, Produktions- u Ver-
triebsges.m.b.H., Salzburg, Austria) were cut into circular pieces of 2 cm
in diameter and were positioned in Petri dishes (60 mm diameter, Merck
KGaA, Darmstadt, Germany). Each tested group consisted of 6 different
pieces. The mask pieces were dried for 1 h at 40 °C in a BSL2 laboratory
to reduce residual moisture prior to virus application. Thereafter, they
were immediately taken to the BSL3 laboratory to be used for the virus
neutralization assay. 50 pL of virus suspension (3.89E + 04 pfu/mL),
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Fig. 4. Effect of heat-drying on recovery of infectious SARS-CoV-2 from cotton masks. CCL-81 cells were infected with virus recovered from cotton face masks after
heat-drying for 5 min. Virus infected cells were stained red with SARS-CoV-2 (2019-nCoV) nucleocapsid antibody (Rabbit Mab; Sinobiological, China, Cat# 40,143-
R019). The Ready-to-use detection system reagent EnVision™ + Dual Link System HRP (Agilent Dako, Cat# K5007) was used followed by incubation with AEC
Substrate Chromogen (Agilent Dako, K346430-2). The reaction was stopped with PBS. An infection can be seen in all six samples (same experiment and sample
labeling as shown as in Fig. 2). a: 1.5’ 40 °C, b: 2.5'_40 °C, c: 3.5'_40 °C, d: 4.5'_40 °C, e: 5.5'_40 °C, f: 6_5'_40 °C. Magnification 100x.

buffered with 25 mM HEPES at pH 7.4, (Thermo Fisher Scientific) were
spotted on and quickly absorbed by each mask piece. Subsequently, the
samples were heat-dried for 5 min at 40 °C in an incubator and treated
with ozone in the disinfection chamber for a total exposure time of 10
min. For the first 5 min, ozone was generated in the disinfection
chamber until a concentration of 800 ppm was reached. This was then
followed by 5 min additional exposure time in the closed chamber.
Ozone decomposition to 750 ppm occurred over this time. Control mask
pieces underwent the same procedure including heat-drying at 40 °C,
but remained in the closed Petri dishes for the duration of the experi-
ment and were not treated with ozone. For recovery of viral particles,
the mask pieces were placed into 2 mL safe-lock tubes (Eppendorf
Austria GmbH, Vienna, Austria) containing 1 mL serum-free OptiPro cell
culture medium and were vortexed for 10 s. Samples were centrifuged
for 10 min at 1500 xg and sterile filtered using 0.45 pm syringe filters
(Merck KGaA, Darmstadt, Germany). 140 pL of each sample was
collected to determine the recovered virus particles that served as virus
input (VI) for the neutralization assay by viral RNA extraction and RT-
qPCR (Supplementary Tables S1-S3).

Glass slide preparation for the SARS-CoV-2 stability test

Complementary to the procedure above for porous materials (face
masks) the stability of SARS-CoV-2 was also tested on non-porous glass
surfaces. Glass slides (LACTAN, Chemikalien und Laborgerite Ver-
triebsgesellschaft m.b.H & Co KG, Graz, Austria) were cut to 2 x 2 cm
and cleaned with 70 % ethanol. Each tested group consisted of 3 glass
slides. The slides were pre-treated for 20 s with cold plasma, produced
with a Piezo brush PZ2® (Relyon Plasma GmbH, Regensburg, Germany)
to avoid droplet formation. Twenty pL of virus suspension (3.89E + 04
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pfu/mL), buffered at pH 7.4 with 25 mM HEPES was spotted onto each
plasma pre-treated glass slide. The slides were heat-dried at 40 °C for 10
min and then kept in closed Petri dishes at RT for 0, 1, 24 and 48 h,
respectively. The dried virus suspensions on the slides were recovered
after the different time periods by washing each slide with 500 pL of
serum-free cell culture medium. Samples were collected to determine
the VI before cell infection. Vero CCL-81 cells were infected with virus
samples for 1 h at 37 °C and 5% COs. Cell culture supernatants were
collected 48 h after each infection to determine viral copy numbers via
viral RNA isolation and RT-qPCR (below).

Glass slide preparation for ozone treatment

Glass slides were cut to 2 x 2 cm, cleaned with 70 % ethanol and
placed in 60 mm diameter Petri dishes. To avoid droplet formation on
the surface, slides were pre-treated for 20 s with a Piezo brush PZ2®
(Relyon Plasma GmbH, Regensburg, Germany). Each tested group con-
sisted of 6 glass slides. Twenty pL of virus suspension (3.89E + 04 pfu/
mL) buffered with 25 mM HEPES was spotted to each glass slide. All
samples were heat-dried for 10 min at 40 °C. Glass slides were treated
with ozone in the disinfection chamber for a total exposure time of 10
and 60 min. Ozone was initially generated for 5 min until a concentra-
tion of 800 ppm was reached, followed by 5 or 55 min exposure in the
closed chamber, during which ozone decomposition to 750 ppm (5 min)
or 400 ppm (55 min) occurred. Control samples were heat-dried at 40 °C
and kept in closed Petri dishes without ozone treatment for the duration
of the experiment. Slides were then washed with 500 pL of serum-free
OptiPro cell culture medium for virus recovery. Samples were
collected for determination of the VI and Vero CCL-81 cells were
infected with the virus suspensions. Cell culture supernatants were
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Fig. 5. Effect of heat-drying and ozone treatment on recovery of SARS-CoV-2 from cotton masks. CCL-81 cells were infected with virus recovered from cotton face
masks after heat-drying for 5 min and ozone treatment. Virus infected cells were stained red with SARS-CoV-2 nucleocapsid antibody as in Fig. 4. No infection can be
seen in all six samples (same experiment and sample labeling as shown in Fig. 2). a: 1.5'_40 °C_10'_ozone, b: 2_5’_40 °C_10’_ozone, c:3_5'_40 °C_10'_ozone, d: 4_5'_40

°C_10'_ozone, e: 5.5’ 40 °C_10'_ozone, f: 6_5'_40 °C_10’_ozone. Magnification 100x.

collected 72 h after each infection to determine viral copy numbers via
viral RNA isolation and RT-qPCR (below).

Infection assays

For infection assays 30,000 Vero CCL-81 cells per well were seeded
into 48-well cell culture plates (Corning Incorporated, Kennebunk, ME,
USA) 24 h prior to virus infection. The cells were infected with the virus
recovered from the samples (VI) prepared as described above for 1 h at
37 °Cand 5 % COs. For infection assay controls the same amount of virus
suspension as applied onto the different matrices was mixed with serum-
free OptiPro cell culture medium and was applied to the cells for
infection. Non-infected cells served as negative controls. After infection
the cells were washed twice with phosphate buffered saline (PBS)
(Thermo Fisher Scientific). 440 pL serum-free cell culture medium was
added to the cells and 140 pL supernatant of each well was collected
subsequently to determine the timepoint 0 (t0) values. SARS-CoV-2
replicates rapidly in Vero CCL-81 cells and reaches peak titers be-
tween 48—72 h post infection [29]; thus incubation times of 48 or 72 h
at 37 °C and 5% CO, were chosen. After the incubation period, 140 pL
cell culture supernatant was removed from each well to determine the
virus copy numbers at the timepoints (t48, t72) post infection via viral
RNA extraction and RT-qPCR (below).

RNA isolation and quantitative, real-time PCR (RT-qPCR)

Viral RNA was isolated using the QIAamp® Viral RNA Mini Kit
(Qiagen, GmbH, Hilden, Germany) according to the manufacturer’s
recommendations. RNA samples were eluted with 40 pL Milli-Q water
and stored at —80 °C. RT-qPCR was performed using a Rotor-Gene Q
thermal cycler (Qiagen) and the QuantiTect®Probe PCR Kit (Qiagen).
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Primers and probe sequences for the SARS-CoV-2 nucleocapsid N1 re-
gion were used as recommended by the Centers for Disease Control and
Prevention (CDC) in February 2020 [30] and obtained from Eurofins
Genomics (Ebersberg, Germany). Primer and probe sequences, PCR
mastermix components and thermal profile are shown in Supplementary
information, Tables 1-3.

Immunohistochemistry (IHC)

For the immunohistochemical detection of SARS-CoV-2 in infected
cells, 48-well plates were fixed for 30 min with 4% neutral-buffered
formalin and were washed 3 times with PBS. Plates were incubated
with 0.1 % Triton X-100 (Merck KGaA) for 10 min, washed 3x with PBS
and incubated for 30 min in 3% H50, (Merck KGaA) dissolved in
methanol (Merck KGaA, Darmstadt, Germany). After a further PBS
washing step, 100 pL of the primary antibody, SARS-CoV-2 (2019-nCoV)
Nucleocapsid Antibody (Rabbit monoclonal antibody (Mab); Sinobio-
logical, China, Cat# 40,143-R019) diluted 1:1000 in REAL Antibody
Diluent (Agilent Dako, Carpinteria, CA, USA, Cat# S$202230—3) was
added to each well. The plates were washed 3 times with PBS after 1 h
incubation at RT. The Ready-to-use detection system reagent EnVision™
+ Dual Link System HRP (Agilent Dako, Cat# K5007) was added for 30
min, followed by washing with PBS 3 times. AEC Substrate Chromogen
(Agilent Dako, K346430—2) was applied to each well and incubated for
3 min, and the reaction was stopped by adding PBS. Wells were washed
again with PBS to remove reagent and fresh PBS was added to keep the
wells humid. Images were taken by light microscope (Nikon, Eclipse,
TS100; Nikon Europe BV, Amsterdam, Netherlands) equipped with a
JENOPTIK GRYPHAX® camera (Breitschopf, Innsbruck, Austria). SARS-
CoV-2 infected cells appear red after antibody staining.
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Fig. 6. Positive control for virus inactivation assay. CCL-81 cells were infected with same virus copy numbers as loaded on cotton face masks. Virus infected cells
were stained red with SARS-CoV-2 nucleocapsid antibody as in Fig. 4. Infection can be seen in all six samples (same experiment and sample labeling as shown in
Fig. 2). a: 1_pos_Ctrl, b: 2_pos_Ctrl, c¢: 3_pos_Ctrl, d: 4_pos_Ctrl, e: 5_pos_Ctrl, f: 6_pos_Ctrl. Magnification 100x.

Fig. 7. Negative control for virus inactivation assay. Non-infected Vero CCL-81 cells were stained with SARS-CoV-2 nucleocapsid antibody as in Fig. 4. No virus can

be seen in either sample (same experiment as shown in Fig.2). Magnification 150x.

Data analysis

Data analysis, copy number calculations, statistics and graphical
presentations were performed with GraphPad Prism 9. Statistical dif-
ferences between groups were determined using t-test and One-way
ANOVA corrected for multiple comparisons. Symbols are: ns = P >
0.05; * =P < 0.05; ** =P < 0.01; *** =P < 0.001; **** =P < 0.0001.

To calculate viral copy numbers based on the RT-qPCR cq-values a
calibration curve (Supplementary Figure S3) based on a certified RNA
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standard (ATCC VR-1986D™) was used. This standard contains 4.73 x
10° genome copies per 1 pL. Viral copy numbers of VI, t48 and t72 were
calculated using the resulting equation y = 1.422x + 35.079.

Results

Ozone generation for disinfection

Ozone was generated by the cold plasma source inside the



S. Wolfgruber et al.

A
1010_

1010_
*kkk
108 108
[}] []
= =
2 106 2 106
> >
[«X o
8 4 3 4
E 10' E 10 T
£ £
102 102
100 100-
N N
oo/ 00/
P P
w7 w7
%
1007 [«
I *kk
108{ o .
1 X o
[ ] o = x
€ o 3 X 2
'E. 106- .
g 1
© 4.
" 10 A
S
102-
100 T T T
& & & ¢
QQ/ \\(\/ &Q/ %Q/
RO A S
Q Q o o
A N
N\ N S/ S/
N N

Fig. 9. Stability and infectivity of SARS-CoV-2 on glass slides after drying at 40
°C for 10 min and storage of up to 48 h at RT. Viral copy numbers were
calculated using a certified reference standard. Infectious virus was determined
by infecting Vero CCL-81 cells with virus recovered from glass surface at
different time points. Each group consisted of biological triplicates. Data is
plotted in Log( intervals. P value: 0.0106* (One-way ANOVA).
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Fig. 8. A: Effect of ozone treatment on FFP3
masks on recovery of infectious SARS-CoV-2.
Results are shown from two independent
experimental series with 6 samples per experi-
mental condition, each. A: Experimental series
1 showing virus copy numbers from heat-dried
(5" at 40 °C) and 10’ ozone-treated samples
compared to positive control (cells infected
with same copy numbers as loaded on masks). P
value: <0.0001**** B: Experimental series 2
showing virus copy numbers from heat-dried
(5" at 40 °C) and 10’ ozone-treated samples
compared to positive control (cells infected
with same copy numbers as loaded on masks).
Data is plotted in Log;o intervals. P value:
0.0021** (t test).
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Fig. 10. SARS-CoV-2 inactivation on glass surface by ozone. Virus was recov-
ered from glass slides after drying (10’ at 40 °C) and ozone treatment (either 10’
or 60') and used for infection of Vero CCL-81 cells. Cells infected with the same
virus copy number as loaded on the slides served as positive controls (pos_Ctrl).
After drying and 60 min ozone treatment a reduction of infectious virus by a
factor of > log 6 was obtained. All groups consisted of 6 replicates, each. Data is
plotted in Log;o intervals. P value: <0.0001**** (One-way ANOVA).
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disinfection chamber. The ozone-based disinfection process is divided in
two phases: generation (phase 1) and chemical decomposition (phase 2).
The disinfection process of the virus-contaminated surfaces begins in
phase 1. The exponential increase of ozone concentration inside the
disinfection chamber over time is shown in Fig. 1A. After the cold
plasma source is terminated, the disinfection chamber remains closed
and the chemical decomposition phase begun [31]. Ozone concentration
inside the chamber decreases in the sealed container during the chem-
ical decomposition time as shown in Fig. 1B.

In this study an ozone generation time of 5 min was performed for all
surfaces tested, resulting in a maximal concentration of 800 ppm inside
the chamber. The additional exposure of 5 min for FFP3 and cotton face
masks led to a decomposition of ozone to 750 ppm. The 55 min addi-
tional exposure for the glass surfaces resulted in decomposition to 400
ppm (Supplementary Information, Fig. S2). After phase 2 the disinfec-
tion test chamber was opened in a laminar flow cabinet and flushed with
ambient air, which terminates the disinfection process.

SARS-CoV-2 inactivation by ozone treatment of cotton face masks

Cotton masks loaded with SARS-CoV-2 showed that heat-drying for 5
min in combination with ozone treatment of 10 min (Fig. 2; 5'_40
°C_10'_ozone) led to virus reduction by a factor of >8.99 x 10%inall 6
samples compared to the positive controls. In contrast, heat-drying
without ozone treatment (Fig. 2; 5'_40 °C) led only to minor inactiva-
tion of up to log 1 in the tested samples and the virus particles remained
infectious, as indicated by the low cq values reflecting the high number
of virus particles released into the cell culture medium during 72 h post-
infection. As positive controls, cells were infected with the same virus
copy numbers as loaded on the masks, with non-infected cells as nega-
tive controls. The amount of virus recovered from the mask pieces after
ozone treatment and from control masks, which was the virus input (VI)
for cell infection (VI is shown in the Supplementary Fig. S4). Recovery of
virus particles was similar for each tested group, underlining that the
cells were infected with approximately the same number. Moreover,
virus particles were measured at t0 (after infection and washing the cells
with PBS and addition of fresh cell culture medium, Supplementary
Fig. S5) to obtain a baseline value, and the increase in measured virus
particles after the cultivation period (e.g. t72 - t0) was used to calculate
virus replication. In order to calculate virus copy numbers from cq
values obtained by RT-qPCR, a standard curve using a certified SARS-
CoV-2 RNA standard was generated (Supplementary Figure S3). Re-
sults demonstrate that heat-drying in combination with ozone treatment
yielded more than log 7 inactivation of SARS-CoV-2 compared to the
positive controls (infected cells) as shown in Fig. 3.

The effect of ozone-treatment of cotton masks on virus inactivation
was also analyzed by using an antibody to the SARS-CoV-2 nucleocapsid
protein as independent read-out (Figs. 4-6). SARS-CoV-2 infected cells
appear red after IHC staining. Stained cell culture plates demonstrate
that virus recovered from heat-dried masks without ozone treatment
was still infectious (Fig. 4). The absence of SARS-CoV-2 infected cells is
confirmed by antibody staining in all 6 wells that were incubated with
virus recovered from masks dried at 40 °C for 5 min and then treated
with ozone for 10 min (Fig. 5). Cells infected with the same virus copy
number as applied to the mask pieces were used as positive controls. In
this case infection can be seen in all 6 wells (Fig. 6). In Fig. 7, non-
infected cells stained with SARS-CoV-2 antibody serving as negative
control are shown. In both samples no virus infection can be seen.

SARS-CoV-2 inactivation by ozone treatment of FFP3 masks

In line with the results for the cotton masks, the combination of heat-
drying and ozone treatment of FFP3 masks resulted in virus inactivation
by a factor of log 6 in all tested samples. Two independent experimental
series were carried out using 6 mask pieces for each testing condition as
described above. Viral copy numbers for heat-dried and ozone-treated
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samples (Fig. 8; 5_40 °C_10'_ozone) were compared to positive con-
trols (Fig. 8; pos_Ctrl). A virus inactivation of > log 6 was achieved in
both experimental series.

SARS-CoV-2 stability and inactivation on glass surface

In order to test the stability of SARS-CoV-2 on non-porous surfaces,
glass slides were loaded with virus and recovery of infectious virus was
tested after different time periods. Immediately after loading and heat-
drying at 40 °C, a mean viral copy number of 2.82 x 10 of infectious
SARS-CoV-2 virus was recovered (Fig. 9). After 1 h at RT, detectable
infectious virus was reduced to 2.68 x 10°. Interestingly, the mean viral
copy number did not decrease further after 24 h or 48 h at RT. Thus,
SARS-CoV-2 is stable and infectious on non-porous surfaces for at least
48 h at RT.

SARS-CoV-2 inactivation by ozone treatment of glass surface

Glass slides were loaded with SARS-CoV-2 suspension and Vero CCL-
81 cells were infected with recovered virus to test virus inactivation.
After drying at 40 °C for 10 min, infectious virus was reduced by a factor
of log 1 compared to the positive control, while drying and ozone
treatment for 10 min led to a further reduction by a factor of log 1.
Drying and ozone treatment for 1 h led to virus inactivation by a factor
of > log 6 (Fig. 10). The virus neutralizing activity was confirmed by
antibody staining which showed no infected cells in wells of the slides
dried and ozone-treated for 1 h (data not shown).

Discussion

The wearing of face masks and other PPE is an important measure to
protect from SARS-CoV-2 infection. Disadvantages of these single-use
products are supply chain and production difficulties due to the enor-
mous demand during the pandemic. This has led to shortages in pro-
duction capacity particularly for masks with higher protection levels,
such as FFP2 and FFP3, which are needed for healthcare professionals,
and were also required for the general population in several countries in
the SARS-CoV-2 wave in spring 2021. As a further consequence,
immense amounts of waste were generated which became a major
environmental issue. Safe and sustainable recycling methods could be an
alternative to discarding products after single use.

This work describes a highly efficient disinfection process for SARS-
CoV-2 that can be applied to porous and non-porous surfaces, demon-
strated with different types of masks as well as glass slides, to exemplify
a non-porous surface found on a variety of personal items such as mobile
phones, tablets, watches or glasses. The combination of heat-drying and
ozone treatment resulted in a virus reduction of more than log 6 for
cotton and FFP3 masks as well as for glass slides. According to the
guideline of the German Association for the control of virus diseases
(DVV) and the Robert Koch Institute (RKI) a reduction of at least log 4 is
required for virus-inactivating disinfectants [32]. Hence, the combina-
tion of drying and ozone treatment appears to represent a suitable
method for decontamination of various surfaces. However, different
properties of surfaces for stabilization and inactivation of virus have to
be considered and tested for specific applications. For example, Zucker
and co-workers [19] demonstrated different surface tensions of
virus-containing droplets on different metal surfaces and glass, which
was mirrored by different virus-inactivating activities of ozone. Whether
the drying-step included in our experiments overcomes and or mitigates
this effect has to be determined.

The virus concentration used in this work for the application on the
different materials was 3.89 x 10* PFU/mL, which corresponds to a
mean cq value of 18.5 for positive controls after sample treatment and
recovery as shown for the cotton face mask (Supplementary Figure S4).
When calculated for viral copy numbers based on a reference standard
this corresponds to 1.16 x 10° viral copies. Viral load from a single
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cough from a person with a high viral load in respiratory fluid may
generate >10° viral copies [33]. The viral load used for sample loading
in this work therefore corresponds to amounts that could be transmitted
by contagious individuals.

The different ozone treatment times of materials described in this
work can be explained by their structures. Cotton masks are not inten-
ded for medical use and are not certified. However, they prevent the
spread of potentially contagious droplets. This type of mask is reusable
after washing but disinfection with ozone would save time and be less
damaging to the fabric compared to daily washing. FFP3 masks provide
the most effective protection for users with a minimum filtration per-
centage of 99 % for very fine particles [34]. According to the manu-
facturers, FFP3 masks have a limited lifespan of a few hours, after which
their filtration efficiency can no longer be guaranteed and they should
be discarded. Cotton fabrics and layered FFP3 masks have much larger
surfaces than glass slides. These masks absorb virus suspensions quickly
leading to a large surface distribution in the materials. As a result, the
contact surface for ozone increases and the samples are disinfected
within short time periods.

Liquids on glass surfaces form droplets due to the non-porosity of the
surface. Preliminary experiments showed that if treated with ozone,
virus particles in droplets cannot be inactivated because of the surface
tension. To overcome this effect, test glass slides were pre-treated with
cold plasma. This surface treatment was chosen because a liquid film
represents a more realistic setting than a large droplet. The surface en-
ergy of inorganic materials like glass is increased by plasma treatment.
Without treatment, glass has a surface energy of 47 mN/m. After
treatment with a piezo brush PZ2®, the surface energy increased to >67
mN/m [35]. If the surface energy of the glass slide is the same or greater
than that of the liquid, the liquid will spread on the surface resulting in
virus contamination resembling that of aerosols. This fact makes the
wetting of non-porous surfaces possible and allows the distribution of
the virus suspension on the glass surfaces for testing of disinfection
procedures [36]. The resulting liquid film can then be heat-dried in 10
min. Disinfection with ozone for 10 min is effective for some, but not all,
treated samples. This is most likely due to the non-uniform drying of the
liquid film. However, after an ozone treatment of 60 min an efficient
disinfection (>log 6 reduction of infectious virus) for all glass slides
treated with a combination of heat and ozone can be achieved (Fig. 10).

In contrast to other disinfection methods, gaseous ozone has many
advantages. Its high reactivity makes it useful as a disinfectant for
bacterial and viral contaminations which has been described in detail
[14-16]. Ozone penetrates complex objects such as layered face masks
from all sides and reaches every surface of the sample that cannot be
achieved with e.g. alcohol or UV light. It is thermodynamically unstable
and its breakdown product, oxygen, is environmentally harmless.
However, when inhaled, ozone can cause adverse respiratory effects,
such as shortness of breath, chest pain, wheezing, coughing and airway
inflammation, While long term exposure has been linked to the devel-
opment of asthma and may be associated with lung cancer [14,37-39].
Consequently, the direct opening of the disinfection chamber is only
possible under laboratory conditions and in a laminar flow cabinet. To
guarantee maximal safety for the future use of ozone-producing disin-
fection devices outside of the laboratory, the installation of a catalyst for
the active chemical decomposition of ozone before opening the device is
easily implemented. One commonly used catalyst is manganese oxide
and other options are platinum group metals, less widely used due to
their high cost [13,40].

Conclusion

The results of this work present a highly efficient combined heat-
drying and ozone treatment process that is suitable for the disinfection
of various porous and non-porous SARS-CoV-2 contaminated surfaces. A
reduction of more than log 6 for SARS-CoV-2 was demonstrated for
cotton and FFP3 masks and for glass slides. The method could help to

44

New BIOTECHNOLOGY 66 (2022) 36-45

overcome delivery difficulties of face masks and reduce waste caused by
single-use PPE. The disinfection of other personal items of daily life is
also within scope as well as industrial applications.
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