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ABSTRACT As a result of the novel coronavirus disease 2019 pandemic, strengthen-
ing control measures against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has become an urgent global issue. In addition to antiviral therapy and vacci-
nation strategies, applying available virucidal substances for SARS-CoV-2 inactivation
is also a target of research to prevent the spread of infection. Here, we evaluated
the SARS-CoV-2 inactivation activity of a copper iodide (Cul) nanoparticle dispersion,
which provides Cu* ions having high virucidal activity, and its mode of actions. In
addition, the utility of Cul-doped film and fabric for SARS-CoV-2 inactivation was eval-
uated. The Cul dispersion exhibited time-dependent rapid virucidal activity. Analyses
of the modes of action of Cul performed by Western blotting and real-time reverse
transcription-PCR targeting viral proteins and the genome revealed that Cul treatment
induced the destruction of these viral components. In this setting, the indirect action
of Cul-derived reactive oxygen species contributed to the destruction of viral protein.
Moreover, the Cul-doped film and fabric demonstrated rapid inactivation of the SARS-
CoV-2 solution in which the viral titer was high. These findings indicated the utility of
the Cul-doped film and fabric as anti-SARS-CoV-2 materials for the protection of high-
touch environmental surfaces and surgical masks/protective clothes. Throughout this
study, we demonstrated the effectiveness of Cul nanoparticles for inactivating SARS-
CoV-2 and revealed a part of its virucidal mechanism of action.

IMPORTANCE The COVID-19 pandemic has caused an unprecedented number of infec-
tions and deaths. As the spread of the disease is rapid and the risk of infection is severe,
hand and environmental hygiene may contribute to suppressing contact transmission of
SARS-CoV-2. Here, we evaluated the SARS-CoV-2 inactivation activity of Cul nanopar-
ticles, which provide the Cu™ ion as an antiviral agent, and we provided advanced find-
ings of the virucidal mechanisms of action of Cu*. Our results showed that the Cul dis-
persion, as well as Cul-doped film and fabric, rapidly inactivated SARS-CoV-2 with a high
viral titer. We also demonstrated the Cul’s virucidal mechanisms of action, specifically
the destruction of viral proteins and the genome by Cul treatment. Protein destruction
largely depended on Cul-derived reactive oxygen species. This study provides novel in-
formation about the utility and mechanisms of action of promising virucidal material
against SARS-CoV-2.

KEYWORDS antiviral fabric, antiviral film, copper iodide nanoparticle, cuprous ion,
SARS-CoV-2

ince the first identification of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in December 2019 (1), this novel virus has spread worldwide rapidly,
and the seriousness of the severe impacts of the novel coronavirus disease 19 (COVID-19)
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pandemic is still ongoing at the time of this publication (https://www.who.int/
emergencies/diseases/novel-coronavirus-2019/situation-reports). Under this un-
precedented crisis, considerable efforts have been made to overcome the pandemic, and
many therapeutic drug candidates and vaccine products have been manufactured at dra-
matic speed. However, therapeutic knowledge is still insufficient to provide a beneficial
effect in all patients, and the rapid emergence of mutant strains is a concern for vaccine ef-
ficacy (2). Hence, as another infection prevention measure to supplement therapeutic and
vaccination strategies, applying available virucidal substances against SARS-CoV-2 for
hand and environmental hygiene is also of interest.

The dominant transmission of SARS-CoV-2 is via inhalable respiratory aerosols, and
there is substantial evidence that wearing a mask, ventilation, and keeping a distance
are the primary infection prevention measures (https://www.who.int/news-room/q-a
-detail/coronavirus-disease-covid-19-how-is-it-transmitted; https://www.cdc.gov/
coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html). Additionally,
direct contact transmission via contaminated hand is also a possible transmission mode.
However, indirect transmission via contaminated environmental surfaces is considered a
rare transmission mode. Although there seems to be a common view among experts
that hand hygiene has a certain effect on preventing direct and indirect contact transmis-
sions, the effectiveness of environmental hygiene has not been clarified (3). Nevertheless,
SARS-CoV-2 RNA was detected on many environmental surfaces, especially high-touch
surfaces in hospitals (4, 5); infectious viruses were also recovered from environmental
surfaces where COVID-19 patients stayed and patients’ hands (6). In such a situation, the
countermeasure to environmental hygiene cannot be ignored completely, and SARS-
CoV-2 infection control guidelines established by many medical sectors describe the
implementation of environmental cleaning as well as hand hygiene.

Many experimental studies in the laboratory have assessed the duration of the in-
fectious stability of SARS-CoV-2 on various surfaces. Although the applicability of these
studies to real-world conditions has been disputed (7), SARS-CoV-2 maintained infec-
tivity on plastic, stainless steel, cardboard, and glass surfaces for more than 24 h at
room temperature in some experimental settings (8-10). The duration of the infectious
stability of SARS-CoV-2 lasted several times longer than that of the influenza A virus on
polyethylene, stainless steel, and borosilicate glass surfaces (10). In addition, SARS-CoV-
2 maintained infectivity for several days on surgical and N95/N100 masks (11, 12). On
the other hand, SARS-CoV-2 on a copper surface was inactivated more rapidly than on
other materials. The half-life times of 50 wl SARS-CoV-2 solution, for which the viral titer
was 5-log,, 50% tissue culture infective dose (TCIDsy)/ml, when applied on copper,
cardboard, stainless steel, and plastic surfaces, were 0.77, 3.64, 5.63, and 6.81 h, respec-
tively (9). Copper has antibacterial, antifungal, and antiviral activities (13). The virucidal
activity of copper against multiple virus species, including the influenza A virus, human
immunodeficiency virus, norovirus, and herpes simplex virus, was reported (13-15).
There are mainly two types of copper ions: one is a cupric ion (Cu?*), and the other is a
cuprous ion (Cu™). We focused specifically on the strong antimicrobial activities of Cu*.
Our team's previous research demonstrated that the copper iodide (Cul) nanoparticle-
doped nylon mesh inhibited the attachment of sea organisms for more than 249 days
(16). Those studies also revealed the virucidal activities of Cul nanoparticle dispersion
against the influenza A virus and feline calicivirus, which is surrogate virus of the
human norovirus (17, 18). In research targeting the feline calicivirus, Cul nanoparticle
dispersion (Cu™ ion) showed more potent virucidal activity than CuCl,-2H,O solution
(Cu?* ion) (18). Another research group also demonstrated the possibility that Cu* is
more effective than Cu2* in the inactivation of the murine norovirus on a copper sur-
face (19).

In this study, we investigated the SARS-CoV-2-inactivating activities of Cul nanopar-
ticle dispersion and Cul nanoparticle-doped film and fabric. Additionally, we analyzed
the virucidal mechanisms of action of Cul. This study aimed to obtain advanced
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FIG 1 Evaluation of the virucidal activity of the copper iodide (Cul) dispersion. The severe acute
respiratory syndrome coronavirus 2 solution was mixed with the Cul dispersion or ultrapure water
(UPW). The Cul concentration in the mixture of the Cul group was 0.38 mg/ml. After 10 min to 24 h
of reaction time, the viral titer of each test group was measured. Results are indicated as the mean *=
SD (n = 8 to 12 per group). Student's t test was performed to analyze the statistical significance
between the UPW and Cul groups. *, P < 0.05; ***, P < 0.001; ND, not detected.

knowledge related to the availability of Cul nanoparticles as an antiviral material, which
can contribute to the prevention of spread of SARS-CoV-2 infection.

RESULTS

Evaluation of the virucidal activity of Cul dispersion. The mixtures of SARS-CoV-2
solution and ultrapure water (UPW) or Cul dispersion were agitated by inverting for
10 min to 24 h, and then the viral titers were compared between the UPW and 0.38-
mg/ml Cul groups. Although the viral titer of the Cul group was comparable to that of
the UPW group at the 10-min reaction time, the viral titer of the Cul group was signifi-
cantly lower than that of the UPW group at 30 min, 60 min, and 24 h of reaction time.
The reduction of the viral titer by Cul treatment, which means the difference in viral
titers between the UPW and Cul groups, was =1.38-, =2.88-, and =2.50-log,, TCID,/
ml at 30 min, 60 min, and 24 h, respectively; the viral titer was below the detection
limit for the Cul group at 24 h (Fig. 1). This result indicated that Cul dispersion shows
time-dependent SARS-CoV-2 inactivation activity.

Evaluation of the impact of Cul dispersion on viral structural proteins. The virus
was treated with 0.38 mg/ml Cul for 24 h, followed by Western blotting (WB) analyses to
detect the S protein S1 subunit, S2 subunit, and N protein. The UPW-treated virus was also
analyzed as a control. As a result, there were no differences in the band patterns of the
three proteins between the UPW and Cul groups (Fig. 2A). To evaluate the direct impact of
Cul treatment on each viral structural protein more specifically, each recombinant protein
was treated with UPW or 0.38 mg/ml Cul for 0 h (no reaction time) or 12 h, and then WB
analyses were performed. The band patterns of the three proteins were similar between
the UPW and Cul groups at 0 h. On the other hand, although the specific bands of the
three proteins were detected in the UPW group at 12 h, these bands were not detected in
the Cul group (Fig. 2B). Then, the virus was treated with UPW or 3.8 mg/ml Cul for 0 or
24 h, and WB analyses were performed. The band patterns of the three proteins were simi-
lar between the UPW and Cul groups at 0 h. On the other hand, the band patterns of the
three proteins were different between the UPW and Cul groups at 24 h. Specifically, when
the S1 subunit of the WB was detected, the intensities of the ~150- and ~250-kDa bands
were weaker in the Cul group than in the UPW group, and another band with a higher
molecular mass was detected under Cul treatment (Fig. 2C, left). When the S2 subunit was
detected in the WB, the intensities of the ~130- and >250-kDa bands were weaker in the
Cul group than in the UPW group, and bands representing high-molecular-weight proteins
at >250 kDa were detected under Cul treatment (Fig. 2C, middle). When the N protein
was detected in the WB, the specific band disappeared in the Cul group (Fig. 2C, right).
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FIG 2 Evaluation of the impact of the copper iodide (Cul) dispersion on viral structural proteins. (A and C) The severe acute respiratory
syndrome coronavirus 2 solution was mixed with the Cul dispersion or ultrapure water (UPW). The Cul concentration in the mixture of the Cul
group was 0.38 mg/ml (A) or 3.8 mg/ml (C). After 24 h (A) or 0 and 24 h (C) reaction time, Western blotting (WB) analyses to detect the S protein
S1 subunit, S2 subunit, and N protein were performed. (B) Recombinant proteins were mixed with the Cul dispersion or UPW. The Cul
concentration in the mixture of the Cul group was 0.38 mg/ml. After 0 and 12 h reaction time, WB analyses were performed.

Evaluation of the impact of the Cul-derived reactive oxygen species on viral
structural protein. Our previous reports showed that reactive oxygen species (ROS)
are generated from Cul dispersion (17, 18). To evaluate the contribution of Cul-derived
ROS to Cul-induced structural change in or destruction of the viral protein, the
recombinant protein was treated with 0.38 mg/ml Cul for the indicated reaction times
in the presence or absence of N-acetyl-.-cysteine (NAC), which is an ROS scavenger, fol-
lowed by WB analyses. Here, recombinant S protein S2 subunit was analyzed as a rep-
resentative protein. In this setting, most parts of hydroxyl radical were considered to
be scavenged in the presence of NAC (Fig. S1 in the supplemental material). In either
the absence or presence of NAC conditions, there were no differences in the protein
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FIG 3 Evaluation of the impact of the copper iodide (Cul)-derived reactive oxygen species on viral structural protein. The
recombinant S protein S2 subunit was mixed with the Cul dispersion or ultrapure water (UPW) in the presence or absence of 1.2 mg/
ml N-acetyl-L-cysteine (NAC). Cul concentration in the mixture of the Cul group was 0.38 mg/ml. After 0, 1.5, 3, and 6 h reaction time,
Western blotting analyses to detect the S protein S2 subunit were performed. NAC (—) or NAC (+) indicates the absence or presence

of NAC treatment, respectively.

band patterns between the UPW and Cul groups at 0 h. However, the intensities of the
bands were weaker in the Cul group than in the UPW group, with an increase in bands
representing proteins with molecular weight greater than 75 kDa under Cul treatment
in the absence of NAC at 1.5 h. In contrast, there were no differences in the band pat-
terns between those two groups in the presence of NAC at that reaction time.
Meanwhile, the intensities of the bands were weaker in the Cul group than in the UPW
group in the presence of NAC at 3 and 6 h (Fig. 3).

Evaluation of the impact of Cul dispersion on the viral genome. The virus was
treated with 0.38 or 3.8 mg/ml Cul for 0 or 24 h, followed by real-time reverse tran-
scription-PCR (RT-PCR) targeting the viral genome. The UPW-treated virus was also ana-
lyzed as a control. The cycle threshold (C;) value for the 0.38-mg/ml Cul treatment was
comparable to that of the UPW group at 0 h. On the other hand, the C; value of the
Cul group was statistically higher than that of the UPW group at 24 h; the difference in
the C; values between the UPW and Cul groups was 1.47 (Fig. 4A). Then, the virus
treated with 3.8 mg/ml Cul was analyzed. The C; value of the Cul group was slightly
higher than that of the UPW group at 0 h; the difference in the C; values between the
UPW and Cul groups was 0.75. In addition, the C; value of the Cul group was clearly
higher than that of the UPW group at 24 h; the difference in the C; values between the
UPW and Cul groups was 10.37 (Fig. 4B).

Evaluation of the virucidal activities of Cul-doped film and fabric. The SARS-
CoV-2 solution was covered by nondoped or Cul-doped film and incubated for each
reaction time; then, the viral titers were compared between the nondoped and Cul-
doped film groups. The viral titer in the Cul-doped film group was comparable to that
in the nondoped film group at 1 min, while those in the Cul-doped film group were
significantly lower than that of the nondoped film group at 10, 60, and 120 min. The
reduction of the viral titer by the Cul-doped film was 0.75-, =1.94-, and =2.69-log;,
TCIDso/ml at 10, 60, and 120 min, respectively (Fig. 5A). The virucidal activity of the Cul-
doped fabric was also evaluated. The viral titer in the Cul-doped fabric group was com-
parable to that in the nondoped fabric group at 1 min, while those of the Cul-doped
fabric group were significantly lower than that of the nondoped fabric group at 30 and
60 min. The reduction of the viral titer by the Cul-doped fabric was 0.59- and =1.63-
log,, TCIDs/ml at 30 and 60 min, respectively. Although the viral titer of the Cul-doped
fabric group was below the detection limit at 120 min, that of the nondoped fabric
group was similarly low, and there was no significant difference between these two
groups (Fig. 5B).
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FIG 4 Evaluation of the impact of the copper iodide (Cul) dispersion on the viral genome. (A and B)
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) solution was mixed with the Cul
dispersion or ultrapure water (UPW). The Cul concentration in the mixture of the Cul group was
0.38 mg/ml (A) or 3.8 mg/ml (B). After 0 and 24 h reaction time, real-time reverse transcription-PCR
targeting the N gene of SARS-CoV-2 was performed, and the cycle threshold (C,) value was
calculated. Results are indicated as the mean =+ SD (n = 4 per group). Student's t test was performed
to analyze the statistical significance between the UPW and Cul groups. *, P < 0.05; **, P < 0.01; ***,
P < 0.001.

DISCUSSION

Here, we reported the time-dependent virucidal activity of Cul nanoparticles against
SARS-CoV-2 in liquid, film, and fabric. It has been reported that the speed of SARS-CoV-
2 inactivation is proportional to the increase in temperature and relative humidity (20).
The conditions of temperature and relative humidity in the present study were 22°C to
25°C and 45% to 50% relative humidity, which reflected the common indoor environ-
ments and were relatively close to the conditions in the previous studies (20°C to 25°C,
35% to 65% relative humidity), which evaluated the stability of SARS-CoV-2 on the
surfaces (8-10, 12).

One of the important factors contributing to the antimicrobial activity of copper is
the generation of ROS from copper ions (13). Cu*, as well as Cu?*, generates a hydroxyl
radical in the presence of H,0, by a Fenton-like reaction (21). In addition, Cu™ gener-
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FIG 5 Evaluation of the virucidal activities of copper iodide (Cul)-doped film and fabric. (A) Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) solution was covered with Cul-doped and nondoped films.
After 1 to 120 min reaction time, the viral titer of each test group was measured. (B) SARS-CoV-2 solution was
soaked into Cul-doped and nondoped fabrics. After 1 to 120 min reaction time, the viral titer of each test
group was measured. Results are indicated as the mean = SD (n = 4 to 16 per group). Student's t test was

performed to analyze the statistical significance between the nondoped and Cul-doped groups. *, P <
P < 0.001; ND, not detected.
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ates a hydroxyl radical even in the absence of H,O,, such as under a cell-free condition
(16-18). Our team'’s previous study showed that the Cul suspension, but not the
CuS0,-5H,0 solution, generated a hydroxyl radical (17). Our previous study also sug-
gested that the more potent virucidal activity of Cu™ than that of Cu?* against the fe-
line calicivirus was partially due to the presence of hydroxyl radical generation (18). In
contrast, another study against the murine norovirus suggested that the virucidal ac-
tivity of the copper surface did not rely on hydroxyl radicals and superoxide (19). The
result of Fig. 3 at 1.5 h reaction time showed that Cul-derived ROS largely contributed
to structural change in or destruction of the viral protein. Moreover, although it is diffi-
cult to completely deny the contribution of small amounts of residual ROS, which were
not scavenged by NAC, the result of Fig. 3 at 3 h and 6 h suggests the impact of ROS-
independent action. These findings indicate that virus inactivation by Cu™ results from
direct and indirect Cu™ activity via the production of ROS.

In the present study, WB analyses did not show any abnormalities of the band pat-
terns of S proteins and N proteins in the virus particles treated with 0.38 mg/ml Cul at
24 h (Fig. 2A). On the other hand, the band patterns and intensities changed dramati-
cally when the recombinant virus proteins or virus particles were treated with 0.38 mg/
ml Cul at 12 h or 3.8 mg/ml Cul at 24 h, respectively (Fig. 2B and C). These results indi-
cated that there was a more significant impact of Cul on recombinant proteins than on
proteins in viral particles. Such a discrepancy in recombinant proteins and viral par-
ticles was also observed in our previous study using a polyphenol-rich virucidal natural
component (22). As S proteins are expressed in close proximity and N proteins are
located inside the viral particles, the restriction of physical contact of Cu* to these pro-
teins may have lowered its impact on proteins in the viral particles. In another possibil-
ity, the difference in the level of organic load in the recombinant protein solution (fetal
bovine serum free) and the SARS-CoV-2 solution (containing 1% fetal bovine serum)
may have influenced the discrepancy of the results. To evaluate the impact of organic
load on Cul nanoparticle-dependent virucidal activity, the analysis targeting purified
SARS-CoV-2 should be performed in future studies. Notably, such an impact of Cul on
viral proteins was observed against the influenza A virus (17). Our findings indicate
that Cul induces structural changes in or destruction of the virus protein concentration
dependently; 0.38 mg/ml Cul might have induced small abnormalities in the proteins
in SARS-CoV-2 particles, even though such abnormalities were not detected by WB.
The previous study revealed that some amino acids on the viral capsid protein of the
feline calicivirus were oxidized by Cul treatment (18). As ROS induce protein damage
(23), such oxidative damage might have impacted the function of SARS-CoV-2 proteins.

Another plausible SARS-CoV-2-inactivating mechanism of Cul is the destruction of
the viral envelope. Cu™ and Cu?* induce lipid peroxidation (24), which results in bio-
logical membrane damage. Santo et al. (25) demonstrated that copper-induced mem-
brane damage on bacteria may have contributed to bactericidal activity. Although
electron microscopic observations of the envelope structure of Cul-treated SARS-CoV-2
particles was beyond the scope of the current study because of the safe handling of
pathogens, rapid SARS-CoV-2 inactivation by Cul may have been caused by the
destruction of the viral envelope.

This study also suggested that the viral genome was disrupted by Cul treatment
(Fig. 4). Although the increase in C; value by 0.38 mg/ml Cul treatment was limited, it
should be taken into account that the low C; value does not directly suggest the large
amounts of the intact whole viral genome and infectious viral particles. Even though
the increase of C; value was limited, the 0.38 mg/ml Cul might have impacted not only
the specific target region analyzed by current real-time RT-PCR but also other multiple
parts of the viral genome. Nevertheless, many residual viral RNA signals at low Cul con-
centrations may be due to the consumption of Cul by the interaction with viral pro-
teins, envelope, and organic substances contained in the viral solution. The mode of
action of Cul on the viral genome was consistent with a previous report that suggested
that Cu*-derived ROS induced nucleic acid damage (26). Although it was unclear
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whether the impacts of Cul on viral proteins and the genome were critical for rapid vi-
rus inactivation, these modes of action would be involved in the overall process of
SARS-CoV-2 inactivation by Cul.

In this study, ~5.1- and ~5.8-log,, TCIDs,/60 ul were applied to 2.25 cm? of Cul-
doped film and fabric, respectively, and virucidal activities were observed within
30 min (Fig. 5). These viral loads are considered to be much higher than those found
on actual contaminated environmental surfaces (6, 27). Although the influences of the
coexisting organic substances contained in saliva and mucous with the virus were not
assessed in this study, the duration of the infectious stability of SARS-CoV-2 on surfaces
tended to be shorter in the presence of mucus and sputum, which contain antiviral
components (10, 28). Therefore, Cul-doped film and fabric are assumed to be capable
of exerting virucidal activity sufficiently in real-world environments. Behzadinasab et al.
(29) reported that the surface coating of Cu,O particles bound with polyurethane dem-
onstrated SARS-CoV-2 inactivation within 1 h. As with Cu,O coatings, Cul-doped film
and Cul coatings can be applied to high-touch surfaces. Meanwhile, Cul-doped fabric can
be used in surgical masks, protective clothing, and antiviral cloths. Cul nanoparticles have
been proven to achieve high safety through acute oral toxicity tests (50% lethal dose
[LDsol, >2,000 mg/kg), eye irritation tests, primary skin irritation tests, skin sensitization
tests (no irritating reactions), and mutagenicity tests (internal data in NBC Meshtec, Inc.,
Tokyo, Japan). Hence, it can be applied to not only environmental surfaces but also hand
hygiene. In this study, we demonstrated the potential of Cul nanoparticles as a promising
anti-SARS-CoV-2 material and revealed a part of its virucidal mechanism of action, which
can contribute to strengthening SARS-CoV-2 control measures.

MATERIALS AND METHODS

Test samples. The powders of Cul nanoparticles (Cufitec) and Cul nanoparticle-doped film and fabric
(Cufitec-doped polyethylene terephthalate film and rayon nonwoven fabric) were provided by NBC
Meshtec Inc. The Cul dispersion was prepared by adding the Cul powder to UPW. The UPW was used as
a solvent control. The Cul content in the Cul-doped film remains confidential. The Cul content in the
Cul-doped fabric was 0.5 wt%. Polyethylene terephthalate film and rayon nonwoven fabric without Cul
were used as base controls for the Cul-doped film and fabric, respectively.

Virus and cells. The 2019-nCoV/Japan/TY/WK-521/2020 strain of SARS-CoV-2 was kindly provided
by the National Institute of Infectious Diseases (Tokyo, Japan). Samples of the VeroE6/TMPRSS2 cell (30),
which was established by the National Institute of Infectious Diseases, were obtained from the Japanese
Collection of Research Bioresources (Osaka, Japan; cell no. JCRB1819). SARS-CoV-2-inoculated VeroE6/
TMPRSS2 cells were cultured in the virus growth medium (VGM), which was Dulbecco’s modified Eagle’s
medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) containing 1% fetal bovine serum, 2 mM L-gluta-
mine (Fujifilm Wako Pure Chemical Co., Ltd., Osaka, Japan), 100 wg/ml kanamycin (Meiji Seika Pharma
Co., Ltd,, Tokyo, Japan), and 2 wg/ml amphotericin B (Bristol-Myers Squibb Co., New York, NY, USA).

Evaluation of virucidal activity of Cul dispersion. The SARS-CoV-2-containing VGM (viral titer,
~7.0-log,, TCID;,/ml) was mixed with an equal volume of Cul dispersion. The Cul concentration in the
mixture was 0.38 mg/ml. As a control, the SARS-CoV-2-containing VGM was mixed with an equal volume
of UPW. These mixtures were agitated using a rotator for 10 min to 24 h at 22°C to 25°C and 45% to 50%
relative humidity; then, nine times the volume of soybean-casein digest broth with lecithin and polysor-
bate 80 (SCDLP) medium (Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) was added to stop the reaction.
Mixtures diluted by SCDLP medium were inoculated into VeroE6/TMPRSS2 cells, and 10-fold serial dilu-
tion was performed. After 1 h of incubation at 37°C, the cell culture medium was removed, and a new
VGM was added. After 3 days of incubation at 37°C, a cytopathic effect on the cells was observed, and
the viral titer (log,, TCID,,/ml) was calculated by the Behrens-Kérber method (31).

WB analysis. WB was performed as we described previously (22). Briefly, the SARS-CoV-2-containing
VGM or 40 ng/ml of the recombinant protein (SARS-CoV-2 S protein S1 subunit, S protein S2 subunit, or
N protein) was mixed with an equal volume of the Cul dispersion or UPW. The Cul concentrations in the
mixture were 0.38 and 3.8 mg/ml or 0 mg/ml (UPW group). At that time, 1.2 mg/ml NAC (Fujifilm Wako
Pure Chemical Co.) was added to some mixtures to scavenge ROS. These mixtures were combined with
sodium dodecyl sulfate (SDS) buffer with 2-mercaptoethanol (Fujifilm Wako Pure Chemical Co.) either
immediately (0 h reaction time) or were agitated for 1.5, 3, 6, 12, or 24 h at 22°C to 25°C and 45% to 50%
relative humidity prior to adding the SDS buffer (1.5, 3, 6, 12, or 24 h reaction time). The mixed samples
were subjected to WB analyses.

Real-time RT-PCR analyses. The SARS-CoV-2-containing VGM was mixed with an equal volume of
the Cul dispersion or UPW. The Cul concentrations in the mixture were 0.38 and 3.8 mg/ml or 0 mg/ml
(UPW group). These mixtures were combined with Isogen-LS (Nippon Gene Co., Ltd., Tokyo, Japan) im-
mediately (0 h reaction time), or were agitated for 24 h at 22°C to 25°C and 45% to 50% relative humidity
prior to the addition of Isogen-LS (24 h reaction time). The samples were subjected to real-time RT-PCR
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analysis, as described previously (22). The primers and probe used in this study were NIID_2019-
nCoV_N_F2, NIID_2019-nCoV_N_R2, and NIID_2019-nCoV_N_P2, which targeted the region of the N
gene of SARS-CoV-2 (32).
Evaluation of virucidal activity of Cul-doped film. A volume of 60 ul of SARS-CoV-2 solution (viral
titer, ~5.1-log,, TCID,,/60 ul) was placed on the turned-over lid of a 12-well plate (Nunc, Rochester, NY,
USA). This virus solution was covered with 2.25 cm? (1.5 cm by 1.5 ¢cm) of Cul-doped film or nondoped
film, and the film was placed at 22°C to 25°C and 45% to 50% relative humidity for 1 to 120 min. Then,
the virus was collected using nine times the volume of SCDLP medium. This virus recovery solution was
inoculated into the cells, and 10-fold serial dilution was performed. The medium was changed after 1 h
of incubation at 37°C, and the viral titer was calculated as mentioned above.
Evaluation of the virucidal activity of Cul-doped fabric. The 2.25 cm? (1.5 cm by 1.5 ¢cm) Cul-
doped fabric or nondoped fabric was placed on the 12-well plate, and 60 w| of SARS-CoV-2 solution (viral
titer, ~5.8-log,, TCID4,/60 ul) was soaked into the fabric. The fabric was placed at 22°C to 25°C and 45%
to 50% relative humidity for 1 to 120 min, and then nine times the volume of SCDLP medium was
soaked into the fabric. The fabric and SCDLP medium were collected into a screw cap tube (Scientific
Specialties Inc., Lodi, CA, USA), and the tube was vortexed. This virus recovery solution was inoculated
into the cells, and 10-fold serial dilution was performed. The medium was changed after 1 h of incuba-
tion at 37°C, and the viral titer was calculated as mentioned above.
Statistical analyses. The statistical significance of the difference in viral titer between the control
group and each Cul group was analyzed using Student's t test. P values of less than 0.05 were consid-
ered statistically significant.
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