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ABSTRACT: Behavioral and medical control measures have not been effective in
containing the spread of SARS-CoV-2 in large part due to the unwillingness of
populations to adhere to “best practices”. Ultraviolet light with wavelengths of between
200 and 280 nm (UV-C) and, in particular, germicidal ultraviolet light, which refers to
wavelengths around 254 nm, have the potential to unobtrusively reduce the risk of SARS-
CoV-2 transmission in enclosed spaces. We investigated the effectiveness of a strategy
using UV-C light to prevent airborne transmission of the virus in a hamster model.
Treatment of environmental air with 254 nm UV-C light prevented transmission of
SARS-CoV-2 between individuals in a model using highly susceptible Syrian golden hamsters. The prevention of transmission of
SARS-CoV-2 in a natural system by treating elements of the surrounding environment is one more weapon in the arsenal to combat
COVID. The results presented indicate that coupling mitigation strategies utilizing UV-C light, along with current methods to
reduce transmission risk, have the potential to allow a return to normal indoor activities.
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■ INTRODUCTION
The COVID-19 pandemic has officially caused more than 6.1
million deaths worldwide as of March 30, 2022.1 Epidemio-
logical and experimental data suggest that the primary mode of
transmission of the virus is through airborne particles.2−5

Pharmaceutical countermeasures, such as vaccines and
monoclonal antibody therapies, were rapidly developed but
have had limited impact on controlling the pandemic. While
the developed vaccines are highly effective against preventing
severe COVID-19 and hospitalization, their transmission-
blocking potential on the population level appears limited.
Currently, 56% of the global population are fully vaccinated
and an estimated 484 million people have been infected with
SARS-CoV-2.1 This has drastically changed the SARS-CoV-2
immune landscape and likely promoted the emergence of
variants of concern (VoC) escaping antibody immunity,
fueling the current global spikes in infection rates.6 These
rapid spikes in SARS-CoV-2 prevalence prompt crude control
measures such as travel restrictions, large-scale quarantining,
and “lock downs” of entire populations, leading to economic
and public health burden.7 The inability to control the ongoing
SARS-CoV-2 pandemic has put the focus on the development
of pathogen agnostic nonpharmaceutical intervention strat-
egies.8 These nonpharmaceutical intervention strategies should
ideally be practical, effective under multiple conditions, not
depend on the cooperation of individuals, not be affected by or
contribute to virus evolution, and prove efficacious for multiple
pathogens with epidemic and pandemic potential. One
measure that has the potential to decrease the concentration

of infectious airborne pathogens in enclosed spaces is
ultraviolet (UV) light. Ultraviolet light, in particular UV-C
light (wavelengths in the range of 200−280 nm), has
germicidal properties and is effective in inactivating micro-
organisms such as fungi, bacteria, and viruses including SARS-
CoV-2.9 UV-C light can be generated by highly efficient and
well-established low-pressure (LP) mercury discharge lamps or
UV-C light-emitting diodes that emit within the wavelengths of
250−280 nm.10−12 Specifically, the most optimal wavelengths
for germicidal efficacy are around 254 nm and UV light at this
wavelength is also known as germicidal ultraviolet (GUV)
light.13 The mechanism of UV-C inactivation of viruses and
bacteria is first a photochemical cross-linking reaction of
nucleic acids, which prevents transcription and replication of
RNA/DNA in host cells.14 A second photochemical reaction
targets proteins, leading to protein molecular modifications,
which can result in loss of host cell recognition of the virus and
damage to membranes and envelopes.10 For a more
comprehensive explanation of the inactivation of infectious
pathogens with UV light, see the review by Katrina Browne.15

The ability of UV-C light to block transmission has been
demonstrated in experiments where GUV light treated or
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untreated air drawn from tuberculosis wards was the primary
intake air in guinea pig air sampling enclosures.13,16 In trials
where GUV light was used to treat the upper layer of air in the
treatment ward, 72−74% protection was conferred on the
exposed guinea pig population compared to the trials where
the air was not treated.13,16

Several studies have shown that UV-C light can be used to
inactivate coronaviruses, including SARS-CoV-2, on surfaces,
in aqueous media, and even in aerosols using a UV-C
germicidal lamp.17−21 Here, we report on the effectiveness of
UV-C light in blocking transmission of airborne SARS-CoV-2
between individuals in a highly susceptible hamster model.

■ MATERIALS AND METHODS
Ethics Statement. All animal work was performed in an

AAALAC International accredited facility, under animal study
protocol # 2021-015 as approved by the RML Animal Care
and Use Committee in accordance with guidelines set forth in
the Guide for the Care and Use of Laboratory Animals 8th
edition, the Animal Welfare Act, United States Department of
Agriculture, and the United States Public Health Service Policy
on the Humane Care and Use of Laboratory Animals.

The experiments were conducted in a BSL4 facility, and the
samples were removed following approved SOPs.
Aerosol Transmission Apparatus. To determine if UV

light is capable of arresting aerosol transmission between
hamsters, we modified the aerosol transmission system
described previously by Port et al.4 Two rodent boxes (Lab
Products Inc.), one denoted as the donor box and the other
the naiv̈e box, were connected by a 1250 mm long by 73 mm
inside diameter UV-C transparent quartz tube containing
stainless-steel mesh at each end to prevent the hamsters from
traversing the tube. The tube passed through a 662 mm long

high-density polyethylene (HDPE) box that housed the UV-C
light source and shielded the surrounding area and animals
from incident UV-C light. UV-C light was generated with two
58.7 cm Philips TUV F17T8 mercury lamps preaged to
provide a stable UV-C light output. The center of the quartz
tube was positioned at 205 mm from the UV-C source, 59 mm
from the floor of the box, and 131 mm from the walls of the
box.

A directional air flow, from the donor box to the naiv̈e box,
was created using a vacuum pump connected to the naiv̈e box
and controlled with a rotameter (King Instruments). Air
entered the system through the filtered lid of the donor box,
while the lid of the naiv̈e box was fitted with an air
impermeable film to ensure that the air flowed from the
donor box to the naiv̈e box.

Air was drawn through the system at 934.5 L/h representing
approximately 30 air exchanges/h.

The velocity (v) of the air as it moves through the
connecting tube was calculated by the following:

=V
A

vm

tube (1)

where Vm is the volume of air traveling through the connecting
tube in cm3/min and A′tube represents the cross section of the
connecting tube in cm2. The amount of time (t) needed for a
front of air to traverse the tube was then calculated using

=L
v

t
(2)

where L is the length of the tube in cm and v is the velocity in
cm/min. calculated in eq 1.

The incidence of UV-C light at 254 nm was measured at
four points along the length of the tube at 20 cm intervals

Figure 1. UV fluence measurements (mJ/cm2). UV-C light incidence at 254 nm at four points along the length of the quartz tube at 20 cm intervals
starting 1 cm from the UV-C containment box exit. Measurements were made with a UV-C meter type X1-1-UV-3725 measurement system,
comprising a X1−5 optometer with a UV-3725-5 detector head, calibrated for narrow band sources such as LP mercury lamps. After a 1-hour lamp
warmup, irradiance measurements (mW/cm2) were taken in triplicate with the sensor facing (1) the UV-C light source (top), (2) away from the
UV-C light source (bottom), (3) the right side of the box, and (4) the left side of the box. These irradiance dose measurements were used to
calculate the total UV-C incidence dose (mJ/cm2) along the length of the tube by multiplying irradiance dose by exposure time. The diagram
shows the positions that the measurements were taken from and the placement of the senser in the tube at 1 cm.
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starting 1 cm from where the tube exits the UV-C containment
box with a UV-C meter type X1-1-UV-3725 measurement
system (Gigahertz-Optik Tuerkenfeld, Germany), comprising a
X1−5 optometer with a UV-3725-5 detector head, calibrated
for narrow band sources such as LP mercury lamps. After a 1-
hour lamp warmup, irradiance measurements (mW/cm2) were
taken in triplicate with the sensor placed inside the tube facing
(1) the UV-C light source (top), (2) away from the UV-C light
source (bottom), (3) the right side of the box, and (4) the left
side of the box (Figure 1). These irradiance dose measure-
ments were used to calculate the total UV-C incidence dose
(mJ/cm2) along the length of the tube by multiplying
irradiance dose by exposure time.
Total UV Incidence and UV-C Dose. To calculate the

UV-C dose that pathogens traveling through the tube
experience, an approximation was employed by using only
the upward-registered irradiance values at the four measure-
ment points. This simplification was used as these values are
the main contributors. The resulting overall average dose is
hence a minimal value. The upward facing UV-C irradiances at
the four measurement points were plotted and a curve fitted to
the points. The average UV-C irradiance was calculated by
taking the integral from 0 to 66.2 cm (Supplemental Figure 1).
Cells and Virus. SARS-CoV-2 variant nCoV-WA1-2020

(Lineage A, EPI_ISL_404895) was obtained from Nathalie
Thornburg at CDC. SARS-CoV-2 hCoV-19/USA/KY-CDC-2-
4242084/2021 (Delta, B.1.617.2, EPI_ISL_1823618) was
obtained from BEI resources. All virus stocks were sequenced,
and no single nucleotide polymorphisms (SNPs) compared to
the original patient sample sequence were detected. Virus
propagation was performed in VeroE6 cells in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 2% fetal
bovine serum, 1 mM L-glutamine, 50 U/mL penicillin, and 50
μg/mL streptomycin (DMEM2). To propagate the virus stock,
5 μL of virus stock was added to a T150 flask containing 20
mL of DMEM. Virus was harvested at the first signs of
cytopathic effect (CPE), and the supernatant was collected and
cleared of cellular debris by centrifuging at 1000 RCF. VeroE6
(a kind gift from Ralph Baric, UNC) cells were maintained in
DMEM supplemented with 10% fetal bovine serum, 1 mM L-
glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin.
No mycoplasma was detected in cells or virus stocks using the
SouthernBiotech mycoplasma detection kit (SouthernBiotech,
Birmingham, AL, USA).
Hamster-to-Hamster Transmission. Male and female

Syrian golden hamsters 6 to 7 weeks old were used in these
experiments. Sixteen hamsters were used for each experimental
group. Hamster-to-hamster aerosol transmission was evaluated

using two donor hamsters and two naiv̈e hamsters for each of
four replicates for every virus/condition. Donor hamster
infections were carried out as previously reported.4 Briefly, 1
day prior to the experimental exposure, donor hamsters
anesthetized via inhalation of vaporized isoflurane were
inoculated intranasally with 8 × 104 TCID50 SARS-CoV-2
Lineage A or the Delta variant.4 In the trials where GUV was
being used, the GUV lamps were turned on 1 hour prior to the
exposure to allow them to stabilize. To start the experiment,
the naiv̈e animals were placed into their box, then the box was
connected to the system, and the same was done for the donor
animals. To start the experiment, the pump was turned on to
produce an air flow from the donor cage to the naiv̈e cage.
Based on previously published and unpublished data using a
similar transmission caging system, we chose a set of
conditions that we believed would provide a 100% infection
rate in the non-UVC group with a 4-hour exposure; therefore,
the animals remained in the transmission system for 4 h, after
which the exposed naiv̈e animals were singly housed in
standard caging.4 The donor animals were anesthetized and
then swabbed upon the completion of the 4-hour exposure,
and the naiv̈e exposed animals were swabbed for 3 consecutive
days starting on day 1 post exposure. On day 14, blood was
drawn from the exposed naiv̈e animals for serology and the
experiment was concluded.
RNA Extraction and Quantitative Reverse-Transcrip-

tion Polymerase Chain Reaction. Oropharyngeal swabs
were collected from anesthetized hamsters and placed in 1 mL
of cell culture medium. RNA was extracted using a Qiagen viral
RNA 96-well format kit on a Qiacube robot according to the
manufacturer’s instructions and following high containment
laboratory protocols. qRT-PCR was carried out using a
Taqman fast-virus 1-step master mix with previously described
E_Sarbeco primers and probes (E gene) or sgLeadSARS2-F
forward primers with E_Sarbeco reverse primers and probes
(subgenomic E gene), on a Quant studio 3.22

Enzyme-Linked Immunosorbent Assay (ELISA). ELI-
SAs were performed as previously described.22 In brief,
Maxisorp plates (Nunc) were coated with 50 ng of spike
protein (Sinobiological SARS-CoV-2 (2019-nCoV) spike S1 +
S2 ECD-HIS recombinant protein (catalog #40589-V08B1))
per well. Plates were incubated overnight at 4 °C. Plates were
blocked with Blocker casein in phosphate buffered saline
(PBS) (ThermoFisher) for 1 h at room temperature (RT).
Hamster serum collected on day 14 post exposure was diluted
1:400 in Blocker casein in PBS and incubated for 1 h at RT.
Serum from a subset of positive qRT-PCR animals was titrated
via a 2× serial dilution to obtain antibody titers of positive

Figure 2. Experimental aerosol transmission with the UV-C irradiation setup. Two cages are separated with a 1250 mm × 73 mm i.d. tube. The
center portion of the tube is 662 mm of UV transparent quartz surrounded by a HDPE box housing a UV-C light source. Two donor hamsters,
infected intranasally with 8 × 104 TCID50 SARS-CoV-2 of either lineage A or the Delta variant 1 day prior to the experiment, were placed in the
upstream cage, and two naiv̈e sentinel hamsters were placed in the downstream cage with a 934.5 L/h airflow for 4 h. The arrow indicates the
direction of the airflow.
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animals. Secondary goat antihamster IgG Fc (horseradish
peroxidase-conjugated, Abcam) spike-specific antibodies were
used for detection and visualized with a KPL TMB 2-
component peroxidase substrate kit (SeraCare, 5120-0047).
The reaction was stopped with KPL stop solution (SeraCare),
and the plates were read at 450 nm. The threshold for
positivity was calculated as the average plus 3 × the standard
deviation of prebleed serum from three animals as a negative
control.

■ RESULTS AND DISCUSSION
To test the ability of UV-C light to prevent infection of naiv̈e
hamsters by naturally aspirated aerosols, we employed a
modified version of an aerosol transmission system described
previously.4 In this system, two cages are separated by a 1250
mm × 73 mm tube resulting in a size exclusion of airborne
particles ≥10 μm. The central portion of the tube is quartz,
enclosed in a HDPE box containing a UV-C light source
(Figure 2). The length of the tube inside the box is 66.2 cm,
and the air traveling from the infected animals to the naiv̈e
animals had a residence time of 10.7 s in the tube. A 934.5 L/h
airflow, approximately 30 cage air exchanges per hour, is
maintained throughout the experiment, resulting in a UV-C

dose exposure of the pathogen-containing airborne particles of
approximately 21.4 mJ/cm2.

Briefly, for each trial, two hamsters were inoculated
intranasally with 8 × 104 TCID50 SARS-CoV-2 strain nCoV-
WA1-2020 (EPI_ISL_404895) (prototype lineage A SARS-
CoV-2) or hCoV-19/USA/KY-CDC-2-4242084/2021 (EPI_-
ISL_1823618) (VoC Delta). At 1 day post infection (dpi), two
infected hamsters were placed in the upstream (donor) cage
and two naiv̈e hamsters were placed in the downstream (naiv̈e)
cage. After a 4-hour exposure, the exposed naiv̈e hamsters were
moved to individual cages and the donor hamsters were
euthanized after an oropharyngeal swab was collected.

To determine whether the naiv̈e exposed sentinel hamsters
became infected, oropharyngeal swabs were collected on days
1, 2, and 3 post exposure (DPE) and analyzed for the presence
of subgenomic viral RNA (sgRNA, marker for active SARS-
CoV-2 replication) and genomic viral RNA (gRNA) by qRT-
PCR. The experiment was repeated 4 times for each of the
following conditions: UV-C light treatment and no UV-C light
treatment with variant nCoV-WA1-2020 or hCoV-19/USA/
KY-CDC-2-4242084/2021 (Delta). When testing under UV-C
conditions, the light was turned on 1 h prior to introducing the
animals to the system.

Figure 3. UV-C irradiation blocks SARS-CoV-2 aerosol transmission in hamsters. (A,B) Boxplot (minimum to maximum) of genomicRNA and
subgenomicRNA Lineage A SARS-CoV-2 RNA in oropharyngeal swabs collected on 1-, 2-, and 3-days post exposure. Blue dots represent the no
UV-C treatment group (n = 8), and gray dots represent the UV-C treatment group (n = 8). (C,D) Boxplot (minimum to maximum) of
genomicRNA and subgenomicRNA Delta SARS-CoV-2 RNA in oropharyngeal swabs collected on 1-, 2-, and 3-days post exposure. Pink dots
represent the no UV-C treatment group (n = 8), and light-blue dots represent the UV-C treatment group (n = 8). Dotted line = limit of detection.
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All the animals in the no UV-C treatment groups had
detectable viable virus as early as 1 DPE. gRNA was detected
in all animals as early as 1 DPE for both lineage A and Delta
VoC and continued through DPE 3 (Figure 3A,C). No gRNA
was detected in either of the UV-C groups (Figure 3A,C).
sgRNA was also detected on DPE 1−3 in the no UV-C
treatment groups but not in any of the animals in the UV-C
groups (Figure 3B,D). To additionally demonstrate the
absence of transmission of SARS-CoV-2 in both UV-C
treatment groups, the binding antibody titers against the
SARS-CoV-2 spike protein (S) were determined on sera
obtained at 14 DPE. To demonstrate that the donor animals
were infected they were swabbed immediately after the
exposure period concluded. The donor hamsters had viral
loads from the swabs, based on the E gene, between log10 6.49
TCID50/mL and 8.46 TCID50/mL. A subset of no UV-C light
treatment groups was tested and had high antibody titers
(≥52,000 in all animals, n = 8), but both UV-C light treatment
groups displayed a complete lack of binding antibody titers
against SARS-CoV-2 S (<400 in all animals, n = 16).

As the SARS-CoV-2 pandemic is well into its third year,
additional nonpharmaceutical intervention strategies are
urgently needed, especially in areas and locations where
there is a higher risk of SARS-CoV-2 transmission, such as
hospitals, COVID-19 testing centers, schools, and other indoor
areas. Effective preemptive environmental intervention meas-
ures are instrumental in protecting health care workers and
people at risk of developing severe COVID19. The most
widely promoted nonpharmaceutical countermeasures, such as
mask wearing and social distancing, are highly dependent on
compliance and as such have had varying levels of effectiveness
across different cultural, political, and religious environments.
These nonpharmaceutical interventions are based on the
assumption that airborne respiration droplets are too large to
pass through mask material or will settle to the ground within
about 2 meters from the source. However, fine aerosols (<10
μm) in diameter will remain suspended, floating on air currents
for an extended amount of time, can travel more than 2 meters,
and remain suspended for minutes to hours.23

Although the dynamics of pathogen-laden airborne particles
are more complicated than just large vs fine droplets, it is
critical to determine the size of particles that most contribute
to transmission.24,25 Respiratory droplets are emitted as a
heterogeneous collection of various size particles traveling at a
range of velocities depending on the mechanism of expulsion.
Smaller particles tend to travel the farthest and remain
suspended the longest. The disease state may change droplet
composition and expulsion velocities.

Here, we were able to confirm the results of Bowen et al. and
further demonstrate that a preemptive environmental inter-
vention measure using UV-C irradiation can prevent the
aerosol transmission of SARS-CoV-2 between hamsters.26 This
work suggests that UV-C could be used to decrease the
concentration of viable air-borne virus in various environments
used in conjunction with existing control measures and where
other methods are less likely to work. Extensive literature is
available for pathogen inactivation by UV-C treatment, using
either bacterial spore inactivation tests, bacteria, or respiratory
viruses.15,27 There are several UV-C systems that have been
developed and are already being employed.28,29 The experi-
ments described here are representative of air treatment in a
ducted system. The efficiency of this type of system is
dependent on the number of room-air exchanges per hour the

ventilation system processes. Typical comfort level ventilation
systems handle between 1 and 2 room-air exchanges per
hour.30 The CDC recommends 6−12 air exchanges per hour
for effective disinfection of room air.31 This exchange rate is
not practical in many instances due to the cost involved in
retrofitting and then maintaining ventilation systems and the
noise associated with moving that volume of air. Another UV-
C disinfection system that has been investigated is upper-room
ultraviolet germicidal irradiation.32 Upper-room air ultraviolet
germicidal irradiation utilizes UV-C lights located near the
ceiling of a room and angled slightly upward in such a way that
the occupants of the room are not exposed to any incident UV-
C light.33 In a study by McDevitt et al. investigating the decay
rate of a poxvirus in a simulated hospital room, a single 25-watt
UV-C unit, without any additional mixing, produced seven
equivalent air changes per hour (eACH); when the test was
repeated with vertical mixing from a simple ceiling fan, the
effective rate was boosted to 92 eACH.34 The same study
investigated the effectiveness of UV-C to inactivate a poxvirus
under steady-state conditions. Using four 25-watt lights, a 6
ACH mechanical ventilation system, and environmental
conditions of 20 °C and 40% relative humidity (RH), they
achieved an effective rate of approximately 1000 eACH.34

The most compelling studies describing the effectiveness of
upper-room air UV-C disinfection, however, were carried out
in Peru and South Africa. These two studies demonstrated that
upper-room UV-C is effective at reducing transmission of
Mycobacterium tuberculosis from humans to guinea pigs in a
clinical trial type of study. In these studies, UV-C treated or
untreated air was exhausted from TB patients’ rooms into
animal holding rooms housing either 90 or 150 guinea pigs.
Upper-room air UV-C treatment reduced infections by 80 and
70%, respectively.13,16 With statistical corrections, however,
both studies achieved an approximate 80% reduction in
infections.30 It is worth noting that in these experiments, the
UV-C light fixtures were mounted between 1.8 and 2.1 m high
and that the room air was being exhausted at 1 m and “at
breathing height”, respectively, so that the air being sampled
was not drawn directly from the “kill zone”.

This study serves as additional proof of principle to promote
further investigations into the use of GUV to reduce the risk of
transmission in public spaces. This study is limited to
demonstrating that GUV light can in fact block transmission.
While beyond the scope of this study, additional studies are
planned to determine the lowest effective dose needed to block
transmission. These studies can be carried out using the system
described here with some modification. To obtain actual dose
response data, a known quantity of aerosolized virus would be
introduced into the donor cage by fitting a collision nebulizer
to the donor cage. UV filters can be applied to the UV
chamber to regulate the amount of UV light reaching the
virions passing through the quartz tube and the air reaching the
naiv̈e side assayed for viable virus. When breakthrough is
achieved, naiv̈e hamsters, as a more sensitive and biologically
relevant detector, can be reintroduced into the system.

Preemptive environmental interventions that are not
dependent on the compliance of the at-risk population
would potentially be a highly cost-effective nonpharmaceutical
countermeasure to help control the current pandemic. In
addition, given the pathogen agnostic nature of UV-C
germicidal irradiation, it has the potential to curb airborne
transmission of fungal, bacterial, and viral pathogens, both life
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threatening and common everyday maladies like the common
cold.
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