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ARTICLE INFO ABSTRACT

Keywords: Previous observations have been reported that viruses were inactivated using strong irradiation. Here, new
Pl}"mcatalyﬁ evidence was disclosed by studying the effects of nanosized TiO, on viral pathogens under a low irradiation
3102_ condition (0.4 mW/cm? at UVA band) that mimics the field setting. We showed that photo-activated TiO,
nactivate

Pathogenic viruses

efficiently inhibits hepatitis C virus infection, and weak indoor light with intensity of 0.6 mW/cm? at broad-
spectrum wavelength and around 0.15 mW/cm? of UVA band also lead to partial inhibition. Mechanistic

studies demonstrated that hydroxyl radicals produced by photo-activated TiO3 do not destroy virion structure
and contents, but attack viral RNA genome, thus inactivating the virus. Furthermore, we showed that photo-
activated TiO inactivates a broad range of human viral pathogens, including SARS-CoV-2, a novel coronavi-
rus responsible for the ongoing COVID-19 pandemic. In conclusion, we showed that photo-catalyzed nanosized
TiO, inactivates pathogenic viruses, paving a way to its field application in control of viral infectious diseases.

1. Introduction

In recent years, the outbreak of several viral infectious diseases have
not only threatened human being’s health but also caused huge eco-
nomic losses [1-3]. As of February 1st of 2021, the ongoing COVID-19
pandemic caused by a novel coronavirus SARS-CoV-2 has infected
over 100 million people and killed more than 2,000,000 people in the
world (http://coronavirusstatistics.org/). Effective and
environmentally-friendly strategies to disinfect viruses of board-
spectrum in a field setting are urgently needed to mitigate trans-
mission. The photocatalytic oxidation (PCO) technology using long-
wave ultraviolet (315-380 nm) or even visible light spectrum
(380-740 nm) renders a safe and durable technique in pathogen inac-
tivation [4,5]. Photocatalysts exhibit superior light-harvesting capa-
bility to create electron-hole pairs and generate reactive oxygen species
(ROSs), such as superoxide radical (¢O2) and hydroxyl radicals (e¢OH)
that are known to be harmful for microbes [6]. Most of these PCO studies

focused on the inactivation of bacteria (Escherichia coli and Staphylo-
coccus aureus) [7] and bacteriophages [8]. It was found that the light-
induced ROSs disrupt bacterial cell membrane, causing leakage and
damage of intracellular bacterial proteins and DNA [9]. Other works
demonstrated the photocatalytic virucidal effects on MS2 coliphage by
material modification or combining photo-sensitized hydrophilic ful-
lerenes[10-12]. Similar to the mechanism of bacterial inactivation, O3
radicals produced in photocatalysis can rupture the capsid shell of MS2
phage, resulting in the leakage and rapid destruction of capsid proteins
and RNA[13].

Most viruses are vulnerable in the acellular environment. Their
infectivity, defined as an ability to infect host cells, can be easily lost
when viral proteins or genomes are subjected to minor damages or
modifications. Unlike bacteria and bacteriophages, the effects of PCO on
animal viruses have been less extensively studied, and most of the
studies were conducted using strong irradiation. C. Zhang et al. reported
that waterborne viruses were completely inactivated after 240 min
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exposure to illumination at light density of 199.80 mW/cm? [14]. The
commercially available THERAFLEX UV-Platelets system using ultravi-
olet illumination (wavelength at 254 nm) has been shown to efficiently
inactivate hepatitis C virus (HCV)[15] and Zika virus (ZIKV) [16].
Although these strong illumination photocatalytic treatments effectively
inactivate viruses, their application in the field setting remains chal-
lenging. Some previous studies observed the significant loss of viral
proteins and nucleic acids upon photocatalytic inactivation[17,18].
However, it remains elusive whether this degradation of viral compo-
nents result directly or indirectly from the ROS damage.

Here, the effects of nanosized TiO3 on pathogens under a low irra-
diation condition (0.4 mW/cm? at wavelength of 375 nm) were studied,
a condition that more resembles natural light source and has an
advantage in the real-world field application. We showed that photo-
activated TiO, efficiently inactivates a broad range of pathogens,
including SARS-CoV-2, a novel coronavirus that is responsible for
ongoing COVID-19 pandemic. Mechanistic studies demonstrated that
photo-induced hydroxyl radicals rather than superoxide radicals play a
major role in virus inactivation. Importantly, in contrast to the previous
finding, we found that photo-induced radicals do not destroy the virion
global structure and contents, but instead attack viral genome, leading
to inactivation of the virus. In conclusion, our study demonstrated that
nanosized TiO is an effective and safe photocatalyst to disinfect path-
ogenic viruses. Our results paved a way to a field application of this
photocatalyst in control of viral infectious diseases.

2. Methods
2.1. Cells and viruses

The hepatoma cell line (Huh7.5.1, Huh7), Vero E6, and Madin-Darby
canine kidney (MDCK) cells were maintained in complete Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum, 10 mM HEPES buffer, 100 U/ml penicillin, and 100 mg/ml
streptomycin as described previously [19]. HCV (JFH1 strain), HIN1
influenza virus (A/PR/8 strain), EV71, ZIKV, VSV and HSV-lwere
amplified and the titers were determined as described previously
[19-24]. Viruses are purified by sucrose density-gradient ultracentri-
fugation as described previously [19]. Briefly, virus was centrifuged at
4000 rpm for 5 min to remove cellular debris and then pelleted through
a 20% sucrose cushion at 25,000 rpm for 3 h by using an P28 rotor in an
ultracentrifuge (Hitachi). Then the pellet was resuspended in 1 ml of PBS
buffer and stored in Thermo Scientific Revco ULT. The experiments
involving other viruses or bacteria were performed in BSL-2 facility at
Institut Pasteur of Shanghai following the regulations.

The SARS-CoV-2 strain nCoV-SHO1 (GenBank accession no.
MT121215) was isolated from a COVID-19 patient and propagated in
Vero E6 cells for use. The experiments about SARS-CoV-2 were per-
formed in the biosafety level 3 (BSL-3) facility of Fudan University
following the regulations [25,26].

2.2. Cell viability and cytotoxicity assays

Cell viability and cytotoxicity are detected by CellTiter-Glo® Lumi-
nescent Cell Viability Assay reagent (Promega GS7570, USA). Briefly,
cells were seeded at 15,000 cells per well in 96-well microplates and
allowed to attach and grow overnight. The next day, the cell-culture
mediums with treated with light/TiO2 or mock were added to the
cells. After 48 h of incubation, cells were collected and lysed for the cell
cytotoxicity assay.

2.3. Preparation of TiOz nanoparticles
A typical hydrothermal process was used to synthesize the TiO,

nanoparticles, 6.0 g of tetrabutyl titanate (C;6H3604Ti, AR, 98%, Sina-
pharm Chemical Reagent Co., Ltd) was mixed with 500 ml ethanol
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(C2HgO, AR, 99.7%, Zhenxing No.1 Chemical Plant). With continuously
stirring, 5 ml deionized water was slowly dropped into the solution.
After being stirred for 2 h, the white sediment in the solution was ob-
tained by centrifuge and then transferred to a 200 ml hydrothermal
reactor with 150 ml deionized water and reacted for 8 h at 180 °C to get
crystallized TiOy powders. The resultant powder was washed 4 times by
deionized water and ethanol and then annealed at 500 °C to remove any
organics. The characterization data was summarized in Fig S2.

2.4. The illumination device and the experiment conditions

To treat the virus with as-prepared photocatalytic material (TiO»
NPS), an illumination device has been manufactured. This device con-
sists of two 3 W LED chips (wavelength at 375 nm; Epileds Technologies,
China), a direct current power supply, and a cooling system. To make the
coating of the photocatalytic material, TiO2 NPs were dispersed in ab-
solute ethanol and sonicated for 20 min. After that, 200 pl solution was
taken by Eppendorf and drop to every well of a well plate and transfer to
a dryer for 6 h at 50 °C. The distance between LED and well plate was
adjustable. To develop an accurate and sensitive experimental system,
we optimized the experimental temperature using ice bath combined
with LED radiator.

To performed the inactivation assay of SARS-CoV-2 in BSL-3 lab, we
designed and produced a mini-sized experimental equipment, which is
integrated LED light source consists of two 3 W LED chips (wavelength
at 375 nm; Epileds Technologies, China) and high capacity battery
(10000mAh, Max output = 5 V, 2A). This unit was assembled outside of
BSL-3, and then brought into the biosafety cabinet in the BSL-3 lab.

2.5. DMPO spin-trapping experiment

Electron spin-resonance spectroscopy (ESR, JEOL-FA200, Japan)
was utilized to study the generation mechanism of hydroxyl radical
(eOH) and superoxide radical (eO3). In this experiment 50 mg as-
prepared powder was dispersed in a 40 nM 5,5-dimethyl-1-pyrroline-
N-oxide DMPO solution tank.

2.6. Viral RNA quantification

HCV RNA levels were determined by quantitative reverse
transcription-qQPCR (RT-qPCR) as described [19,27]. For HIN1 and
EV71, as mentioned previously [20,21,27,28], the RNA levels were
analyzed by RT-qPCR with a pair of HIN1 and EV71-specific primers,
respectively [20,21].

2.7. Indirect immunofluorescence

Intracellular immunostaining of HCV- or ZIKV-infected cells was
performed as described previously [23,27]. Briefly, the virus-infected
cells were fixed, and stained with a mouse monoclonal anti-HCV NS5A
antibody or a rabbit polyclonal anti-ZIKV NS3 antibody. Bound primary
antibodies were detected by using Alexa Fluor 555-conjugated second-
ary antibodies (Molecular Probes, Eugene, OR). Nuclei were stained
with Hoechst dye.

2.8. Western blot analysis

Western blot analysis was performed as described previously [27].
Briefly, HCV viral proteins were detected by a mouse monoclonal anti-
E2, anti-core protein and anti-HIV-P24 proteins antibodies, respec-
tively. The HRP-conjugated goat anti-mouse secondary antibodies
(Promega, Madison, WI) were used. Proteins were visualized by the ECL
kit (Millipore).
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2.9. Pseudotyped virus infection

HCV pseudotyped particles (HCVpp) were generated as previously
described [27,29]. Briefly, HEK293T cells were co-transfected with
plasmids expressing HCV E1, E2 glycoproteins, retroviral Core pack-
aging component, and luciferase. The medium was refreshed at 6-hour
post-transfection. Supernatants were collected 72 h later and filtered
through 0.45 pm-pore membranes. For the infection experiment, 8000
Huh7.5.1 cells seeded in 96-well plates and then infected with HCVpp.
Three days after infection, the firefly luciferase activity was measured
using the Luciferase Assay System following the manufacturer’s in-
structions (Promega).

2.10. Plaque assay

For HSV-1 and VSV, the viral titer was determined by the plaque
assay as described previously [29]. Briefly, approximately 1.5 x 10°
Vero E6 or Huh7 cells were seeded into each well of 24-well plates and
maintained in the complete growth medium. Before infection, the cell-
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culture mediums were removed. After adsorption for 1 h, the in-
oculums were removed, and the cells were overlaid with 1000 pl plaque
medium (containing 2% carboxymethylcellulose, CMC, and 2% FBS).
After 48 h of incubation, cells were fixed with the fixed buffer as
described previously.

For SARS-CoV-2, approximately 1.0 x 10 ffu viruses were treated in
the illumination device for 30 min. And then each treated virus was
added into each well. After adsorption for 1 h, the inoculums were
removed, and the cells were overlaid with 1000 ul plaque medium. After
48 h of incubation, cells were fixed with the fixed buffer. After staining
with1% Crystal Violet, the numbers of plaques were counted.

2.11. Statistical analysis

Results are presented as the means + SD. Data was analyzed using a
two-tailed unpaired Student’s t-test. Differences were considered sta-
tistically not significant (ns) when the P value was >0.05, and signifi-
cant when the P value was <0.05 which can be further defined as **, P <
0.01; *, P<0.05; NS, P> 0.05.
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Fig. 1. Photo-activated TiO; efficiently inhibits HCV infection. (A) The schematic of the experiment to test the effect of photo-activated TiO5 on HCV infection.
(B) 1000 ffu of HCV (JFH1 strain) was treated with TiO; or mock in the presence or absence of light illumination for 5, 30, 60 and 120 min respectively, and then
inoculated to Huh7.5.1 cells for 3 days. The intracellular HCV RNA levels were determined by RT-qPCR, normalized against cellular GAPDH levels and expressed as
the percentage of the mock/dark group. (C) Infectivity titers were determined by immunofluorescence of HCV NS3 proteins after TiO,/light treatment for 60 min. (D)
Cytotoxicity of TiO,/light treatment on Huh7.5.1 cells was evaluated under the incubation with the treated medium for 48 h by cell titer assay. The error bars in
panels B-D were derived from triplicates. Means and standard deviations for three independent experiments. **, P <0.01; *, P <0.05; NS, P > 0.05.
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2.12. Data availability

The data that support the findings of this study are available from the
corresponding authors upon request.

3. Results
3.1. Photo-activated TiO efficiently inhibits HCV infection

The inactivation assay was carried out in an illumination platform,
which comprises an LED light source (wavelength at 375 nm) with light
intensity of 0.4 mW/cm? measured by an illuminometer, and a loading
platform sitting in an ice-bath box (Fig. 1A). First, we tested the effect of
photo-activated nanosized TiO3 on HCV, an RNA viral pathogen that has
infected 170 million people in the world and is responsible for chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma [30]. 1000 focus-
forming units (ffu) of HCV (JFH1 strain) [19,31,32] was added into
nanosized TiO,-coated or uncoated (mock control) 24-well plates, and
was light illuminated or kept in dark for 5, 30, 60 and 120 min
respectively. After the illumination, HCV was inoculated on Huh7.5.1
cells, a hepatoma-derived cell line that is permissive for HCV infection
[19]. At day 3 post-infection, the intracellular HCV RNA levels were
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determined by RT-qPCR. As shown in Fig. 1B, while the intracellular
HCV RNA levels remained unchanged in the group of TiOy/dark, mock/
light or mock/dark, they decreased progressively in the TiOo/light
group as the illumination time increased. Of note, the 60-min illumi-
nation inhibited about 90% HCV infection, therefore, this illumination
condition was used for the following experiments.

Next we examined the effect of illuminated TiO5 on the HCV infec-
tion using a focus-reduction assay [33]. 200 ffu of HCV was subjected to
TiO2 or mock with or without illumination for 60 min, and then inoc-
ulated on Huh7.5.1 cells for 3-days infection. The number of HCV-
positive foci was analyzed by immunofluorescence and quantified.
Consistently, TiOy/light significantly inhibited HCV infection (Fig. 1C).
Then we assessed the potential cytotoxicity of TiO». The culture medium
was incubated in TiOz-coated or mock-coated 24-well plates with illu-
mination or dark for 60 min, and then transferred to Huh7.5.1 cells. The
cells were cultured for 3 days and then subjected to the cell viability
assay to measure cell growth. The result demonstrated that the cells
grew equally in each of the four groups (Fig. 1D), suggesting that the
inhibitory effect of TiOy/light on HCV infection was not due to its
cytotoxicity.
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Fig. 2. Photo-activated TiO, targets encapsidated viral RNA. (A) The schematic of the experiment to test the effect of photo-activated TiO, on encapsidated viral
RNA. (B) HCV (JFH1 strain) was treated with TiO5 or mock in the presence or absence of light illumination for 60 min, and then inoculated to Huh7.5.1 cells for 3
days. The HCV-positive foci were determined by immunofluorescence of HCV NS3 proteins, and expressed as the percentage of the mock/dark group. (C-D) HCV E2
and Core proteins (C) and genome RNA (D) in the input virions after the TiOy/light treatment were directly quantified by Western blotting and RT-qPCR, respec-
tively. The RNA levels were expressed as the percentage of the mock/dark group. (E) The intracellular HCV RNA levels were determined by RT-qPCR on day 2, 4, 6, 8
post-transfection into Huh7.5.1 cells. (F) Immunofluorescence of NS3 proteins (red) in Huh7.5.1 cells transfected with the extracted RNA from TiO,/light treated
virions on day 6 post-transfection. Nuclei (blue) were stained with Hoechst dye. The error bars in panels (B), (D) and (E) were derived from triplicates. **, P <0.01; *,

P <0.05; NS, P>0.05.
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3.2. Photo-activated TiO targets encapsidated viral RNA

We sought to investigate how illuminated TiO5 inhibits HCV infec-
tion. The outline of experiments was shown in Fig. 2A. After the above
described 4 groups of treatment, the quantity of envelope protein E2 and
genome RNA of input HCV virions were directly analyzed by Western
blot and RT-qPCR respectively. In parallel, after the TiO2/light or mock/
dark treatment, the viral RNA of input virions was extracted and then
transfected into Huh7.5.1 cells by electroporation, and HCV RNA and
protein levels at the different time points after transfection were
analyzed by RT-qPCR and immunofluorescence respectively. Consis-
tently, illuminated TiO; efficiently inhibited HCV infection (Fig. 2B).
However, this treatment did not directly reduce the quantity of HCV
protein (Fig. 2C) or RNA (Fig. 2D) in the virions, suggesting that illu-
minated TiOy do not destroy the virion overall structure and contents.
Interestingly, when the viral RNA was extracted from the TiOy/light-
treated input virions and then transfected into the cells, it did not leads
to viral amplification (Fig. 2E-F), suggesting that although the amount of
viral RNA remained unchanged upon the TiOy/light treatment, their
biological activity of had been impaired. Altogether, these results sug-
gested that inactivation of HCV virions by illuminated TiO was likely
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due to the damage of the encapsidated viral genome.

Then, we tested whether the naked HCV RNA can be damaged by the
TiOo/light treatment. The in vitro transcribed HCV genomic RNA was
subject to the treatment, and then analyzed by gel electrophoresis and
RT-qPCR, or transfected into Huh7.5.1 cells by electroporation to
analyze the functionality of the RNA (Fig. 3A). As shown in Fig. 3B-C,
the quantity of the naked HCV RNA was not affected by the treatment.
However, illuminated TiOs significantly abolished the ability of the HCV
RNA to produce virus in the cells (Fig. 3D).

After that, we examined whether the TiOy/light treatment had a
similar impact on DNA as on RNA. As shown in the flow chart of the
experiment (Fig. 4A), the plasmid DNA (pUC19-JFH1) that expresses the
ampicillin-resistant gene was subjected to the treatment, and then
analyzed by gel electrophoresis, or transformed into E. coli (DH5a strain)
to analyze its ability to form bacterial colonies upon the ampicillin se-
lection. Transformation of TiOg/light-treated plasmid DNA yielded
much fewer bacterial colonies (Fig. 4B). The gel electrophoresis analysis
showed that TiOy/light-treated plasmid DNA migrated more slowly
(Fig. 4Q), likely reflecting a DNA conformational change due to the nick
of supercoiled double-stranded plasmid DNA.
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Fig. 3. Photo-activated TiO, inactivates the naked HCV genomic RNA. (A) The schematic of the experiment to test the effect of photo-activated TiO, on in-vitro-
transcribed HCV genomic RNA. (B-C) After the treatment, the viral RNA was analyzed by Electrophoresis (B) and RT-qPCR assay (C). (D) The treated in-vitro-
transcribed RNA was electroporated into Huh7.5.1 cells, and viral E2 proteins were analyzed by Western blot analysis at day 4 post-electroporation. The expres-
sion level of actin in these transfected cells was detected as control. The error bars in panel C were derived from triplicates. **, P <0.01; *, P <0.05; NS, P > 0.05.
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3.3. Anti-HCV effect of illuminated TiO, is mediated mainly by the photo-
induced hydroxyl radicals

The photocatalytic process involves the production of ROSs,
including ¢OH and 0, radicals known to harm pathogens [34,35], thus
next we determined the role of different ROSs in the anti-HCV effect of
illuminated TiOy. We first analyzed the nature of ROSs produced by TiO,
upon illumination. The production of free radicals was characterized by
DMPO spin-trapping ESR measurements. We utilized 1 mmol/L iso-
propanol (IPA) and Superoxide Dismutase (SOD) as quenching agents
for ¢OH and O radicals, respectively. The results showed both char-
acteristic peaks of ¢OH and O3 radicals reached its highest level with a
10-min illumination dose (0.4 mW/cmz, 375 nm), whereas the peaks of
#0; and eOH were absent in the dark condition or partially decreased in
the presence of the quenching agents (Fig. 5A-B).

In order to test the quenching agents in the context of viral infection,
we first assessed their potential cytotoxicity. Huh7.5.1 cells were
cultured in the presence of 0.2, 1 and 5 mM of IPA or 0.2, 1 and 5 mg/ml
SOD for 48 h. The result indicated that the both quenchers at these tested
concentrations showed no significant cytotoxicity (Fig. 5C). Then we
performed the photocatalytic inactivation experiment in the presence of
1 mM of IPA or 1 mg/ml SOD. The results demonstrated that the anti-
HCV effect of illuminated TiOy was significantly canceled out by the
oOH quencher IPA (Fig. 5D), but not by the ¢O3 quencher SOD (Fig. 5E),
suggesting that the ¢OH radicals play a more dominant role in the anti-
HCV activity.

3.4. Natural indoor sunlight-illuminated TiO, inactivates HCV

Next, we investigated whether HCV can be inactivated by TiOy
illuminated by natural indoor sunlight, a condition that mimics its
application in a real field setting. Unlike the 375-nm illuminating light
we used in the above experiments, the natural indoor sunlight consists of
broad-spectrum visible lights with a wavelength ranging from 310 to
1000 nm after passing though household windows [36]. The inactiva-
tion assay was conducted in a windowed room with broad-spectrum
light intensity of 0.6 mW/cm? measured by a light intensity meter and
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around 0.15 mW/cm? at UVA band (Detailed test method included in
$3). 200 ffu of HCV was subjected to TiOy or mock illuminated with
indoor sunlight for 2.5 or 5 h or kept in dark respectively. After the
treatment, the viruses were inoculated on Huh7.5.1 cells for 3-days
infection, and the number of HCV-positive foci was quantified. As
shown in Fig. 6, TiOy illuminated by natural indoor sunlight inactivated
HCV in a time-dependent manner, with 2.5-hour and 5-hour illumina-
tion resulting in about 50% and 80% reduction in viral infectivity
respectively. Of note, 5-hour illumination by indoor sunlight in the
absence of TiO, slightly decreased HCV infectivity, probably due to the
irradiation by residual low-wavelength sunlight that passes through
household window.

3.5. Illuminated TiO; inactivates a wide range of pathogens including
SARS-CoV-2

We investigated whether the illuminated nanosized TiO; can inhibit
other viral pathogens. First, we tested its effect on lentivirus-based
pseudotype viral particles (chimera) consisting of HCV envelop pro-
teins (HCVpp) or vesicular stomatitis virus glycoproteins (VSVpp) [29].
The both pseudotyped chimera viruses were subjected to the above
mentioned four groups of treatment, and their infections in Huh7.5.1
cells were analyzed by the luciferase activity expressed by the lentiviral
genome. As shown in Fig. 7A-B, illuminated TiO, efficiently inactivated
both pseudotyped chimera viruses.

Then we tested the effect of illuminated nanosized TiO5 on a range of
pathogens, including RNA viruses EV71, influenza virus HIN1 (PR8
strain), vesicular stomatitis virus (VSV), Zika virus (ZIKV), DNA virus
herpes simplex virus (HSV-1) as well as bacterium (E. coli). These
pathogens were treated as above by TiO2 or mock in the presence or
absence of illumination, and then analyzed by RT-qPCR (EV71 and
H1N1), plaque assay (VSV and HSV-1), immunofluorescent focus for-
mation assay (ZIKV) or bacterial colony formation assay (E. coli). As
shown in Fig. 7C-H, all pathogens can be inactivated by illuminated
TiO9, but not by other groups of treatment, suggesting that the photo-
catalytic TiO; exhibits a broad-spectrum inactivating potential.

Finally, we investigated whether the illuminated TiOy can inhibit
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Fig. 6. Natural indoor sunlight-illuminated TiO, inactivates HCV. HCV was subjected to indoor sunlight for 2.5 (A) and 5 h (B), then inoculated to naive
Huh7.5.1 cells. Three days post-infection, the infectivity titers were determined by immunofluorescence of NS3 proteins. Viral infectivity titers were expressed as a
percentage of the value in the control treatment. The error bars in panel C were derived from triplicates. **, P <0.01; *, P <0.05; NS, P > 0.05.
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Fig. 7. Illuminated TiO, inactivates a wide range of viral pathogens including SARS-CoV-2. Various pathogens were subjected to the TiO,/light treatment, and
then inoculated to their corresponding permissive cells to quantify the infection. (A-B) Infection of pseudotype viruses HCVpp (A) and VSVpp (B) in Huh7.5.1 cells for
2 days were analyzed by luciferase assay to measure the luciferase activity expressed by pseudotype viruses. (C) Infection of EV71 in Vero E6 cells for 2 days was
analyzed by RT-qPCR to measure the intracellular viral RNA level. (D) Infection of influenza virus HIN1 (PR8 strain) in MDCK cells for 2 days was analyzed by RT-
qPCR to measure the intracellular viral RNA level. (E-F) Infection of VSV and HSV-1 in Huh7 cells for 2 days were determined by the plaque assay (G) Infection of
ZIKV in Vero E6 cells for 2 days was analyzed by focus-reduction assay. (H) The anti-bacteria efficiency was detected by counting the colony numbers of bacteria
(E. coli). (I) Infection of SARS-CoV-2 in Vero E6 cells for 2 days was determined by plaque assay. The error bars in panel C were derived from triplicates. **, P < 0.01;

*, P<0.05; NS, P>0.05.

SARS-CoV-2, a novel coronavirus responsible for the ongoing COVID-19
pandemic. We performed the same inactivation assay, and the SARS-
CoV-2 infection was analyzed by a plaque assay. As shown in Fig. 71,
SARS-CoV-2 can be efficiently inactivated by illuminated TiO2, although
a low level of decrease in infectivity also can be observed in the mock/
light or TiOy/dark treated groups.

4. Discussion

It is imperative to develop an efficient and safe way to disinfect
pathogens in a field setting. In this study, we evaluated the effects of
nanosized TiO5 thin-film on pathogens under a low irradiation condition
(0.4 mW/cm? at wavelength of 375 nm) as well as in a setting of indoor
sunlight. We showed that pathogens can be efficiently inactivated by
TiOy under these illumination conditions that should be readily
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achievable in a real field setting. Unlike previous studies [13,17,18], our
mechanistic studies demonstrated that illuminated TiO, did not
decrease the levels of structural components of HCV virions (proteins
and RNA), but rather impaired the functions of the viral genome. We
proposed a working model for the mechanism of inactivating pathogens
by illuminated TiO,. With light illumination, TiOy nanoparticles can
transfer light energy to chemical energy. The resultant ¢OH radicals
damage the HCV RNA genome, leading to the loss of its ability to
generate an infectious life cycle. Further experiments will be needed to
determine whether this mechanism also applies to the inactivation of
other viral pathogens, and how eOH radicals change the structure of
nucleic acids of viral genome.

Our results demonstrated that photo-activated TiO, inactivates a
broad range of pathogens, including multiple RNA viruses (HIN1-Flu,
VSV, and ZIKV, EV71 and SARS-CoV-2), DNA virus (HSV-1) and bac-
terium (E. coli). These pathogens include viruses with different genome
features (DNA or RNA, genome length, single or multiple segments) or
with different virion structural features (envelope and non-envelope).
These results are consistent with the proposed antiviral mechanism
that eOH radicals induced by photo-activated TiO» may attack nucleic
acids of the pathogen genome, irrespective of their virion structures. It is
interesting that the control group of only light treatment seems to inhibit
the infectivity of SARS-CoV-2 more than other viruses. The possible
explanation is that SARS-CoV-2 has the largest RNA genome (about
30,000 nt) and it may be more sensitive to the photocatalytic inactiva-
tion. Furthermore, we showed that TiO5 illuminated by natural indoor
sunlight also can inactivate viruses, making it possible to apply it in a
field setting to disinfect pathogens. Compared to other conventional
disinfecting methods, such as heat, UV, detergents and ethanol [37,38],
photocatalytic TiO» inactivation possesses several advantages — long
lasting effect, easy to use, safe and no secondary pollution to the
environment.

5. Conclusions

In summary, we brought forward new evidence of the photocatalytic
inactivation properties of nanosized TiOy on variety of toxic bacteria
and viruses under low-irradiation density and of household day light. On
top of that, the eOH radicals were considered playing the main role of
leading to the inactivation of the pathogens, which confirmed by DMPO
spin-trapping experiment. Most importantly, we found that the viral
genome was the primary attacking target, instead of virion global
structure and contents, thus the virus was inactivated. These results
would provide a theoretical basis for photocatalytic materials, which
have potential application in building indoor surface paint, air filters
and medical devices and eventually help break the chain of trans-
mission, particularly in a field setting of pandemics and epidemics.
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