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Abstract: The recently much noticed Far-UVC spectral range offers the possibility of inactivating
pathogens without necessarily posing a major danger to humans. Unfortunately, there are various
Far-UVC sources that differ significantly in their longer wavelength UVC emission and, subsequently,
in their risk potential. Therefore, a simple assessment method for Far-UVC sources is presented
here. In addition, the temporal intensity stability of Far-UVC sources was examined in order to
reduce possible errors in irradiation measurements. For this purpose, four Far-UVC sources and
a conventional Hg UVC lamp were each spectrally measured for about 100 h and mathematically
evaluated for their antimicrobial effect and hazard potential using available standard data. The two
filtered KrCl lamps were found to be most stable after a warm-up time of 30 min. With regard to the
antimicrobial effect, the radiation efficiencies of all examined (Far-) UVC sources were more or less
similar. However, the calculated differences in the potential human hazard to eyes and skin were
more than one order of magnitude. The two filtered KrCl lamps were the safest, followed by an
unfiltered KrCl lamp, a Far-UVC LED and, finally, the Hg lamp. When experimenting with these
Far-UVC radiation sources, the irradiance should be checked more than once. If UVC radiation is to
be or could be applied in the presence of humans, filtered KrCl lamps are a much better choice than
any other available Far-UVC sources.

Keywords: far UVC; UVC; long-term stability; risk assessment; threshold limit values; antimicrobial
impact

1. Introduction

Even before the coronavirus pandemic, it was desired to be able to inactivate pathogens
in the presence of humans to prevent the spread of infections without harming people, e.g.,
in crowded rooms or public transport. However, this was previously not feasible.

There have been and still are effective antimicrobial measures, such as the germicidal
254 nm UVC radiation from mercury vapor lamps that has been applied for 100 years and
exhibits a strong antimicrobial effect due to its DNA-destroying mechanism. Unfortunately,
it is not discriminatory and can also damage human DNA and cells.

Since the coronavirus pandemic, the UVC spectral range from 200 to 230 nm has
attracted particular attention, though there were already studies on the properties of this
part of the UVC region before the pandemic [1-3]. This short-wavelength radiation, often
called Far-UVC radiation, appears to exhibit the desired properties of a strong antimicrobial
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effect without having a major impact on humans. The reason for this is that radiation below
240 nm is not only strongly absorbed by DNA but also by proteins, with the result that
the proteins of dead cells in the stratum corneum on the top of human skin, for example,
protect vital cells in deeper skin layers.

Despite these observed positive characteristics, the application potential of Far-UVC
radiation was initially not widely recognized, even by experts. It was only the coronavirus
pandemic that led to an increase in Far-UVC studies and new findings [4-10], which, for
example, initiated a reassessment of the effects of Far-UVC irradiation on human eyes and
skin. For this reason, the American Conference of Governmental Industrial Hygienists
(ACGIH) [11] adopted new, higher daily permissible Far-UVC exposure doses, defined as
threshold limit values (TLVs).

Nevertheless, some important aspects of a potential future increase in the application
of Far-UVC have not yet been investigated or are still not fully understood, such as the
possible photobiological consequences of long-term exposure to Far-UVC radiation. Several
important Far-UVC research topics have been suggested by Gorlitz et al. [12]. When
carrying out such Far-UVC experiments—as with many other UV irradiation experiments—
a constant irradiance is often assumed and the desired irradiation dose can then be achieved
over time.

Whether the irradiance levels are really constant when the lamps are switched on, or
whether it is necessary to wait for an unknown warm-up period, is an open question and
is investigated here for the first time for four different Far-UVC radiation sources. These
are three 222 nm KrCl lamps from different manufacturers, two of which are equipped
with filters for the reduction in harmful long-wavelength UVC components above 240 nm
to reduce human health risks. In addition, a 236 nm Far-UVC LED is also examined. For
comparison, a conventional 254 nm mercury vapor lamp is included in this study. The
relative irradiance levels are determined over a period of about 100 h after switching on
the respective radiation source.

Since the various Far-UVC sources differ spectrally, the biological effects on microor-
ganisms as well as on human skin and eyes are not identical. At the moment, expensive
studies on animal or human test subjects or tissues would be needed to carry out qualita-
tive and quantitative assessments of the irradiation risk potential. Suitable in vitro models
that allow for the transfer of the results into daily life are urgently required to facilitate
investigations of antimicrobial efficacy and health risk potentials simultaneously. Until
then, a clear and simple mathematical evaluation of the respective Far-UVC source based
on the emission spectrum of the lamp is proposed here, and the above-mentioned radiation
sources are evaluated and compared with each other with regard to both the antimicrobial
effect and the potential risk to humans. The reason for this is that experimental studies
on microorganisms are very time-consuming, and studies on human eyes and skin are
also ethically difficult, so such investigations cannot be carried out for every new Far-
UVC radiation source on the market. To the best of our knowledge, such an approach to
carrying out these assessments on the basis of available standardized data has not been
presented previously.

2. Materials and Methods
The properties of these five (Far-) UVC sources were investigated:

1. A 222 nm KrCl lamp (20 W, filtered), type “UV222” of UVMedico (Aarhus, Denmark),

with a KrCl 222 nm module of Ushio (Cypress, CA, USA);

A 222 nm KrCl lamp (20 W, filtered), type “DF28B” of Conlustro (Sheridan, WY, USA);

3. A 222 nm KrCl lamp (5 W, unfiltered), type “DF15B-B1” of France-UVC (Lévignac
de Guyenne, France), in combination with a provided electrical converter and a lab
power supply at a constant current of 1 A;

4. A 236 nm Far-UVC LED (0.3 W, unfiltered), type “SF1 flat lens” of Silanna UV
(Pinkenba, Australia), in combination with a lab power supply at a constant cur-
rent of 40 mA;
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5. A 254 nm Hg lamp (6 W, unfiltered), type “3UV36” of Analytik Jena (Jena, Germany).

The spectrally resolved measurements of the lamp intensities were carried out at
close range using a CAS 140D from Instruments Systems (Munich, Germany). This was a
calibrated combination of an integrating sphere and a spectrometer, as depicted in Figure 1.
For better comparability of the lamps, all spectra were standardized so that the total
irradiance in the UV spectral range of 200400 nm was 1 mW /cm?. For the determination
of the long-term stability of the UVC sources, these measurements were further carried out
over a period of about 100 h at a room temperature of approx. 21 °C.

z . CAS140D
integrating

sphere

light guide spectrometer

Figure 1. The schematic setup for the determination of the spectrally resolved (Far-) UVC lamp
irradiances.

Published data were used to estimate the antimicrobial effects of the radiation from the
various lamps and the potential risk to humans. The antimicrobial effect was determined
based on the antimicrobial efficiency of UV radiation against B. subtilis spores—available
in 1 nm steps from the international standard DIN 5031-10 [13]. To assess the potential
hazard to humans, the latest ACGIH-TLVs or the so-called relative spectral effectiveness
for the irradiation of the eye and skin were applied [11]. Both relative curves can be found
in Figure 2.
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Figure 2. Spectrally resolved relative antimicrobial impact and potential hazards to human eyes and
skin for UV radiation in range 200-400 nm according to DIN 5031-10 and ACGIH-TLVs [11,13].
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The relative antimicrobial efficacy X,;imic of a Far-UVC source can therefore be cal-
culated, as described below, from the measured and standardized spectral irradiance E(A)
and the spectral efficiencies A(A) according to DIN 5031-10 on the basis of Formula (1):

339 nm
Xontimic = Y, E(A) x A(A) x AA (1)
200 nm

Comparably, the hazard to human eyes and skin Xj,;,,,4 can be calculated on the
basis of the relative spectral effectiveness S(A) from the ACGIH data and the measured
normalized spectral irradiances E(A) for each Far-UVC source according to Formula (2):

400 nm
Xhazarda = 2 E(A) x S(A) x AA 2)
200 nm

3. Results

The time course of the relative irradiance of the various (Far-) UVC sources is provided
in Figure 3. The two filtered KrCl lamps reached a very stable intensity level within approx.
30 min. For all three other sources, the radiation intensity did not appear to have completely
stabilized even after 100 h.
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Figure 3. The time-dependent intensity variation in the various (Far-) UVC sources over a period of
about 100 h.

The normalized spectral irradiances are plotted in Figure 4. The spectra of the three
KrCl lamps are very close to each other around the 222 nm emission peak, with only the
unfiltered KrCl source still having relevant spectral components above 240 nm, which
account for just under 10% of the total irradiance and also include a weak emission peak
at just under 260 nm. The Far-UVC LED has its maximum emission at 236 nm and its
spectral half-width is around 10 nm. About 27% of the emission of the Far-UVC LED is
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above 240 nm and therefore in a spectral range that poses a higher risk to humans. For
comparison, the spectrum of the conventional Hg lamp is also provided in Figure 4.
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Figure 4. The spectral irradiances of the different (Far-) UVC sources, normalized to a UV irradiation
of 1 mW/cm?.

The calculated (relative) values for the expected antimicrobial effect and the hazard
to human eyes and skin can be found in Table 1. In terms of the antimicrobial effect, the
effectiveness of the radiation from all UVC sources is of approximately the same order of
magnitude. With regard to the human hazard, however, the impact of the conventional Hg
lamp is more than one order magnitude higher than for the filtered KrCl lamps. According
to this calculation, a 25-times-higher KrCl radiation dose could be applied as with the Hg
lamp and would result in the same health risk to humans in both cases.

Table 1. The calculated relative antimicrobial effect according to the B. subtilis spore data from DIN
5031-10 and the hazard assessment for human eyes and skin based on ACGIH spectral effectiveness.
Both calculations were performed with the normalized relative spectral irradiances, as illustrated
in Figure 4. The values for antimicrobial efficacy and human exposure in brackets are scaled to the
effect of the Hg lamp and the filtered KrCl lamp from UVMedico/Ushio, respectively.

UVMedico/Ushio Conlustro (222 nm France-UVC (222 nm, Silanna LED Analytik Jena

(222 nm KrCl, Filtered) KrCl, Filtered) KrCl, Unfiltered) (236 nm) (254 nm Hg)

antimicrobial impact

(normalized to Analytik 0.907 0.880 0.826 0.737 0.946
Jena lamp) y (0.96) (0.93) (0.87) (0.78) (1.0)
(I‘;'anigl‘fzzlg‘t‘ol‘f;f::gd 0.019 0.022 0.055 0.247 0.475
(1.0) 1.17) .9) 13) (25)

UVMedico/Ushio lamp)
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The other two Far-UVC sources are obviously worse than the filtered KrCl lamps,
whereby the Far-UVC LED with its longer-wavelength UVC components poses a much
greater risk to humans compared to the unfiltered KrCl lamp.

4. Discussion

The intensity stability investigations revealed that only the two filtered Far-UVC lamps
were stable after a warm-up time of 30 min. This was not the case with any of the other
lamps even after about 100 h. In the case of the Far-UVC LED, this may be due to its short
lifespan of only a few hundred hours. For the other two lamps, which should have lifetimes
of several thousand hours, the reason is unknown. Nevertheless, this demonstrates that
it may not be sufficient for irradiation experiments to measure the irradiance once and
then assume it to be constant in order to determine irradiation doses as the product of
irradiation time and irradiance.

The antimicrobial efficacy was calculated based on data for B. subtilis spores. If
data from other microorganisms had been used, the values would probably have been
slightly different, but it is unlikely that anything would have changed in general, as the
antimicrobial effectiveness of all UVC sources is roughly in the same order of magnitude.
In any case, this also fits in quite well with our own previously published results and those
of other research groups [14-19].

As far as the assessment of the risk to eyes and skin from UVC radiation is con-
cerned, this of course depends on the quality of the ACGIH TLVs or spectral effectiveness.
O’Mahoney et al. have suggested that a correction of these data may be necessary [20].
Therefore, if the ACGIH values actually undergo another revision in the future, the com-
putational assessment will also change, but no major differences are expected, and so the
current assessments already provide a good impression of the relative safety of different
far-UVC sources. The statement that filtered KrCl lamps are less harmful to humans than
unfiltered KrCl lamps or even Hg lamps is not surprising and has already been established
by various authors [6,20-24]. However, so far, time-consuming experiments on animal or
human test subjects or tissues have only yielded a qualitative but no quantitative assess-
ment of the irradiation. For that, we need suitable models to allow for the investigation
of antimicrobial efficacy and health risk potentials simultaneously. Such models will also
provide appropriate biological data for mathematical approaches. Now, the proposed
straightforward and intuitive calculation approach, using current standard data, allows for
an approximate assessment based solely on the lamp spectrum. In accordance, Far-UVC
LEDs, which have been less frequently investigated to date, can now also be evaluated
more rapidly. It could be shown that the hazard potential of their radiation is currently
significantly higher than that of filtered and unfiltered KrCl lamps, but the development
history of LEDs to date gives reason to the hope that Far-UVC LEDs will develop further.
This also suggests that the peak wavelength can be expected to decrease and the undesired
longer-wavelength emissions should reduce, which would result in a lower risk potential
of future Far-UVC LEDs.

This straightforward determination of the expected biological effects of (Far-) UVC
radiation on microorganisms and humans is no real substitute for biological experiments.
However, it provides a quick and meaningful estimate, the quality of which is mainly
limited by the data provided for the spectral sensitivity of microorganisms and human skin
and eyes.
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