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Abstract
Chronic wounds are a major healthcare issue affecting more than 10 million
Americans each year, with a 5-year survival similar to cancer and costing the
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of antibiotic-resistant strains of bacteria. Exposure to germicidal ultraviolet ra-
diation (GUV) at 254nm has been reported as an effective method for chronic
wound management. However, concerns about the health hazards from exposure
to 254 nm radiation have limited its use for wound management applications. In
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exhibited similar germicidal ability but with a lower penetration range in tissue,
potentially making those wavelengths better suited for chronic wound disinfec-
tion. In this study, a novel phototherapy device emitting principally at 234nm
was used to assess the killing efficacy against Methicillin-resistant Staphylococcus
aureus (MRSA). Potential health hazards from exposure using the device were
evaluated using a 3D human skin model. The ultraviolet exposure device tested
in this study shows promise for effective decontamination of chronic nonhealing
wounds without associated health hazards.
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INTRODUCTION and leading to a chronic wound if wound management
is ineffective. Patients with vascular diseases, which can
result from diabetes, autoimmune diseases, and trauma,

are especially at risk. A wound is classified as chronic

Surgical site infections (SSI) occur at the skin and tissue
around an incision, usually involving bacterial infection
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if it has a loss of anatomical and functional integrity
90days after its onset." Chronic wounds are considered
a global healthcare issue and represent a significant bur-
den to both patients and healthcare providers. In the
United States, chronic wounds affect more than 10 mil-
lion people each year, with a 5-year survival similar to
cancer,? and the estimated treatment cost is $25 billion
annually.>*

The standard therapeutic options for chronic wound
management include wound dressings (hydrogels, algi-
nates), external devices (negative pressure), drugs/phar-
maceuticals (antibiotics, anti-inflammatory agents), and
biological approaches (recombinant growth factors)’
and surgery. Antibiotics and antiseptics are the most
prominent treatment methods for the management of
chronic wounds.>® Systemic antibiotic use is usually
combined with local antisepsis to prevent wounds from
being infected. However, the use of local antibiotics may
not be fully effective due to their limited concentrations
in situ.’ Furthermore, antibiotic treatments may con-
tribute to the establishment of resistant strains, such as
methicillin-resistant Staphylococcus aureus (MRSA).®
For example, the use of p-lactam antibiotics and quino-
lones has been associated with an increase in MRSA
transmission.”

The common disinfectants for presurgery skin disin-
fection usually include antiseptics (e.g., 1% povidone-
iodine, 0.25% acetic acid, 3% hydrogen peroxide,
and 0.5% sodium hypochlorite)® and chlorhexidine.
However, it has been reported that antiseptics may have
potential toxicity to fibroblasts,>® and chlorhexidine
might delay the wound healing process.'® Additionally,
the use of disinfectants cannot avoid the possibility
of infections caused by pathogens brought by air flow
and alighting into the surgical incision site. Likewise,
the commonly used disinfection treatments for chronic
wound infections, like antibiotic drugs, are not adequate
as they compromise the vascular system, which leads to
decreased blood flow.*"!

Hospital-acquired methicillin-resistant Staphylococcus
aureus (HA-MRSA) is one of the most common bacteria
found in patients with open wounds or taking multiple
antibiotics. The major types of infection include bacte-
remia, pneumonias, and wound infection.'? The lower
sensitivity of HA-MRSA to antibiotics compared to the
community-acquired methicillin-resistant S. aureus
(CA-MRSA) makes it more difficult to design an effec-
tive treatment. Silver products are widely used as topical
agents, and MRSA is sensitive to silver. However, the role
of silver in preventing MRSA reservoir growth remains
unknown.' In addition, biofilm can develop in chronic
wounds and usually exists as a combination of bacteria
and fungi, which impede the healing process and the

treatment.'® It was reported that well-developed biofilm
can be formed in chronic wounds within 10hours and
exist while the wound stays exposed.'*™'® After pathogenic
bacteria such as MRSA enter the open wound, the bacteria
disrupt the balance of microflora of the skin and replace
the commensal species."*!”'® The microenvironments
created by biofilm also limit the penetration of antibiotics
and antiseptics.14 According to a recent review, bacterio-
phages, metal nanoparticles, (RIP), synthetized RIP deriv-
atives, proteinase K, and hamamelitannin were reported
as promising therapies to eradicate MRSA." However,
there is a need for a direct approach that would disinfect
the wound at its inception.

Germicidal ultraviolet radiation (GUV) is widely
used to kill or inactivate pathogens. Traditional germi-
cidal applications of GUV utilized low-pressure mer-
cury lamps, which principally emit 254nm light. At
exposure doses typically required for disinfection with
254nm light, these GUV sources are a human health
hazard, causing damage to the skin (erythema) or the
eyes (photokeratitis). An emerging technique for GUV
is the use of far-UVC, defined as wavelengths from 200
to 235nm.*>*! Most of the currently available far-UVC
devices are KrCl excimer lamps, which emit primarily
at 222nm and are equipped with an optical filter to re-
duce longer wavelength emissions that are characteris-
tic of this excimer. 222 nm emitting devices are currently
available as both overhead fixtures to expose entire
room volumes**~** and as handheld devices.* KrCl exci-
mer lamps have previously been tested for disinfection
of SSL.>*7*®

Gas discharge lamps such as mercury lamps, xenon
lamps, or KrCl excimer lamps are common sources for
GUYV applications because of their high light intensity,
large illumination area, and wide wavelength range.**™*
However, compared to light-emitting diode (LED) lamps,
they are bulkier and easier to break, require high volt-
ages to operate, can release large amounts of heat during
operation, and are limited in their output spectrum.**?
Furthermore, the release of mercury vapor from a broken
lamp could cause potential damage to the environment
and to the human immune and reproductive systems
after long-term exposure.”*** LEDs have many advan-
tages as light sources, such as a compact design, simpler
electronic operation, no requirement for warm-up time,
and a long lifespan. Furthermore, LEDs can be produced
to emit specific wavelengths, making them a competitive
alternative light source for GUV.****** The comparison
of emission spectrum and light intensity between GUV
LEDs and traditional GUV light sources was completed
in previous studies, which supported the potential for
LEDs to be used as an alternative light source for gener-
ating GUV. 32,35-38
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Like conventional GUV at 254nm, the inactivation
mechanisms for far-UVC on bacteria are believed to be
through direct DNA as well as protein damage.*"** In the
case of UV-sensitive tissues such as skin and eyes, the
high absorption of far-UVC wavelength by the proteins in
the uppermost layers of the tissues** significantly limits
their penetration into the tissue.*® Therefore, far-UVC de-
vices could potentially be used on skin wounds to inactivate
pathogens while being minimally damaging for the skin.

In this paper, we describe a novel UVC phototherapy
platform that uses LEDs with a peak emission at 234nm.
We assessed the device's germicidal efficacy against MRSA
in solution and its safety in terms of induction of DNA
damage in an in vitro skin tissue model.

MATERIALS AND METHODS

LED exposure system, characterization,
and dosimetry

The phototherapy platform features 92 LEDs (SSL™ pro-
totype 2024.1), which were manufactured by Crystal IS
(Green Island, NY) and emit with a center wavelength of
235nm, an optical bandpass filter with a peak transmis-
sion at 234nm, a power supply with rechargeable lithium-
ion batteries, an optical head unit (R&D Technologies
North Kingston, RI), and a 3D-printed base, including a
base ring (R&D Technologies North Kingston, RI). After
the addition of filtration (Edmund Optics, Barrington,
NJ), the center wavelength of the emission spectrum of
the device is 234nm. The emission spectrum of the de-
vice was measured using a BTS2048-UV spectroradi-
ometer (Gigahertz-Optik, Inc., Amesbury, MA) and is

plotted in Figure 1. Optical power measurements used a
Hamamatsu C9536 power meter with an H9535-222 sen-
sor head (Hamamatsu Corporation, Bridgewater, NJ). The
lamp exposure limit, H; ;, was determined based on the
measured spectrum.* The H; ; of the filtered LEDs using
the ACGIH skin limit is 115mJ/cm?, the H;y; using the
ACGIH eye limit is 34.8mJ/cm?, and the H,g; using the
ICNIRP exposure limits is 15.3 mJ/cm?**

Also used for the skin safety tests was a low-pressure
mercury lamp (Mineralight XX-15S, UVP, Upland, CA),
which principally emits at 254 nm.

Exposures using the LED were performed with the LEDs
2.5cm away from the target. The average irradiance during
an exposure was 40.5pW/ cm? Exposures using the 254nm
lamp were performed with an irradiance of 500 uW/cm?.

Survival of MRSA

MRSA (USA300, multilocus sequence type 8, clonal com-
plex 8, staphylococcal cassette chromosome mec type IV)
was kindly provided by Dr. Anne-Catrin Uhlemann at
Columbia University in New York. USA300 isolates have
quickly developed resistance to antimicrobial agents,
thereby becoming the cause of community- and hospital-
acquired invasive diseases such as bacteremia, endocar-
ditis, and pneumonia.*® Fresh colonies of MRSA were
obtained by picking a single colony from a stock plate and
mixing it well in a glass bottle containing 40 mL tryptic soy
broth (TSB). After being cultured overnight, shaking at
140 rpm at 35°C, the MRSA stock was collected in a 50 mL
tube, then centrifuged at 3374g for 12min. The superna-
tant was discarded, and 1 mL phosphate-buffered saline
(PBS) was added to resuspend the collected pellet. After
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FIGURE 1 (A) A photograph of the tested device with indicator LEDs. (B) Spectrum emitted from the device tested in this study. The

center wavelength of the emission spectrum of the device is 234 nm.
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measuring the optical density at 600nm (ODg,,), PBS
was used to adjust the ODg, of the resuspended MRSA
to 0.6. 1 mL of MRSA stock at ODg,,=0.6 was added into
a 30mm petri plate and exposed to 0, 4, 6, 10, or 20mJ/
cm? of far-UVC exposure using the LED device. After ex-
posure, the MRSA solution was serially diluted, and 15pL
of each dilution was plated on 1.5% tryptic soy agar (TSA)
by spreading. Plates were incubated at 37°C in the incuba-
tor for 24 h before counting colonies for assessment of the
colony formation units (CFU/mL).

The survival fraction (S) of MRSA exposed in solution
to 234nm LEDs was defined by calculating the ratio of
colonies of irradiated cells (CFU/mL at each UV dose)
to colonies in zero dose control (CFU_y,s): S=CFU/
mLyy/CFU/MmL 01 Survival values were calculated for
each repeat experiment and natural log (In) transformed
to bring the error distribution closer to normal.*’ Using
this approach, MRSA survival [S] was described by first-
order kinetics according to the equation: In [S]=—k X D,
where k is the UV inactivation rate constant or suscepti-
bility factor (cm®/mJ) and D is the dose. The regression
was performed with the intercept term set to zero, repre-
senting the definition of 100% relative survival at zero UV
dose. The data at zero dose, which by definition represent
In [S]=0, were not included in the regression.

UV-associated premutagenic DNA lesions
in a 3D human skin model

We used a 3D human skin model, EpiDerm-FT (MatTek
Corp., Ashland, MA), consisting of stratum corneum and
8-12 human cell layers to reproduce human epidermis and
dermis.*® We measured induction of the most abundant
premutagenic DNA lesions in the epidermis, cyclobutane
pyrimidine dimers (CPD), in 3D human skin constructs
30min after exposure to the Dy, determined for MRSA
using this LED system, using the immunohistochemical
approach previously described.*

RESULTS
Survival of MRSA

Results for the inactivation of MRSA in PBS solution by
the LED device are plotted in Figure 2. The MRSA inac-
tivation susceptibility constant was k=0.43cm?*/mJ (95%
Confidence Interval: 0.40, 0.45), and the Dy, which is
the UV dose that inactivates 90% of the exposed bacte-
ria, was calculated as Dgy=—In [1-0.90]/k=5.38 mJ/cm®.
Similarly, Dgyg ¢, Or the dose that results in a 3-log reduc-
tion of survival, was calculated as 16.14 mJ/cm?>.

MRSA survival, exposed in solution
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FIGURE 2 Survival of methicillin-resistant S. aureus (MRSA)
exposed in solution to different doses of 234 nm LEDs. Fitting the
results to an exponential model estimates a susceptibility k value of
0.43cm?/ml.

DNA damage in a 3D human skin model

To assess induction of damage on skin from the 234nm
LED device, we exposed 3D human skin tissue models to
the dose that killed 99.9% of the MRSA (Dgyg g=16.14mJ/
cm?). Nuclei positive for CPD typically appear black or
brown in color using this assay.”>* However, samples
that had been exposed to 16.14mJ/cm? and fixed 30 min
after exposure (Figure 3, middle panel) appeared simi-
lar to unirradiated controls (Figure 3, left panel), indi-
cating that at this dose the 234nm LED device did not
induce CPDs within this skin tissue model (Figure 3). In
contrast, CPDs were detected in epidermal keratinocytes
(appearing as black nuclei) of skin models exposed to
20mJ/cm? from a low-pressure mercury lamp (Figure 3,
right panel).

DISCUSSION

Our findings suggest that 234 nm induces a 90% reduction
in MRSA survival with a radiant exposure dose of 5.38 mJ/
cm? and a 99.9% reduction with a radiant exposure dose of
16.14mJ/cm”. This antimicrobial dose of far-UVC did not
produce DNA photodamage within a human skin tissue
model.

It was suggested that UVC can eradiate pathogens se-
lectively and help with the wound healing process with
the appropriate doses, without damaging the viability of
mammalian host cells.’? However, the studies on the ap-
plication of UVC in curing chronic wounds are limited to
in vitro and ex vivo models. The lower penetration range
and better absorption in the tissues of 234nm light make
it a promising candidate for chronic wound decontamina-
tion.*! Our findings suggested that 234nm light has ger-
micidal ability against MRSA.

85U80|7 SUOWILIOD BAIEa.D 8|qed! [dde aLp Aq peusenob ae S9olie YO 8Sn JO s3I 10} A%eug1 78Ul U0 /8|1 UO (SUORIPUOO-PUE-SW.BI W0 A8 | 1M ARIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWie 1 8y} 89S *[9202/c0/6Z] U0 AkeidiTaulluo A8|IM ‘[01u0D 8sess|q 104 1D Aq 9T00. dyd/TTTT 0T/I0p/wo A8 imAseIq Ul |uo//SAny WoJj pepeojumod ‘Z ‘9z0Z ‘L60TTSLT



TANG ET AL.

415

16.14 mJ/cm?
| 234 nm LEDs

Unexposed

g [

20 ml/cm?
254 nm LP Hg

- - -
e - e ™y
7 ¥ ® ‘__.
7 Feuminnse Crighe e SN,
7SR R SR e el
. - - e -
B {
b
-
¢
- 20 um 50 um
S PRSTNSS

FIGURE 3 No cyclobutene pyrimidine dimers (CPD) were detected in 3D human skin tissue models 30 min after exposure to the dose
that kills 99.9% of the MRSA bacteria (Dyg y=16.14mJ/cm?). On the other hand, CPD was detected in epidermal keratinocytes (appearing as
black nuclei) of skin tissue models exposed to a similar dose (20 mJ/cm?) from the low-pressure mercury lamp (254nm Lp Hg).

The penetration range does vary slightly among far-
UVC wavelengths. For example, at a given dose, 234 nm
can penetrate further in the epidermis than 222nm.*
The safety for exposed skin and the potential for reduc-
ing pathogens make the 234nm light a promising can-
didate for skin disinfection during surgery and within
chronic wounds. Previous studies have explored the
germicidal potential of 233nm light. In sodium chlo-
ride solution, 233nm can cause a similar reduction of
a log,, reduction (LR) of MRSA DSM 11822 in compari-
son to 254 nm at the same dose.” In the consideration of
skin safety, compared to the commonly used germicidal
254nm, 233nm light is more highly absorbed before
reaching the basal cell layers of the skin. The CPD dam-
age is only observed at the superficial layer of the epi-
dermis.*® Although our study provides valuable insights
into the potential of 234 nm in chronic wound manage-
ment, there are some limitations that can be improved
in the future. A current limitation with the tested device
is the operational runtime. The device heats while op-
erating and automatically shuts off after about 7 min of
continuous usage. We found that a dose of about 20mJ/
cm? could be delivered within this operational window,
which is well above the dose required for a 3-log reduc-
tion in MRSA in solution. The exposure window area is
another limitation. The device exposes an 80 mm diam-
eter circular area, which may restrict the application of
this device on larger chronic wounds. Additional evalu-
ation of the performance of this device against biofilms
associated with MRSA is also needed. The complicated
structure and components of the biofilm may limit the

penetration and absorption of 234nm and thus its over-
all germicidal capacity within that environment. Finally,
in vivo safety evaluation of this 234 nm emitting device
should be performed to assess its potential damage to
skin cells and tissues.

Future studies with this device could include additional
evaluation of battery life, heating performance, compat-
ibility with different chronic wound sizes, and further
evaluation of the safety of 234nm exposure. Additional
studies can provide improved guidance for the application
of this innovative UVC phototherapy platform for the de-
contamination of chronic nonhealing wounds.

ACKNOWLEDGMENTS

This work has been supported in part by the Open
Philanthropy/Good Ventures Foundation, the Empire
State Biodefense Commercialization Fund, the Far UV
Foundation, a Columbia University Urban Tech Award,
and CDC NIOSH R010H012312.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID

David Welch © https://orcid.org/0000-0003-2784-496X
Manuela Buonanno © https://orcid.
org/0000-0002-3455-3602

David J. Brenner (2 https://orcid.
org/0000-0002-0926-1210

85U80|7 SUOWILIOD BAIEa.D 8|qed! [dde aLp Aq peusenob ae S9olie YO 8Sn JO s3I 10} A%eug1 78Ul U0 /8|1 UO (SUORIPUOO-PUE-SW.BI W0 A8 | 1M ARIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWie 1 8y} 89S *[9202/c0/6Z] U0 AkeidiTaulluo A8|IM ‘[01u0D 8sess|q 104 1D Aq 9T00. dyd/TTTT 0T/I0p/wo A8 imAseIq Ul |uo//SAny WoJj pepeojumod ‘Z ‘9z0Z ‘L60TTSLT


https://orcid.org/0000-0003-2784-496X
https://orcid.org/0000-0003-2784-496X
https://orcid.org/0000-0002-3455-3602
https://orcid.org/0000-0002-3455-3602
https://orcid.org/0000-0002-3455-3602
https://orcid.org/0000-0002-0926-1210
https://orcid.org/0000-0002-0926-1210
https://orcid.org/0000-0002-0926-1210

416

PHOTOCHEMISTRY AND PHOTOBIOLOGY

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Werdin F, Tenenhaus M, Rennekampff HO. Chronic wound
care. Lancet. 2008;372(9653):1860-1862.

Sen CK. Human wound and its burden: updated 2022 compen-
dium of estimates. Adv Wound Care. 2023;12(12):657-670.

Sen CK, Gordillo GM, Roy S, et al. Human skin wounds: a
major and snowballing threat to public health and the econ-
omy. Wound Repair Regen. 2009;17(6):763-771.

Brem H, Stojadinovic O, Diegelmann RF, et al. Molecular mark-
ers in patients with chronic wounds to guide surgical debride-
ment. Mol Med. 2007;13(1-2):30-39.

Falanga V, Isseroff RR, Soulika AM, et al. Chronic wounds. Nat
Rev Dis Primers. 2022;8(1):50.

Daeschlein G. Antimicrobial and antiseptic strategies in wound
management. Int Wound J. 2013;10(Suppl 1):9-14.

Dancer SJ. The effect of antibiotics
resistant Staphylococcus aureus. J Antimicrob Chemother.
2007;61(2):246-253.

Lineaweaver W. Topical antimicrobial toxicity. Arch Surg.
1985;120(3):267.

Romano V, di Gennaro D, Sacco AM, et al. Cell toxicity study of
antiseptic solutions containing povidone-iodine and hydrogen
peroxide. Diagnostics. 2022;12(8):2021.

Norman G, Christie J, Liu Z, et al. Antiseptics for burns.
Cochrane Database Syst Rev. 2017;7:CD011821.

Li WW, Carter MJ, Mashiach E, Guthrie SD. Vascular as-
sessment of wound healing: a clinical review. Int Wound J.
2017;14(3):460-469.

Demling RH, Waterhouse B. The increasing problem of wound
bacterial burden and infection in acute and chronic soft-tissue
wounds caused by methicillin-resistant Staphylococcus aureus.
J Burns Wounds. 2007;7:e8.

Evelhoch SR. Biofilm and chronic nonhealing wound infec-
tions. Surg Clin North Am. 2020;100(4):727-732.

Omar A, Wright JB, Schultz G, Burrell R, Nadworny P. Microbial
biofilms and chronic wounds. Microorganisms. 2017;5(1):9.
Kim PJ, Steinberg JS. Wound care: biofilm and its impact on the
latest treatment modalities for ulcerations of the diabetic foot.
Semin Vasc Surg. 2012;25:70-74.

Harrison-Balestra C, Cazzaniga AL, Davis SC, Mertz PM. A
wound-isolated Pseudomonas aeruginosa grows a biofilm
in vitro within 10 hours and is visualized by light microscopy.
Dermatologic Surg. 2003;29(6):631-635.

Malic S, Hill KE, Playle R, Thomas DW, Williams DW. In vitro
interaction of chronic wound bacteria in biofilms. J Wound
Care. 2011;20(12):569-577.

Thomson CH. Biofilms: do they affect wound healing? Int
Wound J. 2011;8(1):63-67.

Simonetti O, Marasca S, Candelora M, et al. Methicillin-
resistant Staphylococcus aureus as a cause of chronic wound
infections: alternative strategies for management. AIMS
Microbiol. 2011;8(2):125-137.

Blatchley ER III, Brenner DJ, Claus H, et al. Far UV-C radia-
tion: an emerging tool for pandemic control. Crit Rev Environ
Sci Technol. 2023;53(6):733-753.

Gorlitz M, Justen L, Rochette PJ, et al. Assessing the safety of
new germicidal far-UVC technologies. Photochem Photobiol.
2024;100(3):501-520.

on methicillin-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Eadie E, Hiwar W, Fletcher L, et al. Far-UVC (222 nm) effi-
ciently inactivates an airborne pathogen in a room-sized cham-
ber. Sci Rep. 2022;12(1):4373.

Wang MH, Zhang HH, Chan CK, Lee PKH, Lai ACK.
Experimental study of the disinfection performance of a 222-
nm far-UVC upper-room system on airborne microorganisms
in a full-scale chamber. Build Environ. 2023;236:110260.
Buonanno M, Kleiman NJ, Welch D, Hashmi R, Shuryak I,
Brenner DJ. 222 nm far-UVC light markedly reduces the level
of infectious airborne virus in an occupied room. Sci Rep.
2024;14(1):6722.

Navarathna T, Jinadatha C, Corona BA, et al. Efficacy of a fil-
tered far-UVC handheld disinfection device in reducing the
microbial bioburden of hospital surfaces. Am J Infect Control.
2023;51(12):1406-1410.

Fukui T, Niikura T, Oda T, et al. Exploratory clinical trial on the
safety and bactericidal effect of 222-nm ultraviolet C irradiation
in healthy humans. PLoS One. 2020;15(8):e0235943.

Goh JC, Fisher D, Hing ECH, et al. Disinfection capabilities of
a 222 nm wavelength ultraviolet lighting device: a pilot study. J
Wound Care. 2021;30(2):96-104.

Narita K, Asano K, Morimoto Y, et al. Disinfection and heal-
ing effects of 222-nm UVC light on methicillin-resistant
Staphylococcus aureus infection in mouse wounds. J Photochem
Photobiol B Biol. 2018;178(Supplement C):10-18.

Busch L, Kroger M, Schleusener J, et al. Evaluation of DNA
lesions and radicals generated by a 233 nm far-UVC LED in
superficial ex vivo skin wounds. J Photochem Photobiol B Biol.
2023;245:112757.

Zwicker P, Schleusener J, Lohan SB, et al. Application of 233
nm far-UVC LEDs for eradication of MRSA and MSSA and risk
assessment on skin models. Sci Rep. 2022;12(1):2587.

Glaab J, Lobo-Ploch N, Cho HK, et al. Skin tolerant inactiva-
tion of multiresistant pathogens using far-UVC LEDs. Sci Rep.
2021;11(1):14647.

Ma L, Yang Z, Ji B, et al. Comparative analysis of conven-
tional light source and LED array combined with the cata-
lyst for degradation of antibiotics. Process Saf Environ Prot.
2021;149:915-926.

Budnik LT, Casteleyn L. Mercury pollution in modern times and its
socio-medical consequences. Sci Total Environ. 2019;654:720-734.
Hinds LM, O'Donnell CP, Akhter M, Tiwari BK. Principles
and mechanisms of ultraviolet light emitting diode technology
for food industry applications. Innov Food Sci Emerg Technol.
2019;56:102153.

Davididou K, McRitchie C, Antonopoulou M, Konstantinou
I, Chatzisymeon E. Photocatalytic degradation of saccharin
under UV-LED and blacklight irradiation. J Chem Technol
Biotechnol. 2018;93(1):269-276.

Al-Mamun M, Kader S, Islam MS, Khan MZH. Photocatalytic
activity improvement and application of UV-TiO2 photocatal-
ysis in textile wastewater treatment: a review. J Environ Chem
Eng. 2019;7(5):103248.

Jallouli N, Pastrana-Martinez LM, Ribeiro AR, et al.
Heterogeneous photocatalytic degradation of ibuprofen
in ultrapure water, municipal and pharmaceutical indus-
try wastewaters using a TiO2/UV-LED system. Chem Eng J.
2018;334:976-984.

85U80|7 SUOWILIOD BAIEa.D 8|qed! [dde aLp Aq peusenob ae S9olie YO 8Sn JO s3I 10} A%eug1 78Ul U0 /8|1 UO (SUORIPUOO-PUE-SW.BI W0 A8 | 1M ARIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWie 1 8y} 89S *[9202/c0/6Z] U0 AkeidiTaulluo A8|IM ‘[01u0D 8sess|q 104 1D Aq 9T00. dyd/TTTT 0T/I0p/wo A8 imAseIq Ul |uo//SAny WoJj pepeojumod ‘Z ‘9z0Z ‘L60TTSLT



TANG ET AL. 417

38. Li-zhe M, BangJI, Zhou YANG, Quan-Feng HUANG, Wen-Feng 47. Keene ON. The log transformation is special. Stat Med.
ZHAO. Study of photocatalytic degradation of antibiotics based 1995;14(8):811-819.
on UV-LED Array. Spectrosc Spectr Anal. 2019;39(9):2894-2900. 48. Kubilus J, Hayden PJ, Ayehunie S, et al. Full thickness

39. Taylor W, Camilleri E, Craft DL, et al. DNA damage kills bac- EpiDerm™: a dermal-epidermal skin model to study ep-
terial spores and cells exposed to 222-nanometer UV radiation. ithelial-mesenchymal interactions. Altern Lab Anim.
Appl Environ Microbiol. 2020;36(8):¢03039-19. 2004;32(1_suppl):75-82.

40. Finlayson L, Barnard IRM, McMillan L, et al. Depth penetra- 49. Buonanno M, Stanislauskas M, Ponnaiya B, et al. 207-nm
tion of light into skin as a function of wavelength from 200 to UV light—a promising tool for safe low-cost reduction of
1000 nm. Photochem Photobiol. 2022;98(4):974-981. surgical site infections. II: in-vivo safety studies. PLoS One.

41. Welch D, Aquino de Muro M, Buonanno M, Brenner DIJ. 2016;11(6):e0138418.

Wavelength-dependent DNA Photodamage in a 3-D human 50. Buonanno M, Ponnaiya B, Welch D, et al. Germicidal efficacy
skin model over the far-UVC and germicidal UVC wave- and mammalian skin safety of 222-nm UV light. Radiat Res.
length ranges from 215 to 255nm. Photochem Photobiol. 2017;187(4):483-491.

2022;98(5):1167-1171. 51. Buonanno M, Randers-Pehrson G, Bigelow AW, et al. 207-nm

42. Buonanno M, Hashmi R, Petersen CE, et al. Wavelength- UVlight - a promising tool for safe low-cost reduction of surgical
dependent DNA damage induced by single wavelengths of site infections. I: in vitro studies. PLoS One. 2013;8(10):e76968.
UV-C radiation (215 to 255 nm) in a human cornea model. Sci 52. Gupta A, Avci P, Dai T, Huang YY, Hamblin MR. Ultraviolet

43.

44.

45.

46.

Rep. 2025;15(1):252.

Eadie E, O'Mahoney P, Ibbotson SH, Miller CC, Wood K. Far-
UVC: the impact of optical filters on real-world deployment.
Photochem Photobiol. 2025;101(2):270-274.

American Conference of Governmental Industrial Hygienists.
Threshold Limit Values and Biological Exposure Indices.
American Conference of Governmental Industrial Hygienists;
2022.

The International Commission on Non-Ionizing Radiation
Protection. Guidelines on limits of exposure to ultraviolet radi-
ation of wavelengths between 180 nm and 400 nm (incoherent
optical radiation). Health Phys. 2004;87(2):171-186.

Uhlemann A-C, Otto M, Lowy FD, DeLeo FR. Evolution of
community- and healthcare-associated methicillin-resistant
Staphylococcus aureus. Infect Genet Evol. 2014;21:563-574.

radiation in wound care: sterilization and stimulation. Adv
Wound Care. 2013;2(8):422-437.

How to cite this article: Tang Z, Welch D,
Buonanno M, Gerber M, Brenner DJ. Germicidal
potential and skin compatibility of an innovative
UVC phototherapy device emitting at 234 nm.
Photochem Photobiol. 2026;102:411-417. doi:10.1111/

php.70016

85U80|7 SUOWILIOD BAIEa.D 8|qed! [dde aLp Aq peusenob ae S9olie YO 8Sn JO s3I 10} A%eug1 78Ul U0 /8|1 UO (SUORIPUOO-PUE-SW.BI W0 A8 | 1M ARIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWie 1 8y} 89S *[9202/c0/6Z] U0 AkeidiTaulluo A8|IM ‘[01u0D 8sess|q 104 1D Aq 9T00. dyd/TTTT 0T/I0p/wo A8 imAseIq Ul |uo//SAny WoJj pepeojumod ‘Z ‘9z0Z ‘L60TTSLT


https://doi.org/10.1111/php.70016
https://doi.org/10.1111/php.70016

	Germicidal potential and skin compatibility of an innovative UVC phototherapy device emitting at 234 nm
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	LED exposure system, characterization, and dosimetry
	Survival of MRSA
	UV-associated premutagenic DNA lesions in a 3D human skin model

	RESULTS
	Survival of MRSA
	DNA damage in a 3D human skin model

	DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


