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ABSTRACT: Microbiological contamination of surfaces is a significant issue across vari-
ous sectors, posing a serious risk of pathogen transmission between individuals and im-
pacting public health. Among the available decontamination methods, ultraviolet-C (UVC)
radiation has seen a surge in popularity in recent years, particularly following the COV-
ID-19 pandemic. However, concerns have been raised regarding the environmental impact
and the risk for users of mercury-containing UVC devices. Despite their well-documented
biocidal efficacy against a broad spectrum of microorganisms, UVC radiation can be sig-
nificantly hindered by the presence of organic matter, biofilms, or surface irregularities that
create shadowed areas. In this study, we present an innovative approach that combines a
krypton-chlorine (KrCl) excimer lamp with a UVC phosphor. Optical characterization tech-
niques—including optical emission spectroscopy, camera imaging, and irradiance mea-
surements—were used to analyze the KrCl lamp and two lamp-phosphor combinations,
revealing the complementary nature of these two UVC sources. This synergy was further
investigated and validated against two bacterial species (Escherichia coli and Staphylococ-
cus aureus) and the HAdVS adenovirus. The promising results highlight new opportunities
for enhancing UVC-based surface decontamination strategies by combining UVC radiation
sources.

KEY WORDS: mercury-free lamp, far-UVC, phosphor, plasma, decontamination, irradiation,
microbiology, virology

I. INTRODUCTION

Microbiological contamination of surfaces is a significant issue across various sectors,
including the food industry,'= public spaces,* hospitals, and other healthcare facilities.>
Studies have demonstrated that bacteria,” viruses,® and fungi’ can persist on dry inani-
mate surfaces for extended periods, sometimes for months, with increased survival un-
der humid and low-temperature conditions. Maintaining surface cleanliness is therefore
essential to controlling pathogen transmission.

Conventional surface decontamination methods include chemical or physical ap-
proaches. Chemical disinfectants, such as alcohol-based solutions, quaternary ammo-
nium compounds, chlorine, and hydrogen peroxide are commonly used to eliminate
or reduce microbial presence.'” They have a broad spectrum of antimicrobial ac-
tivity and act on several targets in microbial cells.!" However, the effectiveness of
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decontamination procedures is influenced by several factors, including frequency,
methodology, equipment, monitoring protocols, and surface cleanliness standards.'*!®
Certain microorganisms exhibit resistance to specific chemical agents, either intrinsi-
cally, through acquired resistance, or by being shielded within biofilms.'*'® The use
of chemical products can lead to the generation of toxic residues, the degradation
of sensitive materials, and an increase of the emergence of multiresistant microor-
ganisms.'”!® For these reasons, chemical-free methods should be favored wherever
possible.

Physical methods include radiation, dry-ice cleaning, ice-pigging, and ultrasound."
Among these methods, ultraviolet (UV) light (200400 nm) has been used for many
years to disinfect contaminated surfaces due to their germicidal properties.” When in-
teracting with microorganisms, ultraviolet-C (UVC) (200-280 nm) radiation induces
irreversible damage to their deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) by
forming pyrimidine dimers, which disrupt replication and transcription of the DNA.?!
Historically, low-pressure mercury vapor lamps have been widely used to generate UVC
radiation, with a dominant emission at 254 nm. These devices operate via electrical
discharge in a plasma with mercury amalgam, where electrons excite mercury atoms to
emit ultraviolet photons. Although these lamps are effective and well-established, the
presence of mercury (which raises environmental concerns), their limited lifespan and
mechanical fragility further constrain their use.”>* Moreover, 254 nm UVC is consid-
ered to be hazardous to human health as it is a potential cause of dermatitis and skin
cancer.**%

In an attempt to reduce the hazardous effects of conventional mercury lamp,
researchers focused on excimer lamps.?® These devices operate based on the prin-
ciple of dielectric barrier discharges (DBDs), in which a rare gas (such as krypton
or xenon) is excited in the presence of halogens (chlore, brome, iode, as examples)
to form ephemeral molecules called excimers.”” These unstable molecules disso-
ciate, emitting characteristic UV radiation. For example, the excimer molecule
krypton-chlorine (KrCl) predominantly emits at a wavelength of 222 nm, within
the germicidal range of UVC.?® It has been shown that 222 nm is harmless to mam-
malian cells, human skin, and eyes when applied at controlled intensities.*=** When
coupled with phosphors, excimer lamps can extend their emission spectrum or
enhance their germicidal efficiency.’’ Phosphors convert part of the energy emit-
ted by the excimer into a different UVC wavelength optimized for microorganism
inactivation.**%

The use of UVs has the advantage of being both rapid and effective in inacti-
vating a wide range of microorganisms, including viruses, bacteria, and spores.*
However, the effectiveness of UVC light can be influenced by several factors, such
as the presence of organic matter, surface texture, and the uniformity of exposure.
To overcome these limitations and to target microorganisms that may exhibit re-
duced sensitivity to a single wavelength, we propose an innovative mercury-free
hybrid approach that combines a KrCl excimer lamp with a phosphor, both emitting
in the UVC range.
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Il. MATERIALS AND METHODS
A. Experimental Setup

1. Principle

The system comprises a support material, a phosphor powder, a quartz plate, and a
light source positioned horizontal to the surface (Fig. 1). When the phosphor is excited
by the light source (named R, ), it emits radiation (noted R, cp10p)- Outside of this
situation, the powder does not emit any light. The innovation of the system lies in the
complementary interaction between the two radiations, R, .0, a0d R . When both
are emitted, resulting in R . microorganisms present on the glass surface are ef-

fectively sandwiched between two UVC rays, creating a biocidal synergy.®

a. Phosphor’s Characteristics

The phosphor used is a calcium pyrophosphate (Ca,P,0,) doped with Pr** ions. These
characteristics are detailed in our previous study.*® In this work, the phosphor powder
was synthesized using spray pyrolysis (SP) at the CEMES laboratory** or solid-state
reaction (SSR) by Phosphor Technology. The resulting powders SP and SSR were then
deposited onto a quartz substrate using the sol-gel technique.*® This process involves
incorporating the phosphor into a chemical solution containing a metal precursor (tetra-
ethyl orthosilicate), an acid catalyst (chloride acid, HCI), and water (H20) to create a sol.
Over time, the sol particles assemble into a three-dimensional solid network, forming a
gel. The gel is air-dried on the quartz plate until it solidifies.

b. UVC Light Source’s Characteristics

The light source is a plasma lamp designed by OLISCIE and operating on the principle
of a coaxial DBD (Fig. 2). It consists of an inner glass tube with a diameter of 15 mm
into which a high-voltage electrode is inserted, and an outer glass tube with a diameter

KrCl lamp >
emitting R; .\

Phosphor
emitting Rpyospror

Quartz
Support material

FIG. 1: Schematic of the experimental setup. The light emitted by the lamp and the phosphor are
R, and R respectively. R is the combination of R +R

LAMP PHOSPHOR? COMBINED LAMP PHOSPHOR"®
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FIG. 2: Schematic of the KrClI excimer lamp

of 50 mm around which metal cable is wrapped to act as a ground electrode. The two
tubes form a hermetically sealed glass chamber measuring 200 mm in length. This en-
closure contains a mixture of KrCl gas at a pressure of between 200 and 400 mbar.

The lamp is powered by a voltage-limited pulse generator, also developed by
OLISCIE. The voltage is fixed at 3.5 kV, while the current is adjustable from 1 to 10 A
to deliver the required control power, ranging from 10 to 100 W, over a frequency range
of 20-100 kHz. The characteristic voltage and current signals from the power supply
are shown in Fig. 3. The current pulse duration is 1.5 ps. These signals were observed
using an oscilloscope (Rodhe & Schwarz RTE1024) equipped with a high-voltage probe
(Tektronix P6015A) and a current probe (Pearson™ current monitor, model 6585).

B. UVC Source Characterization

1. Irradiance Measurement

The radiation power received per unit area on the surface was measured using a radiom-
eter (RM-12 UVC, Optysec Dr. Grobel). The device detects wavelengths in the range
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FIG. 3: Voltage and current signals delivered by the pulse generator
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of 200-280 nm and provides irradiance measurements from 0 to 199 mW/cm?, with a
resolution of 0.01 mW/cm?. The radiometer was calibrated by the manufacturer at 222
nm using a krypton-chlorine excimer lamp (Heraeus) and at 254 nm using a mercury
lamp (TUV, model 15W/G15 T8).

2. Optical Emission Spectroscopy

The radiation emitted by the KrCl lamp and the irradiated phosphors were studied with
a SpectraPro PI-HRS-750 monochromator equipped with a 300 tr/mm grating. The light
was collected using a 600 um diameter QP6000-2-SR optical fiber and then detected at
the spectrometer’s output by an ICCD camera Pi-Max-4.

3. Camera Imaging

The distribution of streamers produced in the plasma discharge was observed with an
intensified charge-coupled device (ICCD) camera Pi-Max-2K-RB having a resolution of
1,024 x 1,204 pixels. The red-blue (RB) intensifier enables a wavelength range measur-
able by the camera between 200 and 900 nm. The CCD matrix is Peltier-cooled down to
—20°C to reduce dark current, thus improving the signal-to-noise ratio.

4. Bactericidal Efficacy Assessment and Morphological Analysis of
Bacterial Cells

Escherichia coli ATCC 47076 and Staphylococcus aureus ATCC 6538 were used in this
study as model microorganisms for Gram negative and Gram positive bacteria. The as-
sessment of the bactericidal efficacy was made according to NF EN 17272 with slight
modifications. Briefly, both strains were grown on tryptic soy agar plates at 37°C over-
night, and bacterial suspensions in sterile phosphate buffered were obtained and adjusted
at 4.0 x 10® CFU/ml. The suspension (50 ul) was spread on the surface of these natural
quartz plates (20 x 20 x 0.5 mm) and allowed to dry. The contaminated samples were
then exposed to a lamp operating at a power of 20 W for 5, 10, 20, 30, and 60 s, with a
fixed lamp to surface distance of 10 cm. The radiation emitted by the lamp at this distance
was 0.58 mW/cm?. Following the exposure period, the quartz plate was transferred into
a tube with sterile diluent. Subsequently, a serial dilution was performed up to 10 and
trypticase soy agar (TSA) plates were inoculated with 0.1 ml of each dilution in triplicate,
followed by incubation at 37°C over a duration of 48 hr. To assess the viability of micro-
organisms within the rest of the bacterial suspension, the membrane filtration technique
was employed. The remaining sample was filtered through a membrane with a pore size
of 0.45 mm, and the membranes were placed on TSA plates for incubation. Visible colo-
nies that developed were enumerated at intervals of 24 and 48 hr. The results were docu-
mented as colony-forming units (CFUs) and computed for each sample (CFU/sample).
The effect of UV treatment on the bacterial morphology was investigated by scan-
ning electron microscopy (SEM). E. coli or S. aureus contaminated quartz samples
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(5 x5 x 0.5 mm) were prepared and treated as described earlier. Following UV ex-
posure, the carriers were immersed in 2.5% glutaraldehyde and kept for 24 hr at 4°C.
After that, the samples were washed from fixative, routinely dehydrated in ethanol, and
sputtered with platinum using a high vacuum coating system (Leica EM MED 020). The
samples were imaged in a Quanta 250 FEG scanning electron microscope under high
vacuum at 10.00 kV, and SEM images were recorded with magnifications from 3,000x
to 35,000%. Untreated samples were processed in the same manner and used as controls.
Post-treatment sample preparation and imaging were made at the Centre de Microscopie
Electronique (CMEAB, Université de Toulouse I1I-Paul Sabatier, Toulouse, France).

5. Virucidal Efficacy Assessment

The virucidal efficacy was investigated by a focus-forming assay using human adenovi-
rus HAdV-5 ANCHOR™ (4.107 FFU/ml) as model virus. Viral stock suspension (10 pl)
was spread on a 1 X 1 cm quartz coverslip. After drying for 10-15 min, samples were
subjected to one of three conditions: left in the dark, irradiated with the KrClI lamp, or ir-
radiated with the KrCl lamp on a surface. The KrCl lamp was activated for 60 s at 20 W,
positioned 10 cm from the sample, delivering an exposure dose of 34.8 mJ/cm?. Treated
quartz coverslips were transferred to 35 mm Petri dishes, and the virus was recovered
by washing twice with 200 pul cell media. After treatment, 100 pl of the viral suspension
was used to infect HEK393 cells (plated at 11 x 10° cells/well the day before the experi-
ment) in a 96-well plate. Serial ten-fold dilutions of the suspension were prepared, and
the lowest dilution with infected cells was recorded. At 24 hr post-infection, cells were
fixed with formalin and stained with Hoechst 33342 to visualize nuclei. Images were
acquired and analyzed using a Thermo Celllnsight CX7 high-content microscope. These
experiments were conducted in collaboration with NeoVirTech, Toulouse, France.

lll. RESULTS

A. Plasma Lamp’s Characteristics

In the literature, it is well known that for rare gas halogen exciplex molecules, the B—X
transition is the highest in intensity, but there are also the weaker D—X, D-A, and C-A
transitions, and emission bands of halogen dimer molecules.’” A typical spectrum in
the range from 200 to 400 nm of our discharge obtained in the KrCl lamp at 20W is
shown in Fig. 4(a). The highest line corresponds to the B, — X transition of the KrCI*

172 1/2

exciplex at 222 nm. The emission of ~ 235 nm is due to the overlapping C,,—A, , and

D, ,—A,, transitions. Also present are the C1* line at 259 nm and a broad, low-intensity
emission near 325 nm due to the trimer emission Kr,CI* .

One advantage of excilamps is that up to 80% of the total radiant flux can be con-
centrated in a relatively narrow emission band, at 222 nm in the case of KrCl.3* Another
advantage of excilamp is the independence of the discharge ignition on the temperature

of their operating media and the short time of the discharge ignition. As depicted in
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FIG. 4: (a) Optical spectrum of the KrCl excimer lamp, considering as R
of the 222 nm KrCl line as function of time and power

_awp and (b) evolution

Fig. 4(b), the lamp reaches a near-stationary operating mode very quickly, in about
0.5-1s.”7 The UV intensity of the 222 nm emission generated by our KrCI excimer lamp
becomes stable as soon as the lamp is switched on. The intensity increases by 49.2 and
94.4% when the power is increased from 20 to 30 W and from 20 to 40 W, respectively.
Each curve represents the mean of three experiments, with error bars indicating the
standard deviation.

Figure 5(a) was taken with a conventional camera to better appreciate the color of
the discharge and its filamentary structure, whereas Fig. 5(b)-5(d) were recorded with
an ICCD camera when the plasma discharge was generated with a power of 20, 30, and
40 W. The discharge is characterized by micro-discharges chaotically distributed in
the discharge gap. Their formation steps are described by Lomaev et al.** The filament
structure is due to the operating pressure, electrode configuration, the gases ratio, and
the electrical parameters (frequency, waveform, pulse rate).® A capacitive discharge,
operating at lower pressures (< 10 mbar), compared to the DBD-type discharge used
here (a few hundred millibar), would produce a homogeneous discharge, but it would
yield a less intense emission line at 222 nm.*' This was also the conclusion reached
by the work of Lomaev et al.,** who showed that the presence of filaments in the bar-
rier discharge was the necessary condition for high-efficiency operation of a KrCl dis-
charge lamp, because a uniform discharge distribution led to a reduction in radiation
efficiency.?3740

The maps in Fig. 6 illustrate the irradiance measurements recorded over a 1,200
cm? surface exposed to the KrCl lamp, with control power set to Fig. 6(a) 20, 6(b) 30,
and 6(c) 40 W. The distance between the KrCl lamp and the irradiance meter detector
was 5 cm. Distinct zones were defined based on the irradiance values, ranging from 0.3
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FIG. 5: (a) Photography and ICCD images of the KrCI excimer lamp working at (b) 20 W, (c) 30
W and (d) 40 W with an integration time of 400 ps
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FIG. 6: Irradiance received by a surface of 12 x 10> cm? exposed to the KrCl excimer lamp
powered at (a) 20, (b) 30, and (c) 40 W

to 6.55 mW/cm?. The maps reveal a Gaussian distribution and an expansion of the areas
receiving a given irradiance with increasing power. For instance, the area receiving at
least 0.3 mW/cm? covers 465, 573, and 662 cm? at 20, 30, and 40 W, respectively. This
corresponds to an increase of 23% between 20 and 30 W, and 43% between 20 and
40 W.

B. Phosphors Emission’s Characteristics

In this section, the radiation emitted by the lamp will be referred to as R, - and that of
the phosphors as R, ... The SP phosphor corresponds to the powder produced by
SP using the CEMES laboratory protocol, while the “SSR” phosphor is produced by

phosphor technology using the solid-state reaction method.
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1. Measurement in Transmission

Figure 7 shows the emission spectra between 190 and 450 nm of the SP and SSR lu-
minophores under excitation at 222 nm with a control power of 40 W [Fig. 7(a)]. They
were obtained by filling a cylinder (@ = 5 mm, thk = 1 mm) placed between two quartz
plates with raw power [Fig. 7(b)]. The KrCl lamp and an optical fiber connected to a
monochromator Pi-HRS-750 (grating 300 g/mm) were placed on either side of the quartz
plates for measuring the radiation transmitted through the raw powder. In these condi-
tions, we assume that the radiation detected in transmission comes exclusively from the
luminophore, R, cpi0r With the powder absorbing 100% of the lamp’s emission.

The characteristic emissions of the Pr**ion at 236.5, 251.7, 274.8, 336.5, and 416.5
nm originate from transitions between the 'S  level and the *H,, °F,, 'G,, 'D,, and 'L levels,
respectively. The processes (quantum splitting phosphor versus photon cascade emission)
and conditions (such as energy, temperature, and pressure) for obtaining and promoting
these transitions are detailed in Srivastava’s studies.** These factors are primarily influ-
enced by the composition and crystalline structure of the host matrices incorporating the
Pr** ion. In our previous work,* we showed, in fact, that the Pr** emission intensity was
much lower in Sr,P,O, and LaPO, than Ca,P,0O, under vacuum ultraviolet excitation.

From transmission measurements, the spectral intensities were integrated over de-
fined wavelength intervals to quantitatively assess the distribution of UV emissions
(200-400 nm) across the UVC (200-280 nm), UVB (280-320 nm), and UVA (320-400
nm) spectral regions. The results presented in Fig. 8 reveal a more balanced distribution
between UVC and UVB for the SP luminophore (13 and 16%, respectively) compared
to the SSR luminophore (8 and 23%, respectively). Additionally, it is evident that both
phosphors primarily emit within the UVA range. When comparing the total intensities of
the SSR and SP powders, it is observed that the SP powder enables stronger emissions
with +71% in the UVC range and +12% in the UVA range.
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FIG. 7: (a) Optical spectrum of R, ..., SP and SSR, measured in transmission, after being
excited with the KrCl excimer lamp working at 40 W. (b) Experimental set-up for the measure-

ment in transmission.
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FIG. 8: Distribution (measured in percent) of radiation emitted by SSR and SP phosphors in
the UVC (200-280 nm), UVB (280-320 nm), and UVA (320—400 nm) ranges, measured in
transmission

2. Measurement in Reflection

In [Fig. 9(a)], the black spectrum corresponds to the reflection of the excitation ra-
diation, R, ., emitted by the KrCl lamp on a raw quartz plate without any phosphor
deposition. A black paper was placed between the quartz and the support material to

a) 2.0 - b)
1.8 - KrCl* (By; = Xy/2,222 nin)
2 16 x A 1
=14
G 12 - 3
2 10 —KiCl + SP 4
o= 9
9 ——KrCl + SSR 3
g 88y —KiCl
e
204 1. KrCllamp
0.2 - M——-.._~ 2. Optical fiber
e 3. Quartz plate
0.0 ’ ; H= ) Q; ) : 4. Phosphordeposit
200 250 300 350 400 5. Black paper

Wavelength (nm)
FIG. 9: (a) Optical spectrum of R . KrCI+SP and KrCI+SSR, measured in reflection, after

being excited with the KrCl excimer lamp. All spectra are normalized to the maximal intensity of
the KrClI excimer lamp. (b) Experimental set-up for the measurement in reflection.
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avoid the reflection of the radiation emitted by the lamp on the support material. The
gray and black spectra are the combination of the R ,, . and the emission radiation,
R, ospmors from the SSR and SP phosphors, respectively. All the spectra are normal-
ized to the maximal intensity measured for R ,, .. In this experimental setup, the opti-
cal fiber body was positioned as close as possible to the lamp and directed toward the
surface [Fig. 9(b)]. The lamp was placed 30 mm above the surface, while the entry of
the fiber was positioned 2 mm above the surface. The shadow produced by the tip of
the fiber was considered negligible. Under these conditions, the reflected radiation,
defined as R, unen = Riave T Ronosprors Was measured. This measurement can be
considered representative of the radiation to which a microbiological sample would
be exposed.

The primary KrCl emission line at 222 nm is reflected from the surface. Compared
to a neutral surface (i.e., raw quartz), this reflection is increased by 80% with the SP
phosphor and by a factor 40% with the SSR phosphor [Fig. 9(a)].

On the basis of reflection measurements, an analysis of the R .. . spectrum in
the 200400 nm UV range indicates that the incorporation of luminophores results in
a more balanced distribution of emissions between the UVC and UVB spectral regions
[Fig. 10(a)]. Without a phosphor, where R, .. is only reflected off a raw quartz surface,
83% of the UV emissions are concentrated in the UVC range, primarily dominated by
the KrCl line at 222 nm (65%), whereas only 17% are distributed between the UVB and
UVA ranges. The addition of a phosphor not only enhances the reflection of the KrCl
line but also significantly increases emissions in the 225400 nm range [Fig. 10(b)].
Specifically, the SP phosphor increases UVB emissions by a factor of 12.5 and UVA
emissions by a factor of 7.4, whereas the SSR phosphor increases UVB emissions by a
factor of 7.6 and UVA emissions by a factor of 7.6.

A comparison between the SP and SSR powders highlights that the SP phosphor
achieves a greater enhancement of emissions across the entire UV range, making it the
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. 14% 3
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S 80% i > 8
= ; o
£ 60% =2 .
2 40% £ 4
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Z 20% = 2
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(220 =225 nm) (225 —280 nm)
mUVC (220 - 225 nm)ZUVC (225 - 280 nm)
2 UVB BUVA EKrCl mKrCl+SP mKrCl+ SSR

FIG. 10: (a) Repartition and (b) intensity of emissions in UVC (220-225 nm), UVC (225-280
nm), UVB, and UVA ranges for the KrCl excimer lamp alone, and the KrClI excimer lamp com-
bined with SP (KrCIl+SP) and with SSR phosphors (KrCl+SSR), measured in reflection
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more effective of the two from a physics point of view. The microbiological results will
confirm this conclusion.

C. Decontamination Efficiency

1. Bacteria Inactivation Efficacy

Figure 11 shows the survival curves of E. coli [Fig. 11(a)] and S. aureus [Fig. 11(b)]
after the contaminated samples were exposed to a conventional mercury lamp
(OSRAM PURITEC HNS 15W G13), the KrCl lamp and the KrCI lamp combined
with one of the phosphors [Fig. 11(c)]. The mercury lamp operates at 15 W, while
the KrCl lamp operates at 20 W. Despite the higher power of the KrCl source, the
irradiance delivered to a surface at the same distance is significantly greater for
the mercury lamp. To enable a meaningful comparison between the two sources,
the distance to the sample was adjusted such that the irradiance—and consequently
the UV dose—was equivalent for both lamps. The exposure durations were 5, 10, 20,
30, and 60 s, corresponding to a dose 0f 2.9, 5.8, 11.6, 17.4, and 34.8 mJ/cm? for the
two lamps.

Under our experimental conditions, the comparative analysis of the decontamina-
tion efficiency of the KrCl excimer lamp (black circle) and the mercury lamp (black
diamond) demonstrated the superior performance of the mercury lamp. To achieve a
two-log reduction in bacterial load, the KrCl lamp required a dose 2.4 times higher than
that of the mercury lamp for E. coli and 12.4 times higher for S. aureus. However, the
integration of the KrCl lamp with either of the two phosphors significantly enhanced its
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FIG. 11: Survival curve of (a) E. coli and (b) S. aureus after being exposed to the KrCl excimer
lamp alone (black circle) or combined with the SP (gray square) and SSR (gray triangle) phos-
phorus, and a conventional Hg lamp (black diamond). (¢) Experimental set-up for microbiologi-
cal tests.
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biocidal efficiency. After 30 s of treatment, the incorporation of phosphors resulted in an
additional one-log reduction in £. coli and a 1.8-log reduction in S. aureus.

Ultraviolet devices emitting UVC (200-280 nm), UVB (280-320 nm), and UVA
(320-400 nm) irradiation, such as the low-pressure mercury lamp (LPHg), excimer
lamp, and UV light-emitting diodes (LEDs) have been widely used for disinfection of
water, air, and surfaces. Because of their low absorption, UVA decontamination is not
very effective unless treatment time and irradiation dose are considerably increased to
obtain a result comparable to UVC or UVB.* 8 The variability of the results concerning
UVC and UVB decontamination, which are sometimes contradictory, makes it impos-
sible to state that one irradiation wavelength is better than another. Jing et al.** observed
that exposure to the 222 nm light demonstrated higher inactivation efficacy than the Hg
lamp for Pseudomonas aeruginosa, Bacillus subtilis, and Pantoea spp. However, this
wavelength was less effective against Mycobacterium fortuitum and Stenotrophomonas
spp.
Similarly, Rattanakul and Oguma*® found that UV-LEDs emitting at 265 nm, and
280 nm were more effective in inactivating P. aeruginosa, Legionella pneumophila, and
B. subtilis spores compared to conventional LPHg. These UV-LEDs were also equally
effective as LPHg for E. coli inactivation. Li et al.>' confirmed that UV-LEDs at 265 nm
outperformed both 280 nm LEDs and mercury lamps for inactivating E. coli.

For bacteria and mold spores, Clau3** reported that the UV fluences required with
KrCl excimer lamps were lower than those for mercury lamps to inactivate Deinococcus
radiodurans, spores of Bacillus cereus, and Trichonius griseus, and molds like
Aspergillus niger and Penicillium expansum. However, mercury lamps were more ef-
ficient at killing vegetative bacteria, such as B. cereus, A. nicotinovorans, S. aureus, and
P. aeruginosa, as well as spores of Streptomyces griseus and Clostridium pasteurianum.
Clauf and Grotjohann®® suggested that microorganisms with higher UV resistance and
more effective repair mechanisms were better inactivated by 222 nm excimer lamps.

Kang et al.>* also demonstrated that KrCl excilamps had a stronger bactericidal ef-
fect than mercury lamps on microorganisms suspended in PBS, including S. aureus,
Listeria monocytogenes, Salmonella typhimurium, and E. coli O157:H7. Among these
microorganisms, S. aureus exhibited the highest resistance to UV irradiation, followed
by L. monocytogenes, S. typhimurium, and E. coli O157:H7. Additionally, differences
in UV-C sensitivity were observed between strains of the same species, such as E. coli
or L. monocytogenes.>>" This disparity in results can be attributed to the fact that each
UV wavelength operates through distinct and complementary mechanisms, determined
by differences in biomolecular absorption. The maximum absorption wavelengths of
major amino acids are all <240 nm,**° whereas nucleic acids (DNA and RNA) exhibit
maximum UV absorption at 260 nm and proteins show prominent absorption peaks of
~ 280 nm.**!

Upon exposure to UV light at wavelengths such as 254 or 265 nm, nucleic acids
undergo damage primarily through the formation of pyrimidine cyclobutane dimers,
pyrimidine (6-4) photoproducts, and their Dewar isomers,**** Although this type of
DNA damage occurs to a lesser extent at 222 nm, it still disrupts replication and gene
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expression, ultimately leading to cell death.®® In addition to direct DNA damage, UV
radiation induces the generation of reactive oxygen species (ROS), including singlet
oxygen ('0z), hydrogen peroxide (H20:2), and hydroxyl radicals (OH¢), particularly in
photosensitive compounds both inside and outside cells. These ROS primarily target
major aromatic amino acids, such as phenylalanine, tryptophan, and tyrosine.* The
accumulation of intracellular ROS leads to oxidative damage of membrane proteins,
enzymes, and lipids, compromising membrane integrity and resulting in cell death.*
Notably, while DNA dimer formation is a common mechanism of UV-induced damage,
protein photodegradation, enzyme inactivation, and lipid peroxidation occur more ef-
ficiently with a 222 nm KrCI excimer lamp than with a conventional 254 nm mercury
Jlamp. 6465

Figure 12 shows SEM images of E. coli and S. aureus bacteria treated under our
experimental conditions. Lesions appear in the membrane of E. coli after exposure to
the KrCl lamp alone (222 nm) or in combination with the SSR phosphor, but no change
was observed at 254 nm. The structure of S. aureus remained intact at all wavelengths.
This is probably due to differences in membrane structures between Gram-negative and
Gram-positive bacteria, with a thicker peptidoglycan layer in Gram-positive bacteria
such as S. aureus.®

Under our experimental conditions, the addition of a luminophore increases the
number of log reductions for a given time. We know that, at wavelengths shorter than
240 nm, the germicidal mechanism is mostly protein degradation, whereas at wave-
lengths higher than 240 nm, nucleic acids are damaged. We suggest that the improve-
ment in biocidal efficacy in the presence of luminophore is a combination of these
phenomena.

Control KrCl (222 nm) KrCl + SSR Hg (254 nm)

b) S. aureus

FIG. 12: SEM images of (a) E. coli and (b) S. aureus after being exposed to the KrCI excimer
lamp alone, combined with the SSR phosphor and a conventional Hg lamp
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2. Virucidal Decontamination

Figure 13 shows fluorescence images of the HAdVS5 virus after being kept in the dark
[Fig. 13(a)], irradiated with the KrCl lamp in the absence of phosphor [Fig. 13(b)] or
with the SSR phosphor [Fig. 13(c)]. The dose received by the lamp was fixed at 34.8 mJ/
cm? corresponding to a distance of 10 cm between the sample and the lamp; there was a
treatment time of 60 s and a power injected to the lamp of 20 W.

In contrast to the control group, which shows a significant number of fluorescent
nuclei, only a few nuclei are visible after viral exposure to the KrCl lamp (R, ,,,.),
and none are detected following exposure to the KrCl lamp combined with SSR phos-
phor (R, v + Ry oepmop)- This results in a viral load reduction of 97.26% with the
KrCl lamp alone, and 99.77% reduction when combined with the SSR luminophore
[Fig. 13(d)].

To understand how the UV inactivates viruses, it is necessary to give a brief descrip-
tion of these pathogens. Viruses are lifeforms with a genome (DNA or RNA) wrapped
in a protein structure called a nucleocapsid, which may be surrounded by a lipid mem-
brane. The surface structures of viruses enable them to bind to specific receptors on
host cells, which are made of proteins, carbohydrates, and/or lipids. Once attached, the
viral genome is released into the cell either through direct fusion or receptor-mediated
endocytosis.®’

Similar to bacteria, viruses can be affected by various lethal mechanisms. The ge-
netic material in the viral capsid strongly absorbs UV radiation close to 254 nm,%%
while the proteins are minor absorbers but still involved in virus inactivation, especially
at a lower wavelength.”®”" UV radiation can destabilize the capsid, degrade it, and form
covalent bonds between proteins and RNA, rendering the virus noninfectious.

The virucidal effect of UVs have been extensively documented across various mi-
croorganisms. Beck et al.”® obtained on MS2 coliphage two-log inactivation at 30.3 mJ/
cm? (260 nm), 38.5 mJ/cm? (280 nm), and 32.8 mJ/cm? (254 nm). They also achieved
on HAdV2 3-log inactivation at 64—68 mJ/cm? and four-log at 122 mJ/cm? (260 nm), 89
mJ/cm? (280 nm), 105 mJ/cm? (260-280 nm). The mercury lamp was still the best with
a dose required of 26 and 38 mJ/cm? for three- and four-log reductions, respectively.

a)Dark control . " "= 2 | b) Exposed to KiCl ¢) Exposed to KrCl + SSR

Cell density x10000 (ffw/ml)

Control KrCl  KrCl +SSR

FIG. 13: (a) Virus sample not irradiated (control), (b) virus sample after 60 s of irradiation under
the KrCl lamp, (c) virus sample after 60 s of irradiation under the KrCl lamp in combination with
phosphore, and (d) quantification of disinfection efficiency under the tested conditions (a—c)
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Welch et al.”* show for the first time that far-UVC efficiently inactivates airborne aero-
solized viruses, with a very low dose of 2 mJ/cm? of 222-nm light inactivating > 95% of
aerosolized HINT1 influenza virus. Tarasenko et al.*! observed higher sensitivity of MS2
bacteriophage to UV radiation of XeBr excilamp (280 nm) than the LP Hg-lamp at the
same UV doses (4.5 mJ/cm?) compared to control. Ma et al.” also highlighted that KrCl
excimer lamps outperformed mercury lamps and UV-LEDs emitting at 270 and 282 nm
for inactivating viruses such as SARS-CoV-2 murine hepatitis virus and bacteriophage
Phi6.

IV. CONCLUSION

This study highlighted the spectral characteristics and microbiological performance
of KrCl excimer lamps, in combination with two luminophores, produced by SP
and SSR, respectively. The results obtained show several distinct advantages of 222
nm excimer lamps in combination with phosphor, including their ability to provide
concentrated UV-C emission, rapid start-up, and independence from temperature
conditions.

Spectral characterization reveals that the SP luminophore outperforms SSR in terms
of intensity and balance in emission distribution between the UV-C, UV-B, and UV-A
ranges. The addition of luminophores significantly improves the germicidal efficacy of
KrCl lamps, with increased reductions in bacterial and viral load. This improvement is
explained by the complementary mechanisms of biomolecular absorption, where wave-
lengths of < 240 nm promote protein degradation and those of > 240 nm cause nucleic
acid damage. Nevertheless, under our experimental conditions, the mercury lamp ex-
hibited superior efficacy compared to the KrCI+SP/SSR combinations in inactivating S.
aureus. This result is likely due to the structural properties of Gram-positive bacteria,
because its thick, peptidoglycan-rich cell wall provides increased resistance to shorter
wavelengths (< 240 nm).

Considering the surface disinfection, the incorporation of SP and SSR luminophores
serves not only to augment the germicidal efficacy of excimer lamps but also to diversify
the range of wavelengths available. This expansion could allow for broader applications.
These advancements, along with the inherent benefits of excimer lamps, make them
promising alternatives to mercury lamps, particularly in situations that require rapid, ef-
ficient, and potentially more environmentally friendly disinfection. Finally, these results
open up interesting prospects for optimizing surface disinfection, while suggesting that
future studies could further explore the effect of operating parameters and host matrices
on luminophore performance and excimer lamp efficacy.
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