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ABSTRACT

Life on earth has constantly coped with the impact of solar
radiation, especially solar ultraviolet radiation (solar UV).
Various biological mechanisms protect us from solar UV.
New devices emitting shorter wavelengths UV-C, i.e.
<254 nm emitted by conventional UV germicidal lamps, have
emerged. These shorter wavelength UV-C emitting devices
are useful for various purposes, including microorganism
inactivation. However, as solar UV-C does not reach the
earth surface, biological impacts of UV-C has been studied
using 254 nm germicidal lamps, and those using shorter
wavelength UV-C is rarely known. To balance the utility and
risk of UV-C, the biological effect of these new UV-C emit-
ting devices must be investigated. In addition, our knowledge
of biological impacts of the wavelength-dependent entire UV
(100400 nm) must be enhanced. In this review, we briefly
summarize the biological impacts of shorter wavelength UV-
C. Mechanisms of UV-C-induced cellular damage and factors
affecting the microorganism inactivation efficiency of UV-C
have been discussed. In addition, we theoretically estimate
the probable photocarcinogenic action spectrum of shorter
wavelength UV-C. We propose that increasing the knowledge
on UV-C will facilitate the adoption of shorter wavelength
UV-C emitting new devices in an optimal and appropriate
manner.

INTRODUCTION

Ultraviolet radiation C (UV-C) is defined as UV falling within
the wavelength range of 100-280 nm. As it is absorbed by
ozone layer, solar UV-C cannot reach the earth surface. Conven-
tional germicidal lamps that primarily emit 254 nm UV are rou-
tinely utilized for surface sterilization because this wavelength is
effective in killing microorganisms, however, they are not safe to
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human skin due to their genotoxic effects. Recently developed
much shorter (<254 nm) wavelength UV-C emitting devices are
less hazardous to mammalian cells, in addition to being efficient
in microorganism disinfection. Recently, shorter wavelength UV-
C ranging from 200 to 230 nm is sometimes called “Far UV-C”.
Issues concerning the use of UV-C emitting devices are becom-
ing more relevant in the “COVID-19 Era” to medical profession-
als and people working in public spaces. This has led to a burst
in investigations related to usefulness and safety of various
shorter wavelength UV-C, especially regarding Far UV-C; they
are efficient in killing various microorganisms.

Solar radiation is beneficial: it gives us warmth, brightness,
activates vitamin-D3, brings about photosynthesis, and acts as a
natural disinfectant. However, it is also one of the most dangerous
environmental hazards because acute exposure to sunlight causes
cutaneous inflammation, sunburn and immune suppression, while
chronic exposure causes skin cancer. Various bioeffects of solar
radiation are largely attributed to solar UV. UV is a well-known
mutagen and carcinogen. It induces carcinogenic somatic muta-
tions by causing DNA photolesions at dipyrimidine sites. In addi-
tion, the inflammation and immune suppression induced by UV
also play a crucial role in developing skin cancers (1). Both these
beneficial and harmful aspects originate from the same UV char-
acteristic of inducing DNA lesions: both the disinfection and car-
cinogenic potencies depend on the efficiency of causing DNA
lesions. Therefore, knowing the subcellular location of the DNA
becomes pertinent to understanding whether a given UV wave-
length can be absorbed by it. Although rapidly increasing, the
existing literature on this aspect of short-wavelength UV-C is
lacking. In this review, we summarize the state-of-the-art knowl-
edge regarding UV-C including far UV-C, to emphasize existing
knowledge and future directions. We discuss the bio-impact of
UV, with a major focus on shorter wavelength UV-C emitted by
artificial devices. In addition, we discuss the disinfection efficacy
and acute and chronic bio-effects of the safe-far UV-C wave-
lengths within the UV-C spectrum.

DNA LESIONS CAUSED BY UV

UV-B is responsible for sunburns, immune suppression and pho-
tocarcinogenesis in humans. And, 254 nm UV-C emitted from
germicidal lamps is used for disinfection and its influence on
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human health is crucial. Therefore, previous studies on DNA
photolesions have focused on UV-B and 254 nm UV-C.

Absorption of UV-C (100-280 nm) or UV-B (280-315 nm)
by DNA excites the nucleobases, resulting in the formation of
covalently linked dimeric photoproducts—called cyclobutane
pyrimidine dimers (CPD) and pyrimidine pyrimidone (6—4) pho-
toproducts ((6—4)PP)—at adjacent dipyrimidine sites (called both
together as “dipyrimidine photoproducts”). Whereas, UV-A
(315400 nm) and visible lights tend to participate in the forma-
tion of reactive oxygen species (ROS) in the presence of photo-
sensitizers and indirectly produce oxidative DNA lesions, UV-B
produces dipyrimidine photoproducts through direct excitation
and oxidative pathways. Radiation biologists have shown that
the DNA absorption spectra is concordant with the action spectra
for killing Escherichia coli or induction of mutation to fungal
spores. Thus, DNA is the target molecule for these UV-mediated
effects. Further, CPD is the major class of UV-induced DNA
lesions involved in the cytotoxicity and mutagenesis (2). Accu-
mulation of DNA lesions in response to repeated and prolonged
exposures to sunlight results in skin carcinogenesis.

As mentioned above, among UV-induced DNA photolesions,
CPD is the major molecule involved in cytotoxicity and mutage-
nesis. ROS cause various biological effects by the redox-
signaling pathway and produce oxidative DNA lesions that also
play a role in carcinogenesis (3). The guanine base in genomic
DNA is highly susceptible to oxidative stress, as it possesses the
lowest oxidation potential of all nucleobases; 8-oxyguanosine
(8-0x0Q) is a sensitive marker of oxidative DNA damage.

On the other hand, in human skin cells in culture and in vivo,
exposure to UV-A produces CPDs at higher yield than 8-0xoG (4),
thereby implying that UV-A may interact with photosensitizers in
the body to produce CPD. Hydrochlorothiazide (HCT, a com-
monly used diuretic medicine) significantly enhances UV-A-
mediated thymine dimer (T<>Ts) production in an oxygen-
independent manner (5), indicating that excited HCT molecules
function as UV-A absorbing chromophores that transfer energy to
adjacent pyrimidines, resulting in the formation of T<>Ts. As
such, photosensitizers similar to HCT might facilitate UV-A-
mediated production of T<>Ts in human skin. These data suggest
that studies on DNA photolesions should consider the location,
surrounding molecules and mechanisms that could directly/indi-
rectly help mediate the effect of UV on target DNA; moreover,
one should be aware of photosensitizers in the DNA environment.

DNA LESIONS CAUSED BY SHORTER
WAVELENGTH UV-C AND ITS BIOLOGICAL
IMPACT

In the late 1990s, a new type of UV irradiation equipment,
namely, dielectric barrier discharge excilamp, having emission
wavelengths in the range 170-350 nm, was developed using the
transition of excited dimers/complexes of rare gas halides (6).
Recently, many devices emitting UV-C other than 254 nm,
including far UV-C, have been invented and introduced into
medical and industrial use. Despite the recent increase in
research on shorter wavelength, UV-C knowledge on use of
excilamps in medical (for disinfection of surgical sites, water
sterilization) or other occupational settings is still lacking. More
studies detailing the shorter wavelength UV-C characteristics are
desirable.

DNA has two absorption peaks in the UV-C spectra: 260 nm
and 200 nm. Absorption of UV by DNA substantially decreases
at longer UV wavelengths (UV-B and UV-A). The lowest
absorption is observed between the two peaks at 240 nm. Below
200 nm, UV absorption by DNA once decreases slightly toward
180 nm and then increases toward further shorter wavelength
(Fig. 1, dotted line). Matsunaga et al. (7) measured the action
spectra for the induction of thymine dimers and (6-4) PP in
DNA using 150-300 nm UV and monoclonal antibodies against
thymine dimers. Both types of DNA photolesions are efficiently
produced by 280-180 nm UV-C; 260 nm UV which is known
to be the most efficient at inducing dipyrimidine photoproducts
falls within this range. In addition, 200 nm UV is also efficient
at inducing dipyrimidine photoproducts. The action spectra for
the formation of thymine dimers and (6-4)PP were similar
for 180-300 nm UV. However, wavelengths <160 nm produced
9-fold higher thymine dimers than (6-4)PP (Fig. 1).

The extent of UV-induced cytotoxicity and mutagenicity (in
mammalian cells or microorganisms) mainly depends on the
amount of DNA photolesions produced. The next crucial deter-
minant is the penetrative ability of the UV, i.e. whether the UV
can reach the target DNA, in the hosts/bacteria/viruses. As
expected, this depends on the size of the host cell and location
and environment of the microorganisms.
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Figure 1. Action spectra for the induction of thymine dimers and (6-4)-
photoproducts in the UV region from 150 nm to 300 nm. Efficacy for
formation of dipyrimidine photoproducts is highest at approximately
260 nm and decreases at shorter and longer wavelengths. However, the
dimer formation at 222 nm and 254 nm are not significantly different,
indicating similar efficiency in forming DNA lesions in microorganisms.
Modified from Ref. (7).
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DNA PHOTOLESIONS CAUSED BY 193 NM
UV AND ITS BIOLOGICAL IMPACTS

Kochevar ez al. investigated the amount of cellular DNA lesions
produced and the biological impact of irradiating cells with
193 nm UV using several methods, including endonuclease sen-
sitive sites (ESS) assay, measuring unscheduled DNA synthesis
(UDS), and colony formation assay. They quantified pyrimidine
dimer formation, UDS ability and number of surviving colonies.
They found that higher fluence of 193 nm UV is required to pro-
duce outcomes similar to 254 nm UV, ie. 193 nm UV is
strongly absorbed by proteins in the cellular constituents before
reaching nuclear DNA (8). Although mostly dependent on the
constituent amino acids, the absorption spectra of most proteins
peak around 190 nm wavelength (9). A dose of 1 Jm™2 of
254 nm UV produces 17 ESS/Mb in normal human fibroblasts
(NHFs), whereas the same dose of 193 nm UV produces 0.2
ESS/Mb. They also studied the effect of the cell shape on UV-
induced ESS numbers using NHFs and Chinese hamster ovary
(CHO) cells. The ESS numbers in response to 254 nm UV expo-
sure was similar between the two cell types, whereas CHO cells
had less than half the number of ESS found in NHF in response
to 193 nm exposure. This discrepancy in ESS numbers between
the two cell types can be explained by the differences in the dis-
tances of the nucleus from the cell membrane. In the round CHO
cells the cellular membrane to nucleus distance is approximately
1.09 nm (at center), while in NHFs it is 0.52 nm; thus, 254 nm
UV penetrates deeper into the cell compared with 193 nm UV.
CHO cells have lower ESS numbers by 193 nm UV than
254 nm UV, because of three reasons: (1) the thickness of their
cytoplasm, (2) the lower penetrance of 193 nm due to the physi-
cal reasons (shorter wavelength UV reaches shorter) and (3)
higher absorption of 193 nm UV by proteins in the cytoplasm
between the cell membrane and nucleus. On the other hand,
254 nm UV is capable of reaching the nucleus; its absorption by
protein was noted to be low. Although 193 nm UV causes less
photo lesions, these results and earlier reports prove that DNA
absorbs 193 nm UV and 193 nm UV can penetrate the cellular
membranes, in vitro, to reach the DNA (Fig. 1).

Results from colony formation assays suggest that the forma-
tion of dipyrimidine photoproducts partly play a role in 193 nm
UV-induced cytotoxicity. Cells exposed to 193 nm UV in
patients with xeroderma pigmentosum (XP, a nucleotide excision
repair disorder), had approximately 4x lower Dy values (dose
which gives 37% survival rate) than normal cells. If the lethality
can be solely attributed to the formation of dipyrimidine photo-
products, the ratio of D3; values should be similar to that of
aforementioned ESS ratio (0.2 vs 17), but this was not the case.
Therefore, although 193 nm UV-induced cytotoxicity results
from unrepaired dipyrimidine photoproducts, they are not solely
responsible for its induction of cytotoxicity.

DNA PHOTOLESIONS CAUSED BY 207 NM
UV AND ITS BIOLOGICAL IMPACT

Recently, lamps emitting 207 nm and 222 nm UV have been
developed and shown to be harmless to murine skin. Buonanno
et al. compared the epidermal damage caused by equivalent
doses (1.57 k J m~2) of 207 nm and 254 nm UV in SKH hair-
less mice; four relevant cellular and molecular damage endpoints
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were evaluated 48 h after UV irradiation. They used excimer
lamps emitting monoenergetic 207 nm UV (based on Kr-Br gas
mixture) with a custom band pass filter to remove essentially all
but the dominant 207 nm wavelength (10). They found that epi-
dermal CPD positive cells and (6—4)PP-positive cells were scarce
after irradiation with 207 nm UV. However, after irradiation with
254 nm UV, CPD- and (6-4)PP-positive cells accounted for
50% and 30% of epidermal cells, respectively. In addition, while
epidermal thickness and positive staining for Ki-67 were similar
between 207 nm UV and sham irradiations, they were signifi-
cantly increased with 254 nm UV irradiation.

DNA PHOTOLESIONS CAUSED BY 222 NM
UV-C AND ITS BIOLOGICAL IMPACT

Further, to narrow-down the wavelength range that is harmful
only to microorganisms but the host tissue, they extended the
study to 222 nm UV-C. They used a krypton-chlorine (KrCl)
excimer lamp with a custom bandpass filter to remove essentially
all but the dominant 222 nm wavelength; the lamp emitted prin-
cipally 222 nm UV. They found that UV fluence giving the level
of 4-5 log inactivation of microorganisms, which was around
0.6-1 kJ m~2 at 222 nm UV, did not produce CPD in the epi-
dermis, while 254 nm UV did (11). Moreover, Narita et al. (12),
confirmed that 10 daily exposures to 222 nm UV at a dose of
4.5 kJ m~? (at a time) did not produce CPDs in the epidermis of
hairless mice, suggesting there to be no carcinogenic conse-
quences with repetitive irradiation. Exposure to 222 nm UV did
not induce acute corneal damage in rats (13).

EFFECT OF LONG-TERM EXPOSURE TO
FAR UV-C

The most critical effect of 254 nm UV in humans and animals is
skin carcinogenicity caused by genotoxicity (14,15). One of main
causes of UV-induced skin tumors is the formation of the highly
mutagenic DNA lesions called dipyrimidine photoproducts,
which are carcinogenic when left unrepaired (16,17). Photocar-
cinogenic effects of 222 nm UV was tested by repetitive and
long-term irradiation of hairless mice with 222 nm UV, using a
protocol with a 100% skin-tumor incidence rate in wild-type
mice (18,19). The UV source was a KrCl excimer lamp with a
filtler to remove nearly all wavelengths except 222 nm
wavelength. The energy of irradiation was 100%, 0.13% and
0.04% for the wavelength ranges 200-230 nm, 235-280 nm and
280-320 nm, respectively.

To evaluate the safety of the UV sources we tried to obtain
direct evidence in addition to the CPD formation, which have
been measured in earlier studies (10-12), an XP mouse model
with DNA repair disorder was employed to precisely evaluate
the risk of 222 nm UV in a sensitive way. Patients with XP are
characterized by multiple, early onset malignant skin tumors in
sun-exposed areas (20,21). They have >10 000-fold increased
risk of non-melanoma skin cancer and a >2000-fold increased
risk of melanoma before the age of 20 years (22). Likewise, the
XP model mice used in the study were extremely hypersensitive
to UV and highly susceptible to UV-induced skin carcinogenesis
(21,23). CPD formation was recognized only in the uppermost
layer of epidermis of XP model mice even at doses as high as
10 kJ m™2. Tumors were absent in both XP model and wild-type

8SUB017 SUOWWOD) AIES.D d(dedl|dde auy Aq peulenob afe sapiife YO ‘@SN J0 S3|ni Joy Afeid 1 8UIUO A1/ UO (SUOKIPUOD-PUR-SLULBYLIOD"A3| 1M Afelq Ul UO//SANY) SUORIPUOD PUe SWIS 1 84} 885 *[£202/#0/62] U0 Areiqiauuo A|IM ‘AisAIUN 800 AQ 21T dyd/TTTT OT/I0p/woo A3 1M ARIq Ul |uO//SORY WO papeo|umod ‘g €202 ‘L60TTSLT



338 Chikako Nishigori et al.

mice given repetitive irradiation with 222 nm-UVC over a course
of 15 weeks, followed by the 10 weeks of follow-up observa-
tions. Further, this irradiation protocol did not significantly affect
the stratum corneum of mice. Furthermore, inflammatory reac-
tions, such as erythema and ear swelling, were absent in both
wild type and XP model mice following 222 nm-UVC exposure
(24). In the same study, 222 nm UV-irradiated mice were exam-
ined for various chronic ophthalmic effects. Irrespective of Xpa-
genotype, these mice did not show significant changes in corneal
and retinal tissues throughout the period of examinations. Welch
et al. (25) also reported that skin tumors were absent in wild-
type hairless albino mice, even after 66 weeks of chronic irradia-
tion with 222 nm UV.

EFFECT OF EXPOSURE TO 222 NM UV ON
PLANTS

Ohtake et al. (26), reported that 222 nm UV caused greater dam-
age to the guard and epidermal cells of Arabidopsis plant than
254 nm UV. They used a 222 nm KrCl excimer lamp, which
emits 235-265 nm wavelengths UV with the integrating intensity
of 9.0%. Nevertheless, they deduced that the lower growth rate
of Arabidopsis plant caused by the exposure to the 222 nm KrCl
excimer lamp than exposure to 254 nm-germicidal lamp was due
to 222 nm UV component rather than 235-265 nm UV spectrum
of the lamp. They probably deduced from the facts that E. coli
are more susceptible to 254 nm UV than to 222 nm UV,
whereas P1 bacteriophages were more sensitive to 222 nm UV
than to 254 nm UV, which is consistent with data reported else-
where (27). They suggested that severe mitochondrial damage
caused by 222 nm UV could lead to such effects. These results
imply that the susceptibility of the living beings to UV depends
on the cell-organelle critical for its survival/growth, the chro-
mophore, and other vicinity molecules (proteins, amino acids,
lipids, or nucleic acids) capable of absorbing the given UV radia-
tion.

POTENCY OF SHORTER WAVELENGTH UV-
C ON INACTIVATION OF MICROORGANISMS

Genotoxicity, owing to which UV inactivates microorganisms, is
attributed to UV absorption by nucleic acids and is mainly
related to its potency to produce dipyrimidine photoproducts.
Data regarding UV action spectra for lethality of E. coli are con-
cordant with that of the UV action spectrum of CPD formation.
Taylor et al. (28), using repair-deficient bacterial mutants showed
that efficiency of 222 nm UV in inactivating bacteria and its
spores can be attributed to its DNA photolesion (especially
pyrimidine dimers) inducing ability.

As described previously, 222 nm UV produces CPD in the
uppermost stratum corneum layer (to which microorganisms usu-
ally adhere) in host (mice). Consequently, shorter wavelength
UV can be used to inactivate microorganisms on stratum cor-
neum surface, while it is less harmful to the hosts; it penetrates
bacterial/viral nuclei (present <1 pm from cell membrane), but it
cannot reach epidermal cell nuclei (present 10 um from cell
membrane) of the host. Buonanno et al. (11) showed that
222 nm UV emitted by a filtered KrCl excimer lamp can kill
methicillin-resistant  Staphylococcus aureus (MRSA) as effi-
ciently as 254 nm UV emitted by germicidal UV lamp.

However, they previously showed that 254 nm UV also effi-
ciently kills human cells (10).

Narita et al. showed that the efficiency of UV in inactivating
microorganisms varies between species. Some microorganisms,
including Bacillus cereus, Clostridium sporogenes, and Clostrid-
ioides difficile, are more susceptible to 222 nm UV, while others,
such as Aspergillus niger spores and Trichophyton rubrum
spores, are more susceptible to 254 nm UV. The 222 nm and
254 nm UV were comparable in their ability to inactivate
viruses. Although both 222 nm UV and 254 nm UV were not so
effective in disinfecting Feline calicivirus (FCV), they could
inactivate influenza A viruses (29). Further, Buonanno er al.
(30), showed that 222 nm UV safely inactivates airborne human
coronaviruses. Although pyrimidine dimers are the primary pho-
toproducts of UV-C exposed DNA, Setlow er al. found that
Bacillus subtilis spores have a unique photochemistry. UV-
induced photolysis of DNA in the spores does not produce
detectable thymine dimers, but it produces 5-thyimyl-5,6-
dihydrothyine, a unique spore photoproduct (SP) (31). Fukui
et al. (32), reported that irradiating healthy volunteers (n = 20)
with 222 nm UV at the sterilizing dose of 0.5-5 kJ m™2 is safe
and effective in disinfecting skin surface, suggesting that 222 nm
UV can be utilized in the future as a disinfectant in surgical
fields. Wang et al. reported a 2 log reduction in Bacillus subtilis
spore count on irradiation with 172 nm, 222 nm and 254 nm
UV at 8.7, 0.22 and 0.4 kJ m~2 fluence, respectively. 222 nm
UV was much more efficient, whereas 172 nm UV is less effi-
cient, than 254 nm UV in killing B. subtilis (33). The disinfec-
tion efficacy of the vacuum-UV (VUV, 100-200 nm) in aqueous
environment is attributed to the various reactive oxygen species
(ROS)—primarily comprised hydroxy radicals, and other ROS,
including hydroperoxyl radicals, hydrogen peroxide and superox-
ide radicals—produced by UV-induced photolysis of water (33);
involvement of inactivation by ozone might be considered. How-
ever, the involvement of ozone seems to be negligible in the dis-
infection process mediated by the 220 nm UV because UV
absorption by oxygen peaks at 150 nm UV with almost no
absorption near 220 nm UV. Far UV-C mediated inactivation of
microorganisms is summarized elsewhere (34). Recently, a report
indicated that 222 nm UV is less efficient than the 254 nm UV
in inactivating severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in human saliva (35). Further, the required dose
for inactivating SARS-CoV-2 in saliva is 30 times higher than
that required to inactivate it in saline solution (PBS). Further
investigation will be required to search for the optimal ways to
inactivate microorganisms. The optimal wavelength and method
would depend on type of the microorganism and its local
environment.

EVALUATION OF MINIMUM RESPONSE BY
SHORTER WAVELENGTH UVC IN MICE SKIN

Invention and development of excimer lamps emitting shorter
wavelength UV has drawn attention of environmental and medi-
cal researchers, and the amount of literature on its safety and use-
fulness is increasing (10-12,24,25,32,33). Previously, to study the
shorter wavelength UV-C safety threshold for use in occupational
environments, biological responses and DNA lesions caused by
irradiation with shorter wavelength UV-C were examined in vivo
by evaluating cutaneous inflammatory responses to UV of
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207 nm, 222 nm, 235 nm and 254 nm wavelengths (36). At first
a qualitatively and quantitatively appropriate measurement strat-
egy was investigated to evaluate the biological reactions, and
minimal perceptible response dose (MPRD) was applied for the
purpose. MPRD is determined by visual inspection of any subtle
cutaneous response, such as erythema, edema, and scale which
could be observed or perceived. Erythema was scarcely observed
following irradiation with 207 nm and 222 nm UV, but it was
visible after 254 nm UV irradiation. However, edema and scale
formation were evident after shorter wavelength UV-C irradia-
tions. The MPRD for 207 nm, 222 nm and 235 nm was deter-
mined to be >15, 15 and 2.0 kJ m 2, respectively (36) (Table 1).
We proposed that action spectra of MED/MPRD are correlated
with the functions of the action spectra of CPD formation multi-
ply their reciprocal of transmittance through stratum corneum.
Tentative action spectra for a given MED/MPRD was simulated
by factoring in the reciprocal of reported action spectra of CPD
formation multiply their reciprocal of transmittance through
stratum corneum (in humans and mice). Estimation of MED by
this manner, namely, action spectra of CPD formation multiply
their transmittance through stratum corneum, fit well with the
reported figures of MED at each wavelength, in the UVB range
(especially at 300 nm or higher UV). At the shorter wavelength
UV-C range, erythema is not elicited by UV-C, but only edema is
elicited, followed by scale formation. The curve for estimated
MED/MPRD action spectra was concordant with the figures of
MPRD mentioned above; MPRD for 207 nm, 222 nm and
235 nm to be >15, 15 and 2.0 kJ m~2, respectively. Though
CPD was not formed in the mouse epidermal cells except stratum
corneum by irradiation with shorter wavelength UV-C, edema
was observed. This indicates that the biological response to
shorter wavelengths UV-C is different. Although the mechanisms
are unknown, MPRD could be used as indicators for assessing
safety at the shorter wavelength UV-C (Fig. 3).

Erythema

NT
NT
none
none
+ faintly at

2 kI m?
present
+at 370 J m 2

Edema/scale
+>15kK m2
+>15kI m?
+>2 kI m?
+at370 T m2

None at 15 k J m™2
increased
at 1.57 k] m2
+at 370 J m2

Inflammatory cells
none

Significantly

NT
NT
NT

Epidermal
Hyperplasia
NT(not tested)
—at15 kI m?
—at15 kI m2
Slightly increased
at 2.0 kJ m~2
+ at basal cell
at 2 kJ m~2
++at 1.57 k] m 2
++at 750 J m 2
++at1kJm2
++at 370 J m~>

CPD in epidermis
MoAb
—at450k I m™?

+ upper-most at

None at 15 k J m™2
5kIm?

—atl5kK m?
+at 2.0 k] m~?
+at250 J m2

NT

Cellular
CPD(ESS)
16 at 120 J m™2

at basal cells
at 2 kJ m™2
17at1Jm?

PROTECTION SYSTEM AGAINST UV IN
LIVING ANIMALS

Having evolved under the sun, humans cannot avoid sun expo-
sure. Therefore, various sorts of physiological protections exist
to protect them from solar UV insults, such as the following. (1)
DNA repair systems: dipyrimidine photoproducts are repaired by
nucleotide excision repair system (37). If the dipyrimidine photo-
products remain in the replication cycle, they are replaced with
A-A by translesion synthesis, eventually resulting in correction
of T-T dimers. If photolesions are too large to be repaired, apop-
tosis is elicited to prevent induction of mutation. This step mani-
fests as “Sunburn cells”/apoptotic keratinocytes. In a sense,
genotoxicity is prevented by the biological apoptotic response.
Thus, “sunburn” could be a warning sign to prevent genotoxic-
ity. In the UVB range, wherein the UV-induced erythema is
prominent, action spectrum of erythema is closely correlated with
the action spectrum of photocarcinogenesis. (2) Presence of stra-
tum corneum whose major constituent is keratin, with abundant
cystin (absorbance maxima around 210 nm): keratin is produced
by keratinocytes in epidermis and forms stratum corneum, which
functions as a skin barrier from environments. Low penetrance
of shorter wavelength UV is a physical characteristic that is
dependent on the wavelength (the longer the wavelength, the far-
ther the UV penetration is). In addition, one of the reasons for
the aforementioned negligible epidermal injury in mice after

absorption

Protein
Very slightly

++
R
++

+
slightly

DNA
absorption
o
++
++
+

filter/ monochro-meter

set 235 nm
Conventional germicidal lamp — ++

KrBr excimer lamp with filter

Xe, excilamp
ArF eximer laser
Xe lamp with

Table 1. Dose-dependent UV characteristics on biological effect regarding DNA lesions, epidermal injuries and inflammation.

222 nm (11,12,24,36) Kr-Cl excimer lamp with filter

172 nm (33)

193 nm (10)

207 nm (12,35)
235 nm (12,36)
254 nm (11,12,24)
311 nm (18)
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Figure 2. Keratin absorbs far UV-C to a greater extent than 280 nm.

The graph indicates UV absorption spectra of solid keratin in the differ-

ent eluents. A peak absorbance is observed around 280 nm, it decreases

around 250 nm, and substantially increases at the wavelength <250 nm
(Ref. 38).

irradiation with 207 nm and 222 nm UV could be the absorption
of UV by keratin (Fig. 2) (38). Figure 2 depicts the absorbance
of keratin in the different eluents. In literature, keratin absorption
spectra are available for wavelengths above 220 nm. The two
absorbance maxima of keratin are approximately 280 nm and
240 nm and under (with a substantially high absorption peak
below 250 nm); it is the lowest at approximately 250 nm.

ESTIMATING ACTION SPECTRA OF
UV-INDUCED PHOTOCARCINOGENESIS

Two key factors determine the occurrence of UV-induced skin
cancer: (1) the efficacy of the given UV wavelength to induce

‘IOO -

Radiant exposure (kJ/m?)
S
T

pyrimidine dimer formation, and (2) the transmittance of the
UV to the basal cells in the epidermis, where cancer stem
cells reside. Figure 1 depicts the action spectrum of CPD for-
mation (7). Previously, we have shown that the diffuse trans-
mission of UV (235-360 nm) through commercially available
human stratum corneum (approximately 20 pm thickness) is
wavelength-dependent (36); for UV with wavelengths between
200 nm and 235 nm, transmittance was linearly correlated with
wavelength. The transmittance of UV through human stratum
corneum is shown by green line (Fig. 4a). At wavelengths
<240 nm, UV transmittance decreases by approximately two to
three orders. This substantial decrease of transmittance recipro-
cally correlates with the substantial increase in UV-absorbance
by keratin at wavelengths <240 nm (Fig. 2). The target cells
for skin cancer development by photocarcinogenesis, are the
basal cells at the bottom of epidermis—cancer stem cells origi-
nate here through mutations. Keratinocytes, which are abundant
of keratin fibers, constitute 90% of the epidermis. Therefore,
we postulate that the transmittance of UV through the epider-
mis could be substituted by a function of the transmittance
through 80-90 pm stratum corneum (shown in light blue line,
Fig. 4a).

From these results, it is safe to state that the wavelength-
dependent photocarcinogenesis at shorter wavelength UV-C is a
function of the transmittance to the epidermal basal cells multi-
plied by the action spectrum of CPD (shown by purple line;
Fig. 4b). Calculated action spectra of human and mouse are
shown by blue and red line in Fig. 4b, which is consistent with
the reported data that the maximum action spectrum of UV-
induced carcinogenesis in animal experiments falls in the UV-B
(293 nm) range (39). The estimated photocarcinogenic action
spectrum at shorter wavelengths indicates that photocarcinogene-
sis risk due to chronic exposure to 222 nm UV is about 7 log
smaller compared to that due to exposure to 300 nm or 254 nm
UVv.

Minimal perceptible response spetrum, mouse
- =M - - Estimated mouse erythema spectrum
Estimated human erythema spectrum
Mackenzie and Frain-Bell 1973, human (40)
Parrish et al. 1982, human (41)

Diffey et al. 1994, human (42)

Young et al. 1998, human (43)

Freeman et al. 1966, Rabbit (44)

TierHe

X

Ikehata et al. 2013, mouse (45)
Diffey et al. 1987, human (46)

180 200 220 240 260 280

320 340 360 380 400 420

ey

Wavelength (nm)

Figure 3. Juxtaposition of observed MED/MPRD action spectrum on estimated MED/MPRD action spectra including shorter Wavelength UV-C range.
Dose-dependent mammalian MED values from literature are plotted (Refs. 40-46). Further, dose-dependent MED/MPRD in mice and human was simu-
lated using the function of reciprocal of action spectra of CPD formation multiplies the reciprocal of stratum corneum transmittance values (represented
by dotted lines). Simulated MED/MPRD fitted well with measured MED in the UV-B range and with MPRD in the shorter wavelength UV-C range.
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Figure 4. Wavelength-dependent transmittance of stratum corneum (a) and action spectrum of pyrimidine dimer formation and estimated action spec-
trum of photocarcinogenesis (b). (a) Transmittance of human stratum corneum (thickness 20 pm) are indicated by green line. The significant decrease of
transmittance at wavelength shorter than 240 nm is reciprocally correlated with the significant increase in keratin absorbance (Fig. 2). Since ker-
atinocytes, major constituents of epidermis are filled with keratin fibers, wavelength-dependent transmittance through epidermis was estimated as a thick-
ness of epidermis (90 pm for human and 40 pm for mice) and indicated by light blue line and red line, respectively. (b) The action spectra of
photocarcinogenesis were estimated for mice (red line) and humans (blue line) as a function of action spectrum of CPD formation (purple line) multi-
plies wavelength-dependent transmittance of the stratum corneum shown in (a).

FUTURE DIRECTION: BALANCING RISK AND Further, the inactivation efficiency and its mechanisms are not

USEFULNESS equal among all microorganisms. Therefore, UV treatment must be

individually standardized for different microorganisms, taking into
Emergence of new devices emitting far UV-C is useful for vari- account their size, structure, and local environment and the physi-
ous purposes. UV is one of the best ways to safely disinfect cal characteristics of the given UV wavelength. The filter charac-
because it inactivates microorganisms immediately without leav- teristics and resulting spectrum used in these experiments must be
ing chemical substance. However, UV can cause acute and described in detail. Studies on the biological effects of the
chronic injuries to the eyes and skin. The most critical outcome 200-235 nm components of the UV spectra should be encouraged
of chronic exposure to UV is the development of skin cancers. to deepen our understanding to help balancing their usefulness and
The mechanism underlying sterilizing potency and skin carcino- risk. Improved knowledge of these new UV-C emitting devices
genic potency of UV irradiation is formation of DNA photole- will inform people on their appropriate and optimal use.

sions. Penetration depth of 222 nm UV is too shallow to reach
cellular DNA of the host, but it can reach the bacterial/viral/fun-
gal DNA existing on the surface of the host skin. Shorter wave- REFERENCES
length UV-C are less genotoxic to mammalian skin and eyes,
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