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influenza, and tuberculosis continue to be a major cause of
morbidity and mortality across the world.* Concerns about
airborne disease transmission are also heightened for zoo-
notic viruses since outbreaks such as avian influenza can
disrupt food supply chains, and if left unchecked, these vi-
ruses could mutate and become a threat to infect humans.?
It is also apparent that quickly responding to future pan-
demics using immunizations is not possible since even the
most quickly developed vaccines still require months to pro-
duce and distribute on a large scale.*

A promising intervention technology to prevent the
spread of airborne diseases is exposure of the indoor air to
far-UVC ultraviolet radiation, which is defined as a range of
ultraviolet wavelengths from 200 to 235nm.>® There is now
significant evidence for both the antimicrobial efficacy and
the safety of far-UVC wavelengths. The antimicrobial effi-
cacy of UVC has been established for over 100years,” and
recent work has demonstrated far-UVC can effectively inac-
tivate microbes in aerosols, liquids, or on surfaces.> ™ The
aerosol inactivation of viruses with far-UVC is particularly
promising, with studies showing aerosolized virus inactiva-
tion in small chamber experiments,'"”*® room-sized cham-
ber experiments,'? and in real-world situations.'® Numerous
safety studies on far-UVC wavelengths have been performed
to explore possible health hazards from direct exposure to
far-UVC radiation.® The basis for the safe exposure of hu-
mans to far-UVC stems from the absorption of these wave-
lengths in the outermost layer of cells in the skin or the eye,
which prevents damage to the deeper layers of tissue that
are associated with adverse health effects. The substantial
evidence for the safety of far-UVC wavelengths published
in the past few years led to the American Conference of
Governmental and Industrial Hygienists (ACGIH) alter-
ing their recommended 8-h exposure limits, known as
threshold limit values (TVLs), in 2022.%° The new limits
established separate limits for eyes and skin exposures and
increased the TLVs for wavelengths less than 240nm. Even
with the altered guidelines, there is still a need for additional
research into the possible health hazards from these expo-
sures, especially at wavelengths where gas lamp sources are
not available.

The ultraviolet radiation source most widely used in
far-UVC research has been the KrCl excimer lamp. While
the primary emission of the KrCl lamp is at 222nm, the
lamps also produce longer wavelength UVC up to about
260nm, and the importance of filtering these longer
wavelength contributions has been demonstrated in skin
models,?! animal models,?? and in humans.?*** The KrCl
spectrum also contains emissions down to almost 190 nm,
and while these are minimal, the filtering of these wave-
lengths is also important to limit ozone generation.>
Filtered KrCl lamps are relatively power efficient, typically
6-8%,° and thin film interference filters have provided

narrow bandpass filters with high transmission at 222nm,
but the total cost of far-UVC fixtures (inclusive of lamp,
filter, and driver) remains high.

Advancements in the production of visible wavelength
light-emitting diodes (LEDs) have made LEDs inexpensive
and highly energy efficient. However, the performance of
LEDs emitting in shorter far-UVC wavelengths is signifi-
cantly limited, with power conversion efficiencies below
1%.% This study uses a LED system manufactured by the
Ferdinand-Braun-Institut, which emits far-UVC radiation
with sufficient intensity over a large area, for example, an
average irradiance of 21 yW/cm? over the 26 cm x 25.6cm
window of the aerosol exposure chamber used in this
study, that makes both safety and efficacy testing realistic
to perform.*'** Testing far-UVC LEDs such as these pro-
vides support for continuing technology development in
this area.

MATERIALS AND METHODS
UV sources and measurement

A far-UVC emitting LED system was manufactured by the
Ferdinand-Braun-Institut (Berlin, Germany) as previously
described.** The LEDs emit UV radiation through an in-
corporated optical filter, manufactured by Technische
Universitdt Berlin (Berlin, Germany), to reduce longer
wavelength UVC contributions. The spectral irradiance
of the filtered LEDs, previously reported by Glaab et al.,**
was measured at 20cm using a BTS2048-UV spectrora-
diometer (Gigahertz-Optik, Inc., Amesbury, MA) and
is plotted in Figure 1. The measured peak of the filtered
spectrum was at 233nm with a full width at half maxi-
mum of 7.4nm.

A KrCl excimer lamp (High Current Electronics
Institute, Tomsk, Russia) which emits principally at
222nm was also utilized in this study. The KrCl lamp was
used with the addition of a custom optical filter (Ushio
America, Cypress, CA) to reduce the emissions outside the
222nm peak. Experiments also used a low-pressure mer-
cury lamp emitting primarily at 254nm (8W, UVLMS-38,
Analytik Jena US, Upland, CA).

Irradiance was measured using a calibrated Hamamatsu
UV Power Meter (C9536/H9535-222, Hamamatsu
Photonics K.K., Japan). Dosimetry for the aerosol expo-
sure experiments was performed with Orthochromic OC-1
film (Orthochrome Inc., Hillsborough, NJ). OC-1 film is
marketed as a tool for radiation therapy measurements
of ionizing radiation; though its utility in UVC dosimetry
has been demonstrated previously.*>” The film exhibits a
color change upon exposure. The color change is related
to radiant exposure using a calibration curve.
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FIGURE 1 The spectral irradiance of the far-UVC emitting
LED system manufactured by the Ferdinand-Braun-Institut was
measured at 20 cm. The tested LED system includes an optical filter
to reduce longer wavelength UVC. The peak emission is at 233nm
with a full-width at half maximum of 7.4nm.

Viral strain

Human beta-coronavirus OC43 (HCoV-OC43; VR-1558)
was propagated in human diploid lung fibroblasts (WI-
38; CCL-75) (ATCC, Manassas, VA). The human cell line
was grown in MEM supplemented with 10% fetal bovine
serum (FBS), 2mM L-alanyl-L-glutamine, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin (Sigma-Aldrich Corp.
St. Louis, MO, USA). The virus infection medium con-
sisted of RPMI-1640 plus 2% heat-inactivated FBS. The
viral strain was propagated by inoculation of flasks con-
taining host cells, which were plated the day before at 80-
90% confluence. After 2-h incubation, the cell monolayer
was washed and incubated in fresh infection medium for
3 or 4days at 33°C. The supernatant containing the work-
ing viral stock was then collected by centrifugation (300g
for 15min). The virus titer was determined by 50% tissue
culture infective dose TCID50 by assessing cytopathic
effects (CPE), which were scored at a bright field micro-
scope (10x) as vacuolization of cytoplasm, cell rounding,
and sloughing. TCID50 was calculated using standard
methodology.*®

Benchtop aerosol irradiation chamber

The single-pass aerosol exposure chamber used in this
study was previously described in detail'**”'%; however, a
few modifications were made to the exposure setup for test-
ing using the LED system. The exposure system consists

of a Blaustein Atomizing Module (CH Technologies,
Westwood, NJ) operating in the recirculating configura-
tion for aerosol generation, an exposure volume measur-
ing 26cmx25.6cmx6.5cm through which the aerosol
passed, a gelatin filter (37 mm, 225-9552, SKC Inc., Eighty
Four, PA) for collection of the aerosol following exposure,
and the flow through the single-pass system is controlled
with a precision flow orifice and a vacuum pump. The sys-
tem was operated with choked flow conditions across the
orifice, which maintained a flow rate of 11.6 LPM using
orifice B-47-SS (O'Keefe Controls Co., Monroe, CT) and a
flow rate of 5.72 LPM when using orifice B-33-SS (O'Keefe
Controls Co.). UV from the LED system entered the cham-
ber through one of the 26 cm X 25.6 cm sides of the expo-
sure volume through a 6mm thick quartz plate which
transmitted 72% of incident UV from the LED system. The
opposite 26 cm X 25.6 cm side of the exposure volume was
aluminum with a specular mirror finish (Anolux UVS,
Anomet Inc., Brampton, ON, Canada) with a reflectance
of ~60% for the LED emission wavelengths. The LED sys-
tem was positioned 20 cm from the quartz window. A 5pm
thick sheet of PTFE (GF63284036, Sigma-Aldrich, Inc., St.
Louis, MO) was affixed to the output side of the optical fil-
ter on the LED system to diffuse the LED emission pattern
and more evenly irradiate across the quartz window area.
OC-1 film was used to measure an average irradiance of
21 pW/cm? across the quartz window. When accounting
for the quartz transmission and the reflectance of the alu-
minum, the average fluence rate in the exposure volume
was estimated at 24 yW/cm®” The fluence rate was mul-
tiplied by the time for a particle to traverse the exposure
volume for each flow rate, either 23 or 46.8 s for flow rates
of 11.6 LPM or 5.72 LPM, respectively, to calculate the ex-
posure dose for an experiment. The exposure dose could
also be reduced for a given flow rate by dimming the LED
output using the LED control software. As in our previous
studies, the average temperature during testing was 24°C,
the relative humidity was between 60 and 70%, and the
aerosol size distribution was typical of human coughing,
breathing, and talking,” with over 90% of particles less
than 1.0 pym diameter.

The aerosol for each experiment was generated
using a viral solution consisting of 1mL MEM (Life
Technologies, Grand Island, NY) containing 107-10%
TCID50 of virus, 20 mL of deionized water, and 0.05 mL
of Hank's balanced salt solution with calcium and mag-
nesium (HBSS*™). Each period of aerosol exposure and
collection onto a filter lasted 30 min. After the sampling
period was completed, the 37-mm gelatin filter which
captured the aerosolized virus was dissolved in 5mL of
prewarmed (~32°C) PBS on an orbital shaker for 5 min.
The solution was then used for the virus infectivity
assays.
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Virus exposed on surfaces

A stock of the virus typically containing 10°~10” TCID50
was diluted 1:100 in phosphate buffer saline (PBS). Ten
10-pL drops of the diluted viral solution were pipetted on
a 30-mm Petri dish or on 60-mm borosilicate glass Petri
dishes (Corning Pyrex). The drops were dried on the sur-
face by leaving the dish uncovered in a laminar flow hood
for 30-40min and then exposed. Immediately after expo-
sure, the virus was collected from the surface by wash-
ing with 100 puL of autoclaved dH,O and assayed for viral
infectivity.

Virus infectivity

We used the TCID50 assay to determine viral infectivity.
Briefly, ~10* host cells were plated in each well of 96-well
plates the day prior to the experiment. Cells were washed
once in PBS and at least six serial 1:10 dilutions (8 wells
for each dilution) in infection medium of the exposed
virus were overlaid on host cells for 2 h. The medium was
then replaced with fresh infection medium and incubated
for 3 or 4days at 34°C after which CPE was scored and
TCID50 calculated.

DNA photodamage analysis in skin models

Live human skin biopsies of in vivo normal human skin
(NativeSkin®, Genoskin), which consist of all cell types
and skin appendages, were used to analyze DNA dam-
age. The ex vivo biopsies maintain the same histological
features of in vivo human skin as well as barrier func-
tion, a mature stratum corneum, and a functional basal
layer.*® Through Genoskin, the samples were obtained
with the Informed Consent of patients undergoing plas-
tic surgery and in compliance with the Declaration of
Helsinki. For each sample, the company provided age,
self-identified sex, and phototype that was assigned by
a laboratory associate and validated by the biobanking
manager based on the Fitzpatrick scale.*' Samples from
two donors were used in this study. The first donor was
a 50-year-old female with Fitzpatrick skin type 4. The
second donor was a 66-year-old female with Fitzpatrick
skin type 4. Biopsies were from the abdomen of the
donors.

This study also used the 3-D human skin model
EpiDerm-FT (MatTek Corp., Ashland, MA) which is de-
rived from single adult donors. EpiDerm-FT is a full-skin
thickness construct that recapitulates the key components
of human skin, consisting of 8-12 cell layers of normal

human epidermal keratinocytes and dermal fibroblasts
that form basal, spinous, granular, and cornified layers
analogous to those found in vivo.**

Tissues were exposed to a radiant exposure of 100mJ/
cm? using either the 233nm LEDs, the 222nm lamp, or
the 254nm lamp. After exposure, the tissues were incu-
bated at 37°C for 30 min or 24 h, then fixed overnight in
10% formalin. Induced DNA damage was assessed by
standard immunohistochemistry methods using anti-
cyclobutane pyrimidine dimers antibody (Cosmo Bio
NMDNDO001, 1:800) or anti-yH2AX antibody (Novus
Biologicals NB100-78356, 1:500). Stratum corneum thick-
ness was measured for each Genoskin sample using bright
field images of hematoxylin and eosin (H&E) stained
skin tissues (5 um) taken at an Olympus IX70 Inverted
Phase Contrast DIC Fluorescence Microscope equipped
with a Photometrics CoolSNAP HQ2 camera (Teledyne
Technologies, Thousand Oaks, CA) and the Image Pro
software. For each sample, measurements of the thickness
of the stratum corneum were taken over 10 different fields
of view (40x) using the distance function of the Image Pro
software. The objective was calibrated using a micrometer
in Image Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, Maryland).

Statistical analyses

Inactivation of virus relative to zero-fluence controls was
expressed as logs of cell kill [-logl0(surviving fraction)]
or surviving fraction, following exposure on surfaces or
aerosol to different radiant exposures. The fractional in-
activation as a function of the UV radiant exposure is
expressed as TCID50yy/TCID50,,p s for viruses. All
dose-responses were modeled to follow a single-phase ex-
ponential decay using S=e~*P, where S is the surviving
fraction, k (cmz/mJ ) is the inactivation rate constant, and
D is the dose in mJ/cm?. Linear regression was performed
using normalized In[S] values as the dependent variable
and UV dose (D, mJ/cm?) as the independent variable.
The linear regression was performed with the intercept
term set to zero, representing the definition of 100% rela-
tive survival at zero UV dose.

Results for the surface inactivation tests were also fit
to a bi-exponential decay model commonly used in disin-
fection and pathogen inactivation analyses.** This model
describes a bi-exponential dose-response, where one ex-
ponential describes the behavior of a susceptible fraction
of the population, and the second exponential describes
the response of a more resistant subpopulation:

S=1-=f)ehaPyfekaD €Y)
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where S is the non-inactivated (surviving) fraction of the mi-
crobe and D is the radiant exposure dose in mJ/cm?. (1 - f)
and fare respectively the proportions of the sensitive and the
resistant subpopulations whose exponential dose responses
are defined by parameters k, and k, (units of cm*/mJ). The
performance of the single- and bi-exponential models was
compared using the Akaike information criterion (AIC)*
to verify which model provided a better fit. Results for the
surface inactivation study were also analyzed using a linear-
quadratic polynomial function regression to the depen-
dence of —In(S) as a function of dose, for glass and plastic
separately. Random effects by experiment were included to
account for systematic differences between the two experi-
mental batches within each material.*

The inactivation cross-section Dy, (i.e., the UV dose
that inactivates 90% of the exposed virus) was calculated
as Dgy=—1n(1-0.90)/k. Only the k; value was used to cal-
culate Dy, for the results fit to the biexponential model.
Unpaired ¢-tests were performed to compare averages, and
a value of p <0.05 was considered statistically significant.

DNA damage yields represent the average +standard
error of the mean (SEM) of keratinocytes exhibiting dimers
or gH2AX foci measured in at least six randomly selected
fields of view for each sample (n=2). For both markers,
between 600 and 2100 cells were counted. Comparisons of
mean values between treatment groups and controls were
performed using Student's ¢-test.

RESULTS

Efficacy of 233 nm LED to inactivate
airborne virus

Results for the inactivation of aerosolized HCoV OC43
using the 233nm LED system are plotted in Figure 2.
Using the single-phase exponential decay model, the
inactivation rate constant for the 233nm LEDs was
Ky33-aerosol = 4.0 £ 0.2cm?/mJ, which corresponds to a D90
(i.e., the UV dose that inactivates 90% of the exposed
virus) of 0.58 mJ/cm?.

Exposure surface material does not affect
HCoV 0C43 susceptibility

Surface efficacy studies are typically conducted using
polypropylene Petri dishes. However, it has been shown
that exposure of plastics itself to UV light in the presence
of oxygen may lead to the formation of cytotoxic free radi-
cals.** To determine whether the surface material in-
fluenced the susceptibility of microorganisms to far-UVC,
we compared the dose-response of human coronavirus

Aerosolized HCoV OC43 inactivation with 233 nm

LED
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FIGURE 2 Inactivation of aerosolized human OC43
coronavirus exposed to the UV radiation from LEDs with a peak
wavelength of 233 nm in a benchtop aerosol chamber. Fractional
survival of the virus was analyzed using the TCID50 assay. Values
are reported as mean + SD. The single-phase exponential decay
model With Ky33 erose =4-0£0.2cm?/mJ is also plotted.

OC43 when exposed on plastic (polypropylene) or (boro-
silicate) glass dishes. Results for the inactivation of HCoV
OC43 on either plastic or glass are plotted in Figure 3.
The results for each surface were fit to single- and bi-
exponential decay models, and in each case, the AIC
score difference favored the bi-exponential model. Using
the bi-exponential model, the inactivation rate constants
when exposed on plastic were Ky 533 pastic =6.7+3.8 cm?/
mJ and K, 553 piastic=0.97 = 1.1cm?/mJ, with the resist-
ant subpopulation estimated to be f,33 pjaeic=0.07. For
the glass surface, the inactivation rate constants were
Ky 233.glass=7-2£3.0 cm?/mJ andk, 33.015=0.27£1.1 cm?/
mJ with the resistant subpopulation estimated to be
£533.g1a5s=0.02. The Dy, (i.e., the UV dose that inactivates
90% of the exposed virus) for plastic was estimated to be
0.34mJ/cm?. For a glass surface, the Dy, was estimated to
be 0.32mJ/cm” When evaluating data with a random ef-
fects model to account for systematic differences between
the experiments, there was no significant difference found
between the susceptibility of the HCoV OC43 on plastic
and glass (p > 0.05).

DNA damage in exposed skin tissue
samples

Genoskin human skin biopsy samples were analyzed for
CPD formation within the epidermis. Multiple randomly
selected fields of view were analyzed across the skin tis-
sues to determine the average number of CPD positive cells
over the entire epidermis. CPD yields represent the aver-
age +standard deviation (SD) of keratinocytes exhibiting
dimers divided by the total number of cells measured. The
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HCoV 0OC43 inactivation on surfaces with 233

nm LED
1
\'1 M Plastic

% ® Glass
S )_\ Ki1_233-plastic= 6.7 + 3.8 cm?mJ
k] 0.1 LR
E ~
w ~
T“ ‘e h = -~
2 .
E e B S
S T ey PP | U
2 oo ) %F S

Ki_233.giass= 7-2 = 3.0 cm?mJ

0.001
0 0.5 1 1.5 2
Radiant Exposure (mJ/cm?)

FIGURE 3 Inactivation of dried HCoV OC43 exposed on either
a plastic or glass surface to UV radiation from LEDs with a peak
wavelength of 233 nm. Fractional survival of the virus was analyzed
using the TCID50 assay. Values are reported as mean + SD.
Datapoints of the same radiant exposure are slightly offset so

error bars are visible. Bi-exponential decay models for each of the
materials are also included on the plot.

total number of cells was determined by counting the num-
ber of nuclei positive for 4',6-diamidino-2-phenylindole
(DAPI) using the coverslip mounting medium with DAPI
(Vectashield, Burlingame, CA). Results for CPD fre-
quency in samples fixed 30 min after exposure are plotted
in Figure 4. Data are shown for each donor separately.
The stratum corneum thickness for the tissue from the
50-year-old donor was 10.1 + 1.2 pm, and the thickness for
tissue from the 66 year-old donor was 10.2+ 1.6 pm.

The exposed Genoskin tissues were also analyzed for
the induction of phospho-histone H2A.X (Ser 139) foci
also known as yH2AX foci, which are typically associated
with DNA double strand breaks induced by ionizing radia-
tion.* A radiant exposure of 100mJ/cm? from the 254 nm
lamp yielded 4.3 +0.9% positive keratinocytes within the
epidermis, while exposures with the 222 nm lamp and the
233nm LED did not produce YH2AX-positive cells.

Mattek EpiDerm-FT skin models were analyzed for
CPD frequency within the epidermis. Results are shown in
Figure 5 separated by exposure wavelength. Also included
in Figure 5 are the results from the Genoskin tissues using
combined data from the two donors.

DISCUSSION

The idea of using far-UVC technology to help prevent the
spread of disease within occupied environments continues
to gain popularity; however, this approach is still limited

CPD frequency in human skin biopsies exposed
to 100 mJ/cm? separated by donor

100
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o Fitzpatrick skin type 4 Fitzpatrick skin type 4
O 60 p YP!
o
@
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0 o |

222nm 233nm  254nm 222nm 233 nm 254 nm

FIGURE 4 The CPD frequency within the epidermal layer
after exposure to 100 mJ/cm? from different UVC sources is plotted
for biopsies from two donors. Values are reported as mean +SD.

CPD frequency with 100 mJ/cm?2 exposure
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FIGURE 5 CPD frequency within the epidermal layer is
plotted for two skin models. A radiant exposure of 100 mJ/cm?
was used for the tested UV sources at 222nm, 254nm, or 233nm.
Tissues were fixed 30 min after exposure. Values are reported as
mean +SD.

by the relatively high cost of optically filtered KrCl lamp
fixtures, which are the only viable far-UVC sources for
room-scale exposures currently available. Newly devel-
oped far-UVC sources such as the 233nm LEDs tested in
this work offer promise that LEDs with the emission wave-
lengths and power output necessary for effectively inacti-
vating viruses in the air and on surfaces can be produced.
The results of this study, which to the best of our knowl-
edge include the first analysis on the airborne inactivation
of a virus using a far-UVC LED source, provide data to
support further improvements in far-UVC LED manufac-
turing processes to enable larger room-scale efficacy test-
ing and eventually the installation of far-UVC LEDs in a
real-world setting to prevent disease transmission.
Estimation of inactivation rates of aerosolized viruses
using a far-UVC source is particularly important for the
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design and analysis of far-UVC systems. In this study
using a single-pass benchtop exposure chamber and the
233nm LED system, the susceptibility of HCoV OC43
Was Kys3 peroso =4.0+0.2cm?/mJ, which suggests these
LEDs are slightly less effective than a filtered KrCl lamp
at 222nm, which produced an estimated susceptibility of
k=12.4cm*/mJ under similar experimental conditions."’
While the timeline and success of far-UVC LED develop-
ment are uncertain, the prospect of LEDs being lower cost,
more energy efficient, and with more freedom in module
design than a gas lamp could eventually make LEDs a
more attractive far-UVC source than current KrCl lamps,
which would offset any potential difference in inactiva-
tion efficacy. Furthermore, the longer wavelength 233 nm
LEDs could potentially be more effective than 222nm
lamps when the suspending media includes mucin or
other components that may attenuate the UV within the
aerosol."” Questions remain regarding the translation of
benchtop chamber results to real-world results since tests
in both a room-sized chamber'? and within a real-world
installation'® have implied virus susceptibility values that
are significantly higher than values determined in a small
laboratory chamber. Overall, it is apparent that further
studies examining the susceptibility of aerosolized vi-
ruses to far-UVC exposure both in a laboratory setting and
within real-world installations are needed to more fully
understand the antimicrobial efficacy.

The inactivation tests of HCoV OC43 dried on a plastic
or glass surface and exposed using the 233 nm LEDs esti-
mated a susceptibility of kK; »33 pagic=6.7%3.8 cm?/mJ or
Ky 233-glass=7-2%£3.0 cm?/mJ. Previous studies have tested
the inactivation of coronaviruses suspended in water. For
example, results from Boegel et al. used 254 nm irradiation
and reported a k-value of ~1.3cm?/mJ for SARS-CoV-2,
HCoV 229E, and HCoV 0C43.%° Ma et al. examined HCoV
229E inactivation in water using various UV sources,
and their results estimated k=0.84cm?/mJ for a filtered
222nm KrCl lamp and k=0.59cm?/mJ for a 254nm
lamp.'* The higher susceptibility observed using LEDs
in this study could be attributed to the virus being dried
on the surface during exposure, which typically results in
higher susceptibility than when exposed in liquid.*’

This study examined the possibility of a plastic or
glass surface influencing the susceptibility of a virus.
Previous research suggested that exposure of plastic to
UVC or UVB in the presence of oxygen may cause pho-
tooxidation,**8 leading to the formation of free radicals
which would interact with viruses present on the surface.
Other studies explored the possibility that UV exposure
of polypropylene generates cytotoxic hydroperoxides and
carboxylic acids®™** that could enhance the inactivation
of the plated living organisms they are in contact with.
The results in this study compared the dose-response of

human coronavirus OC43 using a 233nm LED source
when exposed on plastic (polypropylene) or (borosilicate)
glass dishes (Figure 3) and no difference in virus suscep-
tibility on the two materials was observed. The doses used
in these surface inactivation studies, with a maximum of
only 2mJ/cm?, are orders of magnitude less than the doses
in the studies reported to cause plastic photooxidation or
other photochemistry products, so the magnitude of these
products is likely also much less; regardless, the results in
this work do not suggest such products are influencing
virus susceptibility by using plastic substrates instead of
less reactive glass surfaces.

Important to the use of far-UVC is the potential for safe
exposure of occupants while performing air and surface in-
activation. This study used two types of human skin models
to examine the induction of photodamage as an indication
of relative safety. The Genoskin tissues were biopsied from
human donors and therefore represent a complete skin
model. Tissues from the two donors responded similarly for
all exposure wavelengths. Thirty minutes after exposure, no
CPDs were observed in the 222nm exposed samples, while
~8% of the epidermal cells were positive for CPDs when ex-
posed to 100mJ/cm?” using the 233nm LEDs, and ~45% of
the epidermal cells were positive for CPDs when exposed
to 100mJ/cm?® using a 254nm lamp. Although CPDs were
present in these tissues immediately after exposure, the re-
pair of the CPDs or the progression of the keratinocytes into
corneocytes and eventually sloughing off is not evident at
this timepoint. Future work with these or similar far-UVC
LEDs could benefit from using animal or human expo-
sures and additional endpoints to evaluate the threshold
dose more fully for acute effects from these LEDs. It is also
worthwhile to note that these donors were both Fitzpatrick
skin type 4, so photodamage could be higher in individuals
with lighter skin. Extending analysis to include a range of
skin types and ages could provide insight into how these
factors impact safety considerations.

The analysis of yH2AX foci formation, a marker of
DNA double strand breaks in the exposed Genoskin tis-
sue only showed such damage from the 254 nm exposure.
While YH2AX is not a typical marker used for photodam-
age, this endpoint is useful to show the relative safety of
both the far-UVC exposures at both 233 and 222 nm.

Using the Mattek EpiDerm-FT in vitro skin model to
examine photodamage is useful since the model is uni-
form and reproducible between experiments. Our previ-
ous work with a monochromatic source exposing Mattek
EpiDerm-FT tissue showed a dramatic change in CPD
induction across the UVC range.>® The results from this
study again show this effect, with a 100mJ/cm?* 254nm
exposure inducing CPDs in 93% of the epidermal cells and
essentially no CPDs when using either the 222 or 233nm
far-UVC sources. The minimal amount of CPDs following
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the 233nm LED exposure agrees with our previous results
using a monochromatic source at 230 or 235nm, with CPD
showing only in the uppermost layer of the epidermis,> and
with results obtained in other laboratories.**** Generally,
the Genoskin tissue could be expected to have fewer CPDs
than the Mattek EpiDerm-FT for the same exposure since
melanin or other materials that absorb in the far-UVC are
not present in the Mattek EpiDerm-FT model; however,
the results at 233nm showed more CPDs in the Genoskin
model. This result could be attributed to the non-uniform
structure of the Genoskin, which can yield variations in the
stratum corneum thickness across the exposure area that
are not present in the in vitro Mattek EpiDerm-FT model.

These tests for the safety and efficacy of a 233nm far-
UVC LED system provide support for the continued devel-
opment of far-UVC LED sources. Further advancements
in LED technology will enable more options for testing
efficacy and safety at a larger scale, and could eventually
lead to room-scale installations to decrease disease trans-
mission and improve public health.
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