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Abstract

The increasing burden of antimicrobial resistance necessitates a novel approach to disinfect multidrug resistant pathogens. Conventional 254-
nm ultraviolet-C (UVC) light shows high germicidal ef cacy against bacteria. However, it induces pyrimidine dimerization in exposed human skin
with carcinogenic potential. Recent developments suggest 222-nm UVC light can be used to disinfect bacteria and cause less harm to human
DNA. This new technology can be used to disinfect healthcare-associated infections and more speci cally surgical site infections (SSlIs). This
includes but is not limited to methicillin-resistant Staphylococcus aureus (MRSA), P. aeruginosa, C. dif cile, E. coli, and other aerobic bacteria.
This thorough review of scarce literature assesses the germicidal ef cacy and skin safety of 222-nm UVC light with a particular focus on its
clinical applications to MRSA and SSls. The study reviews a variety of experimental models, including in vivo and in vitro cell cultures, live human
skin, human skin models, mice skin, and rabbit skin. The potential for long-term eradication of bacteria and ef cacy against speci ¢ pathogens
is appraised. This paper focuses on the methods and models used in past and present research to determine the ef cacy and safety of 222-nm

UVC in the acute hospital setting with a focus on MRSA and its applicability to SSls.
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Introduction

Increasing misuse of antimicrobials in the last two decades
has caused one of the greatest threats to global patient health,
known as antimicrobial resistance (AMR) (Ferri et al. 2015).
Speci cally, the frequent overuse of antibiotics in clinics has
caused increased antibiotic resistance genes amongst human
pathogens such as methicillin-resistant Staphylococcus au-
reus (MRSA) (Wencewicz 2019). MRSA toxins and immune-
modulatory gene products create the epidemiological chal-
lenge of treating complex MRSA strains globally (Klein et al.
2021).

Hospital-acquired infections (HAIs) are secondary infec-
tions leading to poor outcomes in hospital patients and are
often associated with surgical sites (Boey and Kiss 2017).
Surgical site infections (SSIs) are a large cause for patient
mortality and morbidity in postsurgical care (Young and
Khadaroo 2014). The risk of SSIs with multidrug resistant
(MDR) pathogens is remarkable. Mengesha et al. (2014) de-
termined 82.92% of isolates in postsurgical wound infec-
tions were MDR pathogens. Similarly, S. aureus was the
most common SSI pathogen in hospital cases with 39.2%
of S. aureus isolates resistant to methicillin (Salmanov et al.
2019). It is known that enhanced terminal disinfection of
contaminated healthcare environments with UVC light de-
creases the risk of acquiring these AMR pathogens (Ander-
son et al. 2017). These ndings encourage further inquiry
into the role of UVC light as a germicide in the clinical
environment.

In recent years, 254 nm near-UVC light has been used as an
effective hospital room decontaminant; however, it is known
to be carcinogenic and cataractogenic (Rutala and Weber
2015, Welch et al. 2018). While conventional low-pressure
mercury-vapor 254-nm UVC is an effective disinfectant tech-
nique in hospitals for medical equipment, exposure in the clin-
ical setting places human health in danger of erythema and
skin cancers (Gharbi et al. 2020). The challenge in targeted im-
plementation of UVC light is the ability to use it in an occupied
space (Buonanno et al. 2020). The krypton-chloride (KrCl)
excimer lamp is a far-UVC light operating at the 222 nm wave-
length (Ponnaiya et al. 2018). With similar penetrance of bac-
terial cells to 254-nm UVC, 222-nm UVC shows less pene-
trance of mammalian skin cell barriers (Buonanno et al. 2017).
It cannot penetrate the outer non-living layer of the human
skin, however it is strongly absorbed in bacteria and viruses
(Welch et al. 2018). Additional higher penetrating photons in
non-peak transmissions can cause erythema and DNA pho-
todamage (Buonanno et al. 2021). A lamp may be equipped
with a bandpass Iter to improve spectral purity by reducing
transmissions outside 222 nm.

Germicidal ef cacy of 222-nm UVC refers to its ability to
eradicate certain pathogens. A variety of factors in uence the
germicidal ef cacy of this novel technology, including the dose
of radiation, the wavelength of radiation, degree of exposure,
and sensitivity of the microorganism to UVC light (Reed 2010,
Rutala and Weber 2015). The germicidal ef cacy is evaluated
by comparing log reductions in bacterial counts before and
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after irradiation and a total reduction refers to complete ster-
ilization.

The use of germicidal UVC in hospital settings is often dis-
puted by its safety for use on human skin. In the outermost
protective layer of the skin, keratinocyte differentiation forms
the terminal corneocyte and provides mechanical strength in
the stratum corneum matrix (Gutowska-Owsiak et al. 2020).
Reduced integrity of this barrier allows for subsequent dam-
age to innate defences. Thus, the amounts of DNA photo-
damage adducts cyclobutane pyrimidine dimers (CPDs) and
DNA 6-4 photoproducts (6—4PPs) induced in keratinocytes
are common measurements of skin safety in this review. CPDs
and 6-4PPs are quanti ed by enzyme-linked immunosorbent
assay (ELISA), immunohistological analysis (IHC), or high-
performance liquid chromatography (HPLC), and mass spec-
trometry. Conventional 254 nm technology is shown to form
CPDs, which cause erythema and carcinogenesis (Hessling et
al. 2021). Near-UVC also negatively impacts the upward mi-
gration of keratinocytes which causes biomechanical photoag-
ing by structural degradation (Narita et al. 2018a, Lipsky
and German 2019). UVC of wavelength 222 nm is conversely
shown to have no notable effect on the natural migration of
keratinocytes (Narita et al. 2018a).

Preventing AMR can be accomplished by eliminating the
persistent overuse and exploitation of antibiotics with antimi-
crobial stewardship (AS). AS uses a conscientious approach
to consuming and prescribing antibiotics for drug treatment
and is shown to decrease AMR and increase positive patient
outcomes when used with concurrent hygiene policy (Septi-
mus 2018). A recent study by Maeda et al. (2012) showed
that UVC at sublethal doses did not affect the minimum in-
hibitory concentration (MIC) of antibiotics. As such, AS may
be rede ned globally to prioritise access to antibiotic therapy
for lower income communities (Buckel et al. 2018). AS is one
of the global community’s most powerful tools in reshaping
AMR. UVC of wavelength 222 nm in healthcare policy may
optimise bacterial eradication while minimising antibiotic use.

AIMS

This paper investigates the use of 222-nm UVC light to erad-
icate pathogens on patient skin, hospital surfaces, and tools
with a particular focus on MRSA. The aims of the paper are:

1) Toevaluate and compare the germicidal ef cacy of 222-
nm UVC light against MRSA, P. aeruginosa, C. dif cile,
E. coli, and other aerobic bacteria.

2) To evaluate the safety concerns of 222-nm UVC light
on human skin.

3) To determine the role of 222-nm UVC in AMR with a
focus on treating SSls.

Literature search

Online databases Ovid MEDLINE(R) and Embase were
searched in November 2022. The databases were searched for
keywords and titles using the terms UVC, far-UVC, and 222 in
several combinations with skin, safety, germicide, germicidal,
disinfection, and MRSA.

The review included studies that used 222-nm UVC; stud-
ies that irradiated the pathogenic organisms MRSA, P. aerug-
inosa, E. coli, C. dif cile, and aerobic bacteria from hospital
settings; and studies that tested skin safety; ex vivo, in vivo,
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and in vitro studies; mammalian skin and mammalian skin
models; and exploratory laboratory research, exploratory
clinical trials, pilot studies, and hybrid studies. The review
excluded studies that did not emit principally at the 222-
nm UVC wavelength; studies that only irradiated corneas;
reviews, abstracts, letters, editorials, and opinions; and arti-
cles that did not address the aims previously identi ed. The
Preferred Reporting Items for Systematic Reviews (PRISMA)
method was used to select studies in the literature review (see
Fig. 1) (Page et al. 2021).

Results

Experimental properties

Each study was categorized and assessed according to exper-
imental model and design, technology used, and method of
CPD quanti cation (if applicable). In this review, normal skin
was de ned as intact and wounded skin was either ulcerated
or experimentally incised. The papers were rst appraised for
the experimental specimen. Of the 15 papers, 5 used cell cul-
ture plates (Buonanno et al. 2017, Narita et al. 2020, Taylor
et al. 2020, Kaiki et al. 2021, Ivanova et al. 2022), 5 used nor-
mal animal skin (Narita et al. 2018a, b, Yamano et al. 2020,
Yamano et al. 2021, Narita et al. 2022), 3 used wounded an-
imal skin (Ponnaiya et al. 2018, Narita et al. 2018a, Fukui
et al. 2022), 2 used normal human skin (Woods et al. 2015,
Fukui et al. 2020), 1 used wounded human skin (Goh et al.
2021), and 2 used human skin models (Buonanno et al. 2017,
Ivanova et al. 2022) (see Fig. 2).

The papers were appraised for the KrCl lamp used. In to-
tal, six different lamps were used across the 15 papers. Two
papers used CARE222 (Ushio Inc., Tokyo, Japan) (Taylor et
al. 2020, Kaiki et al. 2021), 1 used an unidenti ed model
by High Current Electronics Institute (Tomsk, Russia) (Buo-
nanno et al. 2017), 1 used a MED-UV prototype (GME, Ger-
many) (Ilvanova et al. 2022), 9 used SafeZoneUVC (Ushio Inc.,
Tokyo, Japan) (Narita et al. 2018a,b, Fukui et al. 2020, Narita
etal. 2020, Yamano et al. 2020, Goh et al. 2021, Yamano et al.
2021, Fukui et al. 2022, Narita et al. 2022), 1 used Sterilray
(Sterilray Health Innovations, Dover, New Hampshire, NH,
USA) (Woods et al. 2015), and 1 used an unidenti ed proto-
type model by Ushio (Ushio Inc., Tokyo, Japan) (Ponnaiya et
al. 2018). The studies were further analyzed by the absence
or addition of a bandpass Iter. A total of nine studies used a
bandpass Iter (Buonanno et al. 2017, Narita et al. 2018a, b,
Narita et al. 2020, Yamano et al. 2020, Yamano et al. 2021,
Fukui et al. 2022, lvanova et al. 2022, Narita et al. 2022) and

ve studies did not report using a bandpass Iter (Woods et
al. 2015, Ponnaiya et al. 2018, Fukui et al. 2020, Taylor et al.
2020, Goh et al. 2021, Kaiki et al. 2021) (see Fig. 3).

It was unclear whether Ponnaiya et al. (2018) used a band-

pass lter as the study did not explicitly describe a bandpass

Iter. As a pilot study, Woods et al. (2015) used a neutral den-
sity Iter that eliminated =250 nm emissions. On the other
hand, some studies evaluated the effects of spectral purity with
more than one bandpass Iter (Yamano et al. 2020, Yamano
et al. 2021, Ivanova et al. 2022). Some studies only reported
a built-in optical Iter (Fukui et al. 2020, Goh et al. 2021,
Kaiki et al. 2021, Fukui et al. 2022). The optical Iter in the
CARE222 device (Ushio Inc., Tokyo, Japan) reduced emis-
sions to 200-230 nm. The optical Iter in the SafeZone UVC
device (Ushio Inc., Tokyo, Japan) reported to lter =230 nm.
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Figure 1. PRISMA ow diagram of the literature search. A total of 507 papers were identi ed by keywords and titles via Embase (196) and Ovid
MEDLINE(R) (311); 187 duplicate papers were removed with a preference for Embase; 320 papers were screened; 268 papers were excluded by title; 52
papers were scrutinized against inclusion and exclusion criteria; 37 papers were excluded; 15 papers were included in this review. [PRISMA template

sourced from: Page et al. (2021)].
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Figure 2. Results grouped by experimental model and experimental design (n = 15). Results grouped by experimental model and experimental design
(n = 15). Each group shows the experimental model(s) described in Material and method section of each paper. Each bar represents the number of
experimental designs per experimental model, including cell cultures (dark blue), normal skin (gray), wounded skin (light blue), and skin models (orange)
were graphed. Cell cultures (dark blue), normal skin (gray), wounded skin (light blue), and skin models (orange).

Some studies reported spectral purity of emissions with a spec-
trometer (Woods et al. 2015, Buonanno et al. 2017, Ponnaiya
et al. 2018, Yamano et al. 2020, Yamano et al. 2021, Ivanova
et al. 2022, Narita et al. 2022).

Next, the principal method of CPD quanti cation in skin
safety analysis was appraised. In total, 10 papers quanti ed
CPD in skin. Two studies used ELISA (Fukui et al. 2020,

Ivanova et al. 2022) and eight studies used IHC (Woods et
al. 2015, Buonanno et al. 2017, Ponnaiya et al. 2018, Narita
etal. 2018b, Yamano et al. 2020, Yamano et al. 2021, Fukui et
al. 2022, Narita et al. 2022) (see Fig. 4). lvanova et al. (2022)
used both ELISA to detect CPDs and IHC to determine the
depth of 222-nm UVC penetrance. Taylor et al. (2020) evalu-
ated DNA photodamage using HPLC and mass spectrometry
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Number of papers grouped by KrCl excimer lamp (brand) with or without the addition
of bandpass filter(s) (n = 15)

Number of papers (n)
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MED-UV prototype
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Figure 3. Results grouped by KrCl excimer lamp with or without the addition of a bandpass Iter (n = 15). Each bar represents the number of papers per
KrCl excimer lamp. The brand is included in parentheses. The addition of bandpass Iter(s) is represented by a gray bar; without bandpass Iter(s) is
represented by a blue bar. Six lamps and four brands were included in this review: CARE222 (Ushio Inc., Tokyo Japan), KrCl lamp (High Current
Electronics Institute, Tomsk, Russia), MED-UV prototype (GME, Germany), SafeZoneUVC (Ushio Inc., Tokyo, Japan), Sterilray (Sterilray Health
Environment Innovations, Dover, New Hampshire, USA), Ushio prototype (Ushio Inc., Tokyo, Japan). The addition of bandpass lIter(s) is represented by

a gray bar; without bandpass Iter(s) is represented by a blue bar.

Figure 4. Results grouped by method of CPD quanti cation in skin (n = 10). Each bar represents the number of papers that used ELISA or
immunohistochemistry (IHC) as the primary mode of CPD detection in skin following 222-nm UVC exposure.

after DNA hydrolysis in bacterial cells and spores, however
this was not relevant to skin safety.

Germicidal ef cacy

Of the 15 papers, 9 evaluated germicidal ef cacy in cell cul-
tures, human skin, human skin models, and mice skin (Buo-
nanno et al. 2017, Ponnaiya et al. 2018, Narita et al. 2018a,
Fukui et al. 2020, Narita et al. 2020, Taylor et al. 2020, Goh
et al. 2021, Kaiki et al. 2021, lvanova et al. 2022). Of the 15
papers, 7 papers evaluated the germicidal ef cacy of 222-nm
UVC against MRSA (Buonanno et al. 2017, Ponnaiya et al.
2018, Narita et al. 2018a, b, Taylor et al. 2020, Goh et al.
2021, Kaiki et al. 2021) (see Table 1).

Three papers evaluated the initial reduction of bacte-
ria and subsequent growth of bacteria following irradiation

(Ponnaiya et al. 2018, Narita et al. 2018a, Fukui et al. 2020)
(see Table 2).

Four papers evaluated the germicidal ef cacy of 222-nm
UVC against other common HAI bacteria, including P. aerug-
inosa, C. dif cile (including endospores), and E. coli (Narita
et al. 2020, Taylor et al. 2020, Goh et al. 2021, lvanova et al.
2022) (see Table 3).

Three papers evaluated the germicidal ef cacy of 222-nm
UVC light in the hospital setting (Fukui et al. 2020, Goh et al.
2021, Kaiki et al. 2021) (see Table 4).

Skin safety

Of the 15 papers, 10 evaluated skin safety of 222-nm UVC
(Woods et al. 2015, Buonanno et al. 2017, Ponnaiya et al.
2018, Narita et al. 2018b, Fukui et al. 2020, Yamano et al.
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