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ARTICLE INFO ABSTRACT

Keywords: The quick spreading of the SARS-CoV-2 virus, initiating the global pandemic with a significant impact on eco-
UV disinfection nomics and health, highlighted an urgent need for effective and sustainable restriction mechanisms of pathogenic

Inactivation - microorganisms. UV-C radiation, causing inactivation of many viruses and bacteria, is one of the tools for

Virus restriction s . . L. . . o .

Reducti disinfection of different surfaces, liquids, and air; however, mainly mercury 254 nm line is commonly used for it.
eduction

UV light sources In this paper, we report our results of the experiments with newly elaborated special type polychromatic non-

Electrodeless lamps
Escherichia coli
Semliki forest virus
Uv-C

Pandemic

mercury UV light sources, having spectral lines in the spectral region from 190 nm to 280 nm. Inactivation
tests were performed with both Escherichia coli (E.coli) bacteria and Semliki Forest virus (SFV) as a representative
of human enveloped RNA viruses. In addition, the effect of prepared lamps on virus samples in liquid and dry
form (dried virus-containing solution) was tested. Reduction of 4 1og10 of E.coli was obtained after 10 min of
irradiation with both thallium-antimony and arsenic high-frequency electrodeless lamps. High reduction results
for the arsenic light source demonstrated sensitivity of E. coli to wavelengths below 230 nm, including spectral
lines around 200 nm. For the Semliki Forest virus, the thallium-antimony light source showed virus inactivation
efficiency with a high virus reduction rate in the range of 3.10 to > 4.99 log10 within 5 min of exposure. Thus,
the new thallium-antimony light source showed the most promising disinfection effect in bacteria and viruses,
and arsenic light sources for bacteria inactivation, opening doors for many applications in disinfection systems,

including for pathogenic human RNA viruses.

1. Introduction

The COVID-19 pandemic has had a significant influence on eco-
nomics, health, and also technologies. The rapid spreading of the illness
activated all kinds of research for appropriate disinfection tools for air
and surfaces [1,2]. Electromagnetic radiation with wavelengths from
200 nm to 280 nm (UV-C radiation) is one of the well-known tools for
disinfection of different surfaces, liquids, and air. It is known to be also
very energy-efficient [3]. When used for disinfection, this radiation has
various advantages over liquid disinfectants and heat sterilization. In
addition, UV- C light sources are recognised as promising tools for res-
piratory disinfection [4]. These aspects play an important role both in
everyday disinfection procedures and in the fight against global
pandemics.

The exact mechanism by which UV-C radiation causes inactivation of
viruses and bacteria is still being discussed and studied, but UV-C is
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known to damage cell material (including DNA/RNA) [5]. Damage
mechanisms of nucleic acids are discussed, for example, in [6,7], dam-
age of proteins in [8], as well as internal production of oxygen radicals in
[9]. One of the mechanisms causing the inactivation of pathogens is
diminishing their replication by forming pyrimidine dimers when
absorbing UV-C light [10]. It has been shown that the effect of ultravi-
olet radiation strongly depends on the spectral structure of the light or
radiation frequency. The radiation within the ultraviolet region from
240 nm to 280 nm (more precisely, the absorption peak near 260 nm
that overlaps with the absorption peak of genetic material) inactivates
microorganisms, harming their genetic material [11,12]; higher fre-
quencies (lower wavelengths) affect also proteins [7].

However, the potential of UV disinfection is not fully exploited.
Mainly low-pressure mercury lamps have been used in most disinfection
experiments as UV-C light sources. The “working” spectral line in such
lamps is the mercury resonance line of 253.7 nm wavelength, located

2666-4690/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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near the maximum of the DNA absorption band [3,13]. UV-C 253.7 nm
light is absorbed by RNA/DNA, which advances the formation of py-
rimidine dimers, e.g., uracil dimers [3]. There are not so many experi-
ments applying other wavelengths. Experiments with maximums at 222
nm [14,15], 365 nm, 207 nm, as well as ultraviolet light-emitting di-
odes, with wavelengths, for example, 265, 280, 300 nm [9,16] have
been reported. However, despite laboratory scale demonstrations, crit-
ical drawbacks of the sources e.g. limited LED output power [1],
impeded their widespread use in real conditions [17].

The dominant application of mercury 253.7 nm wavelength in
disinfection is caused by the broad availability of mercury light sources.
They are relatively inexpensive, and their production is widely devel-
oped. The lack of other appropriate ultraviolet radiation sources is the
main restricting factor for using other UV spectral lines [18].

In addition, the light of mercury lamps has been reported as carci-
nogenic and catarctogenic [19]. By contrast, far UV-C radiation in the
range from 205 to 222 nm effectively inactivates bacteria without
damaging uncovered skin [15]. The problem of mercury reduction is
well known in the light source industry [20,21]. Serious commitments
have been made to eliminate toxic lighting through the Minamata
Convention on Mercury, which is ratified by 50 countries [22]. To
reduce the use of toxic mercury, the possibility to replace Hg vapor
lamps by 222 nm excimer lamps or 270 nm LEDs has been proposed;
however, this should be investigated in more detail in the future. In
addition, short-wavelength UV-LEDs are costly and have low intensity
[16].

It should be also mentioned that shorter UV wavelengths exhibit
greater photon energy. Researchers [5] emphasised the need for further
research to develop appropriate light sources for the inactivation of
human pathogenic viruses, including SARS-CoV-2. Questions to clarify
are connected with all aspects, including efficacy, environment, lifetime,
costs, safety, etc.

Polychromatic lamps, compared to monochromatic lamps, may
possess greater efficiency by activating several damaging mechanisms
[8,23,24]. It is presumed that the differences in the inactivation indicate
that monochromatic mercury UV-C lamps only activate genetic damage,
whereas polychromatic light sources also affect proteins [24].

In this paper, we present new, special polychromatic UV light sources
and the results of the inactivation tests with selected bacteria and vi-
ruses. High-frequency electrodeless light sources (HFELs) are bright
radiators of intense UV spectral lines [25,26]. HFELs must be optimised
and tested for each special application. Up to now, HFELs have been
optimised for usage, for example, in atomic absorption spectrometers
[27]. HFELs can be filled with different elements such as lead, phosphor,
selenium, arsenic, thallium, antimony, mercury, and others, easily
changing the spectral composition of radiation. An inductively coupled
HF discharge is initiated using outside electrodes. The proposed HFELs
have significant advantages in comparison with other UV-C light sources
(Tables 1, ST1). These HFELs emit spectral lines also hitting the
RNA/DNA absorption band below 220 nm (there are very few light
sources offered that cover this spectral region) [17, Fig, 1a]. In addition,
the geometry of lamps is flexible, and they can be manufactured in
different forms.

In this paper, results of inactivation experiments of E. coli bacterium
and Semliki Forest virus, a representative of human enveloped RNA
viruses, with arsenic, lead, selenium, thallium-antimony, and mercury
HFELs are reported. The effect of the prepared lamps on virus samples in
liquid and dry form (dried virus-containing solution) was tested.

2. Materials and methods
2.1. UV light sources
For this work, arsenic, selenium, lead, thallium-antimony HFELs

were manufactured in our laboratory, using previously elaborated
technology [28-30]. The HFELs were made of fused silica and filled with
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a working element (selected metal vapor), and some rare gas, typically -
argon at 400 Pa (3 Torr) pressure (Fig. 1).

An outer electromagnetic field of about 100 MHz frequency is
applied to initiate a discharge inside the lamp. Table 1 illustrates the
main features of the HFELs.

In this experiment, we used spherical lamp bulbs of 1 cm diameter. In
general, lamps can be made in different forms and sizes, taking into
account the requirements of the system.

Spectra of the manufactured HFELs were recorded and monitored
using a high-resolution spectrometer (Jobin Yvon 1000 M; holographic
grating 1800 gr/mm) with Synapse Plus CCD head (with 2048 x 512-
pixel front-illuminated CCD UV/Visible chip), thermoelectrically cooled
to —75 °C.

The spectra of the ultraviolet region of thallium-antimony, arsenic,
lead, selenium, and mercury HFELs are illustrated in Figs. 2-6. In Fig. 6,
a typical mercury monochromatic spectrum can be seen with one strong
253.7 nm spectral line, located at the side of the absorbance curve of
DNA at 260 nm (DNA and RNA have similar absorbance curves) [13].

Thallium-antimony, arsenic, lead, and selenium spectra (Figs. 2-5)
consist of many emission lines, permitting wider interaction with the
RNA/DNA absorption band around 260 nm, hitting the higher absorp-
tion peak around 200 nm, as well as activating other damaging mech-
anisms with the light below 220 nm.

HFEL with T1-Sb (Fig. 2) emits many lines in the region 250 nm - 280
nm and some below 230 nm. The most intensive line is at 277 nm. The
emission spectrum of the arsenic light source (Fig. 3) contains intense
spectral lines in the region 230 nm - 286 nm and in the far UV-C region
and beyond it at 194 nm, 197 nm, 200 nm wavelength (Supplementary
material, Fig. S1).

The lead HFEL (Fig. 4) emits many spectral lines in the region from
240 nm to 280 nm and several strong lines below 230 nm.

The most intense selenium lines are located in the region 196 nm -
216 nm, and only two weaker 241 nm and 254 nm lines around RNA/
DNA absorption band at 260 nm.

2.2. Irradiation

Irradiation measurements were performed using calibrated Ocean
Optics high-resolution spectrometer HR4000+ (spectral range 200 -
1100 nm, spectral resolution 0.47 nm) in the same set-up as used for
inactivation (Fig. 7, 1), after completion of inactivation measurements.

The HFELs were mounted in a holder, and a lens was used for
obtaining a parallel beam of light, thus ensuring that the perpendicular
planar plane was uniformly irradiated. The lens was placed at a distance
of 6 cm from the irradiation surface (Fig. 7,1). The illuminated area was
a circle of 3 cm in diameter. The lamp operation conditions were kept
constant throughout the experiments. The stability of the HFELs can be
characterised by the ratio 4 =5 x 107> per hour for measurement time
5000 h, where A7 - a shift of intensity and I is intensity [31]. Also, our
previous measurements confirm the high stability of the lamps [32].

Calibration of the spectrometer was performed with a NIST-traceable
calibrated reference lamp for the UV region (Ocean Optics, deuterium-
halogen light source DH-2000 Cal, 200 - 400 nm). A high-sensitivity
CCD was used as a detector (2048-elements).

The light was received by the cosine corrector (CC-3-UV-S, Ocean
Optics) that was attached to the end of the solarisation-resistant optical
fiber of 200 pm diameter (OP200-2-SR-BX) and transmitted to the
calibrated spectrometer. As a result, spectra in absolute units, pW/ em?/
nm, were registered. To obtain the irradiance in units of pW/cmZ,
integration was performed over the respective spectral lines in the UV-C
region from 200 - 280 nm. The uniformity of the illumination was
ensured by measuring the irradiation in 5 points across the illuminated
area (Fig. 7, 2). The intensity varied for different lamps about 8 - 10%.
Standard deviations were calculated (see Results and discussion).

Viruses and bacteria exposed to UV irradiation are subject to an
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Table 1

Main features of the HFELs.

Fig. 1. 1) Typical design of a light source bulb, 2) Design of an HFEL together with generator.

High-frequency
electrodeless lamps

Operation parameters

Spectral properties

Filling

Filling option
Geometry
Power supply
Warm-up time
Working time

Polychromatic with many spectral lines in the region
190 - 280 nm (including lines below 220 nm)
Different filling possibilities

Mercury-free

Flexible geometry at different scales

Low power supply (<30 V, 1A)

Short warm-up time <5 min
Long working life due to outer electrodes (40,000

—60,000 h) [31]

Intensity (Counts)

exposure dose (fluence) D that is a function of the irradiance Iz multi-
plied by the exposure time t, as follows [12]:

D=tx1I (@)

where D - UV exposure dose (fluence), mJ/cm?; t -exposure time, s; Ig-
irradiance, mW/cm? (the radiative flux through a flat surface).

UV rate constant k can be estimated from the first order decay
equation [12].

N(t) = N(0)e ™, @
where N(t) is the total virus titre at time t (s), N(0) is the initial total titre

at time t = 0, D is the dose (mWsec/cm? or mJ/cm?) or it is equal to
radiant flux (rnW/cm2) multiplied by t in seconds, k is the rate constant
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Fig. 7. 1) The set-up for the irradiation measurements, 2) HFEL intensity measurement geometry in 5 positions across the illuminated area.

for disinfection of dispersed virus particles (ecm?/mW/s).
Rate constant k can be obtained from (2):

k= —%ln (%) ork= —%ln(S), 3)

where S is the survival fraction.

Since the relationship between UV dose D and the natural logarithm
of the survival fraction S is linear in the majority of cases, the effect of
UV irradiation on any given virus can be described by the value of k. The
survival fraction relationship to log reduction is given by the following
equation:

S=1m G

where A is log10 reduction in a number of virus titre.
2.3. Virus preparation and disinfection settings

The recombinant Semliki Forest virus (SFV) pSFVenh/Luc, encoding
the firefly luciferase gene, was formed as reported previously [33,34].
Briefly, for the synthesis of infectious replication-deficient vector par-
ticles, the BHK-21 cells (Baby hamster kidney cells) were electroporated

uv-Cc
light source

1. add SFV/enhLuc virus into the well 2. llluminate the virus sample

dry the virus, if necessary 1 min
5 min

i 5. incubate cells overnight at 37 °C

=

with both the recombinant viral RNA (pSFVenh/Luc) and the SFV helper
RNA, providing a synthesis of SFV structural proteins. After 48 h incu-
bation, the virus-containing medium was harvested, rapidly frozen, and
subsequently used as a virus stock. The virus stock did not contain the
replication-competent wild-type virus as confirmed by cell reinfection.
The pSFVenh/Luc viral particles were additionally purified and
concentrated by ultracentrifugation through two sucrose cushions.

The virus titre expressed in infectious units (i.u.) was quantified by
infecting BHK-21 cells with serial dilutions of the virus followed by
immunostaining with rabbit polyclonal antibodies specific to the nspl
subunit of SFV replicase, as earlier reported [35].

Fig. 8 demonstrates a schematic illustration of the virus illumination
test. One day before the illumination test, the BHK-21 cells were seeded
into 24-well plate 4 x 10* cells per well for the SFV infection experi-
ment, to achieve the 70% cell monolayer confluency. The next day 200
pl of virus sample in PBS buffer at 1 x 107 i.u./ml was poured into 1 well
of an empty sterile 24-well plate (surface area 1.9 cm?). Alternatively,
10 pl of virus solution in PBS at a concentration of 2 x 107 i.u./ ml was
poured into the well of an empty sterile 96-well plate (surface area 0.32
cm?). The dry virus sample was prepared in a 24-well plate by drying 20
pl of virus solution in a DMEM at a concentration of 1 x 108 i.u./ml for
one hour at room temperature.

4

3. resuspend and transfer the virus
into the tube
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Fig. 8. Schematic illustration of the virus illumination test.
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The prepared virus sample was fixed under the respective HFEL at a
distance of 11 cm and irradiated for 1 or 5 min (Fig. 9). After the irra-
diation, the virus sample was mixed with PBS (containing Mg?* and
Ca?") to a final volume of 420 pl, added to the BHK-21 cells 200 pl per
well in duplicate, and incubated with BHK-21 cells for 1 h at 37 °C, 5%
COo, then 800 ul of BHK medium (1% fetal bovine serum) was added. In
parallel, the standard dilutions of the SFVenh/Luc virus in a range of 5
x 10°- 1 x 10% i.u. per well were generated and used for BHK-21 cell
infection in duplicate in a 24-well plate. The cells were incubated
overnight at 37 °C, 5% COx to allow complete cell infection and firefly
luciferase gene expression.

Changes in luciferase gene activity after virus UV irradiation were
evaluated in comparison with the standard curve obtained from the
virus standard dilutions. Relative light units (RLUs) were measured by
the Luciferase assay (Promega), as recommended by the manufacturer.
Briefly, the cell medium was removed and the cells (24-well) were lysed
in 100 pl of the Cell Culture Lysis buffer (Promega), centrifuged at 3000
g for 5 min, and 2 pl of the cell lysate was used immediately for the
measurement of the luciferase enzymatic activity by Luminometer
(Luminoskan Ascent, Thermo Scientific, UK). The RLUs were calculated
as an average mean of duplicates. The virus titre standard curve was
generated in each experiment, and the negative control signal (RLU of
uninfected cells) was subtracted from all values. The 1log10 reduction
value (LRV) represents the difference between untreated (not

Journal of Photochemistry and Photobiology 10 (2022) 100120

illuminated) and illuminated virus titres i.u. per ml, and was calculated
according to the following equation:

LRV = [logl0 (virus titre without illumination) — log10 (virus titre
after illumination)].

The example of the standard curve is presented in Supplementary
material, Fig. S5.

2.4. Bacterial culture and growth conditions and disinfection experiments

For the inactivation tests, E. coli ATCC®1053 was prepared as re-
ported previously [36]. For the inactivation tests, 3 ml of E. coli stock
was inserted in a sterile 30 mm borosilicate Petri dish and placed under
the lamp at a distance of 11 cm. For the forming of parallel light rays, a
fused silica lens was used. The exposure time was changed from 1 to 10
min.

Immediately after irradiation, the sample was removed from the
light source and decimal dilutions of the sample were inoculated onto
Tryptone soya agar (Oxoid Ltd, UK) plates and incubated for 24 h at
37 °C. The result (reduction in cultivable E. coli) is expressed as negative
log reduction of colony-forming units (CFU) after treatment divided by
colony-forming units before treatment.

Fig. 9. 1) HFEL installation for virus illumination experiments, 2) Visible radiation from a thallium-antimony HFEL, 3) Visible radiation from a lead HFEL.
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3. Results and discussion

The alternative polychromatic HFELs with thallium-antimony,
arsenic, lead, selenium, and mercury fillings have been manufactured
for the disinfection experiments. The irradiation tests were performed
using calibrated Ocean Optics spectrometer HR4000+ as described in
Methods. The obtained average integral intensity Iz (energy per unit
surface area) of the light source over the illumination area (3 cm) in the
UV-C was for mercury HFEL of 82.1 + 4.8 pW/cm?, thallium-antimony -
67.9 + 7.0 pW/cm?, arsenic - 79.5 + 4.0 pW/cm?, lead - 37.4 + 11.7
pW/cm?, selenium - 30.3 & 11.0 pW/cm?. The errors were calculated
from at least 5 measurements.

UV dose D was calculated according to Eq (1) as intensity multiplied
by time, and is expressed as mJ/cm?. For example, the corresponding
doses for Hg HFEL 1 min irradiation was 4.9 mJ/cm?, 5 min - 24.6 mJ/
cmz, T1-Sb 1 min - 4.1 mJ/cmz, 5 min - 20.4 rnJ/cmz, Se 1 min-1.8mJ/
crnz, 5 min -9.1 mJ/cmZ, Pb 1 min - 2.2 mJ/cmZ, 5 min - 11.2 mJ/cm>

3.1. Semliki Forest virus

To evaluate the UV irradiation disinfection efficiency, we have
applied the recombinant SFV, which belongs to the enveloped single-
stranded (+) RNA viruses (60 nm virus particle diameter) [37] struc-
turally similar to other pathogenic viruses [38-40]. In this study, we
used the test system based on a safe replication-deficient SFV1 vector
(pSFVenh/Luc), allowing us to perform one round of cell infection
without the synthesis of new progeny virions. The quantification of the
virus was based on the measurement of luciferase activity in infected
cells, which correlates with the virus dose, expressed in i.u. per ml. The
SFV vector used in this study represents a genetically modified virus
with natural envelope and replication-deficient genome, which does not
contain virus structural genes [41]. The advantages of the recombinant
SFV vector expressing the luciferase gene compared to the wild-type
pathogenic human viruses include (i) biosafety allowing to work
under BSL1/2 conditions and (ii) use of sensitive luciferase-based virus
quantification in standard infection experiments.

Due to the absence of standard protocols of UV light germicidal ac-
tivity evaluation for SFV, the efficiency of irradiation was evaluated in
three different experimental settings, including two variants of viral
suspension and with dried virus samples. Purified virus particle samples
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diluted in PBS buffer to 2 x 10° i.u. in 200 ul PBS (24-well plate), or
alternatively 2 x 10° i.u. in 10 ul PBS (96-well plate), as well as dried
virus particle sample 2 x 10° i.u. per sample (24-well plate), were used.

The virus sample was exposed to a HFEL, as described in methods,
and the amount of the virus after irradiation was quantified and
compared to the same control sample in a tissue plate not exposed to the
UV light source. The virus quantification was performed by measure-
ment of luciferase activity expressed as RLU in cell lysate after infection
of BHK-21 cells with a corresponding virus sample. The virus titre was
calculated by plotting respective RLUs onto the standard curve obtained
by virus standard dilutions. The non-irradiated sample incubated at the
same conditions was taken as 100%.

The results of the SFV/enhLuc virus inactivation are summarized in
Table 2 and presented in Figs. 10-11.

The most efficient virus particle inactivation was observed in liquid
samples in the 96-well plate after 5 min irradiation interval for thallium-
antimony and mercury HFELs with almost complete virus inactivation
(Table 2). For the T1-Sb HFEL for the liquid 24-well plate after 5 min
irradiation, the inactivation was even better than for Hg HFEL.

For the mercury lamp, the virus reduction logl0 was in the range
from 2.77 to >4.99, and for the thallium-antimony lamp, 3.10 to >4.99.
In general, a higher reduction rate was calculated for the samples ana-
lysed in 96-well plate, because the overall volume and, accordingly, the
amount of the virus particles was ten times lower, than in the 24-well
plate (2 x 10° i.u. versus 2 x 10° i.u., respectively). According to the
guidelines of the European Medicines Agency (CPMP/BWP/268/95,),
the 1log10 reduction value is an important parameter to quantify the
virus inactivation capacity, and only the log10 reduction >4 is advised
as a “very high” reduction potential. Thus, in our experiment, similar to
the standard mercury light source, the polychromatic thallium-
antimony HFEL showed a very high reduction potential in the 96-well
plate, and high reduction potential in the 24-well plate, which could
be improved by enhancing the irradiation dose (exposure time) to the
level, suggested being sufficiently high for practical disinfection
requirements.

The observed differences in the inactivation kinetics of the mercury
and thallium-antimony could be explained by different inactivation
mechanisms and spectral behavior of the monochromatic 254 nm mer-
cury HFEL and polychromatic thallium-antimony lamp. In Fig. 11 we
can see that the LRV growth from the dose (slope) is faster for the

Table 2
The calculated virus reduction rates after exposure of SFV/enhLuc virus sample to different UV light sources. LRV - log10 reduction value.
Type of sample Type of UV light Exposure time, Virus titre (i.u./ml+ standard Virus titre i.u. Virus titre reduction (Log10), Inhibition,
source min deviation) Logl0 LRV %
Liquid, 24-well Without irradiation) - (7.67 + 0.62) x10° 5.88 0 0.00
plate
Hg 5 (1.28 +0.27) x -10° 3.11 2.77 99.83
1 (5.300 + 0.699) x 10* 4.72 1.16 93.09
Pb 5 (1.09 + 0.33) x 10° 5.04 0.84 85.75
1 (8.05 + 3.34) x 10° 5.91 0 0.00
TI-Sb 5 (6.04 + 3.48) x 10° 2.78 3.10 99.92
1 (2.49 + 0.07) x 10° 5.40 0.48 67.52
Se 5 (9.97 + 0.22) x 10* 5.00 0.88 87.00
1 (2.96 + 1.29) x 10° 5.47 0.41 61.35
Liquid, 96 - well Without irradiation - (9.68 + 0.35) x 10* 4.99 0 0.00
plate
Hg 5 0 >4.99 >4.99 100
Pb 5 (2.2+0.2) x 10° 3.34 1.65 97.73
TI-Sb 5 0 >4.99 >4.99 100
Dry, 24-well plate Without irradiation - (5.6 + 2.3) x 10° 3.75 0 0
Hg 5 0 >3.75 >3.75 100
1 (1.39 £ 0.25) x 10° 3.14 0.61 75.14
Pb 5 (3.76 + 3.76) x 10* 1.58 217 99.33
1 (3.10 + 0.33) x 10° 3.49 0.26 44.60
TI-Sb 5 0 >3.75 >3.75 100
1 (1.38 + 0.23) x 10° 3.14 0.61 75.34
Se 5 (1.46 + 0.12) x 10° 3.16 0.59 74.01
1 (4.01 + 0.63) x 10° 3.60 0.15 28.43
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Fig. 10. Virucidal efficacy of UV irradiation. 1) A liquid
layer of SFV/enhLuc virus-containing PBS solution (2 x
10%.1./200 pl in 24-well plate) was irradiated for either
5 min, or 1 min with respective HFEL and used for BHK-

65 21 cell infection. 2) The SFV/enhLuc virus (1 x 10° i.u./
2 6 I 20 pl in 24-well plate) was inoculated on the surface for
o 55 1 h to dry, then the dried spot was irradiated with
E’ 5 respective HFEL (5 min and 1 min), afterword, soaked in
-~ T a PBS buffer, resuspended and used for BHK-21 cell
:E’ 4.5 infection. The next day after infection, the cell lysates
:; 4 were prepared and luciferase light units were measured
235 by luminometry. The virus titre was calculated according
z 3 to the standard curve obtained by standard dilutions of
3 25 SFV/enhLuc virus. Error bars represent the standard de-
'§ "2 viation of the mean of two independent experiments,
< each in duplicate. Untreated control - virus sample
g 246 49 12 22 204 41 0 mJ/cm"2 incubated in parallel (liquid, or dried) without

Hg Pb TI-Sb Se Control irradiation.
UV lightsource: mercury(Hg), lead (Pb), thallium-antimony (TI-Sb), selenium (Se),
untreated control (Control) and calculated dose foreach exposure time
Dried virus samples
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UV lightsource: mercury(Hg), lead (Pb), thallium-antimony (TI-Sb), selenium
(Se), untreated control (Control) and calculated dose foreach exposuretime

thallium-antimony HFEL, especially in the liquid phase. That means that
the rate constant k (Eq. (3)) is higher.

Using the lead HFEL having strong lines at about 217 nm and 220 nm
and several weaker lines in the region from 245 nm - 280 nm, 2.17 log10
virus reduction was reached in 5 min exposure for dry samples (dose
11.2 mJ/cm?). In contrast, the corresponding dose for mercury HFEL 5
min irradiation was about two times higher - 24.6 mJ/cm?. For the Hg
and Pb HFELs, if we qualitatively compare the rate constant (slope) from
the LRV dependence on dose in Fig. 11, we see that in the case of the Pb
HFEL the LRV grows faster from the applied dose than for the Hg HFEL
(Supplementary material, Figs. S2-S3). It means that, in terms of rate
constant k, Pb HFEL is also efficient. Increasing the exposure time,
namely dose, the lead HFEL would also give a potentially high reduction
value. The different decontamination rates can be explained by the
different spectral compositions used, but this observation should be
explored in more detail in the future. The selenium HFEL showed a
considerably lower reduction potential. One of the explanations could
be that the Se HFEL had lower intensity; however, the difference be-
tween intensities of the lead (37.4 £+ 11.7 pW/cmz) and selenium HFEL
(30.3 £ 11.0 pW/cm?) was not so substantial. Another explanation
could be that here we observe the spectral influence on the inactivation
process - lines below 220 nm have less effect on the inactivation than
lines around 260 nm. Similar findings were observed by Beck et.al. [7]

for bacteriophage MS2 and adenovirus.

To evaluate the efficacy of UV inactivation under different conditions
resembling the natural environment, virus samples diluted in cell me-
dium (DMEM) were dried and then irradiated. Interestingly, after drying
the SFVenh/Luc virus samples lose their activity considerably. The
composition of the virus-containing medium and drying conditions such
as time and humidity can also influence the degree of the virus inacti-
vation due to drying. There are data indicating that the high salt and
protein content could have a protective effect on the viability of viruses
[42], but on the other hand, the composition of the virus-containing
medium could also influence UV light absorption. Furthermore, it was
found that preparation of virus dilutions in cell medium such as DMEM
versus PBS can affect the virus integrity during drying by unknown
mechanism as it was discovered for enveloped bacteriophage phi6 [43].
For SFV samples, the initial amount of the virus was decreased for about
2.3 1og10 (applied initially 1 x 10° i.u. per sample in the 24 well plate,
after drying was detected as 5.6 x 10° i.u. only in comparison to stan-
dards). For the untreated control, the signal of 5.6 x 10% i.u. was
detected at the level of the second lower standard point - 5 x 10%, close
to the detection limit, thus the comparison of samples under 10° score
does not allow to distinguish minor differences of inactivation effi-
ciency. Nevertheless, the data from irradiated dried samples showed the
same general trend and sensitivity to UV light as the liquid virus
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Fig. 11. SFV titre log10 reduction value LRV as a function of dose for different
HFELs in different conditions, dry 24-well plate, liquid 24-well and 96-
well plate.

samples.

The results presented in Fig. 10-11 and Table 2 show that the T1-Sb
HFEL with several peaks in the region from 200 - 277 nm offers an
efficient inactivation of SFV, as the representative of enveloped RNA
viruses. Also Pb HFEL showed a promising reduction rate that needs to
be explored in the future in detail.

Comparing our results with the results of the Eischeid and Linden
experiment [24] of the inactivation of adenoviruses type 2 with mono-
chromatic and polychromatic UV-C light, we observed a similar trend -
for polychromatic HFELS, the required dose was found to be lower than
for monochromatic light.

In contrast to adenoviruses, which are more resistant to mono-
chromatic low-pressure UV inactivation [24], the SFV particles were
sensitive to both monochromatic and polychromatic HFELs. We can
hypothesize that adenoviruses are stable due to a DNA genome, which
can be repaired inside the cell after UV damage, moreover, the absence
of lipid envelope, which potentially can be destroyed by UV irradiation
by cross-linking and aggregation [44], make adenoviruses more resis-
tant to irradiation, comparing to enveloped RNA viruses. Therefore, we
could expect that UV doses cause significant structural changes in SFV
envelope and RNA genome leading to the virus inactivation under
treatment by monochromatic HFELs. This hypothesis is also supported
by the study of RNA and DNA bacteriophages confirming that the
single-stranded nucleic acid (ssRNA and ssDNA) viruses were more
susceptible to UV inactivation than the viruses with double-stranded
genome [45]. UV radiation is absorbed by RNA, which leads to the
formation of pyrimidine dimers blocking the translation of plus strand
RNA genome. The absence of the cell-dependent mechanism of RNA
reparation leads to the crucial inhibition of virus replication, respec-
tively [46].

The difference in UV effect (more precisely, in terms of the UV rate
constant k) between dry and liquid samples have been observed also
previously [1,12]. For example, it was observed that the UV rate con-
stants were at least one order of magnitude smaller in aerosols than in
liquids [1]. Some studies introduced species-dependent concept of UV
rate constant k ratio aerosol and liquid to correlate the UV range of vi-
ruses in different phases. For example, UV rate constant k for corona-
virus in the air is 1.8 - 6.0 times higher than that in liquid [47]. From the
first estimation also in our case, the rate constant k is about 2.2 - 1.2
times higher in dry conditions than liquid, and it varies between applied
light sources, for some light sources like Pb, T1-Sb even giving higher
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values than for Hg after qualitative estimation. More data points are
needed for more accurate calculations. It should be noted that PBS as a
standard solvent (buffer) does not show any specific UV absorbance
[48].

Thus, UV light can inactivate viruses in various environments with
less adverse effects on target materials compared to chemical disinfec-
tants. It has been shown previously that polychromatic UV can induce
irreversible modification of nucleic acid, and denatures viral proteins
and/or lipid bilayers of the viral envelope. Although the exact mecha-
nism of virus inactivation by different wavelengths still remains to be
determined, our study clearly demonstrates the virucidal effect of tested
polychromatic UV light sources at a short exposure time.

3.2. Bacteria

Bacterial inactivation tests have been performed with Gramnegative
bacterium - E. coli using thallium-antimony, arsenic, selenium, and
mercury light sources. In Fig. 12, the reduction of bacteria depending on
the exposure time is shown for three cases. The result (reduction in
cultivable E. coli) is expressed as a negative log reduction of colony-
forming units after treatment - C, divided by colony-forming units
before treatment - C°.

In addition to thallium-antimony, arsenic HFEL demonstrated high
efficiency in the reduction of cultivable E. coli. We obtained 4 log10
reduction after 10 min of irradiation with the polychromatic thallium-
antimony and arsenic HFELs. As a comparison, the mercury light
source reached 4 1og10 reduction in 3.4 min of exposure. In opposite, the
selenium light sources did not demonstrate any disinfecting properties
(< 90% reduction) and were excluded from further experiments.

In Fig. 13, 1, log reduction as a function of a dose is depicted. As it
can be seen, the dependence of the growth of reduction from the dose
shows quite similar behavior for all three light sources up to ~20 mJ/
cm?. For the mercury HFEL we can clearly observe so-called two-stage
decay that can be described by the following equation [12, Page 54-56]:

N(8) s = N(0)e™P + N(t;)e™P (5)

totai
Where N(t);0tq1 is the total number of bacteria at the moment ¢, the first
part shows the fast decay phase with the rate constant k; (that also for
E. coli can be described by Eq. (2)), N(t;) is the number of bacteria
subject to the slower decrease during tailing with the rate constant k.

It is commonly observed that there is a small fraction of the microbial
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Fig. 12. Logl0 reduction of E. coli CFU as a function of exposure time for
HFELs by equal irradiation conditions.
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Fig. 13. 1) Log reduction of E. coli as a function from a dose, 2) Logarithm of
survival S (Eq. (3)) as a function from irradiation dose for different light
sources. The two-stage model for Hg HFEL - k;=0.42 + 0.04 cm?/mJ
(R?>=0.98), k,=0.110 + 0.004 cm?/mJ (R>=0.99); TI-Sb HFEL - k = 0.23 +
0.03 cm?/mJ (R?=0.94), As HFEL for one-stage linear fit - k = 0.17 = 0.04 cm?/
mJ (R%=0.84) but for two-stage plot k;=0.27 + 0.02 cm?/mJ (R?=0.98), ks
=0.01 em?*/mJ (R?=1) (Supplementary material, Figs. S6-S10).

population that exhibits a higher level of resistance to UV radiation.
There is a fast stage of decay in the beginning (first stage), where the
most susceptible population is hit, and the second stage (slow decay) due
to a more resistant population. This effect appears usually at 5 - 6 log10.

For the TI-Sb and As HFELs the log reduction dependence from dose
is linear (Fig. 13,2); however, for the As HFEL it seems that some tailing
effect may begin at doses >30 mJ/cm?. At least, fitting by taking into
account the second stage gives better agreement with k = 0.17 + 0.04
em?/mJ (R? = 0.84) for one-stage linear fit, but k; = 0.27 £+ 0.02 cm?/
mJ (R? = 0.98), ks =0.01 cm?/mJ (R? = 1) for the two-stage plot
(Supplementary material, Figs. S8-S9). To decide whether it is true,
more measurements at higher doses would be needed.

Not surprisingly, the results of Semliki Forest virus and E.coli inac-
tivation tests were different due to differences in inactivation mecha-
nisms. For example, Beck et.al. [7] observed different action results at
the far UV-C wavelengths of bacteriophage MS2 (a common surrogate
for enteric pathogens) and adenovirus. The authors showed that the
damage of the nucleic acid at around 260 nm is the primary cause of
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inactivation for MS2. However, the spectral sensitivity of adenovirus
diverged from the sensitivity of its genome below 240 nm, implying that
nongenomic damage contributes to ultraviolet inactivation at these
wavelengths.

As reported in [49], for E. coli, the main damaging mechanisms are
bacterial DNA damage and oxidative stress. The currently used action
spectrum for E. coli is not continued below 230 nm where typically
protein absorption occurs. Also, we observed a strong influence of the
spectral lines near the well-known maximum of the DNA absorption
curve at 260 nm, causing mainly bacterial DNA damage (Hg 254 nm, Tl
277 nm, Tl 258 nm). However, arsenic HFEL is a different case also
showing high-reduction effect, comparable to the mercury HFEL. The
arsenic HFEL has only two weaker lines close to the DNA absorption
band around 260 nm, namely, 275 nm and 278 nm. On the other hand,
arsenic HFEL emits two strong lines at 230 nm, 235 nm, and spectral
lines in the far UV-C region and beyond it with wavelengths 200 nm,
197 nm, 194 nm, possibly hitting the protein absorption band (Fig. 14)
[50]. This interesting observed effect should be further investigated in
the future.

Our experiments show that using polychromatic UV light sources
offers a promising efficiency of inactivation of viruses and bacteria. This
evidence could open a door to broader exploitation of polychromatic UV
HFEL with non-mercury fillings. Furthermore, the high reduction po-
tential of the HFELs shows that they potentially could be applied to other
RNA viruses, including the SARS-COV-2 virus, as the reported doses of a
mercury light source range from 3.7 mJ/cm? for 3 log reduction to 16.9
mJ/cm? for complete inactivation [2], which can be easily achieved.

4. Conclusions

In this work, new alternative polychromatic UV light sources, filled
with arsenic, thallium-antimony, lead, selenium, emitting spectra in the
UV spectral region from 190 nm - 280 nm, were produced and tested for
inactivation of E. coli and Semliki Forest virus, a representative of
human enveloped RNA viruses, as models of human pathogens. The
thallium-antimony and arsenic-filled light sources showed a high path-
ogen inactivation effect.

For E.coli, 4 10g10 reduction was obtained after 10 min of irradiation
with both thallium-antimony and arsenic high-frequency electrodeless
lamps. Main working lines of thallium-antimony HFEL at 258 and 277
nm are close to the DNA absorption curve peak at 260 nm, thus causing
mainly bacterial DNA damage (similar to mercury 254 nm line). An even
better result was obtained with arsenic HFEL having several intense lines
at 230 nm, 235 nm, and in the far UV-C region and beyond it with
wavelengths 200 nm, 197 nm, 194 nm, where the prime mechanism is
supposed to be protein damage.

In the case of the Semliki Forest virus, the thallium-antimony UV
light source demonstrated virus inactivation efficiency with a high virus
reduction rate of 3.10 to > 4.99 log10 within 5 min of exposure. By our
data, UV light from different sources is efficient in various environ-
ments, such as liquids and surfaces. We demonstrated that drying SFV
samples strongly inhibits the infectivity of the virus, indicating the low
environmental stability of the SFV. Nevertheless, the mercury and
thallium-antimony irradiated dried virus samples showed a clear inac-
tivation trend in comparison to selenium irradiated or non-irradiated
dried virus samples. The high reduction potential of investigated
HFELs shows that they potentially could be applied for inactivation of
other structurally similar viruses, as reported doses of a mercury UV
source for SARS-COV-2 virus inactivation range from 3.7 mJ/cm? to
16.9 mJ/cm? [2], which can be easily achieved.

The potential of lipid envelope damage by the polychromatic UV
light sources should be considered for future research as efficient and
less costly/energy-demanding mechanism of disinfection. The precise
mechanism of action for different wavelengths of UV sources still have to
be elucidated, despite the RNA damage presumably is the main, but not
the only mechanism responsible for virus inactivation.
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