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A B S T R A C T   

Numerous studies have demonstrated that SARS-CoV-2 can be inactivated by ultraviolet (UV) radiation. How-
ever, there are few data available on the relative efficacy of different wavelengths of UV radiation and visible 
light, which complicates assessments of UV decontamination interventions. The present study evaluated the 
effects of monochromatic radiation at 16 wavelengths from 222 nm through 488 nm on SARS-CoV-2 in liquid 
aliquots and dried droplets of water and simulated saliva. The data were used to generate a set of action spectra 
which quantify the susceptibility of SARS-CoV-2 to genome damage and inactivation across the tested wave-
lengths. UVC wavelengths (≤280 nm) were most effective for inactivating SARS-CoV-2, although inactivation 
rates were dependent on sample type. Results from this study suggest that UV radiation can effectively inactivate 
SARS-CoV-2 in liquids and dried droplets, and provide a foundation for understanding the factors which affect 
the efficacy of different wavelengths in real-world settings.   

1. Introduction 

Ultraviolet (UV) radiation from both sunlight and artificial sources 
has been shown to affect the infectivity of viruses, including SARS-CoV- 
2. Natural sunlight, which includes both UVB (280 nm - 315 nm) and 
UVA (315 nm - 400 nm) radiation, has been shown to reduce SARS-CoV- 
2 transmission rates in epidemiological studies (1,2), and laboratory 
studies have confirmed that simulated sunlight with spectra matching 
the UVB portion of natural sunlight can rapidly inactivate viruses such 
as SARS-CoV-2 in both aerosols and on surfaces (3–6). UVC radiation 
(100 nm - 280 nm), though not present in sunlight at the earth's surface, 
can be produced by artificial sources and has long been used in various 
applications for disinfecting water, air, and surfaces. Over the course of 
the COVID-19 pandemic, multiple studies have demonstrated that UVC 
radiation sources can effectively inactivate SARS-CoV-2 (7–13). Though 
significantly lower in energy than UVB and UVC wavelengths, UVA and 

visible light wavelengths may also be able to reduce the infectivity of 
SARS-CoV-2 and other viruses if sufficiently high doses can be delivered 
(8,14–16). Based on these findings, strategies for treating contaminated 
areas with UV radiation and visible light sources have been suggested as 
a method for slowing the spread of SARS-CoV-2. However, the imple-
mentation of such strategies has been hindered by a lack of directly 
comparable data on the relative efficacy of different wavelengths for 
inactivating SARS-CoV-2. 

UV radiation has been shown to damage multiple viral structural 
components, including proteins (17–20). However, the primary mech-
anism by which UV radiation results in viral inactivation is thought to be 
by damaging the nucleic acids of the viral genome. These sites of dam-
age, or lesions, may take various forms including strand breaks, protein- 
RNA crosslinks, and dimers between adjacent pyrimidine residues 
(20–25). Viruses with lesions in their genomes may still be able to enter 
a host cell, but the presence of the lesion impairs the function of the 

* Corresponding author. 
E-mail address: michael.schuit@st.dhs.gov (M.A. Schuit).  

Contents lists available at ScienceDirect 

Journal of Photochemistry & Photobiology, B: Biology 

journal homepage: www.elsevier.com/locate/jphotobiol 

https://doi.org/10.1016/j.jphotobiol.2022.112503 
Received 26 January 2022; Received in revised form 19 May 2022; Accepted 18 June 2022   

mailto:michael.schuit@st.dhs.gov
www.sciencedirect.com/science/journal/10111344
https://www.elsevier.com/locate/jphotobiol
https://doi.org/10.1016/j.jphotobiol.2022.112503
https://doi.org/10.1016/j.jphotobiol.2022.112503
https://doi.org/10.1016/j.jphotobiol.2022.112503
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotobiol.2022.112503&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Photochemistry & Photobiology, B: Biology 233 (2022) 112503

2

polymerase enzymes required for viral replication, and any subsequent 
progress through the viral replication cycle is thereby blocked. Because 
of this, wavelengths at which RNA or DNA are highly absorbing tend to 
be those which are most effective for inactivating viruses (23). 

The relative sensitivity of viruses across a range of wavelengths may 
be quantified in an action spectrum. Action spectra have been reported 
for many viruses (26–31), and can be useful for evaluating the relative 
utility of decontamination technologies and modeling expected inacti-
vation in outdoor settings under various sunlight conditions. Commonly 
observed trends between action spectra for different viruses include a 
peak in viral susceptibility near 260 nm, the peak absorbance wave-
length of nucleic acids, a second peak at wavelengths <240 nm where 
both nucleic acids and proteins absorb, and an exponential decrease in 
sensitivity at wavelengths longer than approximately 290 nm. However, 
despite these common trends, differences in sensitivity at various 
wavelengths have been observed even for related viruses (32). Addi-
tionally, comparisons between studies with the same virus at different 
wavelengths can be complicated by methodological differences, 
including the bandwidth of the radiation used for exposure tests, the 
composition of the viral suspension, and the magnitude of the un-
certainties in the UV irradiance delivered to samples. Previous studies 
on the effects of UV radiation and visible light on SARS-CoV-2, though 
informative, have used a wide range of radiation sources, experimental 
designs, and metrics for assessing viral damage (10,12,13,33–37). These 
methodological differences complicate application of the results to as-
sessments of UV and light-based decontamination technologies. 

Therefore, the present study was conducted to evaluate the efficacy 
of different wavelengths of UV radiation and visible light ranging from 
222 nm - 488 nm for inactivating SARS-CoV-2. Inactivation experiments 
were conducted with monochromatic radiation at 16 discrete wave-
lengths. Tests were conducted with viral suspensions in simulated saliva, 
meant to be representative of the composition of human fluids con-
taining SARS-CoV-2, and with viral suspensions in distilled water as a 
control. At each wavelength, both viral suspensions were evaluated as 
droplets dried on surfaces and in a liquid state. SARS-CoV-2 inactivation 
was quantified by microtitration assays for viral infectivity at all tested 
wavelengths and by quantitative reverse transcriptase polymerase chain 
reaction (RT-qPCR) at wavelengths from 222 nm - 315 nm to evaluate 
genomic damage. The results of these tests were used to develop a set of 
action spectra, which can be used to better define the effects of UV ra-
diation and visible light on SARS-CoV-2. 

2. Methods 

2.1. Virus Suspensions and Assays 

hCoV-19/USA/WA-1/2020 (NR-52281) was obtained from BEI Re-
sources as a passage four sample, and was passaged twice in Vero cells as 
previously described (4,5). Cells and virus were propagated in cell cul-
ture medium with 10% fetal bovine serum (FBS), prepared as described 
previously (3–5,38). For viral stock production, cells were infected at a 
multiplicity of infection (MOI) of approximately 0.003. After harvest, 
viral stocks were clarified by centrifugation at 2000 ×g for 10 min, then 
frozen in 30 mL aliquots at − 80 ◦C until use. Prior to use in exposure 
tests, frozen aliquots of viral stocks were thawed at 37 ◦C, underlayed 
with 8 mL of a solution of 20% sucrose in Tris-NaCl-EDTA (TNE) buffer, 
and pelleted at 106,000 ×g for 2 h at 4 ◦C. Viral pellets were re- 
suspended in 2.65 mL of either UltraPure™ DNase/RNase-free 
distilled water (Invitrogen PN 10977015) or simulated saliva prepared 
according to the ASTM E2721–16 standard formulation (39). Absor-
bance spectra for representative virus suspension batches were 
measured with a NanoDrop One C spectrophotometer. The absorbance 
spectrum of a representative sample containing 10.4 log10 genome 
equivalents (GEQ)/mL of SARS-CoV-2 RNA was also measured; RNA in 
this sample was extracted from a 1:100 dilution of a sample of SARS- 
CoV-2 in liquid water. 

Simulated saliva prepared with a single batch of porcine mucin 
(Sigma-Aldrich, PN M1778, batch SLCH5758), was used for the majority 
of testing in the present study. When a second batch of mucin (Sigma- 
Aldrich, PN M1778, batch SLCD6129) was used, differences were noted 
in the absorbance spectrum of the resulting simulated saliva, providing 
an opportunity to assess the effect of simulated saliva preparations with 
differing absorbance spectra. Therefore, SARS-CoV-2 inactivation tests 
at 222, 230, and 253.7 nm were conducted with two different simulated 
saliva suspensions prepared using the different batches of mucin. 

Titers of infectious virus in samples were determined by micro-
titration assay on confluent monolayers of Vero cells as described pre-
viously (3–5,40), resulting in concentrations of infectious virus in 
median tissue culture infectious doses (TCID50) per mL. Microtitration 
assay plates were read for the presence of cytopathic effect (CPE) on any 
of days 4–7 post infection (dpi), as preliminary experiments determined 
that reading plates on any day from 4 to 7 dpi resulted in equivalent 
titers. 

RT-qPCR was performed to quantify SARS-CoV-2 genomic damage 
following UV exposure for samples exposed to wavelengths ranging 
from 222 nm - 315 nm. RT-qPCR was performed as described previously 
(40), with the exception that in the present study the standard curve was 
prepared using a synthetic RNA fragment matching a conserved region 
in the viral RNA-Dependent RNA Polymerase (RdRp) gene (BioSyn-
thesis). The primers used for RT-qPCR are based on sequences used 
previously by Corman et al. (41) and target a similar region in the RdRp, 
with the forward primer sequence 5′ GTGAAATGGTCATGTGTGGCGG, 
reverse primer sequence 5′ CAAATGTTAAAAACACTATTAGCATA, and 
probe sequence of 5′6-FAM/AGGTGGAAC/ZEN/CTCATCAGGA-
GATGCC/3IABkFQ. The RT-qPCR reaction is expected to produce an 
amplicon 100 nucleotides long, approximately 0.3% the length of a full 
SARS-CoV-2 genome. The proportions of potential pyrimidine dimer 
formation sites to sequence length in the amplified region are similar to 
the proportions in the full-length genome (Supplemental Table S1). 
Sample titers of RNA with undamaged amplicon regions were expressed 
as GEQ per mL. 

2.2. Exposure Chamber 

All exposure tests with SARS-CoV-2 were conducted in a cylindrical 
chamber with a diameter of 25.4 cm and a height of 15.2 cm (Fig. 1A), 
which was located in a Class II Biological Safety Cabinet (BSC) in a 
Biosafety Level 3 (BSL-3) laboratory. A 7.6 cm diameter, 0.6 cm thick 
fused silica window was installed in the center of the chamber lid to 
allow illumination of the chamber interior. Inside the chamber, a 12.1 
cm high platform was rotated at 2 rpm to ensure samples placed on the 
platform received uniform exposure. The interior surfaces of the 
chamber were coated with Aeroglaze Z306, a highly absorbent black 
polyurethane coating, to minimize the potential for reflection inside the 
chamber. Air, maintained at 20% relative humidity (RH), was supplied 
at approximately 10 L/min through a port in the side wall of the 
chamber to maintain constant humidity in the chamber and was 
exhausted through a HEPA filter to the interior of the BSC. The tem-
perature and RH of the chamber interior were monitored continuously 
during each test with a Vaisala HMP110 temperature/humidity probe. 
The mean air temperature and RH values (±SD) in the exposure 
chamber measured across all tests were 24.5 ± 0.2 ◦C and 20.8 ± 1.6%, 
respectively. Transient spikes in RH, typically 1 min or less in duration, 
occurred in the chamber when the lid was removed to collect samples. 
The maximum RH recorded in the chamber during a spike was 36.2%. 

In preliminary experiments, the temperature at the surface of the 
rotating sample platform was measured with a K-type thermocouple 
during exposure to selected wavelengths spanning the full range of those 
tested in the present study. Additionally, an ozone monitor (2B Tech-
nologies, Model 106-L) was used to measure the concentration of ozone 
in the exposure chamber. There were no significant increases above 
baseline in either temperature or ozone concentration in the exposure 
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chamber when the chamber was irradiated (Supplemental Fig. S1). 

2.3. Tunable Wavelength Laser 

UV radiation and visible light were introduced to the chamber 
through the fused silica window using the Travelling Tunable UV Laser 
Projector (TTLP) [80], a tunable wavelength laser source developed by 
the National Institute of Standards and Technology (NIST). Briefly, the 
TTLP is comprised of two sub-systems connected by a fiber optic cable. 
The first sub-system remained outside of the BSL-3 laboratory and was 
made up of an Ekspla Model NT242-SH/SFG tunable laser and optics for 
coupling the laser to a fiber optic cable. These optics include an 
inter-locked safety shutter, timing shutter for controlling sample expo-
sure duration, a Pellin-Broca prism and aperture to reduce the 
out-of-band radiation, and a turning mirror which directs the beam 
through a 75 mm focal length UV fused silica, plano-convex focusing 
lens into the fiber. In the present study, fibers with 1.5 mm diameter 
cores were used to facilitate acceptance of the radiation without 
adjustment, despite the chromatic focal shift in the focusing lens. Mul-
tiple fibers, with lengths of either 4 m or 5 m, were used over the course 
of the study due to accumulation of solarization in the fibers with pro-
longed use. 

The second sub-system of the TTLP was positioned inside the Class II 
Biosafety Cabinet housing the exposure chamber and contained the 
optics for expanding and projecting the laser beam onto the study 
samples. This sub-system manipulated the fiber output with an engi-
neered diffuser-based system to produce a uniform beam. The projection 
system and the output cone were fully enclosed in a 3-D printed enclo-
sure and shroud to fully contain the projector's output and prevent 
personnel exposure. A window tilted at 45◦ within the projector pro-
vides a low loss pick-off to monitor the system irradiance in real-time. 

2.4. Low Pressure Mercury Lamp 

In a subset of tests, a low-pressure mercury lamp was used instead of 
the TTLP for direct comparison between the performance of the TTLP 

and a type of device more commonly used in UV disinfection studies (i. 
e., a mercury lamp). For these tests, a 6.5 W ozone-free low-pressure 
mercury (LP-Hg) lamp (BHK Inc., PN 80-1057-01) in a 3-D printed 
housing was positioned over the exposure chamber window in place of 
the TTLP shroud and used to expose SARS-CoV-2 samples to UVC radi-
ation with a primary peak at 253.7 nm. 

2.5. Liquid Exposure Wells 

Liquid samples were placed in exposure wells that were prepared by 
affixing silicone isolator wells (13 mm diameter × 2 mm depth; EMS PN 
70336–33) to glass microscope slides (Ted Pella PN 260600). For each 
liquid sample, 240 μL of virus suspension were added to a well, and a 1 
mm thick fused silica coverslip (Thorlabs PN WG41010) was placed on 
top to create a uniform column of liquid with no surface curvature 
(Fig. 1B). The fraction of incident radiation reflected off the surface 
(specular and diffuse) of the exposure well bottom was measured at 
eight degrees off normal with a Perkin-Elmer Lambda 1050 spectro-
photometer for each test wavelength. Although the contents of the liquid 
exposure wells were not stirred during exposures, it is assumed that 
diffusion and the rotation of the sample platform during the exposures 
were sufficient to create a well-mixed sample. To recover exposed liquid 
samples and non-exposed controls, the fused silica coverslip was 
removed from the exposure well and 150 μL of sample was removed, 
added to a 2.5 mL aliquot of cell culture medium, and vortexed for 30 s. 
The use of exposure wells to contain viral suspensions during UV 
exposure tests was shown to result in dose-response data for MS2 and T1 
bacteriophages which were equivalent to those generated using a 10 cm 
diameter petri dish in a collimated beam exposure system with (Sup-
plemental Methods S1 and Supplemental Fig. S2). 

2.6. Dried Droplets 

Dried samples were prepared by depositing a 20 μL droplet of viral 
suspension on a single 7 mm diameter 304 stainless steel coupon and 
allowing it to dry at room temperature in air maintained at a target RH 

Fig. 1. Schematic of exposure chamber, liquid exposure well, and sample tray. A) Exposure chamber configured with the NIST Travelling Tunable UV Laser Projector 
(TTLP). B) Exposure wells used for liquid samples. C) Tray used for liquid and dried samples. The sample placement region has an interior diameter of 2 cm and an 
exterior diameter of 6 cm. 
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of ≤20% until the droplets were visually observed to be dry (approxi-
mately 75 min after droplet deposition). The diameters of ten repre-
sentative dried droplet residues of each fluid type were measured with 
calipers; mean values ± SD were 5.7 ± 0.2 mm and 5.1 ± 0.1 mm for 
dried residues of virus suspensions in water and simulated saliva, 
respectively. To recover the exposed dried samples and non-exposed 
controls, three coupons containing dried material from one fluid type 
were placed in a single 2.5 mL aliquot of cell culture medium in a 15 mL 
conical tube and vortexed for 30 s. Each set of three coupons placed in 
the same aliquot were considered to be a single sample. In a subset of 
experiments to examine the effect of droplet volume on viral inactiva-
tion, droplets with volumes of either 4 μL or 100 μL were also deposited, 
dried, and recovered in the same manner as the 20 μL droplets. Repre-
sentative images captured with a 2× objective lens of dried droplets of 
virus suspensions in water and simulated saliva are shown in Supple-
mental Fig. S3. 

2.7. Dose Determination 

Two optical radiation detector types were selected to cover the 
spectral range of 222 nm − 488 nm. A UV sensitive detector (Gigahertz- 
Optik, model UV-3727-5) was used for 222 nm − 305 nm and a visible 
detector (Gigahertz-Optik, model MD-37-SU100-5 V0) for 310 nm − 488 
nm. Both detector types were calibrated over a broader spectral range 
for spectral irradiance responsivity in the automated pulsed laser uni-
form source (APLUS) laboratory at NIST, and two detectors of each type 
were used with the TTLP. The “measurement detector” was to quantify 
the irradiance at the center of the exposure chamber window. However, 
because the placement of the measurement detector would interfere 
with sample exposures, a “monitor detector” was positioned in the 
projector and used to pick off a small fraction of the laser output, 
providing constant (4 Hz), real-time measurement of the system irra-
diance during every test. The ratio of responsivities between the monitor 
detector and the measurement detector was used to calculate the irra-
diance at the sample plane for each exposure. The ratio between the 
monitor detector and the measurement detector was confirmed at the 
beginning and end of each day of testing to ensure the ratio was not 
changing over time. 

At the beginning and end of the study, the radial non-uniformity of 
the TTLP beam and the transmittance through the exposure chamber 
window were evaluated at each test wavelength by scanning with the 
measurement detector at the sample plane across a 5 × 5 grid (25 po-
sitions) covering the area of the rotating sample platform. For each 
wavelength, the irradiance was highest in the center and decreased 
exponentially to a minimum of approximately 80% of the peak irradi-
ance at the edges of the grid. From these data, a correction factor was 
determined to account for the transmittance losses through the exposure 
chamber window and the difference in irradiance between the position 
of the measurement detector during the daily irradiance checks and the 
position where the SARS-CoV-2 samples were located. An additional 
correction factor was determined to account for the transmittance of the 
fused silica coverslips used for the liquid exposure wells and applied to 
the doses calculated for the liquid samples. Doses of radiant energy 
delivered to the samples at each test wavelength were expressed in units 
of mJ/cm2; the term “dose” used in the present study is equivalent to the 
terms “fluence” or “radiant exposure” used in other studies. 

2.8. Spectral Measurements 

A double-monochrometer spectroradiometer (Gooch & Housego 
Model OL756) was used to measure spectra of the radiation emitted by 
the LP-Hg lamp and by the TTLP at each tested wavelength. The spec-
troradiometer was coupled to the radiation source at the exit of the beam 
shaping optics just above the exposure chamber using a fiber optic cable 
(Gooch & Housego Model 730-7Q-2.0). The entrance, middle, and exit 
slits installed in the spectoradiometer were 0.25 mm, 0.5 mm, and 0.25 

mm, respectively, a configuration resulting in a half-max bandwidth for 
the device of 1.2 nm (42). A low-pressure mercury argon lamp (Gooch & 
Housego Model OL 756–150) was used to verify the wavelength accu-
racy of the spectroradiometer. Spectra were collected over the wave-
length range of 200 nm - 800 nm in 0.5 nm increments with the autogain 
option enabled and a sampling integration time of 0.1 s. 

2.9. Exposure Tests 

Suspensions of SARS-CoV-2 (hCoV-19/USA/WA-1/2020) in either 
distilled water or simulated saliva were exposed to UV radiation and 
visible light at 222, 230, 240, 253.7, 260, 270, 280, 290, 300, 305, 315, 
325, 365, 405, 450, and 488 nm. Two criteria were used for test 
wavelength selection: first, wavelengths were selected to match the peak 
output wavelengths of commercially available UV radiation and visible 
light sources, including excimer and mercury lamps, as well as common 
LEDs and lasers. Second, wavelengths were selected to maintain 
approximately regular spacing with intervals of approximately 10 nm 
through the UVC and UVB regions, and approximately 50 nm through 
the UVA and visible regions. 

Liquid exposure wells or steel coupons were placed on a round tray, 
(Fig. 1C), to allow them to be placed into and removed from the expo-
sure chamber. As with the chamber interior surfaces, the surface of the 
sample tray was coated with Aeroglaze Z306 to reduce stray light 
scattering. After the samples were placed on a tray, the exposure 
chamber lid was removed and the sample tray was placed on the rotating 
platform. The chamber lid was replaced and the timing shutter of the 
TTLP opened to begin the exposure. After the target dose was delivered, 
the timing shutter was closed and the exposure chamber opened to 
remove the samples. 

Exposure tests were conducted with dried and liquid samples of both 
simulated saliva and water at the 11 wavelengths from 222 nm - 315 nm 
with four dose values per wavelength. For these wavelengths, the sam-
ple tray was returned to the exposure chamber after a sample was 
removed up to three times to generate samples exposed to four separate 
cumulative doses. Three replicate series of exposures were conducted for 
each combination of wavelength, fluid (virus suspension in water or 
simulated saliva), and state (liquid or dried). Target doses for each 
wavelength were chosen based on a combination of the results of pre-
liminary range-finding experiments at a subset of wavelengths, expected 
shifts in sensitivity based on action spectra for other viruses, and the 
maximum exposure duration which was logistically feasible to imple-
ment (typically ≤ 2 h per replicate of each combination of fluid and 
state). 

Little to no inactivation was observed at 315 nm following exposure 
to doses >200 mJ/cm2, and further reductions in viral sensitivity were 
expected for longer wavelengths. Therefore, exposure tests for each 
combination of fluid and state at the five wavelengths from 325 nm - 
488 nm were conducted with a single dose for each wavelength con-
sisting of the highest dose that could be achieved with the irradiance at 
that wavelength following 2 h of exposure. For each wavelength, three 
exposed samples and three unexposed samples of each fluid and state 
were assayed for titers of infectious virus. 

2.10. Calculation of Inactivation Constants 

UV dose-response data are often presented as inactivation constants 
(k values) (22,23,27,43–45), which describe inactivation or damage to 
the virus as a function of UV dose. A k value is equivalent to a one-phase 
exponential decay constant for non-log transformed data and the slope 
of a linear regression fit of natural-log transformed data. In the present 
study, data from tests at wavelengths from 222 nm - 315 nm were used 
to calculate separate k values for inactivation (kInactivation) and genome 
damage (kGenome) for each combination of wavelength, suspension fluid, 
and state (liquid or dried). kGenome values were determined using all five 
points in each data set and were calculated using Microsoft Excel. 
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However, to account for a tailing effect in the infectious virus titers in 
some data sets, kInactivation values were determined using only the first 
three points in each data set for all combinations of wavelength, fluid, 
and state except for liquid samples at 315 nm. For these samples, no 
measurable inactivation had occurred by the third dose, and therefore 
the k values for liquid samples at 315 nm were calculated using all five 
samples. All titers of infectious virus used for calculating kInactivation 
values were above the limit of quantification (LOQ) for the experiments. 

k values for the virus suspensions in liquid water represent the effects 
of each wavelength on SARS-CoV-2 in an idealized controlled circum-
stance. However, the liquid water suspensions do absorb some radiation, 
particularly at wavelengths <300 nm. Therefore, in the present study, 
fluid absorbance adjustment factors were calculated for each fluid type 
based on the absorbance spectrum of that fluid using the method of 
Bolton and Linden for calculating dose adjustment “water factor” values 
(46). Additionally, photons which pass completely through the liquid 
samples have a chance of reflecting off the glass bottom of the exposure 
wells and back into the liquid, essentially having a second opportunity to 
interact with material in the well. The fraction of radiation reflected 
from the exposure well bottom was used in combination with the fluid 
absorbance adjustment factors to adjust the kInactivation and kGenome values 
for each wavelength. Adjusted k values were calculated using Eq. (1), 
where F is the fluid absorbance adjustment factor and R is the fraction of 
radiation reflected from the exposure well bottom. 

Adjusted k value =
Original k value

F + F2R
(1) 

Surface reflectance values were also measured for stainless steel 
coupons used for dried droplet exposures; these values increased in a 
nearly linear manner from 0.095 at 222 nm to 0.390 at 488 nm. How-
ever, k values for dried samples were not adjusted for absorbance or 
reflectance due to an inability to accurately measure the thickness and 
absorbance of the dried sample residue, values which would be neces-
sary for calculating adjustment factors for those samples. Non-adjusted k 
values for both liquid and dried samples should be understood as an 

indication of the sensitivity of SARS-CoV-2 in a particular matrix, rather 
than the intrinsic sensitivity of the virus itself. 

2.11. Statistical Analysis 

k values from tests at UVC and UVB wavelengths were compared by 
two-way ANOVA with post-tests using wavelength and sample type as 
factors, with separate two-way ANOVA analyses performed for kIn-

activation and kGenome values. k values from tests with the TTLP at 253.7 nm 
and the LP-Hg system were compared by two-way ANOVA with radia-
tion source and sample type as factors, with separate two-way ANOVA 
analyses performed for kInactivation and kGenome values. For the experi-
ments assessing the effect of initial droplet volume on the susceptibility 
of SARS-CoV-2 in dried droplets to inactivation by 253.7 nm radiation, 
log10TCID50 reductions for each droplet volume were compared by two- 
way ANOVA analysis with fluid type and droplet volume as factors. For 
wavelengths from 315 to 488 nm, where only a single dose was used for 
each wavelength, log10-transformed titers of infectious virus in exposed 
samples were compared by unpaired t-tests to titers from matched non- 
exposed samples for each combination of wavelength, fluid, and state to 
determine if there were any changes in titer following exposure to the 
delivered dose. All statistical tests were performed using GraphPad 
Prism v.9.0.0. 

3. Results 

3.1. Spectra 

Spectra for the test wavelengths are shown in Fig. 2. For all the laser 
wavelengths used in this study, the difference between the nominal 
wavelength target and the corresponding measured peak irradiance 
wavelength was ≤0.3 nm. The mean ± SD of the measured full width 
half-maximum (FWHM) values for the peaks of all laser wavelengths 
shown in Fig. 2A was 1.09 ± 0.13 nm; for the LP-Hg lamp the measured 
FWHM value of the primary peak at 253.7 nm in Fig. 2B was 0.98 nm. 
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Fig. 2. Spectra of UV radiation and visible 
light used for SARS-CoV-2 exposure tests. 
Spectra are plotted as irradiance values 
normalized to the peak wavelength for each 
spectrum, as the total irradiance delivered 
by the systems varied significantly at 
different wavelengths. A) Spectra from the 
TTLP. Sixteen separate spectra are dis-
played, for target wavelengths of 222, 230, 
240, 253.7, 260, 270, 280, 290, 300, 305, 
315, 325, 365, 405, 450, and 488 nm. B) 
Spectrum from the LP-Hg lamp. While minor 
peaks are present at higher wavelengths, the 
majority of the irradiance produced by this 
system is within the primary peak at 253.7 
nm.   
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However, these FWHM values are overestimates due to the operating 
configuration of the spectroradiometer used in the present study; actual 
FWHM values for all values are likely <0.2 nm (47,48). 

3.2. UV Dose-Response Data for SARS-CoV-2 in Liquid and Dried 
Samples 

Inactivation and genome damage dose-response data for SARS-CoV-2 
exposed to selected wavelengths are shown in Fig. 3 and Supplemental 
Fig. S4. For several combinations of wavelength, fluid, and state, the log- 
transformed infectious virus titers were non-linear, particularly near the 
assay LOQ. This “tailing” phenomenon has been previously described by 
other investigators (13,27). In the present study, tailing was particularly 
common for dried samples at wavelengths below 300 nm, and may be a 
result of the dried residue providing a shielding effect for intact viruses 
in the interior of the dried residue. Notably, the dose-response data for 
genome damage, quantified by RT-qPCR, remained log-linear for all 
combinations of wavelength, fluid, and state, an outcome which may 
result from the fact that there were approximately six orders of magni-
tude more GEQ than TCID50 in each sample, and the GEQ titers never 
approached the LOQ for the assay. 

3.3. Effect of Different Mucin Batches 

The absorbance spectra of the two simulated saliva virus suspensions 
(Fig. 4) were similar across most of the measured wavelength range, but 
there was a notable difference in absorbance between approximately 
240 nm and 290 nm. At 222 and 230 nm, where there was little dif-
ference between the absorbance spectra, UV dose-response results were 
similar for the two simulated saliva suspensions (Fig. 3). However, at 
253.7 nm, where there was a difference of 4.5 absorbance units (cm− 1) 
between the two simulated saliva suspensions, there was a distinct dif-
ference between the infectious virus dose-response data for the two 
fluids. It should be noted that the absorbance values measured in the 
present study quantify transmission losses resulting from multiple 
mechanisms, including both molecular absorbance and scattering off of 
suspended material; references to absorbance values in this manuscript 
are understood to include these other mechanisms of loss. The reason for 
the difference in fluid absorbance between 240 nm and 290 nm is not 
known, and the only quantitative difference between the two mucin 
batches were different percentages of free and bound sialic acid reported 
on the manufacturer's certificate of analysis for each batch (0.8% bound 
and 0.2% free for batch SLCD6129, 1.0% bound and 0.0% free for batch 
SLCH5758) (49,50). However, further testing would be necessary to 
determine if these concentration differences are the cause of the dif-
ferences between the simulated saliva absorbance spectra, or if other 
factors are involved. 

3.4. Action Spectra for SARS-CoV-2 in Liquid and Dried Samples 

kInactivation and kGenome values were used to develop separate action 
spectra for SARS-CoV-2 infectivity and genome damage for each com-
bination of fluid and state (Fig. 5 and Supplemental Tables S2 and S3). 
All k values for SARS-CoV-2 in suspensions of simulated saliva that are 
depicted in these action spectra were generated with simulated saliva 
prepared with mucin batch SLCH5758. By 2-way ANOVA with Tukey's 
post-test, kInactivation values in liquid water were significantly higher than 
kInactivation values in liquid simulated saliva or in dried droplets of either 
fluid (Adj. P < 0.0001 for all comparisons) for all wavelengths <290 nm. 
For these wavelengths, kInactivation values were similar for dried water 
droplets and for liquid and dried simulated saliva, though kInactivation 
values for dried water diverged from those of simulated saliva in either 
state for wavelengths <240 nm. There were no significant differences 
between sample type at all wavelengths from 290 nm through 315 nm 
(Adj. P ≥ 0.5561 for all comparisons). kGenome values, quantified by RT- 
qPCR, generally followed the same trends as those for infectivity, with 

the notable exception that the dried water genome damage spectrum 
more closely paralleled that of the liquid water spectrum instead of the 
liquid and dried simulated saliva spectra. By 2-way ANOVA with Tukey's 
post-test, there were no statistically significant differences between 
liquid and dried simulated saliva kGenome values at any wavelength (Adj. 
P ≥ 0.4224 for all comparisons), and there were no statistically signif-
icant differences among any of the sample types for all wavelengths 
≥280 nm (Adj. P ≥ 0.2625 for all comparisons). 

3.5. Action Spectra for SARS-CoV-2 Corrected for Matrix Effects 

k values adjusted for absorbance and reflectance (Fig. 6) represent 
the UV dose-response results of the virus itself, independent of inter-
ference from the surrounding fluid or artifacts of the experimental test 
system. These k values were higher than non-adjusted k values for both 
suspension fluids, although the magnitude of the differences between 
adjusted and non-adjusted values decreased as wavelength increased. 
Notably, the absorbance-adjusted k values for simulated saliva samples 
were similar in magnitude to and followed the same overall pattern as 
the k values for the liquid water samples. For the adjusted kInactivation 
values, there were no statistically significant differences (Adj. P ≥
0.2789 for all comparisons) between the two suspension fluids for all 
wavelengths except 222 nm (Adj. P < 0.0001). For the adjusted kGenome 
values, there were no statistically significant differences (Adj. P ≥
0.5454 for all comparisons) between the two suspension fluids for all 
wavelengths except 230 nm (Adj. P = 0.0272). 

3.6. Effects of UVA and Visible Wavelengths 

For tests at wavelengths from 325 to 488 nm, the magnitude of the 
dose received by the samples during the test interval was dependent on 
the output of the laser system at each wavelength and ranged from 
average values (±SD) of 82.6 ± 3.2 mJ/cm2 for 365 nm to 956.2 ± 51.3 
mJ/cm2 for 450 nm. The results of these tests (Table 1) demonstrate that 
little to no inactivation of SARS-CoV-2 occurred in these tests for any 
evaluated sample type, with only two combinations of wavelength, 
state, and fluid having a significant decrease in virus titers following 
exposure (P > 0.0668 for all other comparisons). At 450 nm, there was a 
statistically significant decrease (P = 0.0033) following exposure of 
virus in the liquid simulated saliva samples. At 488 nm, all replicates of 
exposed dried water samples had the same titer, and all replicates of 
non-exposed samples had the same titer, resulting in the mean difference 
between exposed and non-exposed samples of 0.1 log10TCID50 being 
statistically significant. Additional replicate tests would be needed to 
better assess the variability associated with these measurements and 
determine whether the difference remains significant. 

3.7. Evaluation of the Effect of Initial Droplet Volume 

Tests to evaluate the effect of initial droplet volume on the suscep-
tibility of SARS-CoV-2 to inactivation by UV radiation in dried droplets 
of both fluids were conducted with droplets of 4, 20, and 100 μL using 
the laser system at 253.7 nm. The results of these tests (Fig. 7) indicate 
that the amount of SARS-CoV-2 inactivation following a single 5.3 ± 0.2 
mJ/cm2 dose is inversely proportional to the initial droplet volume, 
presumably due to shielding from the additional mass of residual solids 
in the larger droplets after drying. The amount of additional shielding 
provided by each increase in volume was similar for both fluid types, 
though there was significantly less inactivation in dried simulated saliva 
samples than in dried water samples. By two-way ANOVA, both the fluid 
type and the initial droplet volume were significant factors affecting the 
amount of virus inactivation, but not their interaction (P < 0.0001, P <
0.0001, and P = 0.2706, respectively). 
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Fig. 3. SARS-CoV-2 UV Dose-response data for 222, 230, 240, 253.7, and 260 nm. Data from these wavelengths are shown as examples of the dose-response data 
generated in the present study for SARS-CoV-2 at wavelengths from 222 through 315 nm; the data from the additional tested wavelengths are shown in Supplemental 
Fig. S1. Data from virus suspensions in water are shown in blue, data from virus suspensions in simulated saliva prepared with porcine mucin batch SLCH5758 are 
shown in red, and data from virus suspensions in simulated saliva prepared with porcine mucin batch SLCD6129 are shown in white. Dashed lines on the graphs of 
infectious virus indicate the LOQ of the experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3.8. Comparison of Low-Pressure Mercury Lamp and Laser System 

UV dose-response data for SARS-CoV-2 in both suspensions and both 
states (liquid and dried) generated with a low-pressure mercury lamp 
system are shown alongside those from the laser system at 253.7 nm in 
Fig. 8. There were no significant differences identified by 2-way ANOVA 
(P > 0.8029 for both data sets) between 253.7 nm radiation sources in 
SARS-CoV-2 kInactivation and kGenome values. These data serve as a point of 
comparison for the SARS-CoV-2 data generated with the laser system 
across all wavelengths to more common approaches to evaluating viral 

inactivation by UVC radiation. 

4. Discussion 

The present study provides novel data on the effects of sixteen 
wavelengths of UV radiation and visible light on the infectivity and 
genome integrity of SARS-CoV-2 in multiple sample types. Rates of 
inactivation (kInactivation) and genome damage (kGenome) were highest in 
the UVC region for all sample types and decreased exponentially 
through the UVB region. Little to no inactivation of SARS-CoV-2 was 
observed with any sample type for UVA and visible wavelengths. Taken 
together, these data suggest that UVC and short-wavelength UVB radi-
ation are far more effective for inactivating SARS-CoV-2 than longer 
wavelengths. Additionally, the results from liquid samples which are 
corrected for absorbance and reflectance define the intrinsic sensitivity 
of SARS-CoV-2 to UV irradiation across the wavelength range of 
222–315 nm. These data have broad applicability for the design and 
implementation of UV-based interventions for SARS-CoV-2 and provide 
a foundation for understanding the effects of UV radiation and visible 
light on this virus in real-world scenarios. 

The potential for sample matrices to affect UV dose-response re-
lationships has been demonstrated in previous studies with SARS-CoV-2 
at single wavelengths (51,52). In the present study, kInactivation and kGe-

nome values for liquid simulated saliva samples were determined to be 
lower than equivalent values for liquid water samples for all tested 
wavelengths below 300 nm, indicating that simulated saliva samples 
required higher doses of UV radiation to achieve comparable levels of 
viral inactivation. Across these wavelengths, absorbance values for viral 
suspensions in simulated saliva were substantially higher than absor-
bance values for suspensions in water. Measured k values were generally 
similar between fluid types across the UVC and UVB spectrum when 
results were adjusted for sample absorbance, suggesting that the optical 
properties of the fluid alone, and not a secondary phenomenon, are the 
reason for the protective effect of the simulated saliva on SARS-CoV-2 in 
liquid samples. This conclusion is further supported by the results of the 
tests with simulated saliva prepared with different batches of porcine 
mucin. In these tests, a large difference was observed between the dose- 
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Fig. 5. SARS-CoV-2 Action Spectra. A) kInactivation values; B) kGenome values. Data from viral suspensions in simulated saliva and water are shown by red and blue 
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response data of the two simulated saliva preparations at 253.7 nm, 
where fluid absorbance differed. However, no differences were observed 
at wavelengths where absorbance values were similar (222 nm and 230 
nm). 

Although no attempt was made to mathematically account for the 
absorbance and depth of the dried residue as was done for the liquid 
samples, the thickness of the dried residues was substantially less than 
the depth of the liquid samples. However, kInactivation values for dried 
samples were lower than values for liquid samples of the same fluid for 
all tested wavelengths below 300 nm, suggesting that the dried residue 
served to shield the virus from UV exposure to a greater extent than did 
the same fluid in liquid form. In tests at 253.7 nm, the degree of pro-
tection afforded by dried residues of both fluids was inversely propor-
tional to the initial droplet volume, suggesting that the amount of 
inactivation achieved with UV sources in real-world surface decontam-
ination applications will likely depend on the size of the contaminated 
droplets. Very small droplets, including those expelled from the oral 
cavity and respiratory tract which may contribute to aerosol trans-
mission (53–57), may be small enough that there is little to no matrix 
shielding effect, and kInactivation values for these residues may approach 
those of the absorbance and reflectance-adjusted kInactivation values for 
SARS-CoV-2 determined in the present study. However, additional 
testing would be required to confirm this hypothesis. 

While surface effects have been observed in other SARS-CoV-2 UV 
inactivation studies (36,58,59), the results of the droplet volume tests 
also serve as an indication that the surface roughness of the stainless 
steel coupons did not appreciably shield viruses from UV exposure in the 
present study, as samples with higher ratios of dried residue volume to 
coupon surface were easier to inactivate than samples with lower ratios 
– the opposite of what would be expected if virions shielded in the 
“valleys” of the coupon surface were a significant proportion of the total 
virus population in each sample. 

The residues of the dried simulated saliva droplets contain salts and 
mucin, whereas the residues of the dried water samples are assumed to 
be comprised primarily of the virus itself along with any residual cellular 
and viral components which were not removed during the process of 
preparing the viral suspensions. While the liquid samples contain the 

same non-viral components as the dried samples, the components are 
dissolved or in suspension and therefore do not represent a fixed barrier 
between the virus and the source of radiation in the manner of the dried 
residues. In the dried samples, the residual material was enough to 
substantially reduce kInactivation values in dried water suspension samples 
relative to liquid water samples, suggesting that even a minimal amount 
of shielding may have significant ramifications for the efficacy of UV 
disinfection platforms in real-world scenarios. However, it is notable 
that while kGenome values for dried water samples were lower than kGe-

nome values for liquid water samples at most UVC wavelengths, there was 
less shielding evident in these results than in the kInactivation values for the 
same samples. Furthermore, kGenome values for dried simulated saliva 
samples were not significantly different from kGenome values for liquid 
simulated saliva samples, suggesting that drying did not confer a pro-
tective effect against genome damage for these samples. This outcome 
may follow from the fact that there were several orders of magnitude 
more GEQ in each sample than infectious virus, and therefore there was 
more GEQ available to be inactivated in the regions of the residue 
accessible to UV radiation near the surface. Additionally, viruses in 
drying droplets have been shown to partition into discrete regions of the 
final residue (60). If free RNA and intact infectious virions partitioned 
into different regions of the dried residues, it is likely that they would 
receive different amounts of shielding from the incident radiation and 
therefore have different dose-response relationships. However, more 
testing would be necessary to explore these hypotheses. 

In addition to the slower rates of inactivation observed for dried 
samples at UVC wavelengths, the kInactivation values for dried samples 
reflect only the initial phase of rapid inactivation, and for many wave-
lengths there appeared to be a second phase for dried samples where 
inactivation was slower. This second phase began most frequently as 
viral titers approached the LOQ of the experiment, although there were 
some combinations of wavelength and suspension fluid (e.g., simulated 
saliva at 253.7 nm and water at 240 nm) for which the second phase of 
inactivation began well above the LOQ. The presence of a second phase 
or “tail” has been observed in previous UV disinfection studies, and has 
been attributed to various causes including saturation of available tar-
gets (22), inherently resistant sub-populations (61,62), recombination of 
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Fig. 6. SARS-CoV-2 Action Spectra adjusted for sample absorbance and exposure well reflectance. A) kInactivation values; B) kGenome values. These data represent the 
intrinsic sensitivity of SARS-CoV-2 to radiation at each of the tested wavelengths. Data from virus suspensions in simulated saliva and water are shown by red and 
blue symbols, respectively. Each symbol represents the mean of three replicate values, with error bars indicating SDs. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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damaged and undamaged viruses (63), and heterogenous protection due 
to the sample matrix and/or aggregates of the target microorganism 
(64–67). The fact that tailing in the present study was observed for dried 
samples but not liquid samples of both fluids suggests that neither the 
availability of targets nor the physiology of the virus were responsible, 
and instead suggests that there were variable amounts of shielding in 
different regions of the dried residue. Unfortunately, in the present study 
it was not possible to deliver sufficient doses of UV radiation at every 
wavelength to achieve multiple orders of magnitude of inactivation with 
each sample type, though such experiments would be useful to evaluate 
the biphasic inactivation phenomenon observed with some combina-
tions of wavelength and sample type. 

Although it remains unclear which anatomical sites of origin and 
corresponding carrier fluids contribute most significantly to person-to- 
person transmission of SARS-CoV-2, the viral suspensions in simulated 

saliva used in the present study were intended to be generally repre-
sentative of fluid known to be expelled from the oral cavity during 
speaking and coughing (55). However, bodily fluids vary significantly in 
composition and optical properties depending on the fluid type and an 
individual's physiological state (68), and it is likely that the rates of 
SARS-CoV-2 inactivation in real human fluids will differ from the rates 
measured in simulated saliva suspensions in the present study to a de-
gree proportional to the differences in the absorbance of the fluids. 
Despite this, it is likely that the larger principle of high fluid absorbance 
reducing the efficacy of UV inactivation rates would still hold, and it is 
important to recognize that achieving sufficient levels of inactivation in 
real-world applications will require higher doses of UV radiation than 
might be expected based on data which does not account for matrix 
effects. Calculating fluid absorbance adjustment factors for other 
matrices and applying them in a reverse manner to the absorbance and 
reflectance-adjusted SARS-CoV-2 k values in the present study should 
provide a means of estimating the sensitivity of this virus in other fluids, 
including actual human bodily fluids. 

The similar patterns of the infectivity and genome damage spectra 
when corrected for fluid absorbance and exposure well reflectance, as 
well as the similarity of the patterns of both action spectra to the 
absorbance spectra of SARS-CoV-2 RNA, suggest that genome damage is 
the primary mechanism by which infectivity was lost in the present 
study. Notably, the action spectra for SARS-CoV-2 infectivity display the 
bimodal form characteristic of action spectra for other viruses 
(26,27,29–31), with a peak at 260 nm corresponding to the peak 
absorbance of the nucleic acids of the genome, and a second peak or 
shoulder at wavelengths below 240 nm where both nucleic acids and 
proteins absorb. However, despite these similarities, the attribution of 
genome damage as the primary mechanism of infectivity reduction in 
the present study is tentative, and additional testing would be necessary 
to evaluate the contributions of other potential inactivation mecha-
nisms. Other such mechanisms may include direct damage to viral 
structural proteins (19,69) and/or indirect effects resulting from the 
formation of toxic compounds, including reactive oxygen species, in the 
matrix surrounding the virus (70–72). 

It has been proposed that a single point of damage, or lesion, in a 
viral genome is sufficient to result in a loss of infectivity (23), as stopping 
the action of a polymerase enzyme anywhere in its progress across a 
viral genome should be sufficient to interrupt the viral replication cycle. 
However, it is notable that there is approximately a 300-fold difference 
between the length of a SARS-CoV-2 genome and the amplicon produced 
by the qPCR reaction in the present study. If viral inactivation occurred 
following a “single hit” to the genome, where a single point of damage 
anywhere in the genome blocks replication and the infection cycle, it 
would be expected that the kInactivation values should be no <300-fold 
higher than the kGenome values, even if genome damage was responsible 
for 100% of viral inactivation. However, kInactivation values measured in 
the present study were only approximately 20-fold higher than the 
kGenome values. This difference may suggest that the “single hit” UV 
inactivation hypothesis is not valid for SARS-CoV-2, possibly because of 
an ability for the viral RdRp to read through genome lesions or a limited 
proof-reading ability (73). It is also possible due to the high ratio of GEQ 
to TCID50 in the samples that rates of genome damage quantified in the 
present study reflect damage to free RNA in the samples rather than 
damage to the genomes of intact, infectious virions. The free RNA in the 
samples likely includes both sub-genomic RNAs and full-length 
unpackaged genomes (74). These RNAs are not only unshielded by the 
structural proteins of a complete virion, but also have a degree of 
redundancy due to their high copy number. While damage to the ge-
nomes of infectious virions is likely still occurring, its “signal” would be 
lost in the “noise” of the damage to free RNA. It should be noted that the 
RT-qPCR assay used in the present study to quantify damage to viral 
RNA does not distinguish between the various types of genome lesions 
which are known to occur. Further testing would be required to quantify 
the relative contributions of different lesion types to virus inactivation at 

Table 1 
Doses of UV radiation or visible light and total quantities of infectious virus in 
each exposed and unexposed sample for tests at wavelengths from 325 to 488 
nm. Virus titers are presented as the mean ± SD of three replicate values. As-
terisks indicate titers of exposed samples which are significantly different from 
matched non-exposed samples.  

Wavelength (nm) Sample Type Dose (mJ/cm2) Total Infectious Virus 
(Log10TCID50) 

Unexposed Exposed 

325 Liquid Water 179.9 6.46 ± 0.38 5.96 ± 0.12 
Liquid Sim. Saliva 205.0 4.99 ± 0.06 4.86 ± 0.21 
Dried Water 204.7 5.23 ± 0.21 5.06 ± 0.68 
Dried Sim. Saliva 204.7 4.43 ± 0.06 4.63 ± 0.25 

365 Liquid Water 78.2 5.39 ± 0.21 5.29 ± 0.12 
Liquid Sim. Saliva 82.2 3.92 ± 0.17 4.06 ± 0.06 
Dried Water 85.0 4.60 ± 0.10 4.46 ± 0.12 
Dried Sim. Saliva 85.0 3.43 ± 0.15 3.4 ± 0.35 

405 Liquid Water 219.7 6.19 ± 0.29 6.46 ± 0.15 
Liquid Sim. Saliva 737.9 4.86 ± 0.38 4.56 ± 0.29 
Dried Water 452.7 5.13 ± 0.12 5.16 ± 0.12 
Dried Sim. Saliva 452.7 4.70 ± 0.26 4.83 ± 0.06 

450 Liquid Water 880.3 6.39 ± 0.12 6.06 ± 0.25 
Liquid Sim. Saliva 969.8 4.86 ± 0.12 *4.39 ± 0.06 
Dried Water 987.4 5.76 ± 0.64 5.30 ± 0.10 
Dried Sim. Saliva 987.4 4.40 ± 0.10 4.23 ± 0.06 

488 Liquid Water 757.7 5.42 ± 0.17 5.36 ± 0.21 
Liquid Sim. Saliva 790.4 4.32 ± 0.2 4.26 ± 0.23 
Dried Water 808.6 4.30 ± 0.00 *4.20 ± 0.00 
Dried Sim. Saliva 808.6 3.70 ± 0.17 3.46 ± 0.06  
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Fig. 7. Effect of initial droplet volume on SARS-CoV-2 inactivation following 
exposure to a dose of 253.7 nm radiation of 5.3 ± 0.2 mJ/cm2. Data from tests 
with dried droplets of virus suspensions in simulated saliva and water are 
shown in red and blue circles, respectively. Both fluid type and initial droplet 
volume were statistically significant factors affecting the amount of inactiva-
tion. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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each tested wavelength. 
kInactivation values for SARS-CoV-2 determined in the present study are 

generally similar in magnitude to those reported in several other studies 
for comparable samples at equivalent wavelengths, including 222 and 
253.7 nm (9,13,35,75–77). Furthermore, there were no differences be-
tween SARS-CoV-2 k values in tests with 253.7 nm radiation delivered 
by either the TTLP or the LP-Hg lamp. Taken together, these results 
suggest that the novel methods used in the present study, including the 
combined use of the TTLP and exposure chamber and the use of the 
liquid exposure wells for liquid samples, can be used to generate data 
which are directly comparable to UV inactivation data generated in 
more traditional test systems, including collimated beam exposure sys-
tems. However, the approach used in the present study can be used 
across a wider range of wavelengths, with narrower wavebands, and 
with lower sample volumes than many other approaches. 

One limitation of the test system used in the present study was the 
inability to deliver doses of UVA and visible radiation that were high 
enough to cause a measurable effect on SARS-CoV-2 infectivity. While 
some studies have demonstrated that SARS-CoV-2 and other coronavi-
ruses can be inactivated by UVA and visible radiation (8,14–16), the 
results of those studies suggest that impractically long test durations 
would be required to achieve measurable reductions of infectivity with 
UVA and visible wavelengths using the test system in the present study. 
For example, Lau et al. report that a dose of 57.5 J/cm2 of 405 nm ra-
diation was required to achieve a single log10 reduction in titer of a 
bovine coronavirus in liquid (14); achieving a similar dose of 405 nm 
radiation with the system used in the present study would have required 
approximately five days of continuous exposure. Therefore, while we 
can conclude that the UVC and UVB wavelengths tested in the present 
study were more effective at inactivating SARS-CoV-2 than the tested 
UVA and visible wavelengths, additional testing with more powerful 
sources would be required to fully evaluate the potential of UVA and 
visible wavelengths to inactivate SARS-CoV-2 in the sample types tested 
in the present study.In addition to informing the implementation of 
germicidal UV sources to mitigate SARS-CoV-2 contamination, the data 
from the present study can also be used to better understand the dis-
infecting potential of natural sunlight. For example, estimates for kIn-

activation values for 1 nm increments across the UVB region can be 
generated by interpolating between wavelengths tested in the present 
study. By applying these interpolated kInactivation values to fluence values 
from sunlight spectra and summing the results, decay rate estimates may 
be generated for a wide range of natural sunlight conditions. We used 
this approach with the absorbance and reflectance-adjusted kInactivation 
values from liquid water tests in the present study and a model sunlight 
spectrum from the National Center for Atmospheric Research's tropo-
spheric ultraviolet and visible (TUV) radiation model (78) for mid-day at 
40◦N latitude on the summer solstice. This resulted in an estimated 

infectivity exponential decay constant value of 0.21 min− 1, which is 
similar to the value of 0.22 min− 1 previously measured by our labora-
tory for SARS-CoV-2 hCoV-19/USA/WA1/2020 in aerosols at 20 ◦C, 20 
%RH, in simulated sunlight with a spectrum matching that of the sum-
mer solstice TUV model spectrum (4). Similar results were also obtained 
when comparing decay constants estimated from dried simulated saliva 
kInactivation values from the present study to decay constants measured for 
SARS-CoV-2 in 5 μL droplets of simulated saliva dried on steel surfaces 
under equivalent conditions (3). 

Absorbance and reflectance corrections were performed for viral 
suspensions in both water and simulated saliva. However, these cor-
rections were smaller in magnitude for the water data than they were for 
the simulated saliva. Therefore, of the two data sets, we believe that the 
absorbance and reflectance corrected data from the water suspensions 
provides the best quantification of the intrinsic sensitivity of SARS-CoV- 
2 to inactivation by UV wavelengths. Although aerosols were not eval-
uated in the present study, the similarity of the decay constant estimates 
developed using the absorbance and reflectance-adjusted kInactivation 
values from liquid water tests to our previous data from SARS-CoV-2 in 
aerosols exposed to simulated sunlight suggests that the former data set 
may provide a reasonable approximation of the UV dose-response 
relationship of SARS-CoV-2 in small particle aerosols. Repeating this 
approach with other sunlight spectra (real or modeled) should provide a 
means of estimating the effect of sunlight on SARS-COV-2 for a range of 
locations, dates, and atmospheric conditions. 

Data from the present study may be useful for informing evaluations of 
the relative efficacy of different wavelengths of UV radiation and visible 
light for inactivating SARS-CoV-2 in a variety of circumstances. Experi-
ments with multiple isolates of SARS-CoV-2 indicate that the sensitivity of 
newer variants of SARS-CoV-2 is similar to that of the earlier hCoV-19/ 
USA/WA-1/2020 used in the present study, suggesting that the results of 
the present study will likely continue to be applicable as the pandemic 
progresses (4,9,79). It was beyond the scope of the present study to 
evaluate the potential for any of the tested wavelengths to cause harm to 
human health or the integrity of materials in the built environment. De-
cisions about the use of UV sources for disinfection applications should 
include consideration of such factors, in addition to evaluations of the 
virucidal efficacy data presented in both this study and others. However, if 
used appropriately, approaches to treating SARS-CoV-2 contamination 
with UV radiation may prove to be a useful component of strategies for 
mitigating the spread of the COVID-19 pandemic. 
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