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Although, Low-pressure (LP) mercury lamps that emit wavelengths of around 254 nm have been widely applied as
ultraviolet (UV) light devices for decontamination of microorganisms, they have raised environmental concerns
due to their mercury content. Therefore, UV-LED lamps have high potential for practical use as a replacement for
LP mercury lamps. In this study, we evaluated the efficacy of 265-nm UV irradiation in comparison to 254-nm and

280-nm UV irradiation for inactivating infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Irradiation from a 265-nm deep UV light-emitting diode (DUV-LED) lamp efficiently inactivated SARS-CoV-2 at
a similar level as a 254-nm UV cold cathode lamp, and at a higher level than a 280-nm DUV-LED lamp.

Introduction

The worldwide spread of novel coronavirus disease 2019 (COVID-
19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused considerable public health and economic concerns
throughout the world [1,2]. Infectious virus particles of SARS-CoV-2
are detected in respiratory droplets from COVID-19 patients, and inacti-
vation of the virus on contaminated surfaces is important for preventing
the spread of SARS-CoV-2 infections. Alcohol and other disinfectants are
generally used for the disinfection of contaminated materials, but addi-
tional measures, such as the use of ultraviolet (UV) light devices, are
also useful.

Short-wavelength UV light between 200 and 280 nm (UVC) effec-
tively disinfects viruses, including SARS-CoV-2, because wavelengths in
that range with a peak of 260 nm are readily absorbed by nucleic acids,
and cause damage to the DNA and RNA of microorganisms. Recently,
Heilingloh determined the susceptibility of SARS-CoV-2 to 254-nm UVC
and 365-nm UVA irradiation [3], Kitagawa et al. and Buonanno et al.
showed the efficacy of 222-nm far-UVC irradiation [4,5], and Inagaki
et al. demonstrated the effect of 280-nm deep-UV (DUV) light-emitting
diode (LED) irradiation in inactivating SARS-CoV-26.

Low-pressure (LP) mercury lamps that emit wavelengths of around
254 nm have been widely applied as UV light devices due to their low
cost and high efficiency. However, they have raised environmental con-
cerns due to their mercury content. Therefore, UV-LED lamps have high
potential for practical use as a replacement for LP mercury lamps. Al-
though UV-LED lamps can emit a selectable wavelength between 255 nm
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and 280 nm, 265 nm is a practical wavelength to use since it is difficult
to regulate shorter wavelengths in UV-LED devices.

In this study, we evaluated the efficacy of 265-nm DUV-LED irradia-
tion in inactivating SARS-CoV-2 in comparison to 254-nm cold cathode
lamp (CCL) and 280-nm DUV-LED irradiation. Our results will provide
useful information for the development of UV devices for the inacti-
vation of SARS-CoV-2 at various sites, such as hospitals and biosafety
laboratories.

Material and methods

African green monkey-derived cells expressing human TMPRSS2
(VeroE6/TMPRSS2 cells; JCRB number: JCRB 1819) were kindly pro-
vided by the National Institute of Infectious Diseases (NIID; Tokyo,
Japan). The VeroE6/TMPRSS2 cells were propagated in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM; Thermo Fisher
Scientific In., Waltham, Massachusetts) with 10% heat-inactivated fetal
calf serum (JR Scientific, Woodland, CA, USA), 100 U/ml penicillin, and
100 ug/ml streptomycin (Life Technologies, Carlsbad, CA, USA) at 37 °C
in 5% CO.,.

SARS-CoV-2 (2019-nCoV/Japan/Al/I-004/2020 strain) was kindly
provided by the NIID, and propagated in VeroE6/TMPRSS2 cells grown
at 37 °C in 5% CO, in DMEM supplemented with 2% fetal calf serum.
The supernatants of these cultures were stored at —80 °C as stock viruses.

UV light at 254 nm, 265 nm, and 280 nm was irradiated from a 254-
nm UV-CCL, 265-nm DUV-LED, and 280-nm DUV-LED (Stanley Electric
Co., Ltd., Tokyo, Japan) device, respectively. The peak wavelength of
265 nm and 280 nm devices were 266 nm and 280 nm, respectively.
Although, the peak length of LED can be shifted by high current or tem-
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Table 1
Virus titers of SARS-CoV-2 after UV irradiation.
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265 nm (DUV-LED) UV intensity (mW/cm?2) 0.212
Irradiated time (s) 0*
UV dose (m]/cm?) -
Virus titer (pfu/ml)
UV intensity (mW/cm?2) 0.357
Irradiated time (s) (U
UV dose (m]/cm?) -
Virus titer (pfu/ml) *
280 nm (DUV-LED) UV intensity (mW/cm?) 0.167
Irradiated time (s) 0
UV dose (m]/cm?) -
Virus titer (pfu/ml) °

254 nm (UV-CCL)

10570 (x0.94)

1 05,70 (+£0.94)

1 05.70 (+£0.94)

6 12 18 24

13 2.5 3.8 5.1
10478 (£0.77) 10391 (x1.17) 10311 (20.25) 1249 (+1.68)

4 8 11 14

1.4 2.9 3.9 5.0
10468 (:0.77) (0364 (£1.02) 1288 (x0.90) (243 (x138)

15 30 45 60

2.5 5.0 7.5 10.0
10471 (x0.62) 10377 (£0.71) 1288 (x0.74)  1(2.16 (149)

* Geometric mean value (95% confidence interval).

** Control samples (0 s) were not irradiated with any UV light, and the titers were used for comparisons with

the irradiated samples.

perature fluctuations of junction, we have installed heatsink and fan
more than necessary as their countermeasures. Ten milliliters of 10-fold
diluted virus stocks in phosphate-buffered saline were applied to a 50-
mm (inner-diameter) dish (Sumitomo Bakelite Inc., Tokyo, Japan) and
irradiated for 4, 8, 11, or 14 s (254 nm), 6, 12, 18, or 24 s (265 nm), or
15, 30, 45 or 60 s (280 nm). To make the UV dose to be homogenous
within the dish, we have installed collimated tube between the light
source and the dish, and the virus solution was stirred by stirrer. Also,
since virus solution shows positive absorbance against UV irradiation,
the UV intensity (mW/cm?) on the surface of the virus solutions was
measured by a chemical actinometer (KI/KIO3) [7], and calculated us-
ing the Lambert-Beer formula [8] to the first place of decimals to prevent
the measurement error. All experiments were conducted in triplicate.

VeroE6/TMPRSS2 cells were seeded in 12-well plates with DMEM,
and incubated at 37 °C for 24 h. Viruses were 10-fold serially diluted,
and 200 pl of each diluted virus was inoculated onto cells. After 90 min
at 37 °C, cells were washed twice with DMEM and overlaid with 0.8%
agarose (Seaplaque GTG Agarose, Lonza, Rockland, ME, USA) in DMEM.
After 1.5 days of incubation, the cells were fixed with 10% buffered
formaldehyde, and the agarose layer was removed. After staining with
crystal violet, plaques were counted to calculate the virus titer.

Results

The infectious viral titers were significantly reduced by 265-nm UV
irradiation (non-irradiated control: 1057° pfu/ml (95% confidence in-
terval: +£0.94 pfu/ml); 24 s of irradiation: 10%4° pfu/ml (95% confi-
dence interval: +1.68 pfu/ml) (Table 1). The 254-nm UV irradiation
also rapidly inactivated the infectious virus; it reduced the viral titer to
102-43%1-38 pfy1/ml after 14 s (Table 1). The 280-nm UV irradiation also
caused a time-dependent reduction of virus titers, but the efficiency was
lower than those of the 265-nm and 254-nm UV irradiation (Table 1).

Based on these data, we calculated the UV doses (mJ/cm?) for the
inactivation of SARS-CoV-2 (Fig. 1). The UV doses for 3-log reductions
of the virus titers were 4.5, 4.4, and 8.2 mJ/cm? following 265-nm
DUV-LED, 254-nm UV-CCL, and 280-nm DUV-LED irradiation, respec-
tively. These data indicated that 265-nm DUV-LED irradiation caused
similar levels of SARS-CoV-2 inactivation as 254-nm UV-CCL irradia-
tion, whereas 280-nm DUV-LED irradiation was less efficient than the
265-nm and 254-nm UV irradiation.

Discussion

In this study, we showed that 265-nm DUV-LED irradiation effi-
ciently inactivated SARS-CoV-2 at a similar level as 254-nm UV-CCL
irradiation. In the previous study by Inagaki et al., 280-nm DUV-LED
irradiation resulted in more than a 3-log reduction in the SARS-CoV-2
titer within 10 s; however, they did not show the UV doses for virus
reduction [6]. Here, we calculated the UV doses for 3-log reductions,

Inactivation rate (log)
(]

1 -
0 T T T T T
0 2 4 6 8 10
UV radiation dose (mJ/cm?)
----- @ 265nm —BW—254nm --&-280nm

Fig. 1. Inactivation rates of SARS-CoV-2 by UV light. The X-axis indicates the
UV radiation dose, and the Y-axis indicates the inactivation rate of the log phase.
Each line indicates the approximation line calculated from the results for each
wavelength.

and showed that irradiation at 265 nm and 254 nm were more efficient
than that at 280 nm.

In the previous study by Inagaki et al. [6] indicated that approxi-
mately 3 log reductions of SARS-CoV-2 by 280 nm UVC-LED irradiation
with UV dose of 37.5mJ/cm?2, which was 10mJ/cm2 in our study. Also,
Heilingloh et al. [3] indicated that 254 nm UVC-LED irradiation with UV
dose of 350mJ/cm? casued 3 log reduction of SARS-CoV-2, while only
UV dose of 5mJ/cm? were necessary in this study. These differences may
be due to the difference of experimental methods that smaller quantity
of virus solution was used in the previous study compared to our study.
It may be necessary to standardize the experimental methods for com-
parative analysis of UV irradiation. Heilingloh et al. [3] also provided
the data on irradiation of UV-A (365 nm) against SARS-CoV-2, which
resulted in less than 2 log reductions even after the irradiation with UV
dose of 500mJ/cm?. Therefore, irradiation of UV-C region rather than
UV-A is necessary for rapid disinfection of SARS-CoV-2.

UV inactivation systems are useful for the disinfection of pathogenic
organisms, including viruses. Germicidal lamps emitting UVC at around
254 nm are commonly applied in UV disinfection systems, but they have
raised environmental concerns due to their mercury content. As a re-
placement for germicidal lamps, LED lamps have been widely applied
for UV systems. Although excessive UV-C (100-280 nm) radiation ex-
posure has the potential to cause harmful effects to the eye skin and im-
mune system, the 265-nm DUV-LED lamp used in this study is a small
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light source that can be built into any kind of device, such as medical
equipment and devices in food factory lines, etc. as implemented pre-
viously [9,10]. These UV-equipped devices are expected to prevent not
only SARS-CoV-2 transmission and infection, but also those by other
viruses and bacteria. Further examinations to assess the efficacy of 265-
nm DUV-LED irradiation in inactivating other pathogens and also when
contaminations occurs in materials with different characterization will
provide useful information for the control of pathogenic microorgan-
isms, including viruses.
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