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Ultrafast inactivation
of SARS-CoV-2 with 266 nm lasers

Kexiong Sun?, Gang Niu?, Yanfang Zhang?, Juan Yang?, Danna Zhang?, Han Wu'*,
Xinyu Shao! & Xiuquan Ma*

Disinfection eliminates pathogenic microorganisms and ensures a biosafe environment for human
beings. The rapid spread of COVID-19 is challenging traditional disinfection methods in terms

of reducing harmful side effects and conducting faster processes. Spraying large-scale chemical
disinfectants is harmful to individuals and the environment, while UV lamp and light-emitting diode
(LED) disinfection still requires a long exposure time due to the low irradiance and highly divergent
beam characteristics. Given that a laser maintains a high irradiance over a long distance, we studied
the effectiveness of lasers as a new disinfection method, and the results show the capability for
ultrafast inactivation of SARS-CoV-2 virus with a 266 nm laser. This work confirms UV lasers as a good
candidate for disinfection.

The novel coronavirus SARS-CoV-2 is responsible for a pandemic involving a serious respiratory disease that
has spread worldwide. As of Mar 5th 2022, there have been over 440 million confirmed COVID-19 cases and
more than 5.9 million reported deaths'. Even though vaccines and medications have been widely and success-
fully developed for COVID-19, the pandemic still spreads like wildfire. People have realized that for a pandemic
disease such as COVID-19, disruption of the transmission chain still remains the most effective solution?.

The main transmission route of SARS-CoV-2 is by aerosols® or by contact?. SARS-CoV-2 particles have been
reported to be detectable for up to 3 h in aerosols’. Thus, close-distance aerosol transmission between humans
and heating, ventilation, and air-conditioning (HVAC) system air exchange aerosol transmission between rooms
are dangerous in terms of virus spreading®'’. Some research groups and institutions believe that aerosol transmis-
sion is being recognized as the dominant route for the COVID-19 pandemic, which has been shown in research
studies® and World Health Organization (WHO) statements!!.

Traditional chemical methods are not applicable in such aerosol scenarios since the chemicals are either toxic
or flammable in air. For example, medical alcohol is good for disinfection, but massive spraying of alcohol can
cause fire and explosion. As another example, chemicals such as hydrogen peroxide, ozone and chlorine-based
bleach are also good for disinfection, but they are toxic to the human body and should not be used for massive
spraying around people. Therefore, spraying of chemicals to disinfect the air when people are around is not
recommended under any circumstances'?.

Especially for HVAC systems, no known methods are fast enough to disinfect aerosols in high-speed air flow
conditions. Taking a central air-conditioner system as an example, the air flow speed is typically 20-30 m/s"’.
Thus, to disinfect the air flow between rooms in a central air-conditioning system, the disinfection should be
finished in <1 s for a 20 m long airduct, <0.1 s for a 2 m long airduct, or <0.01 s for a 0.2 m long airduct. There-
fore, a safe (without toxic or flammable chemicals) and fast (fast enough to disinfect flowing air) disinfection
method is needed.

Radiation-based inactivation methods are safe compared to toxic or flammable chemicals and are more
convenient for inactivating SARS-CoV-2 and related coronaviruses according to former studies. Among all
radiation-based inactivation methods, ultraviolet germicidal irradiation (UVGI) is the most extensively tested
and widely used method for inactivating SARS-CoV-2'*. UV light-emitting diodes (LEDs) and UV lamps are
the most common candidates employed for UV light sources'. However, they both have some drawbacks. The
LEDs have very low power efficiency; thus, they usually generate much heat and have quite a short practical life-
time. UV LEDs and lamps can only achieve >99% virus inactivation after at least a few seconds to the best of our
knowledge according to various publications®!*"*?. This is because the light from regular incoherent light sources
such as LEDs and lamps are very divergent when radiating, which leads to very low optical irradiance. Light from
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Figure 1. Irradiance with respect to propagation distance for (1) lasers at a power of 2 W with beam waist
r=1mm and 5 mm, (2) LEDs at a power of 200 W with apex angle 0y,;=45° and 60°, and (3) lamps at a power
of 200 W with length L=40 cm and 80 cm. The black dotted-dashed horizontal line corresponds to the critical
dose of 16.9 mJ/cm? for SARS-CoV-2 inactivation when the exposure time is 1 s*!.

coherent light sources such as lasers can propagate without diverging, which leads to higher optical irradiance
than regular incoherent light sources. This suggests that a UV laser with wavelength around 260 ~ 270 nm can
be a good candidate for safe and fast virus disinfection. In this manuscript, we conduct a SARS-CoV-2 inactiva-
tion experiment with homemade 2 W 266 nm lasers, the results of which confirm the ultrafast performance of
highly effective SARS-CoV-2 inactivation with 266 nm lasers.

Calculation and comparison among lasers, LEDs and lamps
The disinfection performance follows an exponential decay law for the single-pass inactivation efficiency®:

n=1-—eFrD, (1)

where 7 is the inactivation efficiency, k is the UV rate constant (cm?/m]J) dependent on the virus species and
wavelength, and D is the UV exposure dose (m]/cm?). Therefore, the higher the UV exposure dose is, the higher
the disinfection rate. The UV exposure dose D is the product of UV optical irradiance I (mW/cm?) and exposure
time ¢ (s):

D=1-t, (2)

where the UV optical irradiance is the optical power per unit area. Thus, the optical irradiance is proportional
to the optical power divided by the optical beam area. This implies that if the optical beam area is more concen-
trated in a smaller area when the optical power remains the same, then the irradiance can dramatically increase,
which directs our attention to lasers.

Figure 1 illustrates the typical irradiance with respect to propagation distance for lasers, LEDs and lamps.
Note that the black dotted-dashed horizontal line in Fig. 1 is the critical irradiance value of 16.9 mW/cm? for
the critical effective dose?! (there are multiple such values in the literatures and the 16.9 mJ/cm? is picked as an
example) at a 1 s exposure time for SARS-CoV-2 complete inactivation.

Unlike LEDs and lamps, lasers provide coherent light that propagates with a Gaussian wave front in the radial
direction and a Gaussian profile in the axial direction. For example, for a high beam quality 266 nm laser, beam
waist radii of 1 mm and 5 mm correspond to a Rayleigh range of approximately 10 m and 250 m, respectively,
and the irradiance and propagation of such laser beams are shown in Fig. 1. The Rayleigh range is a measure
of the distance within which a laser Gaussian beam almost maintains the same beam radius. Therefore, a laser
beam with a waist radius of 5 mm can propagate a few hundred metres with no beam expansion, which is very
different from the light sources people commonly use in everyday life, such as LED light sources and lamps.

In contrast to laser propagation, incoherent light, such as that from LEDs and lamps, constantly expands while
propagating, so the irradiance is inversely proportional to the square of the propagation distance. For example,
LED light sources commonly radiate light in a cone shape, which is commonly characterized by the cone apex
angle, and the typical values are 0y,;=45° and 60°. Usually, one LED chip can emit 2 mW-10 mW, so a 200 W
LED light source is composed of many single LED chips. Since we are considering the irradiance while the light
propagates away from the LED source, the LED array can be simplified as a uniform distribution point source
with a constant cone apex angle. The irradiance and propagation of a 200 W LED light source with 6, ,¢=45° and
60° are shown in Fig. 1. Very intuitively, the lamp radiates light in all directions, which can be seen as radiating
almost over a 47 solid angle. However, for the purpose of obtaining a more accurate illustration of the lamp
irradiance along the propagation direction, we apply the Keitz model to a long cylinder lamp bulb at 200 W
power with length L =40 cm and 80 cm?®2. The calculation results are also shown in Fig. 1.
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Virus Cells
SARS-CoV-2/Wuhan/WIV04/2019 (SARS-CoV-2 WIV04) RNA enveloped Vero E6 cells
SARS-CoV-2/630-1 (SARS-CoV-2 delta) RNA enveloped Vero E6 cells
Sindbis (SINV) RNA enveloped BHK cells
Pseudorabies (PRV) DNA enveloped PK15 cells
Human enterovirus 71 (EV71) RNA nonenveloped | RD cells
Porcine parvovirus (PPV) DNA nonenveloped | ST cells

Table 1. Viruses and cells used in the study.

Closely examining the black square dashed line in Fig. 1 representing the 266 nm laser beam with a 5 mm
waist beam radius, the irradiance of this laser beam is more than 100 times higher than 16.9 mW/ cm? for a
propagation range of more than 200 m. Therefore, in this 200-m propagation range, a less than 0.01 s exposure
time can reach the critical effective dose of 16.9 mJ/cm? This suggests that ultrafast inactivation of SARS-CoV-2
can be achieved with 266 nm lasers over a long span.

Materials and methods

SARS-CoV-2/Wuhan/WIV04/2019 (SARS-CoV-2 WIV04) and SARS-CoV-2/630-1 (SARS-CoV-2 delta) were
included in our experiments to verify the effectiveness of laser inactivation. Sindbis virus (SINV) with a similar
molecular structure (also an enveloped RNA virus) but a different host cell was used to confirm that the sur-
rounding environment may affect the viral sensitivity to laser irradiation. Pseudorabies virus (PRV) with DNA
as the genetic material was used for comparison to RNA viruses given that the mechanisms’ difference between
DNA and RNA damaged by UV, i.e. one of the mechanisms of UV irradiation disinfection for DNA is T-T dimer
formation, while for RNA, it is U-U dimer formation. Human enterovirus 71 (EV71) and porcine parvovirus
(PPV) with nonenveloped RNA/DNA were used to test any interactions between the viral envelope and UV
photons that may affect the viral sensitivity.

Cell lines and culture. The cell lines used in the experiments included Vero E6, BHK, PK15, ST and RD
cells from the National Virus Resource Center of the Wuhan Institute of Virology, Chinese Academy of Sciences,
which were cultured in minimum essential medium (MEM, Gibco™, Cat No: 42360032) supplemented with
10% foetal bovine serum (FBS) (Gibco, 10099-141) and 100 U/mL penicillin and streptomycin each (Gibco,
15140-122) at 37 °C in a 5% CO, incubator. The viruses and cells used in our experiments are shown in Table 1.

Virus proliferation. SARS-CoV-2 WIV04 and SARS-CoV-2 delta were propagated in Vero E6 cells. Vero E6
cells were seeded in a T-75 cell culture flask overnight, and the viruses were inoculated into the culture at a multi-
plicity of infection (MOI) = 0.1 when the cells were 80% confluent. The infected cell culture flask was placed in a
37°C incubator for virus adsorption for 1 h, and the fresh medium of MEM + 2% FBS was replaced. Supernatants
of infected cells were collected in a 15 mL centrifuge tube two days later. Cell fragments were discarded after
centrifugation at 3000 r/min at 4 °C for 10 min, and viruses were obtained. The obtained viruses were separated
and frozen in a refrigerator at — 80 °C for later use®.

Furthermore, SINV was propagated in BHK cells at 0.01 MOI, EV71 was propagated in RD cells at 0.01 MOI,
PRV was propagated in PK15 cells at 0.1 MOI, and PPV was propagated in ST cells at 0.1 MOI, and they were
harvested at 24 h, 24 h, 48 h and 72 h, respectively. The media they suspended was still MEM + 2% FBS. They
were harvested in the same manner as SARS-CoV-2. All experiments involving SARS-CoV-2 experiments were
performed in a biosafety 3 laboratory (P3), and SINV, PRV, EV71 and PPV experiments were performed in a
biosafety 2 laboratory (P2). All viruses were obtained from the National Virus Resource Center of the Wuhan
Institute of Virology, Chinese Academy of Sciences.

Virus titration. Vero E6, BHK, RD, ST, and PK15 cells were seeded in 6-well plates overnight. The cell
inoculation density was 10* per well. A strain of the viruses stored in a refrigerator at — 80 °C was taken. After
the virus thawed, MEM + 2% FBS was used to perform tenfold gradient dilution, with a total of 9 dilutions from
107! to 107, and 6-8 repetitions were made for each dilution. Three days after inoculation, the cytopathic effect
(CPE) was scored, and the Reed-Muench formula was used to calculate the 50% tissue culture infectious dose
(TCIDsp)*. The titre of the virus inoculum started at~6 Lg TCID5,/0.1 ml*. The lower limit of the titre was
1 Lg TCID;,/0.1 ml (complete inactivated).

Laser. An in-house-built pulsed laser with a 10-ps pulse width, a 200-kHz repetition rate and an adjust-
able power output was used. The diameter of the beam is~5.16 mm at the facet of the laser head and the beam
divergence is ~ 18mrad. The wavelength tested was 266 nm, which is close to the RNA absorption maximum at
approximately 260 nm'®. The spectra of the laser is shown in Fig. 2 recorded by HR4000CG-UV-NIR (Ocean
optics).

Inactivation of SARS-CoV-2 by UV irradiation. A droplet of 0.1 mL of virus inoculum was placed in a
defined well of a 6-well plate. Then, the laser head was positioned ~ 10 cm above the virus-containing well. The
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Figure 2. Spectra of the laser.

spot size of the laser was 0.785 cm? or 0.601 cm? (fully covering the surface area of the virus inoculum droplet in
the well). After exposure for the designated time (controlled using a laser shutter, GCI-7102 M Daheng Optics
Ltd.), each virus inoculum was subjected to virus titration. The number of replicates performed in our experi-
ments is three.

Data analysis. UV rate constant k is fitted from #=1—-e %", where inactivation efficiency 7 is the percentage
of titre decreases and D is UV exposure dose. The k values are developed using the first 2 points for SARS-CoV-2
WIV04 and first 3 points for the other viruses. This is due to the titre for the third dose from small to large in
SARS-CoV-2 WIV04 reaches the lower limit (1 Lg TCID50/0.1 ml), while in the other viruses this appears for
the 4th dose. Once k is obtained, the dose required for the indicated inactivation efficiency, e.g., 90%, 99%, 99.9%
and 99.99%, can also be calculated using 7= 1-e . The time required for the indicated inactivation efficiency
is calculated using D=1-t.

The absorptions and reflections of the MEM media and the 6-well plate are included as Supplementary Mate-
rial 1. The percentage of energy absorbed in MEM media is 39.69% in our experimental analysis. The absorbed
laser dose D504 could be calculated as D .05p00=39.69% D, agiated Where Diyagiarea iS the irradiated laser dose.
UV rate constant K. can be easily calculated as k,pgrpeq = Kirradiarea/ 39-69%. For simplicity, we did not do the
conversion and only use D;,,giated a0 Kiyragiareq @8 D and k in the following analysis.

Results and discussion

To verify the effectiveness and calculate the species-dependent UV rate constant, 266 nm laser inactivation of the
viruses at a series of exposure times was tested, as shown in Fig. 3. The raw data and calculation of the inactiva-
tion experiments was included as Supplementary Material 2. First, SARS-CoV-2 WIV04 and SARS-CoV-2 delta
virus inactivation are reported in Fig. 3a,b. The pulsed 266 nm laser was able to achieve ~ 99% inactivation (cor-
responding to a decrease of ~ 2 Lg TCID5,/0.1 ml) at 1 s and complete inactivation (down to 1 Lg TCID5,/0.1 ml)
after 5 s. This is our first step to confirm the validity of the laser approach. Second, SINV was used to check
the effectiveness for non-SARS-CoV-2 viruses, as shown in Fig. 3c. SINV is an ~ 70-nm single-stranded envel-
oped RNA virus with a genome of 11.7 kb, which is comparable to SARS-CoV-2 (100 ~ 150 nm single-strand
enveloped RNA virus, 27 ~ 32 kb genome). The pulsed 266 nm laser was able to achieve ~99% inactivation at
1 s and complete inactivation after 10 s. Finally, the type of virus in the verification experiments was extended
to DNA enveloped (PRV), RNA nonenveloped (EV71), and DNA nonenveloped (PPV). The results showed the
achievement of approximately 99% inactivation for all four of these viruses after 1 s of irradiation and complete
inactivation after 10 s, as shown in Fig. 3d-f. Together, these results show that all six tested viruses are highly
susceptible to pulsed 266 nm UV laser irradiation.

To imply the applicability of this method in the real world, the UV rate constants, doses and exposure times
for achieving various reduction levels were calculated, as shown in Table 2. The UV rate constant is the core
parameter in disinfection system design. Microbial susceptibility to UV light is evaluated using the UV rate
constant k, which correlates the inactivation efficiency with the UV dose. Each kind of virus corresponds to a
particular k. High rate constant values imply a lower dose required for a certain inactivation efficiency and vice
versa. The doses required for achieving different reduction levels were comparable to those obtained in various
publications using UV lamps and LEDs'®?"%-28 This indicates the susceptibility of SARS-CoV-2 and other viruses
to the pulsed 266 nm laser. A pulsed 266 nm laser with high irradiance (usually 2 ~ 3 orders of magnitude higher
than the irradiance of UV lamps and LEDs) may be a promising strategy for high-speed disinfection.

By one-way ANOVA with Tukey’s post-test on k values, we found that there is statistically significant differ-
ence (P <0.0001) among the six kinds of virus. Specially, the k values of SARS-CoV-2 WIV04 (Adj. P <0.0001 for
all comparisons) and SARS-CoV-2 delta (Adj. P <0.00153 for all comparisons) is significantly higher than that
in SINV, PRV, EV71 and PPV respectively. Particularly, the SARS-CoV-2 WIV04 exhibited significant higher k
values than the SARS-CoV-2 delta (Adj. P <0.0001). It is demonstrated that SARS-CoV-2 showed a better 266 nm
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Figure 3. Virus inoculum titre with respect to the irradiation dose. The virus inoculum samples were irradiated
by a 266 nm laser at a series of exposure times, and then, titre analysis was performed by virus titration. (a)
SARS-CoV-2 WIV04 virus, (b) SARS-CoV-2 delta virus, (¢) SINV, (d) PRV, (e) EV71, and (f) PPV.

laser inactivation sensitivity among the six kinds of virus, while SARS-CoV-2 WIV04 performed best. There were
no significant differences (Adj. P>0.06846 for all comparisons) on the k values between the SINV, PRV, EV71
and PPV group, indicating a close 266 nm laser inactivation sensitivity among them. By one-way ANOVA, there
was no significant difference (P =0.13951) between DNA and RNA virus. Also, by one-way ANOVA, there was
no significant difference (P =0.16562) between enveloped and non-enveloped virus.

Conclusion

First, we proposed that a 266 nm laser can be a good candidate for safe and fast virus disinfection based on
calculations and a comparison among lasers, LEDs and lamps. Next, we showed the ultrafast performance
and high effectiveness of pulsed 266 nm laser inactivation of the SARS-CoV-2 virus through experiments. The
pulsed 266 nm laser was able to achieve ~99% inactivation at a 1 s exposure time for SARS-CoV-2 WIV04 and
SARS-CoV-2 delta virus. SINV (RNA enveloped), PRV (DNA enveloped), EV71 (RNA nonenveloped) and PPV
(DNA nonenveloped) are also highly susceptible to pulsed 266 nm UV laser irradiation, indicating a universal
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Virus SARS-CoV-2 WIV04 | SARS-CoV-2delta | SINV PRV EV71 PPV

k (cm?/my)) 0.1759+0.0093 0.0584+0.0037 0.0281+0.0023 0.0257+0.0017 0.0289+0.0023 0.0377+0.0039
90% 13.1176%0.7026 30.5173+2.5937 | 82.2628+6.5332 | 89.8574+63132 | 80.0555+6.0773 | 61.4794%6.1211

Dose (mJ/cm?) required for the | 99% | 26.2352:1.4053 79.0346+5.1875 | 164.5256+13.0665 | 179.7147+12.6265 | 160.111+12.1546 | 122.9588+12.2422

indicated inactivation efficiency | 99.9% | 39.3527+2.1079 118.5519+7.7812 | 246.7883+19.5997 | 269.5721+18.9397 | 240.1664+18.2319 | 184.4382+18.3634
99.99% | 52.4703+2.8106 158.0692+10.375 | 329.0511%26.1329 | 359.4294+252529 | 320.2219+24.3092 | 245.9176+24.4845
90% 0.2624+0.0141 0.7903+0.0519 1.7453+0.1386 1.9064+0.1339 1.6985+0.1289 1.3044+0.1299

Time (s) required for the indi- | 99% 0.5247+0.0281 1.5807+0.1037 3.4906 +0.2772 3.8129+0.2679 3.3969+0.2579 2.6087+0.2597

cated inactivation efficiency 99.9% | 0.7871+0.0422 2.371+0.1556 5.2359+0.4158 5.7193+0.4018 5.0954+0.3868 3.9131+0.3896
99.99% | 1.0494:0.0562 3.1614+0.2075 6.9812+0.5544 7.6257+0.5358 6.7939+0.5157 52174+0.5195

Table 2. Dose and exposure times for achieving various reduction levels.

effect of UV laser disinfection. The ultrafast inactivation of SARS-CoV-2 and other viruses is attributable to the
high irradiance of the laser relative to lamps and LEDs. Finally, the UV rate constants, doses and exposure times
for achieving various reduction levels were calculated and can be used as core parameters in future disinfection
system design or other applications. This work indicates a promising prospect that 266 nm laser inactivation is
fast enough to disinfect flowing air in a single pass. Further verification experiments, such as aerosol disinfection
and chamber tests, should be conducted. The pulse duration and repetition rate may influence the inactivation
efficiency and bring difference in the inactivation mechanism, which is worth investigate in the future.

To further develop lasers as a practical ultrafast disinfection method and apply them to real-world HVAC
systems, the small area of a laser beam (result in small disinfecting areas or volumes) remains one of the primary
limitations (the other main issue is cost). The solution should be expansion and shaping of laser beam. The price
of this is the large decrease of irradiance (inversely proportional to the square of spot radius). To compensate
the decrease in irradiance, the power of laser should be increased (which will further aggravate the cost issue).
Therefore, generating laser active zone that meet the designed disinfection volume and dose at a reasonable cost
is the key to success in developing laser to be a practical disinfection method. The necessary things to do are
optimal design of beam shaping to achieve large active area, minimum power loss of optical components selec-
tion and reduction of laser cost per watt.

Data availability

The datasets used and/or analysed during the current study are included in this published article and its supple-
mentary information files. All data generated or analysed during this study are available from the corresponding
author on reasonable request.

Received: 28 May 2022; Accepted: 31 October 2022
Published online: 04 November 2022

References

1. https://www.who.int/emergencies/diseases/novel-coronavirus-2019. Accessed 10 May 2022.

2. Storm, N. et al. Rapid and complete inactivation of SARS-CoV-2 by ultraviolet-C irradiation. Sci. Rep. 10, 22421. https://doi.org/
10.1038/541598-020-79600-8 (2020).

3. Zhang, R, Li, Y,, Zhang, A. L., Wang, Y. & Molina, M. J. Identifying airborne transmission as the dominant route for the spread
of COVID-19. Proc. Natl. Acad. Sci. U. S. A. 117, 14857-14863. https://doi.org/10.1073/pnas.2009637117 (2020).

4. Chia, P. Y. et al. Detection of air and surface contamination by SARS-CoV-2 in hospital rooms of infected patients. Nat. Commun.
11, 2800. https://doi.org/10.1038/s41467-020-16670-2 (2020).

5. van Doremalen, N. et al. Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N. Engl. ]. Med. 382,
1564-1567. https://doi.org/10.1056/NEJMc2004973 (2020).

6. Lu, J. et al. COVID-19 outbreak associated with air conditioning in restaurant, Guangzhou, China, 2020. Emerg. Infect. Dis. 26,
1628-1631. https://doi.org/10.3201/eid2607.200764 (2020).

7. Li, Y. et al. Probable airborne transmission of SARS-CoV-2 in a poorly ventilated restaurant. Build. Environ. 196, 107788. https://
doi.org/10.1016/j.buildenv.2021.107788 (2021).

8. Almilaji, O. Air recirculation role in the spread of COVID-19 onboard the diamond princess cruise ship during a quarantine
period. Aerosol Air Qual. Res. 21, 200495. https://doi.org/10.4209/aaqr.200495 (2021).

9. Correia, G., Rodrigues, L., da Silva, M. G. & Gongalves, T. Airborne route and bad use of ventilation systems as non-negligible
factors in SARS-CoV-2 transmission. Med. Hypotheses 141, 109781. https://doi.org/10.1016/j.mehy.2020.109781 (2020).

10. Zhang, S. et al. Estimation of the reproductive number of novel coronavirus (COVID-19) and the probable outbreak size on the
Diamond Princess cruise ship: A data-driven analysis. Int. J. Infect. Dis. 93, 201-204. https://doi.org/10.1016/j.ijid.2020.02.033
(2020).

11. Lewis, D. Why the WHO took two years to say COVID is airborne. Nature 604, 26-31. https://doi.org/10.1038/d41586-022-00925-7
(2022).

12. https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-cleaning-and-disinfecting-surfa
ces-in-non-health-care-settings. Accessed 2 April 2022.

13. https://www.engineeringtoolbox.com/duct-velocity-d_928.html. Accessed 24 September 2022.

14. https://www.marketsandmarkets.com/Market-Reports/uv-disinfection-market-217291665.html. Accessed 10 May 2022.

15. Hessling, M., Hones, K., Vatter, P. & Lingenfelder, C. Ultraviolet irradiation doses for coronavirus inactivation—Review and analysis
of coronavirus photoinactivation studies. GMS Hyg. Infect. Control 15, Doc08. https://doi.org/10.3205/dgkh000343 (2020).

Scientific Reports |

(2022) 12:18640 |

https://doi.org/10.1038/s41598-022-23423-2 nature portfolio


https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://doi.org/10.1038/s41598-020-79600-8
https://doi.org/10.1038/s41598-020-79600-8
https://doi.org/10.1073/pnas.2009637117
https://doi.org/10.1038/s41467-020-16670-2
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.3201/eid2607.200764
https://doi.org/10.1016/j.buildenv.2021.107788
https://doi.org/10.1016/j.buildenv.2021.107788
https://doi.org/10.4209/aaqr.200495
https://doi.org/10.1016/j.mehy.2020.109781
https://doi.org/10.1016/j.ijid.2020.02.033
https://doi.org/10.1038/d41586-022-00925-7
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-cleaning-and-disinfecting-surfaces-in-non-health-care-settings
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-cleaning-and-disinfecting-surfaces-in-non-health-care-settings
https://www.engineeringtoolbox.com/duct-velocity-d_928.html
https://www.marketsandmarkets.com/Market-Reports/uv-disinfection-market-217291665.html
https://doi.org/10.3205/dgkh000343

www.nature.com/scientificreports/

16. Heilingloh, C. S. et al. Susceptibility of SARS-CoV-2 to UV irradiation. Am. J. Infect. Control 48, 1273-1275. https://doi.org/10.
1016/j.ajic.2020.07.031 (2020).

17. https://www.acsh.org/news/2020/04/15/covid-19-uv-led-can-kill-999-coronavirus-30-seconds-14719. Accessed 10 May 2022.

18. Inagaki, H., Saito, A., Sugiyama, H., Okabayashi, T. & Fujimoto, S. Rapid inactivation of SARS-CoV-2 with deep-UV LED irradia-
tion. Emerg. Microb. Infect. 9, 1744-1747. https://doi.org/10.1080/22221751.2020.1796529 (2020).

19. Minamikawa, T. et al. Quantitative evaluation of SARS-CoV-2 inactivation using a deep ultraviolet light-emitting diode. Sci. Rep.
11, 5070. https://doi.org/10.1038/s41598-021-84592-0 (2021).

20. Lee, B. & Bahnfleth, W. P. Effects of installation location on performance and economics of in-duct ultraviolet germicidal irradia-
tion systems for air disinfection. Build. Environ. 67, 193-201. https://doi.org/10.1016/j.buildenv.2013.05.019 (2013).

21. Biasin, M. et al. UV-C irradiation is highly effective in inactivating SARS-CoV-2 replication. Sci. Rep. 11, 6260. https://doi.org/10.
1038/541598-021-85425-w (2021).

22. Chapter 17-Ultraviolet Lamp Systems. (2016).

23. Lednicky, J. A. et al. Viable SARS-CoV-2 in the air of a hospital room with COVID-19 patients. Int. J. Infect. Dis. 100, 476-482.
https://doi.org/10.1016/j.ijid.2020.09.025 (2020).

24. Lei, C,, Yang, ], Hu, J. & Sun, X. On the calculation of TCID50 for quantitation of virus infectivity. Virol. Sin. 36, 141-144. https://
doi.org/10.1007/s12250-020-00230-5 (2021).

25. Criscuolo, E. et al. Fast inactivation of SARS-CoV-2 by UV-C and ozone exposure on different materials. Emerg. Microbes. Infect.
10, 206-210. https://doi.org/10.1080/22221751.2021.1872354 (2021).

26. Inagaki, H. et al. Rapid inactivation of SARS-CoV-2 with deep-UV LED irradiation. Emerg. Microbes Infect. 9, 1744-1747. https://
doi.org/10.1080/22221751.2020.1796529 (2020).

27. Patterson, E. I. et al. Methods of inactivation of SARS-CoV-2 for downstream biological assays. J. Infect. Dis. 222, 1462-1467.
https://doi.org/10.1093/infdis/jiaa507 (2020).

28. Ma, B. et al. UV inactivation of SARS-CoV-2 across the UVC spectrum: KrCl* excimer, mercury-vapor, and light-emitting-diode
(LED) sources. Appl. Environ. Microbiol. 87, €01532-21. https://doi.org/10.1128/ AEM.01532-21 (2021).

Acknowledgements

This work was supported by the National Natural Science Foundation of China [Grant No. 81927805]; the Science
and Technology Planning Project of Guangdong Province [Grant No. 2018B090944001]; and the Guangdong
Major Project of Basic and Applied Basic Research [Grant No. 2019B030302003]. We would like to thank all
team members of the National Virus Resource Center.

Author contributions
K.S. and G.N. developed the laser. Y.Z. ].Y. and D.Z. conducted the experiments. H.W. organized the project and
analyzed the results. X.S. created the team. X.M. developed the original idea.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-23423-2.

Correspondence and requests for materials should be addressed to H.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:18640 | https://doi.org/10.1038/s41598-022-23423-2 nature portfolio


https://doi.org/10.1016/j.ajic.2020.07.031
https://doi.org/10.1016/j.ajic.2020.07.031
https://www.acsh.org/news/2020/04/15/covid-19-uv-led-can-kill-999-coronavirus-30-seconds-14719
https://doi.org/10.1080/22221751.2020.1796529
https://doi.org/10.1038/s41598-021-84592-0
https://doi.org/10.1016/j.buildenv.2013.05.019
https://doi.org/10.1038/s41598-021-85425-w
https://doi.org/10.1038/s41598-021-85425-w
https://doi.org/10.1016/j.ijid.2020.09.025
https://doi.org/10.1007/s12250-020-00230-5
https://doi.org/10.1007/s12250-020-00230-5
https://doi.org/10.1080/22221751.2021.1872354
https://doi.org/10.1080/22221751.2020.1796529
https://doi.org/10.1080/22221751.2020.1796529
https://doi.org/10.1093/infdis/jiaa507
https://doi.org/10.1128/AEM.01532-21
https://doi.org/10.1038/s41598-022-23423-2
https://doi.org/10.1038/s41598-022-23423-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ultrafast inactivation of SARS-CoV-2 with 266 nm lasers
	Calculation and comparison among lasers, LEDs and lamps
	Materials and methods
	Cell lines and culture. 
	Virus proliferation. 
	Virus titration. 
	Laser. 
	Inactivation of SARS-CoV-2 by UV irradiation. 
	Data analysis. 

	Results and discussion
	Conclusion
	References
	Acknowledgements


