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ABSTRACT

The effectiveness of UVC to reduce airborne-mediated dis-
ease transmission is well established. However, conventional
germicidal UVC (~254 nm) cannot be used directly in occu-
pied spaces because of the potential for damage to the skin
and eye. A recently studied alternative with the potential to
be used directly in occupied spaces is far UVC (200–235 nm,
typically 222 nm), as it cannot penetrate to the key living
cells in the epidermis. Optimal far-UVC use is hampered by
limited knowledge of the precise wavelength dependence of
UVC-induced DNA damage, and thus we have used a mono-
chromatic UVC exposure system to assess wavelength-
dependent DNA damage in a realistic 3-D human skin model.
We exposed a 3-D human skin model to mono-wavelength
UVC exposures of 100 mJ/cm2, at UVC wavelengths from
215 to 255 nm (5 nm steps). At each wavelength, we mea-
sured yields of DNA-damaged keratinocytes, and their distri-
bution within the layers of the epidermis. No increase in
DNA damage was observed in the epidermis at wavelengths
from 215 to 235 nm, but at higher wavelengths (240–255 nm)
significant levels of DNA damage was observed. These results
support use of far-UVC radiation to safely reduce the risk of
airborne disease transmission in occupied locations.

INTRODUCTION
Ultraviolet (UV) radiation encompasses wavelengths from
100 nm to 400 nm, and is further categorized into UVC (100–
280 nm), UVB (280–315 nm) and UVA (315–400 nm). The
effectiveness of UVC radiation to inactivate or kill microbes in
the air, on surfaces or within liquids is well established (1). Epi-
demiological studies by Wells et al. in the 1930s and 1940s
demonstrated the ability of UVC installations to effectively
reduce the transmission of airborne diseases (2), and upper-room
ultraviolet germicidal irradiation remains an effective technology
which is in use internationally (3).

However, use of conventional germicidal UVC (254 nm) fix-
tures is limited to exposing unoccupied spaces, such as the
upper-room air volume, because of the potential health hazards
associated with direct exposure to this wavelength to the skin or
eye, respectively, through erythema or photokeratitis (4,5).

A recent alternative to 254 nm conventional germicidal UVC is
far UVC (wavelength range from 200 to 235 nm, typically used at
222 nm). Far UVC is designed to be used directly in occupied
indoor locations, with good evidence published both for efficacy to
inactivate airborne pathogens including influenza and coronavirus
(6–15), and safety for human exposure (16–20). Far-UVC safety is
premised on the fact that, because its effective range in biological
material is much shorter than for conventional (254 nm wave-
length) germicidal UVC (16,21–23), far-UVC incident on the skin
is absorbed primarily in the superficial stratum corneum (see
Fig. 1, containing only dead cells) and to a much lesser extent in
the adjacent stratum granulosum (granular layer, see Fig. 1, con-
taining dead or dying cells moving to the stratum corneum). Far-
UVC light is not expected (16,21) to penetrate to the deeper stra-
tum spinosum (spinous layer, see Fig. 1) or to the still deeper stra-
tum basale (basal cell layer, see Fig. 1) of the epidermis, where
DNA damage can result in long-term sequelae including carcino-
genesis (24,25). Similar considerations apply for the eye with
regard to the tear layer and the superficial cells of the cornea. In
term of efficacy, however, because of the small size of viral and
bacterial pathogens, far UVC can penetrate and inactivate these
pathogens, typically with similar or improved efficacy compared
with conventional (254 nm) germicidal UVC light (26).

While there is considerable evidence for far-UVC safety in skin
and eyes (7,16,18–20,22,27–31), there have been no direct system-
atic measurements of DNA damage in skin as a function of wave-
length that encompasses the far-UVC and conventional germicidal
UVC wavelengths. This is important both from the perspective of
directly validating the far-UVC concept, but also because in addi-
tion to the primary emission (e.g. from a KrCl* excimer lamp at
222 nm) all far-UVC light sources also emit small fluences of
higher-wavelength UVC. These associated higher-wavelength
UVC emissions have been shown to result in DNA damage (17),
and thus most far-UVC light sources use filters to remove them.
Understanding the wavelength dependence of DNA damage will
allow more efficient safe filters to be designed.

Our final rationale for this study is to contribute toward
improved recommendations of the UVC action spectrum and
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associated exposure limits by the American Conference of
Governmental Industrial Hygienists (ACGIH) and the Interna-
tional Commission on Non-Ionizing Radiation Protection
(ICNIRP), the agencies which provide regulatory recommenda-
tions with regard to UV threshold limit values or exposure
limits.

In this study, we used a monochromatic exposure system
designed for narrow bandwidth UVC exposures, with which we
irradiated realistic 3-D models of human skin which recapitulates
the key components of human skin. Using this system, we
assessed the wavelength dependence of DNA photodamage mea-
sured in the whole epidermis and within the different epidermal
layers.

MATERIALS AND METHODS

Monochromatic wavelength UVC exposure system. An optical system
was assembled to enable monochromatic UVC exposures to 3-D models
of human skin tissue. An EQ-77 Laser-Driven Light Source (Energetiq
Technology, Inc., Wilmington, MA) provided a high brightness
broadband output across the wavelength range of 170–2500 nm. A pair
of off-axis parabolic mirrors focused the EQ-77 output into a
Cornerstone 260 1/4 m monochromator (CS260-RG-2-FH-A, Newport,
Irvine, CA). The monochromator was equipped with a 1201.6 g/mm
plane blazed holographic reflection grating (#53-*-200H with master no.
5482; 250 nm nominal blaze wavelength, Newport) to maximize optical
throughput in the UVC. Fixed slits with a slit size of 600 µm (77216,
Newport) were used for all experiments. The output of the
monochromator was reflected downward using an off-axis replicated
parabolic mirror with an aluminum coating (50329AL, Newport) to
permit the exposure of samples from above. A system warm-up time of
30 min was allowed for all experiments.

UVC characterization and dosimetry. The monochromator spectral
output was characterized using a BTS-2048UV Spectroradiometer
(Gigahertz-Optik, Inc., Amesbury, MA). With a 600 µm slit width and
the 1201.6 g/mm grating, the resolution of the monochromator was
1.9 nm. The measured full width at half maximum was between 2.0 nm
and 2.2 nm for all peak wavelengths used in this study. The
monochromatic spectral output for wavelengths between 215 nm and
255 nm is shown in Fig. 2 with both a log (panel A) and linear Y-axis
(panel B). The throughput of the system was measured using an 843-R
optical power meter (Newport) with a recently calibrated 818-UV/DB
silicon detector (Newport). The detector was calibrated within the
3 months prior to the experiments. The total optical power output was
measured for each wavelength examined in this work, and these data are
plotted in Fig. 3. The irradiance at the target surface was determined by
dividing the optical power by the beam area at the exposure plane. The
beam area was characterized by using a piece of ultraviolet-sensitive film
(OrthoChromic Film OC-1, Orthochrome Inc., Hillsborough, NJ) (32).
The film was placed at the exposure plane and irradiated to cause a color

change illustrating the total exposure area. This area was approximately
an 8 mm 9 10 mm ellipse, with an area of 62.8 mm2. Film was also
used to verify if the beam was fully within the detector area when
measuring optical power immediately following the off-axis parabolic
mirror; the beam was approximately an 8 mm 9 9 mm ellipse, so it was
within the 10-mm-diameter detector area. The irradiance for each peak
wavelength is also plotted on Fig. 3. The total exposure time for a given
wavelength was determined by dividing the desired radiant exposure
dose by the irradiance. Based on measurement uncertainties for the
dimensions of the elliptical exposure area to be within �0.5 mm and the
uncertainty of the optical power sensor of �4.2% for 200–219 nm and
�2.6% for 220–349 nm, the total uncertainty of the irradiance values is
estimated to be approximately �10%.

Measurement of UVC-induced CPD epidermal lesions in a 3-D
human skin model. We used the 3-D human skin model EpiDerm-FT
(MatTek Corp., Ashland, MA), which is derived 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 (33).

The tissues were exposed to a radiant exposure dose of 100 mJ/cm2

using narrow bandwidth exposures centered at wavelength of 215, 220,
225, 230, 235, 240, 245, 250 or 255 nm. Experimental controls were
unexposed 3-D tissues. Both the sham (controls) and exposed tissues
were fixed 15 min after exposure. Two tissues were exposed at each of
the examined wavelengths, and we measured the percentage of the most
abundant premutagenic DNA photolesion, cyclobutane pyrimidine dimers
(CPD) (34), in epidermal keratinocytes, analyzing multiple fields within
each tissue. The CPDs were detected using a standard immunohistochem-
ical method previously described (35).

For each tissue, multiple randomly selected fields of view were ana-
lyzed across the tissues to determine the CPD incidence in the different
strata of the epidermis (stratum granulosum, stratum spinosum and stra-
tum basale, see Fig. 1), as well as averaged over the entire epidermis.
CPD yields represent the average � standard deviation of keratinocytes
exhibiting dimers divided by the total number of cells measured in a ran-
domly selected fields of view. A typical field of view is shown in Fig. 1,
and the total number of cells was determined by counting the number of
nuclei positive for 40,6-diamidino-2-phenylindole (DAPI) using the cover-
slip mounting medium with DAPI (Vectashield, Burlingame, CA). Simi-
larly, the percentage of CPD-positive keratinocytes in each layer of the
epidermis was obtained by dividing the number of positive cells in that
layer by the total number of cells counted in that specific layer. Uncer-
tainties (95% and 99% confidence intervals) for the percentage of CPD-
positive cells were estimated for each sample based on Agresti–Coull
(adjusted Wald) confidence interval analysis (36).

RESULTS AND DISCUSSION
We irradiated the 3-D skin model with narrow bandwidth UVC
exposures in order to examine changes in DNA damage biologi-
cal effects associated with small changes in wavelength. With a

Figure 1. Representative image of the different layers of the epidermis in the 3-D human skin model, in this case exposed to 250 nm wavelength
UVC. Cells with CPD DNA photodamage appear as dark-stained nuclei.
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full width half maximum between 2.0 nm and 2.2 nm for all
peak wavelengths used in this study, we exposed multiple 3-D
models of normal human skin to 100 mJ/cm2 of narrow band-
width UVC at nine different wavelengths from 215 nm to
255 nm (215, 220, 225, 230, 235, 240, 245, 250 and 255 nm).
The exposure of 100 mJ/cm2 was chosen to be somewhat larger
than the 2021 Threshold Limit Value/Exposure Limit for 222 nm
of 23 mJ/cm2 for an 8 h exposure.

After irradiation, sample preparation and staining, we ana-
lyzed multiple fields throughout the epidermis for CPD lesions,
at the superficial granular layer (stratum granulosum), at interme-
diate depths (stratum spinosum) and at the basal cell layer (stra-
tum basale).

At the five far-UVC wavelengths that we studied (215, 220,
225, 230 and 235 nm), we analyzed a total of 76 fields through-
out the epidermis, with an average of 95 � 15 keratinocyte cells
per field. The results are summarized in Fig. 4A. Based on
Agresti–Coull (adjusted Wald) confidence interval analysis (36),
in none of the 76 epidermal fields in the far-UVC-exposed sam-
ples did we observe a statistically significant increase in CPD
photolesions relative to zero exposure controls.

At the four higher UVC wavelengths that we studied (240,
245, 250 and 255 nm), we analyzed a total of 40 fields through-
out the epidermis, with an average of 109 � 21 keratinocyte
cells analyzed per field. The results are summarized in Fig. 4A,
and in contrast to the far-UVC results at 215–235 nm, in every 1
of the 40 epidermal fields observed after 240–255 nm exposure,
a statistically significant increase in CPD photolesions relative to
controls was observed, again based on Agresti–Coull confidence
interval analysis.

Figure 4B shows the same CPD data but broken down into
the three epidermal strata (see Fig. 1), the stratum granulosum,
the stratum spinosum and the stratum basale. As shown in
Fig. 4B, in the far-UVC wavelength range (215–235 nm), no
CPD lesions were observed in either the stratum spinosum or the
stratum basale, but a significant increase in CPDs was observed
in the superficial stratum granulosum. By contrast, at the higher
UVC wavelengths (240–255 nm), significant increases in CPDs
vs. controls were observed in all layers, except in the basal layer
at 240 nm.

The very low yields of DNA damage between 215 and
235 nm are expected due to the very high protein absorption
coefficients in this wavelength range (21,37,38), as is the
increase in DNA damage at 240–255 nm due to the correspond-
ingly lower absorption coefficients (21,37,38). The significant
variations in DNA damage observed from 240 to 255 nm can be
attributed to the existence of sharp local maxima and minima in
UV absorbance of different proteins in this higher-wavelength
range (39,40).

To put these stratum-specific results into context (and see
Fig. 1), the stratum basale is the deepest layer of the epidermis,
where basal cells, including melanocytes, are constantly dividing
and migrating upwards; above the stratum basale is the stratum
spinosum which contains squamous cells and provides the skin’s
structural integrity; and above the stratum spinosum is the stra-
tum granulosum which contains dead or dying cells whose nuclei
and other organelles are disintegrating as the cells move up into
the stratum corneum (41). Thus, from a long-term safety

Figure 2. Spectral output of the monochromator for wavelengths tested plotted on a (A) log and (B) linear scale. The FWHM for each peak wavelength
was between 2.0 nm and 2.2 nm.

Figure 3. Monochromator optical throughput and irradiance. The total
optical power was distributed over an ellipse with an area of 62.8 mm2.
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perspective, the concern relates to DNA damage to cells in the
stratum basale and stratum spinosum, which contain living basal
cells, melanocytes and squamous cells (24,25,42). DNA damage
to cells in the stratum granulosum or, of course, the stratum cor-
neum is of much less concern, as these contain dead or dying
cells.

We may conclude from these results that, at UVC exposures
of 100 mJ/cm2, far UVC (215–235 nm) did not produce a signif-
icant increase in DNA photodamage averaged over the epithe-
lium, and did not produce any DNA photodamage in the
relevant epithelial layers, namely the stratum basale and the stra-
tum spinosum. By contrast, exposure to the higher UVC wave-
lengths studied (240–255 nm) does produce significant increases
in DNA photodamage in the epithelium, and at each of the epi-
thelial layers studied.

The results of Yamano et al. (43), in which mice skin was
exposed to far-UVC radiation, provide a comparison for the find-
ings of this work. In that study, some weakly stained CPD-
positive cells were observed within the basal layer following
exposure to 200 mJ/cm2 of 235 nm radiation (4 nm full width at
half maximum). This is in contrast to the present study which

did not reveal any CPDs in the basal layer with 100 mJ/cm2 of
235 nm radiation. Probable explanations for this discrepancy
include the lower dose used in this study (100 mJ/cm2) and the
difference in epidermal thickness between the human skin model
used here and the thinner epidermis in the mouse model (44,45).
Also, the difference in bandwidth between the two exposures is
important, with the longer wavelengths in the wider 4 nm full
width at half maximum used by Yamano et al. possibly provid-
ing a significant amount of the observed DNA photodamage
from that work.

As well as providing support for the basic concept of far-
UVC safety, the results shown here should allow for optimized
design of UVC filters designed to reduce the higher-wavelength
UV spectral impurities that are typically associated with far-UVC
light sources (17). In addition, these results should contribute
toward improved recommendations of UVC action spectra; these
results suggest that, at least for skin, the 2021 ACGIH Threshold
Limit Values for far UVC may be overprotective.

In conclusion, these results provide quantitative wavelength-
specific data supporting the safe use of far-UVC in occupied public
settings. The data were generated using a realistic 3-D human skin
model exposed to UVC exposures of 100 mJ/cm2, somewhat higher
than the 2021 ACGIH Threshold Limit Value/Exposure Limit for
222 nm radiation of 23 mJ/cm2/8 h exposure. At this exposure, no
photodamage was observed in the key epidermal layers of the stra-
tum basale and the stratum spinosum—the locations of epidermal
basal cells, melanocytes and squamous cells—at the far-UVCwave-
lengths of 215, 220, 225, 230 and 235 nm, in contrast to higher
UVC wavelengths (240, 245, 250 and 255 nm) where significant
levels of photodamage were observed.
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