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Abstract

UVC radiation is known to be highly germicidal. However, exposure to 254-nm-UVC light causes
DNA lesions such as cyclobutane pyrimidine dimers (CPD) in human cells, and can induce skin
cancer after long-term repeated exposures. It has been reported that short wavelength UVC is
absorbed by proteins in the membrane and cytosol, and fails to reach the nucleus of human cells.
Hence, irradiation with 222-nm UVC might be an optimum combination of effective disinfection
and biological safety to human cells. In this study, the biological effectiveness of 222-nm UVC
was investigated using a mouse model of a skin wound infected with methicillin-resistant
Staphylococcus aureus (MRSA). Irradiation with 222-nm UVC significantly reduced bacterial
numbers on the skin surface compared with non-irradiated skin. Bacterial counts in wounds
evaluated on days 3, 5, 8 and 12 after irradiation demonstrated that the bactericidal effect of 222-
nm UVC was equal to or more effective than 254-nm UV C. Histological analysis revealed that
migration of keratinocytes which is essential for the wound healing process was impaired in
wounds irradiated with 254-nm UVC, but was unaffected in 222-nm UVC irradiated wounds. No
CPD-expressing cells were detected in either epidermis or dermis of wounds irradiated with 222-
nm UVC, whereas CPD-expressing cells were found in both epidermis and dermis irradiation with
254-nm UVC. These results suggest that 222-nm UVC light may be a safe and effective way to
reduce the rate of surgical site and other wound infections.
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1. Introduction

Surgical site infections (SSI) are an important cause of morbidity in surgical patients and are
responsible for an increased economic burden to the healthcare systems [1]. Most SSI result
from commensal bacteria colonizing the patient’s own body. Staphylococcus aureus is
frequently detected as a commensal skin microorganism and is the most common microbial
cause of SSI, accounting for 15-20% of SSI occurring in hospitals [2, 3]. To date,
methicillin-resistant S. aureus (MRSA) is a major problem worldwide. SSI caused by
MRSA has been shown to significantly increase the length of post-operative hospital stay,
costs, and mortality [4, 5]. As most clinical isolates of MRSA are resistant to multiple
antibiotics and other antimicrobials, options for effective antimicrobial therapy are often
limited [6]. Hence novel strategies for prevention and treatment of SSI and for wound care
are required.

UVC light is electromagnetic irradiation at wavelengths of 200 to 280 nm. It has been
known for the last 100 years that UV light, particularly UVC in the range of 240-280 nm is
highly germicidal [7]. UVC light at the 254-nm wavelength is easily produced from a low-
pressure mercury vapor lamp, and is commonly used to inactivate and kill many microbial
species [8, 9]. The germicidal mechanism of UVC light relies on its DNA-damaging effect
caused by a variety of mutagenic and cytotoxic DNA lesions such as cyclobutane pyrimidine
dimers (CPD) (10). CPD is known to interrupt the transcription, translation, and replication
of DNA, leading to cell death [9-10]. It was reported that irradiation of surgical wounds
with germicidal UVC during orthopedic surgical procedures reduces the rate of SSI [11].
However, it has also been shown that exposure of human cells to 254-nm UVC causes the
formation of mutagenic and cytotoxic DNA lesions, which (if repeated for a sufficiently long
time) can lead to the initiation and progression of skin cancer [12].

It has been reported that penetration ability of short-UVC light (around 200-230 nm)
through biological materials is very limited because short-UVC light is strongly absorbed by
proteins, particularly by the peptide bonds, and other biomolecules [13, 14]. Short-UVC
light is reduced by half in only about 0.3 um of tissue [15, 16]. Buonanno et al. reported that
207-nm UVC light which is produced by krypton-bromine excimer lamp, can inactivate
bacteria efficiently, moreover it also showed less cytotoxic and mutagenic damage to human
keratinocytes [17, 18]. Although the effect of 207-nm UVC light on mammalian cells in
subcutaneous tissues has not yet elucidated, these reports showed that irradiation to surgical
sites with 207-nm UV C light during operative procedures could be an effective strategy to
prevent SSI.

Recently, a krypton-chlorine (Kr-Cl) excimer lamp was developed to emit 222-nm UVC
light [19]. The germicidal and cytotoxic property of 222-nm UVC light was investigated to
clarify whether this light is harmful to bacterial cells but not to human cells. To date, the use
of short-UVC irradiation for treatment of wound infections remains at an early stage. Most

J Photochem Photobiol B. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Narita et al.

Page 3

studies have been confined to in vitro and ex vivo models [17-20], and the direct effects of
short-UVC light on infected wounds in vivo have not been investigated. In this study, we
evaluated the bactericidal and DNA-damaging effects of 222-nm UVC light in MRSA-
infected wounds in a mouse model. We demonstrated that 222-nm UVC light at 75 and 150
mJ/cm? showed the efficient bactericidal activity on normal mouse skin. Although the
bactericidal activity of 222-nm UVC at 75 and 150 mJ/cm? measured immediately after
irradiation in infected wounds was comparable and slightly less than that of 254-nm UVC,
respectively, the bacterial numbers in the wounds on days 5, 8 and 12 in 222-nm UVC at 150
mJ/cm?2 wounds were comparable or lower than those in 254-nm UVC wounds. Importantly,
DNA damage to keratinocytes and other cells in the infected wound caused by 222-nm UV
light was less severe than that caused by 254-nm UVC.

2. Materials and methods

2.1. Mice

BALB/c mice were purchased from Clea Japan, Tokyo, Japan. Mice were maintained under
specific pathogen-free conditions at the Institute for Animal Experimentation, Hirosaki
University Graduate School of Medicine. All animal experiments were carried out in
accordance with the Institutional Animal Care and Use Committee [ethics committee of
Hirosaki University].

2.2. UVC light source

Two types of lamps were used for UVC light irradiation; one was a krypton-chloride (Kr-Cl)
excimer lamp which emits in the range from 200- to 230-nm whose maximum output
wavelength is 222-nm, and another was a conventional low pressure mercury lamp (SUV-4)
that emits a line spectrum at 254-nm. The 222-nm emitting device is called “SafeZoneUVC”
(Ushio Inc. Tokyo, Japan), which is in the registration process for a trademark, and is
composed of the lamp, air-cooling fan, mirrors and a custom band-pass filter. The filter was
used to remove essentially all but the dominant 222-nm emission wavelength. The irradiance
of 222-nm light was measured using an S-172/U1T250 accumulated UV meter (Ushio Inc.)
and was found to be 5 mW/cm? at 10 mm distance from the emission window. The
irradiance for 254-nm light was evaluated by an S-254/UIT250 (Ushio Inc.) to be 3 mW/cm?
at 20 mm distance from the window.

Figure 1 shows the measured spectra emitted from the Kr-Cl excimer lamp equipped with
the band-pass filter. It is emphasized that the spectrum shown here does not have any light of
longer wavelengths which are more penetrating into living tissues and therefore potentially
more harmful to human cells.

2.3. Bacterial strain and culture condition

S. aureus strain 834, a clinical isolate from a sepsis patient that is classified as MRSA strain
[21], was used for contamination of normal skin and for wound infections in mice. The
bacterial cells were grown at 37°C in tryptic soy broth (BD Diagnosis Systems, Sparks, MD)
for 15 h, harvested by centrifugation and washed with phosphate-buffered saline (PBS). The
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bacterial cells were then diluted with PBS to an appropriate concentration by
spectrophotometric measurement at 550 nm.

2.4. Mouse model of full-thickness skin wound

Mice were anesthetized by intraperitoneal injection of a cocktail containing medetomidine
chloride (Meiji Seika Pharm Co., Tokyo, Japan), Midazolam (SANDOZ, Tokyo, Japan) and
Butorphanol tartrate (Meiji Seika) at a dose of 0.3 mg/kg, 4 mg/kg and 5 mg/kg,
respectively. After shaving the dorsal surface using an electric fur clipper, an 8 mm-diameter
circular full-thickness wound was made using a skin biopsy punch (Kai Industries, Gifu,
Japan).

2.5. S. aureus inoculation and bacterial counts

Twenty pL of a bacterial suspension containing 5 x 10° colony-forming units (CFU) of S.
aureus was deposited onto the shaved normal skin using a micropipette and smeared using
the micropipette tip. One hour later, the skin was irradiated or sham-irradiated with 222-nm
UVC at doses of 75, 150 and 450 mJ/cm?. Immediately after irradiation, the skin area of
approximately 1.2 by 1.2 cm was excised. To evaluate the bactericidal effect of 222-nm
UVC irradiation on dorsal skin wounds, twenty uL of a bacterial suspension containing 5 x
10° CFU of S. aureus was smeared onto the skin wound using a micropipette tip. The skin
wounds were air-dried for 1 h, and irradiated with various fluences of 222-nm UVC light.
Non-irradiated wounds and 254-nm UVC light were used as negative control and positive
control, respectively. At immediately and on days 1, 3, 5, 8 and 12 after UVC irradiation, the
skin wound area 1.2 by 1.2 cm was excised immediately after sacrifice of the animals. The
excised skin samples were homogenized vigorously in PBS at 10x vol/wt. Bacterial numbers
in the skin and wounds were enumerated by plating 10-fold serial dilutions of the
homogenates on tryptic soy agar (BD Diagnosis System), counting colonies 24 h after
incubation at 37°C and expressing as CFU.

2.6. Histological and immunohistochemical analysis

It is known that UVC radiation induces CPD and (6—4) photoproducts (6-4PPs) in DNA,
which eventually can lead to skin carcinogenesis. Therefore, the effect of 222-nm UVC on
DNA damage was observed after irradiation mouse dorsal skin with 222-nm UVC at 150
mJ/cm2. Skin samples with non-irradiation and 254-nm UVC irradiation at 150 mJ/cm?
were used as controls. Skin tissue was taken from non-irradiated and irradiated wounds on
days 5 and 8 after infection and fixed with 10% phosphate-buffered formalin overnight at
4°C. Paraffin-embedded blocks of the skin tissue and 4 um-thick paraffin sections were
prepared. After deparaffinization and rehydration of the tissue sections, hematoxylin and
eosin staining was performed. To analyze neutrophils in the skin tissue, the deparaffinized
and rehydrated sections were incubated in PBS containing 5% bovine serum albumin
(Sigma, St. Louis, MO) and 2% rat serum for 1 h at room temperature. The sections were
then incubated with rat anti-mouse neutrophil monoclonal antibody Ly-6G (1:50 dilution;
Hycult Biotechnology, Uden, Netherlands) for overnight at 4°C. After rinsing three times in
PBS for 5 min each, samples were incubated with horseradish peroxidase (HRP)-conjugated
goat anti-rat secondary antibody (AbD Serotec, Oxford, UK) at room temperature for 1 h.
Samples were then rinsed 3 times with PBS for 5 min each at room temperature. The color
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reaction was developed by the addition of diaminobenzidine and then counterstaining was
performed with hematoxylin. To observe S. aureus in the skin tissues, the deparaffinized and
rehydrated sections were incubated with rabbit anti-S. aureus antibody (Virostat, Portland,
ME) for overnight at 4°C. After rinsing in PBS, the sections were incubated for 1 h at room
temperature with HRP-conjugated goat anti-rabbit secondary antibody (AbD Serotec), and
the color reaction was developed as described above. To detect CPD formation, skin sections
were prepared as described above and antigen retrieval was performed by incubating the
sections in proteinase K solution (1:1000; Qiagen, Hilden, Germany). The sections were
then incubated with HRP-conjugated anti-CPD monoclonal antibody (Kaniya Biomedical
Co., Seattle, WA) for overnight at 4°C. The color reaction was developed as described
above. The CPD-positive cells were quantified by counting the cells in 10 random high-
power (x 400) fields of each section.

2.7. Statistical analysis

3. Results

Data are expressed as mean + standard deviation. Statistical analyses were performed by
student’s #test. £< 0.05 was considered significant.

3.1. Bactericidal activity of 222-nm UVC irradiation against S. aureus on the surface of
normal mouse skin

Bacterial numbers on the non-irradiated skin samples were approximately 4.5 log CFU,
whereas the mean CFU after 75 mJ/cm? of 222-nm UVC was less than 2.8 log CFU. To
evaluate whether higher doses of UVC irradiation show even more effective bactericidal
activity, S. aureus-inoculated skin samples were irradiated with 222-nm UVC at 150 and 450
mJ/cm?. The bactericidal effect of higher doses of 222-nm UVC irradiation was comparable
to that of 75 mJ/cm? (Fig. 2).

3.2. Bactericidal effect of 222-nm UVC irradiation in dorsal skin wounds infected with S.

aureus

The bacterial counts of the skin wounds irradiated with 222-nm UVC at 75, 150, 750 and
1500 mJ/cm? were approximately 1.0~1.5 log CFU less than those in the non-irradiated
wounds immediately after irradiation (Fig. 3A-D). Irradiation with 254-nm UVC at 150 and
1500 mJ/cm? reduced bacterial numbers more effectively than irradiation with 222-nm
UVC. One day after inoculation, bacterial numbers increased compared to that found on day
of inoculation, suggesting that S. aureus grows in both non-irradiated and irradiated wounds.
However, the bacterial counts of the wounds irradiated with 222-nm UVC at 750 mJ/cm?
and 254-nm UVC at 75 and 1500 mJ/cm? were less than those in the non-irradiated wounds
(Fig. 3B-D). To evaluate the effect of 222- or 254-nm UVC on bacterial numbers along with
wound healing, bacterial counts in the skin wounds were enumerated on days 3, 5, 8 and 12
after irradiation. As shown in Fig. 4, the bacterial counts increased on days 3 and 5. The
mean bacterial counts in non-irradiated wounds reached up to 7 log CFU. The bacterial
counts in the wounds irradiated with 75 mJ/cm? were comparable to those in non-irradiated
wounds, whereas the bacteria in the wounds irradiated with 222-nm or 254-nm UVC at 150
mJ/cm? were significantly reduced, compared with the non-irradiated wounds. On day 8,
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bacterial numbers in the wounds irradiated with 254-nm UVC were significantly higher than
those in the non-irradiated and 222-nm UVC irradiated wounds. On day 12, bacterial counts
in the wounds irradiated with 222-nm or 254-nm UVC were significantly reduced compared
with the non-irradiated wounds.

3.3. Healing effect of 222-nm UVC irradiation on S. aureus-infected skin wounds

To evaluate the healing effect of 222-nm UVC irradiation on skin wounds infected with S.
aureus, the wounds were observed until 18 days after irradiation. Fig. 5 shows the gross
appearances of the skin wounds. Immediately after irradiation, the gross appearance of the
non-irradiated wounds and wounds irradiated with 222-nm or 254-nm UVC were not
obviously different. Scabs which were tightly adherent to the wound surface, were observed
on the wounds from day 3 after irradiation. On day 8 after irradiation, the size of the scabs
on 222-nm UVC irradiated and non-irradiated wounds reduced. The scabs of 222-nm UVC
irradiated wounds and non-irradiated wounds loosely adhered to the wound tissue, whereas
the scab on 254-nm UVC irradiated wound tightly adhered to the tissue. The small scabs
adhered in 222-nm and 254-nm UVC irradiated and non-irradiated wound on days 16 after
irradiation and disappeared in wounds of each group on day 18 after irradiation (Fig. 5B). To
further evaluate the healing effect of 222-nm UVC irradiation on infected wounds,
histological analysis was performed. Migration of epidermal cells toward the center of the
non-irradiated and 222-nm UVC irradiated wounds was observed on day 5 after irradiation,
whereas epidermal cells remained near to the wound margin and the epidermis did not
spread over the 254-nm UVC irradiated wound tissue (Fig. 6A). The results suggest that
migration of epidermal cells is impaired by 254-nm UVC irradiation but not by 222-nm
UVC. Neutrophil infiltration was observed in the scab of 222-nm UVC irradiated wounds,
whereas massive neutrophil infiltration was observed not only in the scab but also in the
subcutaneous tissues of non-irradiated and 254-nm UVC irradiated wounds (Fig. 6B).
Immunostaining of S. aureus showed that bacterial cells were detected in both the scab and
subcutaneous tissue of the non-irradiated wound whereas bacteria were detected only in the
scab tissue of wounds irradiated with 222- and 254-UVC on day 5 (Fig. 6C). Fig. 6D-F
shows histology of the wounds on day 8 after irradiation. Abscess formation (Fig. 6D),
neutrophil infiltration (Fig. 6E), and S. aureus cells (Fig. 6F), were seen in the non-irradiated
subcutaneous tissues. Scab adherent to the wound tissue, neutrophil infiltration and S. aureus
cells in the scab but not the subcutaneous tissue were seen in the 254-nm UVC irradiated
wound, whereas re-epithelialization, granulation tissue formation and only a few neutrophils
were observed in the wound irradiated with 222-nm UVC irradiation.

3.4. Effect of 222-nm UVC exposure on DNA damage

It is known that UVC radiation induces CPD and (6—4) photoproducts (6-4PPs) in DNA,
which lead to skin carcinogenesis. Thus, we evaluated the effect of 222-nm UVC on DNA
damage. Immediately after irradiation, CPD-expressing cells were detected in the epidermis
irradiated with 254-nm but not 222-nm UVC, and the percentage of CPD-expressing cells in
keratinocytes was approximately 60% (Fig. 7A and C). Inflammatory cell infiltration was
observed under the basement membrane of skin irradiated with 254-nm UVC on day 1 after
irradiation (Fig. 7B). We further evaluated the effect of 222-nm UVC irradiation on DNA
damage in S. aureus-infected wound tissue. CPD-expressing cells were detected in the
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subcutaneous tissue irradiated with 254-nm but not 222-nm UVC at immediately after
irradiation (Fig. 8A). One day after irradiation, CPD-expressing cells were not detected but
massive inflammatory cell infiltration was detected in the 254-UVC irradiated subcutaneous
tissue (Fig. 8B).

4. Discussion

SSl is the most common type of nosocomial infection occurring in hospitals, caused by
contamination of surgical wounds with natural commensal bacteria and by hospital
pathogens, of which S. aureusis one of the most frequently detected [22-25]. Since their
discovery in the 1950s, SSI and wound infections have been more or less successfully
treated with antibiotics. However, widespread use and overuse of antibiotics has led to the
emergence of many drug-resistant bacteria. Over the past decade, multidrug-resistant
bacteria such as MRSA have attracted increased attention in clinical settings leaving
physicians with few therapeutic options. It has been reported that multidrug-resistant
bacteria have the same level of sensitivity to UVC irradiation as their wild-type counterparts.
Hence, UVC might become an alternative approach to current therapeutic approaches for
SSI [20].

Taking into account the DNA-damaging effect of 254-nm UVC light on normal human cells,
200-222 nm UVC light becomes more attractive for prevention and therapy of wound
infections as its bactericidal efficacy is comparable, but its adverse effects on human cells is
significantly less. The results of Buonanno et al. showed that 207- and 222-nm UVC light
could inactivate bacteria efficiently but do not appear to be significantly cytotoxic or
mutagenic to human Kkeratinocytes or to normal mouse skin [17-19]. Although the
germicidal efficacy and skin safety of 207- and 222-nm UVC light have been confirmed,
most of the previous experiments were only performed in vitro and using undamaged
hairless mouse skin [17-20]. In this study, we evaluated the bactericidal and side effects of
222-nm UVC light on normal mouse skin and directly on infected wounds.

In our in vivo study, about 2 log CFU of S. aureusinoculated onto dorsal skin of mice was
killed by the irradiation with 75 mJ/cm? of 222-nm UVC (Fig. 2). However approximately
2.5 log CFU of S. aureus still survived on the dorsal skin after 222-nm UVC irradiation, and
the bactericidal effect of the larger dose of 222-nm UVC (150 mJ/cm? and 450 mJ/cm?2) was
not significantly different to that of the irradiation with 75 mJ/cm2. Because the skin surface
is not completely smooth and is covered by intersecting grooves called “sulci cutis”, it might
be possible that S. aureus cells were distributed in such a way within these sulci cutis
grooves, or in hair follicles and were not irradiated with a sufficient dose of UVC to elicit
the full bactericidal effect. In other words, some bacteria could have been shielded by the
skin surface irregularities.

Several studies on the antimicrobial effect of 254-nm UVC light in wound infections were
previously reported. By using a mouse model of burn infection, Dai et al. reported that
irradiation with 254-nm UV C significantly reduced the fungal burden in burns infected with
Candida albicans [26]. Moreover, 254-nm UVC light irradiation reduced the bacterial
burden in skin wounds infected with Pseudomonas aeruginosa, S. aureus and Acinetobacter
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baumannii [27, 28]. In addition to the germicidal effect, irradiation of 254-nm UVC induced
DNA lesions in the wounds [27, 28] but these were repaired in the following days. In
addition to the bactericidal activity on the normal mouse skin, the effect of 222-nm UVC on
wound infections was further investigated in our study. Immediately after irradiation, the
bacterial numbers in the wounds irradiated with 222-nm UVC at 75, 150, 750 and 1500
mJ/cm?2 were 0.9, 1.2, 1.4 and 1.6 log CFU lower than that in non-irradiated wounds,
respectively. These results indicated that the bactericidal effect of 222-nm UVC light was
less effective to S. aureus inoculated on skin wound than when the same bacteria were
inoculated on normal mouse skin. It is known that wound exudate, a protein-rich fluid
produced in response to tissue damage, is present in wound. It contains various types of cells
and many kinds of proteins including inflammatory mediators as well as proteolytic
enzymes [29]. Thus it might be possible that proteins in the wound exudate absorb UVC
light thus protecting the bacteria, and the remaining bacterial cells which were not
eradicated, proliferate and grow in the wound after UV irradiation. Fig. 3B and D
demonstrated that 254-nm UVC at 150 and 1500 mJ/cm? elicited a more effective
bactericidal effect than irradiation with 222-nm UVC light when measured immediately
after UV irradiation. These results suggest that 254-nm UVC light tends to show a more
powerful antibacterial effect than that of 222-nm UVC light. On day 1 after irradiation,
although the bacterial counts in wounds had increased in comparison to those found
immediately after irradiation, the bacterial burden in the skin wounds irradiated with 222-nm
UVC at 750 mJ/cm? and 254-nm UVC at 75 and 1500 mJ/cm? was 1 log CFU less than that
in the non-irradiated wounds (Fig 3A-D).

The kinetics of bacterial burden in the wounds irradiated with 222-nm UVC at 75 mJ/cm?
and 222- and 254-nm UVC lights at 150 mJ/cm? are shown in Fig. 4. The bacterial counts in
the wound irradiated with 222-nm UVC at 75 mJ/cm? were comparable to those in the non-
irradiated wound, whereas the bacteria in the wounds irradiated with 222-nm and 254-nm
UVC at 150 mJ/cm? were reduced, compared with the non-irradiated wounds. Unexpectedly,
the bacterial count in the wound irradiated with 254-nm UV C was higher than that in non-
irradiated wounds on day 8. It is known that the scab that forms on the wound surface
contains higher numbers of microorganisms than the underlying tissue [30]. One function of
the scab appears to be to “wall off” and contain any bacteria until the wound is completely
healed. It has also been suggested that prevention of such scab formation is able to reduce
the risk of infection and induce faster wound healing [29]. As shown in Fig. 5, a scab was
formed on both the irradiated and non-irradiated wounds on day 3 after infection. A decrease
in the size of the scab was obvious in the non-irradiated and 222-nm UVC irradiated
wounds, but not in the 254-nm UVC irradiated wounds at day 8. Thus, the increase of
bacterial burden in the 254-nm UVC irradiated wounds on day 8 might be due to more
bacterial growth in the scab since aggregates with S. aureus was also detected in the scab of
254-nm UVC irradiated wound (Fig. 6F). On the other hand, aggregates of S. aureus were
found in the granulation tissues of non-irradiated wounds at day 8 after irradiation (Fig 6F).
These bacterial aggregates are consistent with a larger neutrophil infiltration, which was
detected in the granulation tissue of non-irradiated wound (Fig. 6E). These results suggest
that decrease of bacterial burden in the non-irradiated wounds on day 8 might be due to
reduction of the scab size. Moreover, bacterial burden in the 222-nm UVC irradiated wound
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on day 8 was lower than the wounds other treatments. This might be due to reduction of the
scab size and also ability of 222-nm UVC to reduce the number of S. aureus cells which
correlates with less inflammatory response seen in the 222-nm UVC wound in Fig. 6E.

In the wound healing process, epithelial cells from the wound edge begin to migrate over the
surface of wound “burrowing a path” beneath the scab and the underlying granulation tissue
[31]. It has been previously reported that UV exposure might be beneficial for wound
healing by inducing hyperplasia, granulation tissue formation, sloughing of necrotic tissue
and enhancing re-epithelialization [7, 20]. However, UVB irradiation of the skin induces a
sterile inflammation resulting in a dose-dependent erythema [32], and irradiation with UV
light induces the direct or indirect formation of several types of DNA lesions in human cells
as well as in microorganisms. The form of DNA damage involves CPD and 6-4PPs, and
CPD is most strongly involved in human skin cancer [12]. Our results demonstrated that
irradiating with 254-nm UVC but not with 222-nm UVC impaired the burrowing or
migration of keratinocytes across the wound (Fig. 6A), and the hard scab remained attached
to the wound irradiated with 254-nm UVC on day 8 after irradiation (Fig. 5 and 6D).
However, the timing of scab disappearance in the wounds irradiated with 222-nm UVC were
comparable to 254-nm UVC irradiated wounds and non-irradiated wounds (Fig. 5B). It was
suggested that irradiation with 222-nm but not 254-nm UVC could promote healing of
infected wound in the early stage after injury, but could not have an effect on duration of
entire wound healing. CPD-retaining cells accounted for approximately 60% of
keratinocytes in the epidermis irradiated with 254-nm UVC at immediately after irradiation
(Fig. 7A and C). CPD-expressing cells were still detected, and inflammatory cell infiltration
was seen beneath the epidermis on day 1 after 254-nm UVC but not after 222-nm UVC
irradiation (Fig. 7B). Fibroblasts are the main type of mesenchymal cells in the dermis.
Fibroblasts produce fibrillar extracellular matrix (collagen) which plays a crucial role in
repair of skin and wound healing [33]. Because UV-induced CPD is the most predominant
and persistent type of DNA lesion, decrease in the repair rates of the lesions in dermal
fibroblasts may cause severe structural distortions in the DNA molecule affecting important
cellular processes such as DNA replication, transcription and ultimately leading to
mutagenesis and tumorigenesis [34, 35]. As shown in Fig. 8, CPD-expressing cells were
detected in the dermal tissue as well as the epidermal tissue of the wound immediately after
irradiation with 254-nm but not 222-nm UVC. Although CPD- expressing cells were not
detected in the dermal tissue of the wound at day 1 after irradiation, massive inflammatory
cell infiltration was seen in the 254-nm but not 222-nm UV C irradiated wounds. These
results suggest that irradiation with 254-nm but not 222-nm UV C induces prominent DNA
damage and inflammation in wounded dermis as well as epidermis.

In this study, we have demonstrated that 222-nm UVC light emitted by an Xe-Cl lamp
showed effective bactericidal activity in S. aureus-infected wounds with less mutagenic and
cytotoxic effect compared to more conventional 254-nm UVC. Although further
investigations will be required for any application of 222-nm UVC light in clinical settings,
the Xe-Cl lamp has a high potential. This lamp is promising to reduce SSI and wound
infections especially by multi-drug resistance bacteria.
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Highlights
. Irradiation with 222-nm UV C showed a bactericidal effect against MRSA in
Vivo
. Irradiation with 222-nm UVC reduced bacterial counts in MRSA-infected
wounds

. 222-nm UVC light did not induce CPD in either epidermal or dermal cells,
while 254-nm UVC did
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Measured spectra emitted from the Kr-Cl excimer lamp equipped with a band- pass filter.
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Fig. 2.

Be?ctericidal effect of 222-nm UVC irradiation on S. aureus inoculated onto mouse dorsal
skin. S. aureus suspension was inoculated onto dorsal skin of mice, and air-dried for 1 h. The
skin was irradiated with 222-nm UVC light at 75, 150 and 450 mJ/cm?. Bacterial counts in
the skin were enumerated as described in the materials and methods. Data are expressed as
the means + standard deviation of a group of 5 mice. * £< 0.05.
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1 day after irradiation
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Bactericidal effect of 222-nm UVC irradiation on S. aureusinoculated onto skin wounds.
Full-thickness wounds were made on mouse dorsal skin, and S. aureus suspension was
spotted onto the wounds. The wounds were irradiated with 222-nm and 254-nm UVC light
at 75 (A), 150 (B), 750 (C) and 1500 mJ/cm? (D) at 1 h after inoculation. Bacterial counts
were enumerated immediately and 1 day after irradiation. Data are expressed as the means +
standard deviation of a group of 3 to 4 mice. ** < 0.01, * < 0.05, ND; not detected.
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Fig. 4.
Time courses for bacterial count in S. aureus-infected wounds after 222-nm and 254-nm

UVC irradiation. S. aureus suspension was inoculated onto the skin wounds of mice, and the
wounds were irradiated with 75 mJ/cm? of 222-nm (A) or 150 mJ/cm? of 222-nm and 254-
nm UVC light (B) at 1 h after inoculation. Skin samples were taken on days 3, 5, 8 and 12
after UVC irradiation, and bacterial counts in the wounds were enumerated. Open square:
non-irradiated wound, closed square: 254-nm UV C irradiated wound and closed circle: 222-
nm UVC irradiated wound. Data are expressed as the means + standard deviation of a group
of 3 to 4 mice. * P<0.05.
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Fig. 5.

G?oss appearances of S. aureus-infected skin wounds after UVC irradiation. S. aureus
suspension was inoculated onto the skin wounds of mice, and the wounds were irradiated
with 150 mJ/cm? of 222-nm and 254-nm UVC light at 1 h after inoculation. Wounds were
observed immediately and on days 3, 5, 8 and 12 after UVC irradiation (A). The skin
wounds were entirely healed until day 18 after UVC irradiation (B). Scales bars represent 5
mm.
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Fig. 6.
Histology of S. aureus-infected wounds after UVC irradiation. Mouse skin wounds were

infected with S. aureus and then irradiated with 150 mJ/cm? of 222-nm and 254-nm UVC
light at 1 h after inoculation. Wound tissue samples were taken on day 5 (A-C) and day 8
(D-F) after irradiation. Tissue sections were stained with hematoxylin and eosin (A, D).
Arrows indicate migration of epidermal cells. Immunohistochemistry was performed to
detect neutrophils (B, E). Arrows indicate neutrophil infiltration. S. aureus cells were
detected by immunohistochemistry (C, F). Arrows indicate S. aureus aggregates.
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Fig. 7.
Effect of 222-nm UVC exposure on DNA damage in mouse dorsal skin. Mice dorsal skins

were irradiated with 222-nm or 254-nm UVC at 150 mJ/cm? and excised immediately (A)
and on day 1 after irradiation (B). CPD-expressing cells were detected by
immunohistochemical staining (red-brown). An arrow indicates inflammatory cell
infiltration. (C) CPD-positive cells were quantified by counting the cells in 10 random high-
power (x 400) fields of each section.
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Fig. 8.

Ef%ect of 222-nm UVC exposure on DNA damage in S. aureus infected wound tissue. Mouse
skin wounds were made and infected with S. aureus. The wounds were irradiated with 150
mJ/cm? of 222-nm and 254-nm UVC light at 1 h after infection. Wound tissue samples were
taken immediately (A) and on day 1 after irradiation (B). CPD-retaining cells were detected
by immunohistochemical staining (red-brown). Black arrows indicate wound surface. Red
arrow indicates epidermis.
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