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Abstract

Purpose We examined the inactivation of severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) by a nitrogen-doped titanium dioxide
(N-TiO,) visible-light photocatalyst that was activated
via light irradiation in the natural environment and
was safe for human use as a coating material.
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Methods The photocatalytic activity of glass slides
coated with three types of N-TiO, without metal or
loaded with copper or silver and copper was investi-
gated by measuring acetaldehyde degradation. The
titer levels of infectious SARS-CoV-2 were measured
using cell culture after exposing photocatalytically
active coated glass slides to visible light for up to
60 min.

Results N-TiO, photoirradiation inactivated the
SARS-CoV-2 Wuhan strain and this effect was
enhanced by copper loading and further by the addi-
tion of silver. Hence, visible-light irradiation using
silver and copper-loaded N-TiO, inactivated the
Delta, Omicron, and Wuhan strains.

Conclusion N-TiO, could be used to inactivate
SARS-CoV-2 variants, including emerging variants,
in the environment.

Keywords Nitrogen-doped titanium dioxide -
SARS-CoV-2 - Viral inactivation - Visible-light
photocatalyst

Introduction

Over the recent years, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pandemic
has caused significant health and economic losses
worldwide (Zhou et al. 2020). Constant inactivation
of the virus in the environment is crucial to prevent
the spread of SARS-CoV-2, which is transmitted
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mainly through aerosols emitted by infected persons
(Prather et al. 2020). Infectious viruses have also been
detected on the surfaces of objects in public places,
such as hospitals (Feng et al. 2021), which are widely
disinfected using alcohol or other agents (Kampf
et al. 2005). However, the coating of various surfaces
using solid antiviral compounds was shown to pro-
vide sustained antiviral effectiveness (van Doremalen
et al. 2020). For antimicrobial coatings, the use of
various compounds that can kill or inhibit the growth
of pathogens, fungi, and viruses has been considered
(Rai et al. 2020). Among these compounds, visible-
light photocatalysts are promising as they can degrade
organic molecules via oxidative chemicals gener-
ated by light irradiation from indoor lighting fixtures
(Matsuura et al. 2021; Uema et al. 2021; Nakano
et al. 2022; Prakash et al. 2022). The effectiveness of
visible-light photocatalysts, titanium dioxide (TiO,)
loaded without metal (Matsuura et al. 2021), tungsten
trioxide (WO;) with unknown additives (Uema et al.
2021), and TiO, loaded with nanoclusters of cop-
per oxide (Nakano et al. 2022) for the inactivation of
SARS-CoV-2 has been previously reported. However,
the effect of additive metals on viral inactivation by
main component oxides remains to be elucidated. The
inactivation of SARS-CoV-2 using silver (Ag) nano-
particles has been proposed (Pilaquinga et al. 2021),
although the effects of Ag as an additive for visible-
light photocatalysts remain unclear. The present study
revealed that the efficacy of SARS-CoV-2 inactiva-
tion was enhanced by loading Ag or copper (Cu) on
nitrogen-doped titanium dioxide (N-TiO,), which is
a visible-light photocatalyst (Asahi et al. 2001, 2014;
Morikawa et al. 2006; Ohwaki et al. 2016). We also
showed that N-TiO, loaded with both Ag and Cu
could inactivate the SARS-CoV-2 Delta and Omicron
variants that temporarily dominated the pandemic.

Materials and Methods
N-TiO, coating of glass surfaces

We evaluated three types of visible photocatalysts:
N-TiO, (Toyotsu Vehitecs Co., Ltd., VCT-01SQC),
Cu-loaded Cu/N-TiO, (Toyotsu Vehitecs Co., Ltd.,
VCTIIC-01SQC), and Cu+Ag/N-TiO, (N-TiO,
loaded with both Cu and Ag; Toyotsu Vehitecs Co.,
Ltd., VCTIICA-01). These photocatalysts were
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synthesized based on the flowchart depicted in Fig. 1.
N-TiO, powder with 0.25% nitrogen doping for oxy-
gen was obtained by annealing the anatase-type TiO,
powder with the nitrogen source (Asahi et al. 2001;
Morikawa et al. 2006). The crystal structure of the
powder was evaluated using X-ray diffraction (XRD)
(SU3500, Rigaku, Japan) analysis, and the optical
absorption edge was measured via ultraviolet—visible
absorption spectroscopy (V-780, JASCO, Japan). Cu
or Cu and Ag loading were prepared by impregnat-
ing N-TiO, with an aqueous solution of Cu(NOj;),
or AgNO; at room temperature, followed by stir-
ring, washing, and filtration. Each powder was finely
ground, water-slurried, and mixed with an organic
binder to prepare the photocatalytic coating solu-
tions with 6% solid content. The size distribution of
the dispersed particles in the coating solution was
evaluated using dynamic light scattering analysis
(DLS) (Zetasizer Nano ZSP, Malvern Panaltical).
Glass slides or 5-cm square glass plates (Matsunami
Glass Ind., Ltd., S1111) were sonicated in acetone
and ethanol for 10 min each and then dried at 80 °C
for 1 h. Coating solution (0.8 mL) was dropped onto
the washed glass and spin-coated at 750 rpm for 5 s.
The samples were then heat-treated at 200 °C for 1 h

TiO, powder

l Nitrogen doping

N-TiO, powder

Cu(NO,), or Cu(NO,), and AgNO,
impregnation loading

l Washing and filtration
N-TiO,, Cu/N-TiO, , Ag+Cu/N-TiO, powder

l Fine grinding in water

l Mixing with organic binder
N-TiO,, Cu/N-TiO, , Ag+Cu/N-TiO, coating solution

Fig. 1 Flowchart of the synthesis process of photocatalyst
coating solution
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and ultraviolet-irradiated using a black light for 1 h to
remove surface deposits before use in the subsequent
experiments.

Qualitative analysis on reactive oxygen radicals

Reactive oxygen species generated by photocata-
lysts was qualitatively analyzed using the spin-trap
ESR (Electron Spin Resonance) method. 5,5-dime-
thyl-1-pyrroline N-oxide (DMPO) (Tokyo Chemi-
cal Industry Co., Ltd.) was used as the spin-trapping
reagent. DMPO was diluted with water to 5 mol/dm?>,
purified using spherical activated carbon (AS ONE
CORPORATION), and finally used as a spin-trap
solution. After spreading 100 pL of the solution on
each N-TiO,-coated glass plate at a depth of ~4 cm?
and irradiated with visible light at 10,000 Ix for
15 min, ~75 pL of the reaction solution was collected
and measured using X-band ESR (Bruker ES00). The
measurement conditions were microwave power, 3.17
mW; microwave frequency, 9.82 GHz; modulation
amplitude, 0.2 mT; modulation frequency, 100 kHz;
time constant, 30 ms; receiver gain, 60; magnetic
field scan, 20 mT; and scan, 10.

Observation using scanning electron microscopy and
quantification by inductively coupled plasma

The surface condition of the glass coated with N-TiO,
was examined via scanning electron microscopy
(SEM) (Hitachi High-Tech Co., Regulus 8230). The
coated glass slides were cut into 10-mm squares,
further coated with osmium, and secondary electron
images were captured at an acceleration voltage of
2 keV. Acid dissolution of N-TiO, coated on the glass
surface was performed and the Ti content of each
sample was quantified via inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Hitachi
High-Tech Science Co., PS3520UVDDII). The Cu
and Ag contents were quantified using ICP mass
spectrometry (ICP-MS) (Agilent Technologies, Agi-
lent 8900). The TiO, content was estimated by cal-
culating the Ti content, and the total TiO,+Cu+Ag
content was used as the sample total weight.

Photocatalytic activity evaluation

The photocatalytic activity of N-TiO, was evaluated
using an acetaldehyde degradation test. The 5-cm

square glass plates coated with each type of N-TiO,
were placed in 500-mL glass containers, filled with
air composition levels of O,/N, gas and 60 ppm
acetaldehyde gas, sealed, and left in the dark for
1 h, which was considered 0 h. The concentration
of acetaldehyde and its degradation product, CO,,
were measured via gas chromatography (Shimadzu
Co., GC-14B) under conditions of visible-light
irradiation. The fluorescent light of illuminance at
10,000 1x (T-10A, KONICA MINOLTA, INC.) and
light power of 550 pW/cm? (UVR-2 UD40 detec-
tor, TOPCON CO.) with cut film to omit ultraviolet
light at<400 nm was used as a visible-light source.
No changes were observed in light intensity during
the pre- and post-experiments. The rate of CO, pro-
duction was calculated via linear regression after sub-
tracting background due to uncoated glass.

Enzyme-linked immunosorbent assay analysis of
binding affinity between S-protein and ACE2

Binding affinity assay between S-protein and ACE2
was performed using a partially modified proto-
col of the COVID-19 Spike-ACE2 binding assay
kit IT (RayBiotech, Inc.). Briefly, 100 pL of a solu-
tion of Fc-tagged SARS-CoV-2 spike receptor bind-
ing domain protein (S-protein) diluted with the
attached buffer (1x Assay Diluent) was placed on a
photocatalyst-coated glass slide under a fluorescent
lamp covered with a 400 nm cut filter and irradiated
with 10,000 1x light for 0, 15, or 60 min at ~25 °C.
The glass slide was placed in a plastic petri dish and
covered to prevent drying. The light-irradiated glass
slide was transferred to a 50 mL centrifuge tube and
centrifuged at 1000 rpm for 30 s to collect the solu-
tion. Then, the slide was washed with 100 pL assay
solution, which was collected by centrifugation at
1000 rpm for 30 s. The collected reaction solution
was placed into 96-well plates whose bottoms were
coated with recombinantly expressed ACE2, and
enzyme-linked immunosorbent assay was performed.
The absorbance was measured at 450 nm at O, 15, and
60 min (designated A0, A15, and A60, respectively).
The percentage of denatured S-protein undetectable
by the antibody at 15 and 60 min was calculated as
(A0 — A15)/A0 and (A0 — A60)/A0, respectively.
Four samples were measured per experiment and all
experiments were repeated twice. The results were
reported as mean and standard deviation.
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Inactivation of SARS-CoV-2 and variants using
N-TiO, plates

SARS-CoV-2  JP/TY/WK-521/2020 (WK-521;
Wuhan strain, GenBank Sequence Accession:
LC522975), SARS-CoV-2  hCoV/Japan/TY11-

927-P1/2021 (TY11-927; Delta variant, GISAID
variant name: EPI_ISL_2158617), and SARS-
CoV-2 hCoV-19/Japan/TY38-873/2021 (TY38-
873; Omicron variant, GISAID variant name:
EPI_ISL_7418017) were kindly provided by Drs.
Masayuki Saijo, Mutsuyo Takayama-Ito, Masaaki
Sato, and Ken Maeda of the National Institute of
Infectious Disease (Tokyo Japan). The viruses were
propagated once at the Shiga University of Medi-
cal Science in VeroE6/TMPRSS?2 cells (JCRB Cell
Bank, Osaka, Japan). VeroE6/TMPRSS2 cells were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supple-
mented with 10% fetal bovine serum (FBS) and 50
pg/mL each of penicillin, streptomycin, and G418
in 96-well plates for 3 days. The viral solution (500
pL) was placed on 25-cm? glass plates coated with
N-TiO, and then exposed to visible-light for the
indicated times. The experiment was conducted in a
draft chamber with constant negative pressure from
exhaust air to ensure safety, and the temperature of
the samples was maintained at ~25 °C. A dilution
series of the recovered viral solution was prepared
and inoculated onto confluent VeroE6/TMPRSS2
cells that had been washed twice with 100 uL of
Hanks’ Balanced Salt Solution (HBSS) (Nacalai
Tesque). The final concentrations of the viral solu-
tions were ~10* to 10? TCID5,/mL, and which were
higher than the concentration (10" TCIDs,/mL) that
confirmed human infection (Killingley et al. 2022).
The cells were incubated for 1 h at 37 °C, the solu-
tion was then removed via aspiration, and the wells
were washed once with 100 uL HBSS media. The
wash solution was removed via aspiration, 100 uL
DMEM supplemented with 0.1% bovine serum
albumin (BSA) was added, and the cells were cul-
tured in an incubator at 37 °C for 3 days. Cytopathic
effects were observed under a microscope, and the
mean tissue culture infectious dose (TCIDs;) was
determined. All viral experiments were performed
in the Biosafety Level 3 facility of the Research
Center for Animal Life Science, Shiga University
of Medical Science. Four samples were measured
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per experiment and all experiments were repeated
twice. The results were calculated as mean and
standard deviation.

Results
Synthesis of N-TiO, particles

Three types of N-TiO, were synthesized using tita-
nium dioxide powder as a raw material to prepare
the coatings (Fig. 1). The synthesized N-TiO, was in
the anatase phase with an average crystallite size of
20 nm (Supplementary Fig. 1) and exhibited optical
absorption in the visible-light region of 400-520 nm
(Supplementary Fig. 2). Dynamic light scattering
analysis of the particle size revealed that all the par-
ticles exhibited a similar distribution, with a peak
at~28 nm (Fig. 2). These particles were used in fur-
ther experiments.

Reactive oxygen species produced by the light
irradiation of N-TiO,

The free radical species produced by water mole-
cules via the photocatalytic reaction of N-TiO, were
analyzed using spin-trap ESR (Figure 3). The three
ESR spectra of N-TiO, showed the same pattern
comprising four signals with amplitude ratios of
1:2:2:1, which were determined to be derived from
the adduct of the OH radicals that reacted with the
spin-trapping agent DMPO, whereas the other spec-
tral patterns, such as signals derived from superox-
ide anion and alkyl radicals (Finkelstein et al. 1982;

20
S @ : N-TiO,
5 1 A: Cu/N-TiO,
‘8 10 O : Ag+Cu/N-TiO,
£
€ 5
3
0 P YN
1 10 100 1000 10000

Particle size (nm)

Fig. 2 Particle size distribution of three types of N-TiO, used
in coating. The vertical axis shows the volume fraction of
dispersed particles as measured by dynamic light scattering
(DLS)
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Fig. 3 The ESR spectra of spin traps obtained by visible-light
irradiation of N-TiO,-coated glass plates

Makino et al. 1982), were not detected (Figure 3).
Under this light irradiation condition, the chief
reactive oxygen species in the reaction solution
was found to be OH radicals. The signal intensity
of the reaction solution of N-TiO, without metal
support was < 1/10 of those of the metal-supported
N-TiO, particles, although not exactly quantitative
(Figure 3).

Structure and composition of N-TiO, coated on the
glass surface

Glass surfaces coated with three types of N-TiO,
showed agglomerated particles of ~ 20 nm in diam-
eter and pores that were several tens of nm in size
(Figure 4). The surface loading of N-TiO, and film
thickness were ~ 0.5 g/m” and ~ 200 nm, respectively,
based on the weight increment after coating. The size
of the SARS-CoV-2 virus particles ranged from 60 to
140 nm (Zhu et al. 2020); therefore, the viral particles
were considered to contact N-TiO, at the surface layer
without entering the layer when the virus solution
was dropped onto the coated glass surface. The com-
positional analysis of the N-TiO, coated on the glass
surface using ICP-OES and ICP-MS showed that it
contained trace amounts of Cu. Cu/N-TiO, contained
3.3 mass% Cu while Ag+Cu/N-TiO, contained 1.6
mass% Cu and 0.1 mass% Ag (Table 1).

Visible photocatalytic activity of N-TiO,
A 5-cm square glass slide coated with each N-TiO,

was placed in a 500-mL sealed container to measure
acetaldehyde degradation activity under visible-light

Ag+Cu

Fig. 4 SEM images of the glass surface coated by three different types of N-TiO,. w/o, N-TiO,; Cu, Cu/N-TiO,; Ag+Cu.

Ag+Cu/N-TiO,
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Table 1 Composition of the three types of N-TiO, as meas-
ured by ICP-MS (mass%)

Table 2 Rate of carbon dioxide formation following visible-
light irradiation of three types of N-TiO,

Sample Metal/metal oxide

TiO, Cu Ag
N-TiO, 99.9 0.06 <0.01
Cu/N-TiO, 96.7 33 <0.01
Ag+ Cu/N-TiO, 98.3 1.6 0.1

irradiation (Fig. 5). For all three types of N-TiO,,
irradiating the coated glass pieces with visible-light
decreased the concentration of acetaldehyde in a
time-dependent manner, whereas the concentration of
the reaction product, CO,, increased (Fig. 5). The rate
of CO, formation by metal-loaded N-TiO, was~2.5
times faster than that of N-TiO, without metal load-
ing. The rates of CO, formation were almost equal
for Cu/N-TiO, (0.903 ppm/h) and Ag+Cu/TiO,
(0.939 ppm/h) (Table 2).

Inhibition of the binding of S-protein with ACE2 by
N-TiO,

We examined whether the binding of SARS-CoV-2
S-proteins involved in infection with Angiotensin
Converting enzyme 2 (ACE2) was inhibited by the
photocatalytic activity of N-TiO, coated on the glass
surface (Fig. 6). When the three types of N-TiO,
were irradiated with visible-light at 10,000 1x,~70%
and>90% of the S-protein in the solution were not
detected by the antibody after 15 and 60 min, respec-
tively, whereas the protein concentration in the reac-
tion solution remained unchanged. After 15- and

Sample CO, forma-
tion rate
(ppm/h)
N-TiO, 0.362
Cu/N-TiO, 0.903
Ag+Cu/N-TiO, 0.939

60-min light irradiation, there were no significant dif-
ferences in the proportion of S-protein denaturation
between N-TiO, without metal loading and Cu/N-
TiO, (p=0.095 and 0.785) or N-TiO, without metal
loading and Ag+Cu/N-TiO, (p=0.068 and 0.238)
that became undetectable with the antibody.

Effects of N-TiO, supported by Ag and Cu on
SARS-CoV-2 inactivation

The light- and time-dependent inactivation of SARS-
CoV-2 (WK-521) by N-TiO, with or without metals
was investigated using cell culture experiments (Fig-
ure 7). To test whether the initial viral titers (7356
TCIDsy/mL) decreased from zero time in N-TiO,
without metal, it was compared with one of the other
samples between the two groups using one-sided
t-test at a 5% significance level. As a result, no sig-
nificant difference was detected between the 15- and
60-min dark conditions (p = 0.074 and 0.068, respec-
tively); however, a significant difference was detected
between the 15 and 60-min light conditions (p =
0.039 and 0.010, respectively) (Figure 7 w/o). Based
on these results, it was observed that N-TiO, without
metal could not inactivate SARS-CoV-2 in the dark.

Fig. 5 Acetaldehyde (a) 50 (b)
degradation activity of %
three types of N-TiO, under o M 120
visible-light irradiation. a € 40 (]
Acetaldehyde degradation. Fox % R
b Carbon dioxide forma- © 30 0 £ 80
tion. White squares indicate g A g
N-TiO,, black triangles S €] ~
o . o
indicate Cu/N-TiO,, and % 20 O 2 )
gray circles indicate I 40 o
A, N-Ti <

g+ Cu/N-TiO, 10 1 @@

0 I -
0 40 120 0 40 80 120
Time (hour) Time (hour)
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Fig. 6 Denaturation of S-protein by three types of N-TiO,
irradiated with visible-light. White bars indicate N-TiO,, light
gray bars indicate Cu/N-TiO,, and dark gray bars indicate
Ag+Cu/TiO,. No significant differences at the 5% level were
observed between N-TiO, and Cu/N-TiO, or Ag+Cu/N-TiO,
under both the 15- and 60-min light irradiation conditions

Furthermore, under light conditions, some viruses
were inactivated after > 15 min of light exposure in
this study. Although no significant differences were
detected, the mean viral titer at 60 min (2750 TCIDs,/
mL) was lower than at 15 min in the light condition
(3750 TCIDsy/mL). Significant reductions in the viral
titers were observed in the Cu/N-TiO, plates under

all conditions (Figure 7 Cu). Viral titers decreased
by ~ 80% for 15 and 60 min in the dark condition
and 15 min in the light condition (p = 0.013, 0.013,
and 0.016, respectively), and by ~ 3% at 60 min in
the light condition (p = 0.006). In the light condi-
tion, the viral titer at 60 min was significantly reduced
to ~ 16% compared with that at 15 min (p = 0.006);
however, no significant difference was observed in
the dark condition (p = 0.430). The inactivation of
SARS-CoV-2 was also observed on Ag+Cu/N-TiO,
plates under all conditions (Figure 7 Ag+Cu). In
Ag+Cu/N-TiO,, time-dependent virus inactivation
was also detected under dark conditions, with viral
titers reaching ~ 24% at 15 min and 4.5% at 60 min
compared with that at 0 min (p = 0.005 and 0.003,
respectively). The light dependence of viral inactiva-
tion was also found to be 9.6% at 15 min compared
with that at O min and < 1% at 60 min under the light
conditions (p = 0.004 and 0.002, respectively).

Inactivation of SARS-CoV-2 delta and omicron
variants

The volume of the infectious viral titers of the SARS-
CoV-2 Wuhan, Delta, and Omicron variants were
determined using cell culture assay following the vis-
ible-light irradiation of Ag+Cu/N-TiO,-coated glass
plates for 60 min. Significant decreases in infectious
titers due to light irradiation for 60 min were detected
for all three variants compared with the reference

w/o Cu Ag+Cu
105
-
£ 100 =
o o *
(,:3 9 o Jlo o
= 10
5l
|
0 15 60 15 60 0 15 60 15 60 0 15 60 15 60 min
D L D L D L

Fig. 7 Inactivation of SARS-CoV-2 (WK-521, Wuhan strain)
following visible-light irradiation of three types of N-TiO,.
SARS-CoV-2 virus solution on each N-TiO,-coated glass was
irradiated to visible-light for 0, 15, or 60 min in the dark (D) or
light (L). The y-axis shows the mean plus standard deviations
of the infectious virus titers. Asterisks indicate significant dif-

ferences of p<0.01 when comparing paired titers, indicated by
solid or dotted lines, using one-sided Welch #-test. Pairs show-
ing significant differences at p<0.05 when comparing viral
titers with one-sided Welch #-test are indicated by white circles
(at zero time and the sample) and asterisks (pairs indicated by
solid or dotted lines)
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titers at 0 min (Figure 8). Although a direct compari-
son among variants could not be conducted owing to
the different initial viral concentrations, > 99% of the
Wuhan strain, 88.8% of the Delta variant, and 98.6%
of the Omicron variant were inactivated following 60
min of light irradiation compared with the viral titers
observed at 0 min.

Discussion

The photocatalysis of N-TiO, resulted in the degra-
dation of acetaldehyde (Figure 5), conformational
changes in S-proteins (Figure 6), and inactivation of
SARS-CoV-2 (Figure 7 and Figure 8) in this study.
In previous studies, SARS-CoV-2 inactivation by vis-
ible photocatalysts TiO, (Matsuura et al. 2021) and
WO; (Uema et al. 2021) was considered to be primar-
ily due to reactive oxygen species generated via light
irradiation. Therefore, we hypothesized the following
three main reaction fields for N-TiO, involved in viral
inactivation.

1) Holes on the titanium dioxide surface that oxi-
dizes and decomposes organic matter common to

the three types of N-TiO,.
10°
1
10 4
BEY
10°

Titer (TCID,,/mL)

) ’_LT

10 .

0 60 0 60 0O 60 min
W D o

Fig. 8 Inactivation of SARS-CoV-2 variants following visible-
light irradiation of Ag+Cu/N-TiO,. Each bar represents the
mean titers of infectious viruses after 0 and 60 min of light
irradiation in each variant. The upper side of the standard devi-
ation is indicated. Asterisks indicate significant differences of
p<0.01 using a one-sided Welch t-test when comparing the
tiers after 0 and 60 min of light irradiation in each variant. W
‘Wuhan, D Delta and O Omicron
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2) OH radicals produced via water oxidation by the
holes.

3) OH radicals generated by the Fenton reaction in
the presence of copper through the production of
superoxide anions by the combination of excited
electrons and oxygen.

We discuss which reaction field was more effective
in virus inactivation by N-TiO, in the followings.

The photocatalytic degradation of organic com-
pounds, such as acetaldehyde in an aqueous solution,
is considered to occur primarily in the hole reaction
field created on the photocatalyst surface where these
molecules are adsorbed (Zhang and Nosaka 2015),
whereas some of them are thought to occur due to OH
radicals diffusing into the solution (Asahi et al. 2014).
From the results of the acetaldehyde degradation pre-
sented in Fig. 5, the holes involved in the oxidative
decomposition of organic compounds in N-TiO, with-
out metal support were found to be ~40% of those in
N-TiO, with metal support under the same light irra-
diation conditions. Since electrons excited by visible-
light move quickly from N-TiO, to Cu in Cu-loaded
N-TiO, (Kato et al. 2010), we inferred that this dif-
ference was attributable to the combination between
excited electrons and holes in probability. As no dif-
ference was observed in the inhibition of S-protein
and ACE protein binding in Fig. 6, the hole reaction
field in this experiment was found to be saturated. In
the viral inactivation experiment in Fig. 7, the inacti-
vation activity of N-TiO, without metal support was
observed to be only 1/10 of that of N-TiO, with metal
support. Based on these results, the mechanisms of
action of metal-loaded N-TiO, were considered to be
direct inactivation via protein adsorption of Cu and
Ag and indirect promotion of inactivation. As another
mechanism, the inactivation of certain viral biomol-
ecules by oxidation via the OH radicals derived from
the Fenton reaction was also considered.

Recently, TiO, loaded with copper oxide nano-
clusters has been reported to inactivate SARS-CoV-2
even in dark conditions, and light irradiation further
enhances this effect (Nakano et al. 2022). This visible
photocatalytic virus inactivation was partially caused
by Cu(l) species, and the mechanism was considered
effective for protein adsorption owing to the solid-
phase properties of Cu (Sunada et al. 2012). SARS-
CoV-2 inactivation using Ag nanoparticles has also
been reported, and the mechanism is considered to be
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via protein adsorption as well (Pilaquinga et al. 2021).
Adsorption to Cu or Ag could also be considered to
attract viral particles near the hole reaction field on
the N-TiO, surface, resulting in the efficient oxidative
degradation of S-proteins or other biochemicals of the
virus by the holes.

ESR measurements using the spin-trapping agent
DMPO can qualitatively identify multiple reactive
oxygen species generated in water (Finkelstein et al.
1980). In the presence of water, the photocatalyst
holes react with water molecules to produce free
radical species (Kakuma et al. 2015). Using the ESR
spectral pattern, only OH radicals were detected in all
the samples and no OOH and alkyl radicals, among
others, derived from superoxide anions were identi-
fied (Figure 3). The amplitude intensity of the ESR
spectra derived from OH radicals was stronger in Cu-
loaded N-TiO, than in N-TiO, without metal loading.
This difference was not considered to be caused by
the hole binding to water, but rather from the Fenton
reaction that occurred in the presence of copper. OH
radicals are strong oxidants with an oxidation poten-
tial of 2.81 eV, which is sufficiently high to inactivate
the virus (Koppenol and Liebman 1984; Nakamura
et al. 2020). In the viral inactivation experiments
shown in Figure 7, both metal-loaded N-TiO, inac-
tivated SARS-CoV-2 in a light-irradiated and time-
dependent manner. Collectively, these results suggest
that the oxidative effect of OH radicals on some viral
biomolecules may be the chief cause of their inacti-
vation. In previous studies, the fragmentation of viral
RNA was observed in addition to the photocatalytic
degradation of S-proteins (Matsuura et al. 2021;
Nakano et al. 2022), and OH radicals may be involved
in both the oxidative degradations.

We revealed an additive effect of metals (Cu and
Ag) with N-TiO, on the inactivation of SARS-CoV-2.
A comparison of the inactivation activity of N-TiO,
and Cu/N-TiO, (Fig. 7) suggested that inactivation
was enhanced by the presence of Cu owing to pho-
toirradiation-induced increased generation of reactive
oxygen species. The time-dependent inactivation by
Ag+Cu/N-TiO, under dark conditions was attrib-
uted to Ag (Fig. 7). Furthermore, the most effective
inactivation of SARS-CoV-2 was observed when
Ag+Cu/N-TiO, was exposed to light for 60 min.
Taken together, these results suggest that N-TiO,
triggers light-induced SARS-CoV-2 inactivation and
is enhanced by Cu loading and further enhanced by

the addition of Ag. The promotion of viral inactiva-
tion may result from multiple action mechanisms.
Surface-coated copper and silver have been known to
exert direct antiviral activity against numerous types
of viruses, with or without viral envelopes (Thurman
et al. 1989; Rai et al. 2020). Solid-state silver has
also been reported to inactivate enveloped influenza
A viruses as well as SARS-CoV-2 more strongly than
the same amount of copper (Minoshima et al. 2016).
This finding supports the results shown in Fig. 4,
which revealed a stronger inactivation activity of
Ag+Cu/N-TiO, compared with Cu/N-TiO, in dark
conditions. Another possible mechanism of action
is that viral particles are adsorbed by Cu or Ag and
inactivated at active sites near the photocatalytic sur-
face, such as holes and OH radicals generated by light
irradiation in the vicinity, and the difference in the
inactivation activities of Cu/N-TiO, and Ag+ Cu/N-
TiO, may reflect the difference in affinity of Cu and
Ag toward the viral surface.

The SARS-CoV-2 Delta variant was reported to
spread more rapidly than the Wuhan strain (Kupfer-
schmidt and Wadman 2021). Furthermore, the Omi-
cron variant was reported to show more effective
transmission (Torjesen 2021; Dehury et al. 2021).
These variants temporarily became predominant, sug-
gesting that emerging variants may be prevalent in
future. In the present study, visible-light irradiation
of Ag+Cu/N-TiO, inactivated three SARS-CoV-2
strains, including the Wuhan, Delta, and Omicron
variants (Fig. 5). Amino acid substitutions in the
S-protein, which binds to ACE2 on the human cell
membrane of both the Delta and Omicron variants on
the surface of virus may alter the structure or charge
state of the S-protein and affect its inactivation (Han
et al. 2022). Despite some differences in the amino
acid sequences of the S-proteins, the inactivation
mechanism was partially considered to occur due to
some changes of these proteins by hole and OH radi-
cals generated via photocatalytic activity, as was the
case with the Wuhan strain. If the adsorption prop-
erties against viral particles differ for Ag and Cu,
Ag+ Cu/N-TiO, may be applicable to a wide range of
mutations, and thus may inactivate new SARS-CoV-2
variants.
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