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1  |  INTRODUC TION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the 
causative agent of COVID-19, has spread since January 2020, lead-
ing to global health and social crisis. Although early on, the consen-
sus pointed to direct contact and large droplets as the main source of 
infection, there is now growing evidence that the virus is transmit-
ted by aerosols,1 which might be even the main route of transmis-
sion.2 Aerosols, as the major transmission route, better explains the 
superspreading events and the large proportion of infections gen-
erated from asymptomatic people.3 Small aerosol particles can be 
suspended and travel through the air. In the case of SARS-CoV-2, it 
was shown that they can remain viable for 3 h and float for several 
hours.4 In this context, there is an urgent need for technologies that 
allow decontamination of breathing air, for instance, in public trans-
portation, schools, hospitals, and many other settings. Currently, 

mechanical (mainly HEPA14 and 13) filters are used for such pur-
poses with certain limitations related to the size, energy demand, 
noise, capacity, and need for ongoing maintenance. Other inactivat-
ing technologies, based for instance on cold plasma and ultraviolet 
germicidal irradiation using UV-C are discussed and partly already 
in use.

UV-C disinfection has been used for several decades to inacti-
vate different infectious agents, including fungi, bacteria, and vi-
ruses, both from contaminated liquids and surfaces.5–7 Although 
the primary mode of action for UV inactivation is considered to be 
genome damaging through the formation of pyrimidine dimers8–10 
different mechanisms have been described. These include protein 
oxidation, destruction of the capsid protein, and crosslinking of 
viral genome-protein.11 Regarding decontamination of coronavi-
ruses, it was previously shown that non-human coronaviruses as 
well as common-cold coronaviruses and SARS-CoV are sensitive to 
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Abstract
Surface residing SARS-CoV-2 is efficiently inactivated by UV-C irradiation. This raises 
the question whether UV-C-based technologies are also suitable to decontaminate 
SARS-CoV-2- containing aerosols and which doses are needed to achieve inactivation. 
Here, we designed a test bench to generate aerosolized SARS-CoV-2 and exposed 
the aerosols to a defined UV-C dose. Our results demonstrate that the exposure of 
aerosolized SARS-CoV-2 with a low average dose in the order of 0.42–0.51 mJ/cm2 
UV-C at 254 nm resulted in more than 99.9% reduction in viral titers. Altogether, UV-
C-based decontamination of aerosols seems highly effective to achieve a significant 
reduction in SARS-CoV-2 infectivity.
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inactivation by UV-C irradiation.10,12–16 Accordingly, as expected, 
our group and others have demonstrated that SARS-CoV-2 can also 
be UV-inactivated from liquids and dried surfaces.17–27 Although 
some studies published high UV-C doses of 100–300 mJ/cm2 to 
be required for reaching 1-log reduction on viral titers,16,22 the 
vast majority of studies performed at 254 nm irradiation, reported 
doses ranging from 1.2 to 7 mJ/cm2 to achieve the same reduction. 
Regarding wavelengths, studies focused on coronaviruses reported 
similar required doses compared with 254 nm when UV-LED 222 nm 
irradiation was used15,21 and approximately two times higher doses 
by applying UV-C at 280 nm wavelength.15,20 Within the same ex-
perimental approach, Ma et al.15 showed a dependency of the re-
quired dose according to the wavelength used for irradiation.

For inactivation of virus-containing aerosols in general28–30 and 
coronaviruses in particular, literature is sparse and there is virtu-
ally no information on minimal UV-C doses necessary to inactivate 
SARS-CoV-2.31 In this context, we designed, built, and established a 
test bench to evaluate UV-C mediated SARS-CoV-2 inactivation in 
aerosols and determine the potency of a low dose of 254 nm UV-C 
irradiation to reduce viral titers.

2  |  MATERIAL S AND METHODS

2.1  |  Design and building of the test bench

We designed and built a test bench allowing for the nebulization of 
suspended SARS-CoV-2 and the exposure of the generated virus-
containing aerosol particles by different doses of UV-C irradiation 
in a laminar flow cabinet of a BSL3 lab. Detailed information on the 
experimental set-up and the calculation of UV-C doses is given in the 
Data S1 and the Figures S1–S5.

As schematically shown in Figure 1, essential components of the 
testing rig are an aerosol generator, an UV-C lamp, and a test section.

2.2  |  Aerosol generator

For aerosol generation, the “Portable Aerosol Generator” (PAG) 
1000 (Palas GmbH) was used. The PAG 1000 uses a Laskin nozzle 
that is completely immersed in test suspension. With this principle, 
compressed air is led through small air jet holes in the Laskin noz-
zle and is thus strongly accelerated. As a result, the test suspension 
flows into a collar ring located above the jet holes. Subsequently, the 
pressurized air entrains and disperses particles of the liquid inflow 
sidelong the collar ring, which leads to the formation of particle con-
taining gas bubbles. As these bubbles rise in the test suspension and 
reach the liquid surface, the particles are aerosolized.

2.3  |  UV-C lamp

Inactivation experiments were conducted using monochro-
matic UV-C irradiation at a wavelength of 254 nm. Therefore, a 

low-pressure mercury vapor discharge lamp (NNI 201/107 XL, 
Heraeus Noblelight GmbH) was used and mounted outside the test 
section.

2.4  |  Test section

Aerosols are injected at the beginning of the test section perpen-
dicular to UV-C impermeable vacuum tube components and diluted 
with ambient air from inside the laminar flow cabinet. Here, a mass 
flow controller (Vögtlin GmbH) and a vacuum pump (Pfeiffer Vacuum 
GmbH) ensure a constant total volume flow. Next, the diluted aero-
sol is exposed to UV-C irradiation in an UV-C transmissive and 50 cm 
long fused silica tube section (Heraeus Noblelight GmbH). The UV-C 
irradiance, on the one hand, is directly influenced by the lamp dis-
tance to the fused silica tube and therefore can be set via a move-
able carriage on which the lamp is mounted. The exposure time, on 
the other hand, is dependent on flow velocity, and thus can be var-
ied using fused silica tubes in three different diameters (11, 17 and 
30 mm) and adjustable total volume flows (5–20 L/min). As a result, 
UV-C doses from 0.36 to 28 mJ/cm2 can be achieved (see Figure S5). 
To sample aerosol particles thereafter, the aerosol passes a flat sheet 
holder, which is equipped with gelatine filter membranes (Sartorius 
AG). As humidity, temperature, and ozone can in principle affect in-
fectivity, these quantities are determined downstream the sampling 
point to exclude inactivating side effects additional to UV-C inactiva-
tion. In our setup, we did not detect elevated levels of ozone in the 
system. At the end of the test section, the air is purified using a HEPA 
H14 filter (ELSÄSSER Filtertechnik GmbH) and released via the mass 
flow controller in series with a vacuum pump into the laminar flow.

2.5  |  Cell culture

Caco-2 (human colorectal adenocarcinoma) cells were cultured at 
37°C with 5% CO2 in Dulbecco modified Eagle medium contain-
ing 10% fetal calf serum (FCS), with 2 mM l-glutamine, 100 mg/ml 
penicillin–streptomycin, and 1% nonessential amino acids.

Practical Implications

•	 Generation of contagious SARS-CoV-2 containing aero-
sols under BSL3 conditions.

•	 Design of a test bench to expose virus-laden aerosols to 
defined doses of UV-C, thereby allowing to assess virus 
inactivation in aerosols.

•	 A UV-C dose at 254 nm in the order of 0.42–0.51 mJ/
cm2 reduces more than 99.9% of SARS-CoV-2 infectivity 
in aerosols.

•	 This helps to design rational based disinfection devices 
that inactivate SARS-CoV-2 in aerosols by 254 nm UV-C 
irradiation.
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2.6  |  Virus isolate

The recombinant SARS-CoV-2 expressing mNeonGreen (icSARS-
CoV-2-mNG)32 was obtained from the World Reference Center 
for Emerging Viruses and Arboviruses (WRCEVA) at the UTMB 
(University of Texas Medical Branch). The generation of SARS-CoV-
2-mNG stocks as well as the determination of viral titers and multi-
plicity of infection was described previously.33 To eliminate the cell 
culture media, the viral stock was purified using 20% sucrose cen-
trifugation (20 000 g, 90 min, 4°C). After a PBS-wash step, the pellet 
was resuspended in PBS using the same volume as the original viral 
stock.

2.7  |  Aerosol generation

For aerosol generation, 1–3  ml of viral stock was purified and re-
suspended in 1 ml PBS and further diluted to 30 ml total volume 
with PBS (dead volume of the PAG 1000). Titers were determined 
for each experiment using the titration of the “stock” as an internal 
control. The PAG was operated at room temperature, at maximum 
settings and the total flow rate was set to 20 L/min. Aerosols were 
produced in a range from 1 to 10 min. After generation, aerosol par-
ticles were recovered from gelatin filters (2602-037-ALK, Sartorius). 

Filters were dissolved in 1  ml infection media (cell culture media 
with 5% FCS) for 10 min at 37°C. This media containing the recov-
ered infectivity was titrated in 2-fold serial dilutions on Caco-2 cells. 
According to the specifications of the manufacturer, the PAG 1000 
can aerosolize a maximum of 0.9 g/h (Diethyl-Hexyl-Sebacat parti-
cles). Using this parameter, we estimated roughly that the maximum 
aerosolized volume could be 0.015 ml/min. Therefore, as internal 
reference, 75 μl (theoretical volume aerosolized in 5 min) of the di-
luted stock (1:30–1:10 according to each experiment) were diluted 
either in 1 ml of infection media (“stock”) or in 1 ml of infection media 
where a gelatin filter was previously dissolved (“stock + filter”).

2.8  |  UV-C inactivation of aerosols

Aerosol particles were generated using the PAG 1000. Therefore, 
6 ml of viral stock was purified, re-suspended in PBS, and diluted to 
a total volume of 60 ml with PBS. The diluted stock was divided into 
two aliquots (30 ml each), one used to produce aerosol particles for 
2 min using the conditions already described, and the other one to 
repeat this experiment under UV-C exposure. The UV-C lamp was 
on for 400 s before starting aerosol generation in order to reach a 
constant UV-C intensity according to the manufacturers' specifica-
tion. For these first experiments, we used a low UV-C dose. It was 

F I G U R E  1 Schematic representation 
of the testing rig (upper graph) and picture 
of the experimental setup in the laminar 
flow cabinet of the BSL3 laboratory (lower 
picture)
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applied using a distance of 25 cm, tube diameter of 11 mm, and a flow 
of 20 I/min. Neglecting transmission losses of the fused silica tube 
this corresponds to the maximum mean radiant exposure of 0.51 mJ/
cm2. If transmission losses are considered according to the measure-
ment described in the Data S1 a total average dose of 0.42 mJ/cm2 
can be assumed (Figure S5).

2.9  |  Evaluation of recovered infectivity

1 × 104 Caco-2 cells/well were seeded in 96-well plates the day be-
fore infection. After aerosol generation, cells were infected in 2-fold 
serial dilutions using the media-containing filter-recovered aerosol 
particles or mock-infected. Forty-eight hours post-infection (hpi) 
cells were fixed with 2% PFA and counter-stained with Hoechst 
33342 (1 μg/ml final concentration) for 10 min at 37°C. The stain-
ing solution was removed and exchanged for PBS. Using an imaging 
plate reader (Cytation3, BioTek), images of all wells were taken in 
the green channel to detect the infected fluorescent (mNG) cells and 
in the blue channel for the cellular nucleus, stained with Hoechst. 
All infected cells (mNG+) and the total number of cells in each well 
(Hoechst+) were counted with the automatic Gen5 software of the 
plate reader. The infection rate was then calculated as N° of mNG+/
N° of Hoechst+.

2.10  |  Statistical analysis

All calculations regarding mean values, SEM and other statistical 
tests were done using GraphPad Prism 9.

3  |  RESULTS

3.1  |  Virus stock preparation and recovery of 
infectious SARS-CoV-2 via gelatin filters

The aerosol test device (Figure 1) was installed under a sterile bench, 
such as that highly infectious aerosol-borne pathogens can be ana-
lyzed inside a BSL3 lab. Initial experiments with SARS-CoV-2 viral 
stocks produced in standard cell culture media revealed extensive 
foam formation, precluding standardized and safe aerosol genera-
tion. We hence decided to purify SARS-CoV-2 viral stocks via sucrose 
and resuspend the purified virus in PBS, to avoid foam formation by 
the aerosolization process. We further upscaled the volume to 30 ml, 
as this is the minimum volume to be used in the PAG 1000 for aero-
sol generation. Importantly, purification and resuspension of virus 
stock in PBS does not result in reduced infectivity (Figure 2), allow-
ing foam-free aerosol generation.

To recover SARS-CoV-2 aerosolized particles, we employed gel-
atin filters that can be solubilized in media at 37°C. Therefore, we 
tested whether the chemical composition of the filter might reduce 
infectivity and virus stability. For this purpose, we diluted the virus 

stock 1:30 into 1 ml of infection media, 1 ml of PBS, or 1 ml of PBS 
in which a filter was dissolved. The three preparations were then 
used to infect Caco-2 cells and assess viral titers (Figure 3). Diluting 
the virus in presence of the gelatin filters does not result in a loss of 
viral infectivity. In addition, cell viability is also not affected by any 
filter component.

3.2  |  Generation and recovery of SARS-CoV-2 
containing aerosols

Next, we analyzed aerosol generation by the PAG 1000 and recovery 
via gelatin filters in our test bench. To increase the amount of aero-
solized virus, we increased virus concentration threefold as com-
pared with the previous experiments by purifying 3 ml of virus stock 
that was resuspended in 30 ml of PBS. As controls, we took 75 μl of 
diluted virus stock (see Section  2) and diluted the preparations in 
1 ml of media (“stock”) or in 1 ml of media in which a gelatin filter was 
previously dissolved (“filter + stock”). Initially, we evaluated different 
aerosol generation times, including 5 and 10 min (Figure 4). Using 
this system, we were able to generate aerosolized SARS-CoV-2 viral 
particles, which after recovery, were still capable of infecting cells. 
Paradoxically, while the infectivity recovered after 5 min of aerosol 
generation showed similar titers as the “stock” control, we did not 
recover any, or the recovery was substantially lower, after additional 
10 min of aerosol generation. From this data, we hypothesized that 
aerosol generation per se, using this system leads to a loss of viral 
infectivity.

To evaluate the hypothesis of a potential inactivation of SARS-
CoV-2 in the flask (Schott bottle) used for aerosolization with the 
PAG 1000, we measured the infectivity of the virus stock directly in 
the flask after different time points of aerosol generation. This re-
vealed that the infectivity of the virus in aliquots taken directly from 
the bottle after 10 min of aerosol generation was reduced, and after 
20 min, we detected barely any infectious virus (Figure  5). Hence, 
the process of aerosols generation by the PAG 1000 itself leads to 
a loss of SARS-CoV-2 infectivity, most likely due to the generated 
shear forces during multiple passes of test suspension through the 
Laskin nozzle.

3.3  |  Aerosol-containing SARS-CoV-2 is efficiently 
inactivated by 254 nm UV-C irradiation

The aerosolization process itself does not affect SARS-CoV-2 infec-
tivity at 2 and 5 min of aerosol generation (Figure 5) and we were 
able to recover SARS-CoV-2 containing aerosols from filters after 
5 min of aerosol generation (Figure 4). We therefore decided to initi-
ate UV-C inactivation experiments of SARS-CoV-2 containing aero-
sols using 2 min of aerosol generation, as an intermediate timepoint 
between good yields of infectivity and low probability of harmful 
effects of the aerosolization process. To avoid the intrinsic inactiva-
tion effect, we generated enough virus to exchange the stock in the 
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bottle after each experimental run. Figure 6 shows the result of an 
experiment in which we first aerosolized SARS-CoV-2 for 2 min, iso-
lated the infectivity from the gelatin filter, exchanged the virus stock 
in the bottle, and repeated the same experiment with the UV-C 
lamp turned on at a distance of 25 cm to the glass tube. The setting, 
corresponds to a total dose of 0.42 mJ/cm2 at 254 nm UV-C irradia-
tion when transmission losses due to the fused silica are considered 
(Figure S5), but a highest possible dose of 0.51 mJ/cm2 when these 
losses are neglected. Of note, this procedure leads to a strong reduc-
tion of SARS-CoV-2 infectivity (Figure 6).

From the serial dilutions, we calculated the input titer of the virus 
stock recovered from the filter (2.9 × 106 IU/ml) versus the titer in 
the aerosol after 0.42–0.51 mJ/cm2 UV-C exposure (10.834 IU/ml). 
From this, we calculated a titer reduction >99.9%. Hence, a conser-
vative interpretation of our results allows the conclusion that a rela-
tively low average dose in the order of 0.42–0.51 mJ/cm2 at 254 nm 
allows for more than two-log reduction in aerosolized SARS-CoV-2 
infectivity.

4  |  DISCUSSION

Decontamination of wastewater or surfaces by UV-C irradiation is an 
established and highly effective technique to inactivate bacteria or 
viruses.7,34 Doses necessary for pathogen inactivation vary substan-
tially dependent on specific pathogen characteristics. UV-C doses 
required to inactivate fungal spores, fungal cells, and yeast (~250 mJ/
cm2) as well as bacterial spores (~150 mJ/cm2), are typically higher 
compared with bacteria and viruses (30–40 mJ/cm2) (1-log reduction 
in water), although values can vary drastically within each group.9 
Regarding viruses, non-enveloped viruses need higher UV-C doses 
since their protein shell is more stable as compared with enveloped 
viruses, and viruses with an RNA genome are easier to inactivate 
than viruses with a DNA genome, due to the fact the RNA is more 
labile than DNA.10,35 Furthermore, the same pathogen might need 
different doses of UV-C for inactivation when it is dried on surfaces, 
present in wastewater, or in aerosols.9 In addition, the use of differ-
ent wavelengths also influences the required UV dose,15 most likely 

F I G U R E  2 SARS-CoV-2 infectivity after virus purification and resuspension in PBS. SARS-CoV-2-mNG stock was produced under 
standard conditions, diluted in PBS, or sucrose purified and resuspended in PBS as described in the Section 2. Thereafter, Caco-2 cells 
were infected with serial dilutions of the different virus stock preparations. 48 h post-infection (hpi) cells were fixed, stained with Hoechst, 
and measured with the Cytation3 imaging systems. The left graph (A) indicates the individual infection rate based on the virus-genome 
expressed quantification of mNG related to the total amount of cells (mNG+/Hoechst+ cells). The right graph (B) shows the absolute number 
of cells per well (#Hoechst+ cells). Mean and standard deviation (SEM) shown is from duplicate infections.

F I G U R E  3 SARS-CoV-2 infectivity is not affected by the gelatin filter. SARS-CoV-2-mNG stock was produced under standard conditions. 
Virus stock was diluted in 1 ml infection media, PBS, or PBS in which a gelatin filter was dissolved. Caco-2 cells were infected with serial 
dilutions of the different preparations. 48 hpi cells were fixed, stained with Hoechst, and measured with the Cytation3 imaging systems. Left 
graph (A) indicates the individual infection rate based on the virus-genome expressed quantification of mNG related to the total amount 
of cells (mNG+/Hoechst+ cells). The right graph (B) shows the absolute number of cells per well (#Hoechst+ cells). Mean and standard 
deviation (SEM) shown is from duplicate infections.
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by altering the inactivation mechanism. Recently, Oh et al.36 showed 
that the UV inactivation of Adenovirus, one of the most UV-resistant 
viruses, was more efficiently inactivated at 222 nm than at 254 nm. 
Besides, the inactivation at 222 nm depended mostly on the damage 
of the capsid protein, claiming that UV at 222 nm primarily targets 
AdV capsid proteins, while monochromatic UV at 254 nm mostly at-
tacks the genome.

Several groups, including our laboratory17–27 evaluated the 
sensitivity of SARS-CoV-2 towards UV-C irradiation, mainly using 
surface-dried viruses or liquid viral stocks. While it is clear that 
SARS-CoV-2 is inactivated by UV-C, doses reported vary substan-
tially. Many parameters can be the reason for this variation, includ-
ing initial titers of the stock used, optical absorbance of the sample 
to be irradiated, environmental conditions (humidity, textured sur-
faces) experimental setup for UV exposure (distance, placement of 
the sample respect to the source, lamp features), read-out of the 
experiment and calculation for UV doses.19,26,27 In this context, we 

reported >6-log reduction of surface dried SARS-CoV-2 by a UV-C 
dose of 3.5 mJ/cm2 and a non-linear decay in the inactivation ef-
ficiency as 1.75 mJ/cm2 reduced viral titers only by 1-log in the 
same setting.17 This value is roughly in the same range as the ma-
jority of the mentioned studies, reporting 1.2–7 mJ/cm2 for 1-log 
reduction. In addition, what should be also considered for compar-
ing results among studies is the non-linear decay observation we 
reported previously17 which can be also confirmed by analyzing 
other studies.24 Although highly relevant, UV-C mediated decon-
tamination of aerosolized viruses, in particular SARS-CoV-2, is an 
understudied topic. We are aware of only four publications28–31 
trying to assess the stability of coronaviruses in aerosols. Walker 
et al.,28 demonstrated that murine beta coronaviruses aerosols are 
highly susceptible to 254 nm UV-C-irradiation, between 7 and 10 
times more than adenoviruses and bacteriophage MS2. Another 
study7 employed a setup similar to ours, however, in dimensions 
precluding applications in a standard BSL-3, as the device had a 

F I G U R E  4 SARS-CoV-2 infectivity recovered from aerosols. SARS-CoV-2-mNG stock was produced under standard conditions, purified, 
resuspended in PBS, and diluted 1:10 in PBS. Aerosols were generated for 5 or 10 min with the PAG 1000 directly connected to the recovery 
filter. Gelatin filters used for virus recovery were dissolved in 1 ml infection media. Furthermore, 75 μl of virus stock were diluted in 1 ml 
infection media in which a filter was dissolved (filter + stock), or 75 μl were directly diluted in 1 ml infection media (stock). Caco-2 cells were 
infected with serial dilutions of the different preparations. 48 hpi cells were fixed, stained with Hoechst. and measured with the Cytation3 
imaging systems. Left graph (A) indicates the individual infection rate based on the virus-genome expressed quantification of mNG related 
to the total amount of cells (mNG+/Hoechst+ cells). The right graph (B) shows the absolute number of cells per well (#Hoechst+ cells). Mean 
and standard deviation (SEM) shown is from two experiments with duplicate infections.

F I G U R E  5 Aerosolization process itself affects SARS-CoV-2 infectivity. SARS-CoV-2-mNG stock was produced under standard 
conditions, purified, resuspended in PBS, and diluted 1:10 in PBS. 75 μl aliquots were directly taken from the Schott bottle plugged into the 
PAG 1000 after 2, 5, 10, and 20 min of aerosol generation. Each aliquot was diluted in 1 ml infection media and Caco-2 cells were infected 
with serial dilutions of the different preparations. 48 hpi cells were fixed, stained with Hoechst, and measured with the Cytation3 imaging 
systems. Left graph (A) indicates the individual infection rate based on the virus-genome expressed quantification of mNG related to the 
total amount of cells (mNG+/Hoechst+ cells). The right graph (B) shows the absolute number of cells per well (#Hoechst+ cells). Mean and 
standard deviation (SEM) shown is from duplicate infections.
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total dimension of several meters and was placed in a 3.8 m wind 
tunnel. The authors used porcine respiratory coronavirus and 
as they had fixed UV-C lamps they found a dose of 13.9 mJ/cm2 
achieving >2.2-log reduction in viral titers.30 Buonanno et al.29 
investigated the inactivation of aerosolized common cold coro-
naviruses and influenza, determining low doses ranging from 1.2 
to 3.8 mJ/cm2 to achieve 3-log reduction, using far-UV-C light at 
222 nm. Finally, only one study worked with SARS-CoV-2 using a 
commercial system employing UV-C or ozone to inactivate this 
virus and the seasonal HCoV-OC43.31 Their experimental setup 
did not facilitate the determination of irradiation doses or recov-
ery of infectious viruses. They reported that after 120 and 90 min 
of irradiation for HCoV-OC43 and SARS-CoV-2, respectively, viral 
RNA was no longer detected by qRT-PCR. However, whether the 
viruses lose infectivity before or remain infectious even after 
treatment was not evaluated. In our system, an average dose in the 
order of 0.42–0.51 mJ/cm2 inactivated more than 99.9% of infec-
tious particles indicating that aerosol-borne SARS-CoV-2 is more 
efficiently inactivated than a surface dried virus, which possibly 
complexes with serum proteins and other molecules present in 
culture media. This difference might be influenced by the fact that 
the virus was dried in the presence of media, while the aerosol-
inactivated virus was previously purified and resuspended in PBS. 
Even though speculative, it was already observed that viruses in 
general are easier to inactivate in air than in water or on dried 
surfaces,9 where the organic components present in the media can 
exert a shielding effect.26

While our experiments give a first promising indication for the 
UV-C sensitivity of SARS-CoV-2 in aerosols, there are a variety of 
open questions and experiments to be done. First of all, we have 
to perform additional independent experiments with different UV-C 
doses to establish a firm dose–response curve. Furthermore, we 
have used a mNeonGreen expressing reporter virus based on one 

of the first Wuhan SARS-CoV-2 isolates. Even though it is unlikely 
since UV-C mediated inactivation of SARS-CoV-2 is largely based 
on damaging the viral genome,11 the infectivity and stability of cur-
rently circulating SARS-CoV-2 variants might differ. Indeed, Inagaki 
et al.37 showed a difference in the 280 nm UV dose required to inac-
tive alpha, beta, and gamma SARS-CoV-2 variants of concern. It will 
be important to confirm this result and compare doses necessary for 
inactivation of the Delta and Omicron isolates. In addition, different 
UV-C irradiation sources are available in terms of wavelength, which 
will differ in the UV-C doses and should be evaluated (for instance 
LED-based UV-C sources or Far UV-C excimer lamps).

The major obstacle to reliable data related to the UV-C medi-
ated inactivation of SARS-CoV-2 is associated with severe difficul-
ties to generate and recover aerosols of this highly contagious and 
pathogenic virus in a standardized manner under BSL-3 conditions. 
Furthermore, it is necessary to carefully expose these aerosols to 
defined doses of UV-C irradiation. With the test bench designed 
and presented here, we have overcome these problems and offer 
a solution to evaluate the dose–response relationship between 
UV-C exposure and decontamination of SARS-CoV-2 containing 
aerosols.
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F I G U R E  6 SARS-CoV-2 aerosols are inactivated by 254 nm UV-C irradiation. SARS-CoV-2-mNG stock was produced under standard 
conditions, purified, resuspended in PBS, and diluted 1:10 in PBS. Aerosols were generated for 2 min with the PAG 1000 in the test bench 
shown in Figure 1. After generation, the gelatin filter was removed and dissolved in 1 ml infection media. The experiment was repeated 
with the 254 nm UV-C lamp turned on (total average UV-C dose of 0.42 mJ/cm2, maximum total average dose of 0.51 mJ/cm2 neglecting 
transmission losses). As control, 75 μl of virus stock were directly dissolved in 1 ml infection media (the back-calculated titer of the stock 
was 5.6 × 106 IU/ml). Caco-2 cells were infected with serial dilutions of the preparations. 48 hpi cells were fixed, stained with Hoechst, 
and measured with the Cytation3 imaging systems. The left graph (A) indicates the individual infection rate based on the virus-genome 
expressed quantification of mNG related to the total amount of cells (mNG+/Hoechst+ cells). The right graph (B) shows the absolute number 
of cells per well (#Hoechst+ cells). Mean and standard deviation (SEM) shown is from duplicate infections. Similar results were obtained in 
one additional experiment.
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