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Preface

Ultraviolet (UV) radiation is capable of inactivating or eradicating microorganisms and viruses
and has therefore been used for decades to disinfect water, room air or solid surfaces. For
disinfection purposes, such radiation is currently applied predominantly in the UVC spectral
range and at a wavelength of 254 nm, in particular. Since this radiation can cause both acute
and long-term damage to the eyes and skin, human exposure must be avoided. For some time,
and particularly since the start of the SARS-CoV-2 pandemic, there have been discussions
concerning the use of far-UVC radiation (spectral range of 200 nm to 240 nm), mostly at
wavelengths around 222 nm, for disinfection in the presence of people. Due to the very low
penetration depth of this shortwave far-UVC radiation into human tissue, it is often argued that
no health consequences for humans are to be expected. Against this background, the
Commission on Radiological Protection (Strahlenschutzkommission, SSK) was asked to
comment on the risks of using far-UVC radiation for disinfection in the presence of people
while also considering potentially vulnerable groups such as children, the elderly, and people
with skin and eye diseases. The Working Group “Risks of using Far-UVC Radiation for
Disinfection in the Presence of People” of the “Non-Ionising Radiation” Committee was
appointed to compile an opinion with a scientific background. The group comprises the
following members:

— Dr Ljiljana Udovicic (Federal Institute for Occupational Safety and Health, Dort-
mund), Chair of the Working Group

— Dr Bernhard Brenner (Bavarian State Office for Health and Food Safety, Munich)

— Dipl.-Phys. Martin Brose (German Social Accident Insurance Institution for the En-
ergy, Textile, Electrical and Media Products Sectors, Cologne)

— Dr Rudiger Greinert (Elbe Hospital Buxtehude)

— Prof. Caroline Herr, MD (Bavarian State Office for Health and Food Safety, State In-
stitute for Occupational Safety and Product Safety; Environmental Health Protection,
Erlangen)

— Dr Mathias Hoffmann T (Lower Saxon State Department for Waterway, Coastal and
Nature Conservation, Hannover-Hildesheim)

— Dr Peter Sperfeld (National Metrology Institute, Braunschweig)
— Dr Beate Volkmer (Elbe Hospital Buxtehude)

Furthermore, the Working Group was supported by Prof. Friedo Z6lzer (University of South
Bohemia, Ceské Budg&jovice, member of the SSK).

Dr Ljiljana Udovicic Dr Beate Volkmer Prof. Ursula Nestle
Chair of the Working Group  Chair of the “Non-lonizing Chair of the German
“Risks of using Far-UVC Radiation” Committee Commission on Radiological
Radiation for Disinfection in Protection

the Presence of Humans”
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1 Introduction

UVC disinfection is a proven method that has been used for many decades to kill or inactivate
pathogenic microorganisms and viruses in indoor air, water, and on solid surfaces. Although
the respective UV C-action spectra vary depending on the pathogen, they all have a pronounced
maximum of 260 nm in common: UVC radiation of this wavelength is most effective at
damaging the deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) of microorganisms
and viruses, leading to their eradication or inactivation. Mercury vapour lamps with a maximum
emission of 254 nm, coming close to the wavelength of 260 nm mentioned above, are mainly
used to produce UVC radiation.

However, the UVC disinfection method also poses risks to humans. These risks include, e.g.
acute damage to the eyes, such as inflammation of the cornea (photokeratitis) or conjunctiva
(photoconjunctivitis), and skin cancer as a serious long-term consequence. To date, every effort
has been made to avoid inadvertently exposing humans to UVC radiation from artificial sour-
ces. Where human exposure cannot be ruled out in the workplace, the exposure limits (EL)
based on the recommendations of the International Commission on Non-lonizing Radiation
Protection (ICNIRP) must be observed. Over the last three decades, these ELs have been
identical to those of the American Conference of Governmental Industrial Hygienists (ACGIH).
In the workplace, employees are informed of the risks associated with UVC exposure, and
various technical, organisational and personal protective measures are taken to prevent
excessive exposure. However, in the case of employees belonging to potentially vulnerable
groups because they are especially sensitive to UV radiation, compliance with the ELs does not
always suffice. Individually adapted protective measures are therefore provided for these
employees.

Research into the use of UVC radiation for disinfection at wavelengths below 254 nm has been
ongoing for about ten years. Radiation at a wavelength in the partial interval of the UVC spectral
range between 200 nm and 240 nm is referred to as far-UVC radiation. To produce UVC
radiation in this wavelength range, e.g. krypton chloride (KrCl) excimer lamps with a maximum
emission at 222 nm or light-emitting diodes (LEDs) with a peak at around 233 nm are used. In
various studies listed in the following chapters, it is assumed that no relevant DNA damage to
the skin could occur as only the uppermost layers of dead skin would be affected due to the low
penetration depth of far-UVC radiation. Moreover, as postulated in these publications, the
increased absorption of far-UVC radiation in the tear film covering the anterior segment of the
eyeball would significantly reduce the risk of photokeratitis or photoconjunctivitis. Hence, no
acute or long-term health consequences are to be expected in humans. Due to possible conflicts
of interest among the authors of numerous relevant studies, however, there is reason for a
certain scepticism concerning the conclusions drawn from the studies. Nevertheless, the
exposure limits recommended by the ACGIH for protecting the eyes and skin in the far-uvC
spectral range have already been modified and increased significantly (see section 3.5.4).

In addition to the disinfecting action of UVC radiation in general, due to its low penetration
depth, far-UVC radiation is a topic of discussion with respect to its use in the presence of
people — such as in public spaces through unshielded open sources of radiation. Since the start
of the SARS-CoV-2 pandemic in particular, this method is promoted as a simple solution for
reducing infections from airborne pathogens indoors (Blatchley et al. 2023). However, the
potential use of open sources of radiation in the presence of people in public spaces requires
fundamentally new safety considerations as to how and with what exposure duration UVC
radiation can be used.

According to the advisory mandate of the then Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMU) dated 10 June 2021, the German Commission on
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Radiological Protection (SSK) was asked to draw up an opinion on the “Risks of using Far-
UVC Radiation for Disinfection in the Presence of People”. Potentially vulnerable groups, such
as children, the elderly, and individuals with skin and eye diseases, were also to be included in
these considerations (see section 3.5.5). The recommendation of the SSK presented here
represents the response to this advisory mandate.

To assess the risks of using far-UVC radiation for disinfection indoors in the presence of people,
the latest scientific data has been compiled and analysed in this recommendation. The UVC
radiation of the sun does not occur in the natural environment of humans, as it is completely
absorbed in the stratosphere. Since humans have so far been exposed only occasionally and
inadvertently to UVC radiation from artificial sources, no epidemiological data is available with
respect to the harmful effects of UVC radiation on human eyes and skin. The current level of
knowledge is presented with respect to

— the effect of far-UVC radiation on microorganisms and viruses,

— the effect of far-UVC radiation on the skin (in animal studies, studies on human skin
models or human skin),

— the effect of far-UVC radiation on the eye (in animal studies, in studies on the human
eye),

— the definition of exposure limits in the UVC spectral range and their applicability to
potentially vulnerable groups.

Like the sun, the artificial sources addressed in this recommendation, such as mercury vapour
lamps, excimer lamps or LEDs, are sources of incoherent optical radiation. Lasers, which
predominantly emit coherent optical radiation, are not considered in this recommendation.

2 SSKrecommendation

To avoid any potential harm to public health, the SSK recommends that a legal norm be
established to regulate the use of far-UVC radiation through unshielded, open sources of
radiation for eradicating or inactivating pathogenic microorganisms and viruses in the presence
of people in public spaces. At the very least, the SSK recommends that the protection of the
population be aimed at the level intended by the exposure limits currently recommended by the
ICNIRP, as already implemented in existing occupational health and safety regulations.
Furthermore, the SSK deems it necessary to protect in particular potentially vulnerable groups
from the use of far-UVC radiation.

The SSK states:

In view of the novelty of the use of far-UVC radiation and its potentially harmful
photobiological effects, the SSK believes the current data does not suffice to rule out health
risks to the population from its use.

— Important aspects for assessing the risks of far-UVC radiation were hardly covered by
the studies currently available.
Studies published to date on the risks of far-UVC radiation have only addressed short-
term exposure; only a few studies have so far investigated chronic exposure. The effect
of far-UVC radiation on the eyes has hardly been studied and thus far has mainly been
examined in animal models. Only very few studies directly involve the human eye. No
epidemiological data is available concerning the effect of far-UVC radiation on the eyes
and skin. Likewise, there are no studies into the effect of far-UVC radiation on injured
or damaged skin.
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— The majority of the studies analysed reveal ambiguities with respect to the radiometric
measurements.
In the majority of the studies, the validity of the specified radiant exposure (dose) has
not been adequately demonstrated. Information on irradiance levels, irradiation duration
and methods of radiometric measurement is often missing. In some cases, the infor-
mation on the employed measuring devices raises the question whether it was even pos-
sible to determine the applied radiant exposure correctly. Future studies should ade-
quately describe the nature and method of the radiometric measurements, demonstrate
that the measuring devices have been validated and calibrated and, if necessary, apply
standardised measurement conditions.

— Authors express conflicts of interest in many of the studies analysed.
Conflicts of interest have been declared in many publications. The principle of the fil-
tered KrCl excimer lamps that are currently used predominantly in the field of far-UVC
radiation has been patented by the lead author of some studies. Only one manufacturer
licenses out such lamps and made them available for several studies, in part also directly
sponsoring the studies in question. The SSK is therefore concerned that the conclusions
may be subject to relevant bias.

— There are no studies into potentially vulnerable groups.
There are basically no studies that include potentially vulnerable population groups.
Given the potentially harmful effects of far-UVC radiation, a risk to these groups from
uncontrolled exposure in public spaces cannot be ruled out.

— The studies analysed relate primarily to cellular DNA damage; hardly any
consideration was given to other potential targets of far-UVC radiation.
The low penetration depth of far-UVC radiation in biological tissue is attributable to the
high level of absorption by proteins. Some of the inactivating effect, especially with
respect to viruses, is attributed to protein damage. Inhibition of enzymes is a known
effect of UVC radiation and is therefore used, e.g. in the food industry. The tear film,
with its complex composition and diverse tasks, could be adversely affected by enzyme
inhibition. Such inhibition and the underlying photochemical mechanism are not
thoroughly understood.

- The harmful effect of far-UVC radiation on the microbiome of the skin and surface of
the eye have not been sufficiently studied.
If people are exposed to far-UVC radiation in public spaces, due to more effective
inactivation potential compared to UVA and UVB radiation, it cannot be ruled out that
this leads to an inactivation of the microbiome of the exposed skin and eye surface and
consequently to “hyperdisinfection” (as results, e.g. from constantly using antimicrobial
washes). Such an effect should be investigated more thoroughly, especially with respect
to the latest data on the importance of the microbiome in and on humans.

— As yet, there is no concept for verifying compliance with exposure limits.
The use of UVC radiation in the presence of humans necessitates compliance with the
exposure limits recommended by the ICNIRP and legally specified for workers. When
using far-UVC radiation in the presence of people in public spaces, however, exceed-
ance of the ELs cannot be ruled out because the exposure of individuals cannot be ade-
quately controlled in this case. As the total radiant exposure depends on the irradiation
duration, prolonged or repeated periods of exposure can cause the ELs to be exceeded.
For anyone who is already exposed to UVC radiation in the workplace, in particular,
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exposure to far-UVC radiation in public spaces would imply additional UVC exposure
(cumulation).

— Exposure limits do not account for vulnerable groups.

The ELs recommended by the ICNIRP apply to risks associated with eight hours of
exposure to UVC radiation. The ICNIRP stresses that the recommended ELs are aimed
at protecting workers and that, with due caution, they could also be applied to the general
population. However, they cannot be used to protect overly photosensitive individuals
or individuals exposed to photosensitising substances. No precautionary measures can
therefore be defined at present for minimising or preventing harmful effects on the
health of potentially vulnerable groups of people (such as children and the elderly).

— Basic principles of radiation protection are not considered.

The ICNIRP expressly supports the principle that any decision that changes the
exposure situation should bring more benefit than harm (ICNIRP 2020). According to
current knowledge, however, it cannot be assumed that the use of far-UVC radiation for
disinfection in the presence of people would comply with this principle. Technically and
economically equivalent alternatives already exist whereby human exposure to UVC is
minimised. E.qg. there are systems in which the UV C source is contained in a closed unit
or the source is shielded to ensure that anyone present is not exposed to UVC radiation
(see section 3.2.2).

- Monitoring of the technical reliability of the devices employed, e.g. filtering, is not
regulated.
Several studies have demonstrated that optical filtering is mandatory when using KrCl
excimer lamps, to minimise the proportion of harmful UVB and UVA radiation. The
reliability of the lamps and efficiency of the filtering in the long term have not yet been
studied, however. In addition, there are hardly any standards or regulations on
certification or type approval and on monitoring the technical reliability of far-UVC
systems. Consequently, there is a risk of uncontrolled circulation of unfiltered or
technically unreliable devices through online retail, especially in the private sector.

The use of far-UVC radiation in the medical sector, e.g. for prophylactic disinfection, is
justifiable from the radiation protection point of view, as this involves a controlled, temporary
exposure of humans, that should take place after previous indication and weighing up of
benefits and risks in accordance with the provisions of the Medical Devices Act. When doing
so, however, alternative disinfection methods, such as chemical disinfection, should always be
considered in a benefit-risk analysis, especially with respect to potentially vulnerable groups.
No such analyses are available for far-UVC radiation, however.

3 Scientific background
3.1 UVCradiation and its physical properties

Ultraviolet radiation (UV radiation) entails optical radiation at wavelengths between 100 nm
and 400 nm. UV radiation is further divided into UVA radiation (315 nm to 400 nm), UVB
radiation (280 nm to 315 nm) and UVC radiation (100 nm to 280 nm) (CIE 2020). Portions of
the particularly energy-rich UVC radiation comprise sufficient energy to damage DNA and
RNA. For this reason, UVC radiation can also be used for disinfection purposes; it is important
to consider, however, that not only microbial but also human DNA can be damaged at these
wavelengths.
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In the context of this recommendation, “far-UVC radiation” refers to the spectral range of
200 nm to 240 nm. There is no clear definition internationally, however. Whereas UVC
radiation at a wavelength of 254 nm is mainly used at present for disinfection purposes, a
wavelength of 222 nm is currently preferred in the far-UVC spectral range.

The UVC radiation to which humans are exposed comes exclusively from artificial sources.
UVC radiation from the sun is completely absorbed by ozone and oxygen molecules in the
stratosphere and does not reach the Earth’s surface.

Although they do not serve illumination purposes, many artificial sources that also emit UVC
radiation are referred to as lamps. Even sources of radiation that emit UV radiation only are
referred to exclusively as lamps (e.g. KrCl excimer lamp).

3.1.1 Absorption of UVC radiation

Concerning the scope of this advisory mandate, the absorption of UVC radiation in the air in
our environment is especially relevant. It is comprised of approx. 78% nitrogen and 21%
oxygen. Noble gases (e.g. argon, helium) and carbon dioxide, methane and hydrogen account
for less than 1%. Dust particles and water vapour are also found in the air.

The main portion of UVC radiation absorption occurs in the air and is taken up by oxygen and
the ozone layer; this process depends heavily on the wavelength, however. Figure 3.1 provides
a calculation of the transmission of UV radiation in a layer of air or oxygen that is one metre
thick. The figure shows that air for UVC radiation above 190 nm is almost transparent, whereas
at shorter wavelengths there is little transparency. The absorption of UVC radiation at shorter
wavelengths leads to the emergence of ozone. Based on the advisory mandate, the question of
the adverse health effects of ozone that can be produced by UVC radiation is not addressed in
this recommendation.
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Figure 3.1: Spectral transmission in the UVC spectral range in a one-metre layer of air or

oxygen. Transmission was determined using data on absorption cross-sections
from Keller-Rudek et al. (2013) according to the literature sources listed in the
legend (Bogumil et al. 2003, Cheung et al. 1986, Fally et al. 2000, Ogawa
1971, Lu et al. 2010).
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Furthermore, the UVC radiation is also absorbed in water and by organic molecules such as
DNA and proteins.

The spectral dependence of the absorption coefficient of purified water with no organic
impurities and no oxygen (according to Quickenden and Irvin 1980) is presented in Figure 3.2,
As the absorption coefficient changes by two orders of magnitude (1.26 m™ versus 0.01 m™)
between 196 nm and 320 nm, transmission at 196 nm is 28% and thus significantly lower than
transmission at 320 nm, which is 99%. However, transmission in purified water of 93% at
222 nm does not differ significantly from the transmission of 97% at 254 nm (absorption
coefficients of 0.074 m™* and 0.035 m™, respectively).
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Figure 3.2: Spectral absorption of purified water with no organic impurities and no oxygen

(according to Quickenden and Irvin 1980).

The absorption of Escherichia coli DNA and the protein trypsin (Voet et al. 1963, Setlow and
Doyle 1957), normalised to 254 nm, is shown in Figure 3.3, indicating increased protein
absorption of far-UVC radiation.
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Figure 3.3: Spectral absorption of Escherichia coli DNA and the protein trypsin (accor-

ding to Voet et al. 1963, Setlow and Doyle 1957), normalised to 254 nm.

3.1.2 Physical radiation quantities and units

The effect of UVC radiation on microorganisms, organic and inorganic substances, and
especially human organs such as the skin and eyes, depends on the irradiated “dose” which,
unlike that of ionising irradiation, is not defined as the amount of energy absorbed per mass. In
this context, the term “dose” is used rather for radiant exposure H, i.e. the UVC radiation energy
striking a surface, which is measured in joules per square metre (J m). The radiant exposure is
the product of the irradiation duration t and mean irradiance E, defined as the radiated power
per surface area and measured in watts per square metre (W m™) (see section 3.5.1). Strictly
speaking, it would have to be differentiated at which wavelength or in which wavelength range
the irradiation occurred, since photobiological action spectra can change considerably
according to the wavelength. For this reason, this recommendation specifies the dominant
wavelength during irradiation as an index. The ranges used are UVCazss for mercury vapour
lamps with maximum emission of 254 nm, UVC:2. for KrCl excimer lamps with maximum
emission of 222 nm and UV Czs3 for UVC LEDs with a peak wavelength of around 233 nm.

In the literature, the dose that has been measured is usually expressed in mJ cm? (md/lcm?),
whereby 1 mJ ecm™ corresponds to 10 Jm™. The inconsistent use of these units can lead to
miscalculations of the doses achieved. Therefore, the same unit should always be used when
comparing different studies.

3.1.3 Measurement of UV radiation

The irradiated dose H is determined based on the measurements of irradiance E and irradiation
duration t. To measure the irradiance, two types of device are mainly used: broadband
radiometers and spectroradiometers, which must be calibrated prior to use. Less frequently, film
dosimeters are also used.
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Broadband radiometers

Broadband radiometers offer spectral responsivity over a specified spectral range. In most
cases, they consist of a photodiode and a spectral filter. The combination determines the spectral
range in which the devices can take measurements. They are not capable of taking spectrally
resolved measurements, however. Their spectral responsivity is not constant, but rather
decreases predominantly towards the edges of the usable spectral range. It is therefore necessary
to calibrate broadband radiometers directly on the lamp types on which they will subsequently
be used. Alternatively, the spectral responsivity of the radiometer can be calibrated to the
dominant wavelength of the lamp to be measured (e.g. 222 nm for KrCIl excimer lamps).
Corresponding correction factors for the broadband radiometer display can then be calculated
and the irradiance E obtained. A radiometer calibrated at 172 nm would therefore clearly
indicate a false reading.

Since Si photodiodes are mostly used for broadband radiometers which offer high spectral
responsivity in the UV to the near-infrared spectral range, it is essential to use an additional
filter to effectively delimit the utilisable spectral range when measuring UVC irradiance. It
should be noted here that vapour-deposited filters in particular can often have a wider
transmission range above approx. 700 nm. An additional false signal and a supposedly too high
UV irradiance may therefore be displayed if infrared radiation is present during measurement.

Spectroradiometers

Spectroradiometers can take spectrally resolved measurements of the spectral irradiance Exi(1).
They can therefore cover a larger spectral range and can be used to measure a wide variety of
lamps. The integral of the spectral irradiance measured over the wavelength thereby results in
the irradiance E. Two types of device are mainly used. Double monochromator systems can
measure spectra with a high resolution and maximum suppression of stray light. The spectrum
is thereby scanned and recorded wavelength by wavelength. Such systems are very accurate but
take a comparatively long time of several minutes to measure one spectrum; their suitability for
determining a dose is therefore limited. Array spectroradiometers can capture an entire
spectrum over a short period of time (a few milliseconds to a few seconds), whereby the
spectrally dispersed radiation hits an array of photodiodes simultaneously (usually CCD or
CMOS cells). These devices are therefore well suited to rapidly determining irradiance. Their
compact design, however, makes them highly susceptible to internal stray light. Spectral
components from other wavelengths thereby hit sections of the array that are supposed to
capture a different, defined spectral range. Depending on the design, this fraction of scattered
light is very high, especially in the UV spectral range. In the case of halogen bulbs, which are
often used to calibrate array spectroradiometers, infrared scattered light can cause a false
radiation fraction of more than 100% of the radiation to be measured, particularly in the range
of measurement below 300 nm. Spectral stray light correction of the measurement signal is
therefore essential for calibration and application.

Determining the irradiated dose necessitates adaptation of the input optics of the devices,
accordingly, which detect the irradiance at the site of irradiation. Hence, the devices usually
have a diffuser on the front which serves as an irradiated surface or reference plane. In some
cases, the opening of a small integrating sphere also serves as a reference plane and the meter
is attached to a further output opening of the sphere. It is also possible for the input optics to be
attached to an optical fibre, the other end of which leads to the measuring device. Whatever the
design, the devices must always be calibrated with the intended input optics for irradiance
measurement. Calibration without a diffuser (e.g. connected directly to a lamp) is not usable.
Other input optics with optical lenses or, e.g. the bare end of an optical fibre, cannot be used to
measure irradiance as they do not have an irradiated reference plane.
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Calibration of the devices, particularly in the far-UVC spectral range, is very complex and may
be subject to large measurement uncertainties. It should therefore be carried out by accredited
measurement laboratories.

Film dosimeters

Film dosimeters are also used to measure UVC radiation doses. When UVC radiation strikes a
film dosimeter, the colour of the film changes depending on the dose. The extent of the colour
change in the film can then be used to determine the dose of the UVC radiation to which the
film dosimeter was exposed.

One example of a film dosimeter for UVC radiation is the Gafchromic EBT3 film. When this
film is exposed to UVC radiation, an irreversible colour change is prompted that can then be
quantified with the aid of special scanner software to determine the radiation dose. A further
example is the Kodak XV-2 film. Exposing the film to UVC radiation triggers a colour change
that is indicated by the disappearance of the blue colour in the film.

In both cases, the colour changes can be used to determine the dose of the UVC radiation. A
similar effect is also used on colour cards which indicate a colour change in response to
radiation. All film dosimeters demonstrate extremely broad spectral sensitivity and must in each
case be calibrated with the aid of other radiometric methods using the radiation sources to be
investigated.

In radiotherapy, OrthoCromic OC-1 film is frequently used, e.g. to determine the dose of
radiation to be delivered to the patient during treatment. A study by Welch and Brenner (2021)
demonstrated that OrthoCromic OC-1 film can also be used for the far-UVC range, provided
that calibration is performed accordingly. Since it takes longer for the colour to change, the
authors recommend evaluating the change in colour after 48 hours. The authors also point out
that the film has a higher level of sensitivity at 254 nm than in the far UVC spectral range and
that UVA and UVB radiation can also cause the film to change colour. Care must therefore be
taken during application to avoid extraneous radiation and especially solar radiation. Moreover,
unfiltered KrCI excimer lamps cause significantly stronger discolouration than filtered lamps.

In general, it should be noted that radiometric measurements in the spectral range below 250 nm
are associated with high levels of measurement uncertainty. To correctly measure the exposure
to narrow-band radiation, a correspondingly high level of technical effort is required and
pertinent experience in the field of UV radiometry is an essential prerequisite. Most of the
studies examined in sections 3.3 and 3.4 do not mention the actual effort involved in
measurement, the quality of the radiometric measurements is often not assessable and,
consequently, a reasonable estimation of the reliability of the given radiometric quantities
cannot be made.

3.2 UVC devices/lamps and their application

The use of UVC radiation as a means of eradicating microorganisms and inactivating viruses is
now established in many areas. Various sources of radiation are thereby used, the main
emissions of which so far lie in the spectral range of 254 nm. The use of far-UVC radiation in
the spectral range below 240 nm is a new development of recent years, as is the use of UVC
LEDs (see section 3.2.1).

The use of UVC disinfection devices on humans for self-application is generally warned against
(BfS 2022). Hence, with many types of devices and applications direct exposure to UVC
radiation is largely prohibited (see 3.2.2).
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3.2.1 Sources of radiation

To inactivate microorganisms with UVC radiation, gas-discharge lamps are mainly used and
increasingly also LED lamps. In the case of discharge lamps, a distinction is made between
low-pressure mercury lamps, medium-pressure mercury lamps and excimer lamps. Due to the
increasingly restrictive limitation of the use of mercury in electrical and electronic equipment
by Directive 2011/65/EU (EU 2011) and accelerated development, more and more products
based on UV LEDs are coming onto the market.

3.2.1.1 Low-pressure mercury lamps

Gas-discharge lamps work on the principle of excitation and ionisation of atoms or molecules
with electron collisions in an electric field. On recombination from the excited energy states,
the atoms or molecules emit a characteristic line spectrum.

In a low-pressure plasma with gas pressures of less than 1 mbar (< 100 Pa), emissions from
previously vaporised and excited mercury atoms lie within the UV spectral range, e.g. at
wavelengths of 185 nm, 254 nm, 313 nm and 365 nm.

The emission at 185 nm is a strong ozone producer in the surrounding air. Low-pressure lamps
with bulbs made of synthetic quartz glass can utilise this spectral range to facilitate the
degradation of pollutants, odours and grease through oxidation processes.

To inactivate microorganisms, lamps with coated quartz bulbs are used, in which the
transmission of radiation in the far-UVC range is usually completely blocked below 240 nm
(ozone-free lamps). Such low-pressure mercury lamps achieve an output efficiency of 33% to
40% of the UV radiated power relative to the electrical power for the main emission line at
254 nm. Lamps are available with an electrical power of up to several hundred watts. Low-
pressure lamps, which are filled with amalgam instead of pure mercury, achieve service lives
of up to 16,000 hours.

Low-pressure mercury lamps are available in a variety of designs and are used in many
technical applications.

3.2.1.2 Medium-pressure mercury lamps

Gas-discharge lamps with a gas pressure between 1,000 mbar and 10 bar (0.1 MPa and 1 MPa)
generate a significantly hotter plasma, which delivers a broader spectral band from UVC up to
the infrared spectral range. In UVC, a spectrum overlaid with broadened spectral lines is
generated from below 200 nm. The lamps achieve significantly higher power densities than
low-pressure lamps, but only have a UV efficiency of approx. 10% relative to the electrical
power.

Due to the high plasma temperatures, the bulbs achieve temperatures up to 900°C. Lamps with
an electrical power consumption of up to 60 kW are used. The output range of the lamps can
be dimmed using electrical ballasts so that the radiant power applied can be adapted to changing
requirements.

Medium-pressure lamps are used in industrial-scale plants for curing paints and printed
products and for disinfecting drinking water supplies. To prevent the generation of chemical
by-products by high-energy radiation from the far-UVC spectral range, the bulbs must be coated
or special bulb envelopes used to ensure that radiation below 240 nm is completely blocked.

3.2.1.3 Excimer lamps

In a high-energy plasma, short-lived compounds of noble gases or of halogens with noble gases
can be produced, which emit optical radiation after a few nanoseconds when they decay. The
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excited dimers can only be formed if the noble gas is in an excited state due to a strong plasma
discharge. High-frequency, high-voltage power supplies are therefore used to operate excimer
lamps. The optical radiation produced when the dimer decays possesses a spectrum with a main
emission line that is characteristic of the elements used. The dimers frequently used are Xe>
with a main emission line of 172 nm, KrCl (222 nm) and XeBr (282 nm).

The KrCl used for applications in the far-UVC range has a main emission of 83% of the radiant
power around 222 nm (far-UVC radiation, 200 nm-230 nm), but emits a further 10% in the
remaining UVC (230 nm-280 nm), 3% in the UVB and 4% in the UVA range (Hickerson et al.
2021). To restrict the radiation to the far-UVC spectral range and prevent DNA damage from
longer-wave UV radiation above 240 nm, appropriate short-pass filters must be used (Narita et
al. 2022). The long-term reliability of the lamps and in particular the stability of the filtering
over time have not yet been investigated. There is currently no guarantee that systems being
brought onto the market are equipped with such a filtering mechanism, which is also usable in
the long term. Type approval and certification of lamps in the far-UVC spectral range may be
required in the public sector prior to distribution of such systems. In the private sector in
particular, there is also a risk of uncontrolled circulation of uncertified, unfiltered or technically
unreliable systems through online retail.

KrCl excimer lamps can achieve a UV radiant power of up to 1.5 kW (Skakun et al. 2002). The
lamps achieve an efficiency of approx. 18% of the UV radiant power relative to the electrical
power.

Excimer lamps are used for ozone generation, photochemical dissociation, surface treatment
(UV curing), curing of paints and printed products and, more recently, for eradicating
microorganisms and inactivating viruses.

3.214 LEDs

UVC LEDs are narrow-band semiconductor emitters based on gallium nitride and aluminium
nitride alloys whose emission bands can be tuned in the spectral range of 210 nm to 400 nm
using different alloy ratios (Kneissl et al. 2019).

LEDs that emit radiation suitable for inactivating microorganisms and viruses are manufactured
with peak wavelengths between 265 nm and 280 nm. Individual LEDs achieve a radiant power
of up to 100 mW, but only have an efficiency of around 3% to 8% relative to the electrical
power. The service life of the emitters extends up to 1,000 hours but decreases significantly for
LEDs with high radiant power and shorter peak wavelengths.

LEDs with a peak wavelength of around 230 nm can be used in the far-UVC range. However,
individual LEDs of this type currently only achieve a radiant power of about 3 mW and a service
life of much less than 100 hours.

The production of UVC LED:s is (still) subject to a tremendous degree of fluctuation in crucial
product parameters. E.g. binning! ensues with LEDs according to their peak wavelength or the
radiant power emitted. This categorisation into graded groups (bins) entails tolerances that
permit, e.g. 230 nm + 5 nm for one bin, meaning that LEDs with peak wavelengths of 225 nm
to 235 nm can be used. The spectral curve of UVC LEDs is also generally asymmetrical around
the peak wavelength and tapers off further on the longer wavelength side. The actinic effect of

1 Binning refers to the process by which UV LEDs are sorted into groups or bins during or after manufacture
based on their electrical and optical properties, such as power consumption, radiant power and peak
wavelength. This ensures that the UV LEDs within a particular group or bin are consistent in terms of their
performance and properties.
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LEDs in a bin with different peak wavelengths can therefore vary significantly. This should be
taken into account when designing and assessing lamps that usually consist of many LEDs from
one bin.

The compact design with edges that are just a few millimetres long means that UV LEDs can
be combined in large numbers for any technical application. It should be noted, however, that
the components require a large amount of cooling given that their efficiency is still low. Due to
the high individual costs and the comparatively short service life, large-scale applications of
UVC LEDs, e.g. for sterilising drinking water, are still being developed. Some small-scale
applications can already be found in the consumer sector, however, such as in water extraction
or for the disinfection of smartphones and tablets.

3.2.2 Device types, design and application

Various device types and designs are used depending on the application. In terms of design, a
distinction is made between closed systems that almost completely prevent people from coming
into contact with the UVC radiation, and semi-open and open systems. The applications for
inactivating microorganisms can be differentiated into the categories of disinfection for
drinking water, surfaces, indoor air and the medical sector. In addition, there are technical UVC
applications where people in a working environment may come into contact with residual
radiation.

3.2.2.1 Treatment of drinking water

Closed systems from which no radiation leaks to the outside are used to disinfect drinking water
in waterworks. Low-pressure mercury lamps and systems with medium-pressure lamps are
employed. Depending on the water throughput, the radiant power can be regulated to ensure
that a minimum irradiation dose is always exceeded. Due to the closed design, there is no direct
risk to humans. In the case of maintenance and measurement, the ELs can be exceeded in just
a few seconds, meaning that strict occupational safety measures are required (DGUV 2016).

Closed devices are used for small consumers, e.g. directly at the tap or for sterilising ponds and
swimming pools. Low-pressure lamps and, more recently, UVC LEDs, are mainly used in this
case.

3.2.2.2 Treatment of surfaces

All types of design are used for disinfecting surfaces. Low-pressure mercury lamps and,
increasingly, UVC LEDs are used.

To disinfect small appliances and utensils, closed systems in the form of boxes and cabinets
can be used, in which the objects must be placed and where the radiation can only be activated
after the flaps and doors have been closed.

Large flat surfaces can be treated using systems with a semi-open design. In this case, the
radiation is only emitted on one side of the system, which is guided over the surface to be
disinfected. These systems can be equipped with an automatic emergency switch-off
mechanism if they are not in contact with a surface; alternatively, they should only be operated
by trained personnel wearing personal protective equipment.

The irradiation of surfaces can also be carried out with open systems, provided there is nobody
in the room or anyone in the room is wearing appropriate protective equipment. For this
purpose, the systems must be placed in the middle of the room, must be suspended from the
ceiling as lamps, or must be motorised and guided through the room. Disinfection robots are
also used in such cases, passing through rooms autonomously with nobody present and
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irradiating the surfaces and air with UVC radiation. Applications include, e.g. the disinfection
of surfaces in hospital rooms, aircraft cabins and in the food industry.

There are attempts to use excimer lamps in the future for such applications while people are
present in the room.

3.2.2.3 Treatment of indoor air

All designs are likewise used to inactivate microorganisms in room air; here too, low-pressure
mercury lamps are mainly used. The use of UVC LEDs in this area is still under development.

UV radiation chambers can be installed in permanent heating, ventilation and air-conditioning
(HVAC) systems and used to sterilise the circulating air before it is released back into the room.
The chambers are integrated into the ventilation system and are completely closed so that no
further protective measures are required to protect people, apart from an emergency shutdown
mechanism in the event that the chambers are opened during operation. There are also
components for HVAC systems in which the water used to humidify the room air is sterilised
with UVC radiation before being atomised.

Mobile recirculation units have been developed for the subsequent or flexible outfitting of
rooms, whereby the room air is sterilised in a radiation chamber and then fed back into the
room. Designs range from small table-top units to recirculation cabinets. These closed systems
should be designed in such a way that a sufficiently high radiation dose is achieved with a single
pass and that no significant levels of radiation leaks from the device.

Semi-open systems are also used in which the radiation is released into an area of the room that
people cannot reach. Such systems are usually suspended at a great height (referred to as upper-
air systems); on-site measurements must be carried out to ensure that public areas or workplaces
are not exposed to significant levels of radiation.

Open systems are designed in a similar way to those for disinfecting surfaces and are generally
only used when there is nobody in the room. Systems are also being developed that switch off
automatically when somebody approaches (UV curtain). The use of excimer lamps is being
pursued in particular with open systems and in future should also be used when people are
present in the room.

In all applications for inactivating microorganisms and viruses in room air, it must be physically
guaranteed that air contaminated with microorganisms or viruses reaches or enters the systems.
In the case of upper-air systems or open systems on the ceiling, this can be achieved by
convection or, in the case of HVAC systems or recirculation units, by continuous circulation of
the room air. Open systems are particularly relevant in the context of this recommendation.

3.2.2.4  Application in the medical sector

The use of far-UVC radiation is a topic of discussion in the medical sector, in some cases for
study purposes. Excimer lamps or UVC LEDs could be used exclusively for the superficial
antiseptic treatment of wound margins, skin and mucous membranes, as well as to counteract
colonisation with microorganisms, thus offering an alternative to antibiotic or antiseptic
ointments, shampoos and rinses. UVC lamps can also be used to prevent and treat postoperative
peri-implantitis, an inflammation of soft and hard tissues surrounding implants (BonneR 2007).
Peri-implantitis can occur, particularly in immunocompromised patients, after the insertion of
an implant, e.g. a dental prosthesis in the mouth.

With these and similar applications in the medical sector, medical staff and patients may be
unintentionally and intentionally exposed to UVC radiation. The potential risks associated with
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the use of UVC and especially far-UVC radiation in humans are currently being studied and
must also be evaluated more thoroughly in the future.

In medical facilities, UVC radiation is used, e.g. in treatment rooms as an alternative to
chemical wipe disinfection. As it cannot be ruled out that UVC disinfection systems are used
in rooms where people are present, infrared motion sensors in some systems ensure that the
systems switch off immediately. The intention with far-UVC sources is that they can also be
used when somebody is present in the room. This document does not address other medical
applications within the scope of the Medical Device Regulation.

3.2.2.5 Other applications

UVC radiation is now used in many technical applications for surface treatment and in the
curing of paints and printing inks with UV radiation. Closed systems (chambers) or semi-open
systems (assembly line irradiation) are used here in which occupational safety measures (OStrV
2010) must be heeded and the applicable ELs must be complied with.

3.3 Eradicating microorganisms and inactivating viruses with UVC radiation

The aim of disinfection is to reduce the germ number in relation to microorganisms such as
bacteria and fungi, and to reduce the infectivity of viruses. As a measure of the destructive
effect, the ability of bacteria and fungi to form colonies (measured in colony forming units
(CFU)) under appropriate cultivation conditions is determined from treated versus untreated
organisms. Further, as a measure of the infectivity of viruses, the “50 % tissue culture infectious
dose” (TCID50), i.e. the dose required to trigger an infection in 50 % of the cell cultures, is
presented or the number of areas with cytotoxic effects (“plaque forming units”, PFU) in suit-
able cell cultures is determined. The values are usually written in logarithmic form. The disin-
fecting action is then quantified as the log reduction, whereby, e.g. a log 4 reduction corre-
sponds to a reduction of 99.99%. The antimicrobial effect of UVC radiation is well known and
is used routinely for disinfecting surfaces in clean rooms or in sterile cabinets and for sterilising
medical instruments (see Rudhart et al. 2022). Mercury vapor lamps with a maximum emission
in the UVC range at 254 nm (UVC2ss) are usually used here. The destruction of microorganisms
with UVC radiation is based mainly on inducing premutagenic damage in the DNA (e.g. cyclo-
butane pyrimidine dimers (CPD)). As the wavelength decreases, absorption by proteins in-
creases (see Figure 3.3); hence, in the spectral range of far UVC radiation, protein damage also
plays a role in eradication (Hessling et al. 2021). Due to the increased protein absorption and
scattering with decreasing wavelength, the penetration depth into biological tissue decreases
(Zwicker et al. 2022). Due to the strong absorption and scattering, especially of far-UVC radi-
ation in biological material, depending on the test conditions, e.g. by using different culture
media or wound secretions, exposure of the microorganisms can be attenuated and thus deviate
significantly from the measured radiation dose. The exposure conditions in different studies
must therefore be taken into account.

Narita et al. (2020) studied the inactivation of bacteria, bacterial spores, fungi and viruses by
means of irradiation with UVC22 compared with UVCzss. In each case, 0.5 ml of suspension
(bacteria, bacterial spores and fungi) and 0.2 ml of suspension (viruses) were transferred to a
35 mm culture dish for irradiation. In addition to treatment with UVC radiation, the effect of
incubation in ethanol (10 s) was also tested for comparison. Common environmental and hos-
pital microorganisms were studied. The different bacterial strains reacted with different sensi-
tivities, with Staphylococcus aureus and Campylobacter jejuni being the most sensitive, while
Salmonella enterica and Bacillus cereus were less sensitive. No colony formation could be
detected in any of the bacterial strains examined after irradiation with 36 mJ cm? UVC2z.
UVC222 and UVCzss were similarly effective at inactivating bacteria. The results are listed in
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greater detail in Table 3.1. Colony formation could no longer be detected after incubation with
ethanol. As expected, endospores were more resistant to radiation. No colony formation could
be detected for endospores of Bacillus cereus and Clostridium sporogenes after irradiation with
96 mJ cm™? UVCa2. In the case of Clostridiodes difficile, the same effect was already achieved
at a dose of 50 mJ cm™. All endospores exhibited greater sensitivity to irradiation with UVCass
(see Table 3.1). Ethanol had no destructive effect.

The fungal strains examined by Narita et al. (2020) also differed in terms of radiation sensitivity.
In tests on the yeast Candida albicans, no living cells could be detected after irradiation with a
dose of 72 mJ cm™ UVCz22 or UVCzss. Much higher doses may be needed to completely erad-
icate fungal spores. E.g. this effect is only achieved in Aspergillus niger spores with a dose of
500 mJ cm™ UVCa2, while Trichophyton rubrum is eradicated at a dose of just 72 mJ cm™
UV Ca2. UVCass was significantly more effective in these experiments than UVCaz22. The au-
thors not only examined fungal spores, but also the growth of fungi based on the formation of
hyphae. Again, UVCas4 proved much more effective than UVCa2.. The growth of hyphae from
Aspergillus niger was significantly inhibited at a dose of just 250 mJ cm™? with UVCass,
whereas even at a dose of 1,000 mJ cm™ UVCz2 only a minimal influence on hyphae growth
was noted. Growth was also severely restricted after irradiation of fungal hyphae of the Tri-
chophyton rubrum type with a dose of 72 mJ cm™? UVCass, Whereas a dose of 250 mJ cm™
UVC:2 had no effect on growth. After incubation with ethanol, no colonies or fungal hyphae
were detected in any of the fungal strains examined.

The sensitivity of the two virus strains investigated likewise differed quite considerably towards
both UV C222 and UV Czs4 radiation. Whereas feline calicivirus (FCV, non-enveloped virus) was
inhibited but not completely eradicated by a dose of 36 mJ cm™ UVC, no pathogenic effect was
detected after irradiation of influenza virus A (enveloped virus) with a dose of just 6 mJ cm™
UVC. In these cases, UVC222 and UVCazss were equally effective. Incubation with ethanol only
achieved inactivation in the case of influenza virus A.

In another setting, virus inhibition using UVCz22 was investigated (Buonanno et al. 2020, Buo-
nanno et al. 2021b). Two human coronavirus species (enveloped viruses), namely alpha HCoV-
229E and beta HCoV-OC43, which trigger sneezing and coughing by infecting the respiratory
organs, were irradiated with UVC22 as an aerosol. The TCIDso was determined in cell culture
as a measure of the infectivity of the specimens. A dose of 1.7 mJ cm™ (alpha HCoV-229E) and
1.2 mJ cm (beta HCoV-OC43) thereby achieved 99.9% virus eradication.

To investigate the bactericidal effect of UVCz22 in relation to the risk of infection in skin
wounds, Narita et al. (Narita et al. 2018a; Narita et al. 2018b) conducted an in vivo study in
BALB/c mice with methicillin-resistant Staphylococcus aureus (MRSA) infection on healthy
skin and in wounds. Irradiation of the skin with 75 mJ cm™? UVCa2 resulted in a reduction of
the germ count by approx. two powers of ten (4.5 log CFU to < 2.8 log CFU). The non-inacti-
vated germs on the skin are probably attributable to shading in the skin furrows (sulci cutis) or
in hair follicles. Irradiation of infected wounds also reduced the germ count. However, with a
reduction of 0.9 log CFU after irradiation with 75 mJ cm™ UVCaz2, inhibition was lower than
in intact skin. Even at a dose of 1,500 mJ cm™ UVCz,, a reduction of only 1.6 log CFU was
achieved. The diminished effect is likely due to the absorbing effect of the wound exudate,
which has a high protein content. Above a dose of 150 mJ cm, no reduction in the germ count
was observed up to 12 days after irradiation, i.e. during wound healing. UVC2s4 was often
somewhat more effective than UVCz2»; however, after irradiation with UV Cass, in addition to
a reduced germ count, DNA damage (measured based on CPD formation) was observed in the
cells of the wound bed, an effect that was not achieved after irradiation with UVC2z.
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In another setting, Ponnaiya et al. (2018) studied MRSA-infected areas of skin in SKH1 mice
after irradiation with UVCaz2, and UVCasas. It should be noted, however, that in this case the
bacteria were applied to a film, which prevented penetration of the epidermis prior to
irradiation. An incision was made in the infected areas and immediately closed with a suture.
A significant reduction in germ count was also observed here on day 2 and day 7 after both
forms of irradiation.

Fukui et al. (2020) evaluated the bactericidal effect of UVCx2 in a clinical study involving
20 subjects. An area on the back was irradiated with a dose of 500 mJ cm? UV Czz,. Prior to
irradiation and five and 30 minutes after irradiation, the skin was swabbed and colony formation
was determined from the eluates. The mean colony count dropped from 7.21+7.48 before
irradiation to 0.05+0.23 five minutes after irradiation. A mean value of 0.79+2.53 colonies was
found 30 minutes after irradiation. ELISA determination of DNA damage (CPD formation)
revealed a low but significantly increased level in irradiated skin biopsies. It should be
mentioned in this context that the inactivating effect on the skin microbiome described in this
study cannot be ruled out, even when using far-UVC radiation in public spaces. The
implications in terms of skin health from potentially inactivating the microbiome through
permanent exposure have not yet been adequately examined. The data described above from in
vitro and in vivo studies proves the germicidal effect of UVCa22, which is certainly comparable
with that of UVCass. This is also confirmed in a review by Hessling et al. (2021), which
considers the publications on the use of far-UVC radiation for disinfection from the last
100 years. According to Hessling et al., the publications suggest that a dose of 100 mJ cm™
UV C22 reduces all pathogens by several orders of magnitude. It should be noted at this point
that this dose is roughly four times higher than the EL of 22.7 mJ cm™ at 222 nm aimed at
protecting the eyes and skin from actinic UV hazards (see section 3.5.1). It is also clear,
however, that there are considerable differences in the radiation sensitivity of microorganisms
whose inactivation is desired. These differences can depend on the size of the genome but also,
e.g. in the case of viruses, on the existence of a viral envelope (enveloped and non-enveloped
viruses). The pigmentation of the microorganisms, such as in the Aspergillus niger fungus, may
also be the reason for reduced sensitivity to UVC radiation. As UVC»2 is absorbed and
dispersed to a considerable extent by proteins and other biological substances, these effects are
particularly pronounced when using UVCa22,. The very different doses required to effectively
inactivate microorganisms in the described in vitro and in vivo settings probably result for the
same reason (Hessling et al. 2021, Hessling et al. 2022). In a study by Zwicker et al. (2022)
published recently, these effects were described in great detail. It was shown that sweat,
albumin and wound exudate, used as a medium in which to irradiate the microorganisms,
greatly reduce the inactivating effect of UVCz22 compared to UVCass. If saline was used as a
medium, as usual, UVCass was only slightly more effective. The authors also investigated the
effect of UVCa,33, demonstrating that sweat hardly reduced the inactivating effect at all.
However, irradiation of skin biopsies with UVCazs3 induced DNA damage in cells in the upper
epidermal layers to a greater extent than under UVCaz2. A summary of the aforementioned
studies into the effect of UVC radiation on microorganisms is provided in Table 3.1. Conflicts
of interest are declared by the authors in all publications listed in this table.

Just like chemical disinfectants that are approved for use in humans (e.g. ethanol, propanol,
povidone-iodine, octenidine and chlorhexidine), far-UVC radiation has a non-specific effect on
most microorganisms, and not all pathogens are inactivated with the same degree of efficacy.
Due to the non-specific effect, however, both methods are suitable for inactivating
(multi)resistant microorganisms. This circumstance is important for microorganism reduction
as a prophylactic measure and is used to reduce the risk of infection of patients in medical
interventions and, in particular, to avoid infection with antibiotic-resistant microorganisms. The
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often-highlighted ability of far-UVC radiation to also inactivate antibiotic-resistant
microorganisms thus also applies to conventional chemical disinfectants.

Conclusion

In summary, the data shows that the inactivating effect of UVCxz2 is in principle comparable to
the effect of UVCas4. When applied, however, it must be taken into account that UVCz2 is very
strongly absorbed and scattered by proteins and other biological substances. This can severely
restrict the inactivating effect and is probably also the reason for a partly very variable radiation
sensitivity in the microorganisms that are to be inactivated. In this case, when using far-UvC
radiation in public spaces the microbiome of the human skin and the eye surface could also be
affected. Data on the use of UVCz33 demonstrates a better penetration depth due to the lower
level of absorption by proteins, which is associated with increased DNA damage in epidermal
cells beneath the corneal layer compared to UVCa22. In principle, a benefit-risk analysis should
also be carried prior to the routine use of far-UVC radiation, e.g. for disinfection prior to
medical interventions, including potentially vulnerable populations in particular. Also to be
considered here, is that chemical disinfectants have a good effect in surface disinfection. The
often emphasized property of far-UVC radiation to inactivate even antibiotic-resistant
microorganisms also applies to conventional chemical disinfectants.
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Table 3.1: Overview of the studies into the effect of UVC radiation on microorganisms. The values specified for radiant exposure H (dose) refer to
the conditions described in the references. The irradiation duration and irradiance are not usually stated therein.
. . . Radiant
Publication Object of study Medium in which U.V squrcg/wavglength exposure H Effect
exposure occurred (filtering, if applicable)
(dose)
. * Bacterial strains 0.5 ml suspension in a KrCl excimer lamp/222 nm, filtered 36 mJ cm2 No colony formation in any of the
Narita et al. 2020 Staphylococcus aureus, |35 mm culture dish bacterial strains examined; sensitivity

Pseudomonas of the bacterial strains very different
aeruginosa, Echerichia - .
coli, Campylobacter Mercury vapour lamp/254 nm Equa[ly effecnve. as 222 nm; a few
jejuni, Salmonella colonl_es_ were still detectable for
enterica, Bacillus cereus, Clostridium sporogenes only
Clostridium sporogenes
Endospores of KrCl excimer lamp/222 nm, filtered 96 mJ cm2 No colony formation
Bacillus cereus and -
Clostridium sporogenes Mercury vapour lamp/254 nm Living endospores detected
Endospores of KrCl excimer lamp/222 nm, filtered 50 mJ cm2 No colony formation
Clostridiodes difficile .

Mercury vapour lamp/254 nm 30 mJ cm2 Reduction in living endospores

reached a plateau

Yeast KrCl excimer lamp/222 nm, filtered 72 mJ cm2 No living cells
Candida albicans

Mercury vapour lamp/254 nm
Fungal spores KrCl excimer lamp/222 nm, filtered 500 mJ cm? Complete eradication
Aspergillus niger .

Mercury vapour lamp/254 nm 250 mJ cm2 Complete eradication
Fungal spores KrCl excimer lamp/222 nm, filtered 72 mJ cm2 Complete eradication
Trichophyton rubrum .

Mercury vapour lamp/254 nm 36 mJ cm2 Complete eradication
Fungal hyphae KrCl excimer lamp/222 nm, filtered 1,000 mJcm2 | Very small effect on the growth of
Aspergillus niger Aspergillus niger

Mercury vapour lamp/254 nm 250 mJ cm2 Growth severely restricted

* The authors declare a conflict of interest.



Risks of using far-UVC radiation for disinfection in the presence of people

24

Fungal hyphae KrCl excimer lamp/222 nm, filtered 250 mJ cm? Very small effect on the growth of
Trichophyton rubrum Trichophyton rubrum
Mercury vapour lamp/254 nm 72 mJ cm Growth severely restricted
Virus strain 0.2 ml suspension in a KrCl excimer lamp/222 nm, filtered 36 mJ cm Inhibited but not completely
Feline calicivirus (non- 35 mm culture dish eradicated
enveloped virus) -
Mercury vapour lamp/254 nm Equally effective as 222 nm
Virus strain KrCl excimer lamp/222 nm, filtered 6 mJ cm2 No cytopathogenic effect detectable
Influenza virus A .
(enveloped virus) Mercury vapour lamp/254 nm Equally effective as 222 nm
Buonanno et al. Coronavirus (enveloped) |Aerosol KrCl excimer lamp/222 nm, filtered 1.7 mJcm? 99.9% virus eradication
202 * B alpha HCoV-229E (irradiance
020 ', Buonanno et 100 uW cm?)
al. 2021b
Coronavirus (enveloped) 1.2 mJdcm? 99.9% virus eradication
beta HCoV-OC43 (irradiance
100 pW cm?)

. * In vivo study in BALB/c Mouse skin, in vivo KrCl excimer lamp/222 nm, filtered 75mJ cm2 Germ reduction by 2 log CFU, but
Narita etal. 2018a =, | ice with MRSA infection 2.5 log CFU remained on the skin
Narita et al. 2018b on healthy Skin

In vivo study in BALB/c KrCl excimer lamp/222 nm, filtered 75mJ cm? Germ reduction by 0.9 log CFU
mice with MRSA infection ) . > -
in wounds KrCl excimer lamp/222 nm, filtered 1,500 mJ cm Germ reduction of 1.6 log CFU
Mercury vapour lamp/254 nm Slightly more effective than 222 nm,
but also DNA damage in the cells of
the wound bed
MRSA-infected areas of | Mouse skin, in vivo KrCl excimer lamp/222 nm, filtered 40 mJ cm™? Significant germ count reduction on
skin in SKH1 mice and day 2 and day 7 post irradiation
300 mJ cm?? without skin damage

* The authors declare a conflict of interest.
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Ponnaiya et al.
2018 *

Mercury vapour lamp/254 nm

Significant germ reduction on day 2
and day 7 post irradiation

Fukui et al. 2020 *

Study subjects, one area
on the back

Human skin, in vivo

KrCl excimer lamp/222 nm, filtered

500 mJ cm2

The mean colony count dropped from
7.21+7.48 before irradiation to
0.05+0.23 five minutes post irradiation
and 0.79+2.53 30 minutes post
irradiation.

Significantly increased CPD value in
irradiated skin biopsies.

* The authors declare a conflict of interest.
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3.4 Potential effects of far-UVC radiation on the eyes and skin

3.4.1 Penetration depth and absorption of UV radiation

The depth of penetration into the skin and eye is of particular importance in terms of the health-
relevant effects of UV radiation (see Figure 3.4 and Figure 3.5). The penetration depth is the
distance after which the optical radiation energy is attenuated to 37% (1/e) when penetrating a
specific medium. It depends on the wavelength and the medium. The skin is the largest organ
of the human body and due to its structure (see Figure 3.4) acts as a physical barrier, protecting
the body against environmental noxes. However, the skin itself (as an organ) can also be
affected by these harmful influences (e.g. UV radiation). The thickness of the skin and its
individual layers varies considerably and depends, among other factors, on the localisation of
the areas of the skin in question. The epidermis (50 pm-150 pum), as the uppermost layer of the
skin, is a multilayered squamous epithelium consisting primarily of keratinocytes. Starting from
the basal cell layer, keratinocytes differentiate to form the prickle cell layer (stratum spinosum),
the granular layer (stratum granulosum) and, as non-nucleated cells, the corneal layer (stratum
corneum, 8 um-20 um), being ultimately shed as scaly skin. In this way, the epidermis is
renewed approximately every four weeks. It is assumed that the original cells for skin cancer
are localised in the basal cell layer and in the hair follicles (Blanpain 2013, Gaggioli and Sahai
2007, Garcia et al. 2011). UV radiation of longer wavelengths, such as UVB and UVA
radiation, penetrates the skin more deeply (37% of UV radiation at 300 nm and 340 nm reaches
a depth of 15 um and 54 pm, respectively) than UVC radiation (Finlayson et al. 2022).
Measurements have shown that 82% of the energy of UVCgs4 radiation is absorbed by 20 um
of the corneal layer (Bruls et al. 1984); however, DNA damage occurs in epidermal cells at this
wavelength (Starzonek et al. 2019). In the far-UVC spectral range, the corneal layer is hardly
penetrated at all because the radiation energy is heavily absorbed by proteins, especially peptide
bonds (Preiss and Setlow 1956).

Far-UvC uvc uvB UVA
200-240 nm 254 nm 280-315 nm 315-400 nm
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Figure 3.4: Diagram of the penetration depths of optical radiation in the human skin at

different UV wavelengths (created with BioRender).

In the eye, the tear fluid forms the outer barrier on the epithelium of the cornea, protecting the
eye from harmful environmental influences (Masoudi 2022, Peter et al. 2023, Robciuc et al.
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2014). The precorneal tear film is a complex mixture of specific resident microorganisms,
proteins, lipids, metabolites and electrolytes. It is roughly divided into three layers: the outer
lipid, middle aqueous, and inner mucin layer. The proteins in the middle aqueous layer are
responsible for immune and inflammatory reactions and wound healing. Far-UVC radiation to
the eye is only absorbed to a small extent in the tear fluid. It should be noted in this context that
under certain circumstances about 80% of far-UVC radiation can penetrate the tear fluid,
although the underlying literature does not provide any insights into the thickness of the tear
film that was examined (Michalos et al. 1994).

Like the stratum corneum of the skin, the superficial wing cells act as a protective shield for the
underlying corneal epithelium. The corneal tissue with the highest absorption for UV radiation
is the Bowman membrane, followed by the endothelium and, due to its layer thickness, the
stroma (Peris-Martinez et al. 2021; cf. Figure 3.5). Across the entire thickness of the corneal
stroma, 70% to 75% of UV radiation is absorbed at wavelengths < 310 nm (Kolozsvari et al.
2002). The stem cells of the corneal epithelium that are susceptible to cancer can be found in
the basal cell layer of the corneal limbus and are shielded by at least three cell layers (Lavker
et al. 2004). Almost all UVC radiation is absorbed in the corneal epithelium. The absorption
rates are attributed to high levels of tryptophan residues in the proteins of the stroma (Mitchell
and Cenedella 1995) and to high levels of ascorbic acid in the epithelium (Ringvold 1997,
Ringvold 1998, Brubaker et al. 2000).
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Figure 3.5: Diagram of the penetration depths of optical radiation in the human eye at

different UV wavelengths (created with BioRender).
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Whereas both the UVB radiation and the UVA radiation are completely absorbed by the lens
of the eye at wavelengths below 365 nm, 1% to 2% of the UV radiation above 365 nm does
reach the retina (Glickman 2011, Krutmann et al. 2014, Mainster and Turner 2010).

The outermost protective barrier of the skin and eye surface is formed by their microbiota,
which are composed of specific resident microorganisms that appear in a microbiome (Masoudi
2022, Wang et al. 2022, Azzimonti et al. 2023). The protective barriers provide protection
against various environmental noxes and are exposed directly, on the other hand, e.g. to UV
radiation. In response to such exposure the microbiota can change (Burns et al. 2019, Patra et
al. 2019).

3.4.2 Effects of UVC radiation

The crucial aspect in terms of the harmful effects of UVC radiation is whether and to what
extent natural protective barriers are compromised or overcome by the shortwave, high-energy
radiation. Section 3.3 described how microorganisms on the skin can be inactivated by the use
of far-UVC radiation. Damage to the microbiome of the human skin and eye surface from
exposure to the use of far-UVC radiation in public spaces — also due to its more effective
inactivation potential, e.g. compared to UVA and UVB radiation — cannot be ruled out. A
disturbed microbiome, referred to as dysbiosis, is also associated with oxidative stress, and both
are involved in the pathogenesis of various conditions, including malignant skin diseases (Peter
et al. 2023, Azzimonti et al. 2023).

However, there are good reasons to assume, that human cells in the skin and in the eye are
damaged at sensitive endpoints such as DNA. Shortwave high-energy UVC radiation has a
lower penetration depth than UVB radiation but greater potential to encourage the formation of
premutagenic lesions such as cyclobutane pyrimidine dimers (CPD) and pyrimidine-
pyrimidone (6-4) photoproducts (6-4PP). The spectrum of activity of the DNA photoproduct
CPD is similar to the UV spectrum that triggers erythema and the spectrum that leads to
melanogenesis in human skin and thus to natural UV protection through pigmentation (Young
et al. 1998, Parrish et al. 1982). In DNA, the maximum energy absorption (100%) is within the
UVC spectral range at 260 nm, whereas in the UVB spectral range 20% of the radiation energy
is absorbed at 290 nm and only 3% at 300 nm (Cadet and Douki 2018).

At the cellular level, far-UVC radiation is significantly attenuated by absorption in the
cytoplasm before it reaches the cell nucleus (Green et al. 1987). In a study by Ong et al. (2022),
monolayer cell cultures (keratinocytes and retinal cells) were exposed to UVC radiation of
different wavelengths (277 nm, 254 nm and 222 nm) and identical irradiance. After 60 minutes
of irradiation with UVCazs4 and UVC277, no cell growth was noted and apoptosis markers as
well as the induction of CPD were detected. Cellular effects were also observed after irradiation
with UVCa2: Cell growth was still significant but decreased compared to the non-irradiated
control. No apoptosis markers and no CPD were detected, however, despite the number of
yH2AX-positive? cells suggesting DNA damage. The data shows rather convincingly that
UV C»2 can also penetrate cells and trigger a cellular radiation response if, as is the case here,
there is no protective effect from a corneal layer (skin).

It is known that, depending on the dose, UV radiation leads to the formation of reactive oxygen
species (ROS) in cells which, for their part, can cause oxidative damage to proteins, DNA and

2 H2A is a histone molecule that builds the chromatin framework of the DNA together with the H1, H2A, H2B,
H3 and H4 histones. The phosphorylation of H2A to YH2AX is part of the cellular DNA damage response
(DDR). While YH2AX foci in the nucleus are a marker for double-strand breaks, pan-nuclear induction of
YH2AX is an indication of genotoxic stress in the cell (de Feraudy et al. 2010, Stope 2021).
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lipids (Bose et al. 2020, de Jager et al. 2017, Volatier et al. 2022). Using a 3D skin model,
Tavares et al. (2023) demonstrated that far-UVC radiation also results in the dose-dependent
formation of ROS.

3.4.3 Studies into the effect of far-UVC radiation on the skin

Epidemiological studies into skin cancer clearly show that solar UV radiation (UVB and UVA
radiation) is regarded worldwide as a risk factor for the development of skin cancer (Moan et
al. 2015, Lucas et al. 2019). In 2017, 22,900 people in Germany contracted a malignant skin
melanoma for the first time (RKI and GEKID 2021). In 2016, 230,000 new cases of non-
melanocytic skin cancer were registered in Germany (RKI and GEKID 2019). In situ
carcinomas (malignant tumours confined to the epidermis) are not included in these figures.
While approx. 3,000 deaths every year were attributed to melanoma, approx. 1,000 people died
from non-melanocytic skin cancer (Destatis 2020). Malignant melanoma accounts for approx.
10% of all skin cancers and is responsible for three quarters of deaths. Although the causal
factor of ambient radiation is primarily the UVB component (de Gruijl and Forbes 1995), UVA
radiation alone can also be carcinogenic (Wischermann et al. 2008, Jin et al. 2022). It is assumed
that oxidative stress is a contributor in this. The oxidative modification of DNA is an important
mechanism of UVA-induced skin damage and cancer. Although skin carcinogenesis is
generally attributed primarily to UV-induced DNA damage, ROS-induced inflammation is
increasingly regarded as playing an important part in UV-induced carcinogenesis. Chronic
inflammatory processes in the skin, which themselves may be UV-induced, can thus promote
UV-induced skin tumours. Squamous cell carcinoma in particular and basal cell carcinoma
exhibit important inflammatory components (Landsberg et al. 2012, Neagu et al. 2019). The
extent to which far-UVC-triggered ROS induction causes inflammatory reactions and can
contribute to cancer requires further investigation.

Far-UVC radiation is weakened in the stratum corneum to a greater extent than the longer UVC
wavelengths or UVB radiation. Only very small portions of the far-UVC radiation penetrate the
superficial layers of the epidermis; the deeper epidermal layers as far as the basal cell layer are
hardly reached. Hence, some authors assume that far-UVC radiation does not pose a relevant
cancer risk in healthy skin. E.g. the risk of photocarcinogenesis is estimated by Nishigori et al.
(2023) to be approximately seven orders of magnitude lower from chronic exposure to 222 nm
than from exposure to 300 nm or 254 nm. This assessment is based on measurements of UV
transmission of the skin at wavelengths above 235 nm (YYamano et al. 2021), however, whereby
the transmission for wavelengths below 235 nm was outside the measurement range and
therefore could only be estimated.

A number of experimental in vitro and in vivo studies have been conducted into the effect of
far-UVC radiation on human skin (e.g. Buonanno et al. 2017, Hickerson et al. 2021, Fukui et
al. 2020, Buonanno et al. 2021a, Zwicker et al. 2022, Tavares et al. 2023) and the skin of hairless
mice (e.g. Buonanno et al. 2016, Yamano et al. 2020, Forbes et al. 2021). Although much higher
doses were used here than would be permissible for human exposure, the vast majority of the
studies revealed no measurable negative effects and no evidence of the induction of skin cancer
(Welch et al. 2023, Blatchley et al. 2023).

In a study from 2015 (Woods et al. 2015), signs of skin redness and CPD were found in two of
four healthy subjects with skin phototypes I and Il. An unfiltered UVC lamp with a peak
wavelength of 222 nm was used here in the dose range below the threshold for the bacteriostatic
effect. The UV emission portion in the wavelength range > 250 nm was 3%. Any damage to
the cells in the basal cell layer is attributed by the authors to this exposure to the elements of
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longwave UVC emission when basal cells lying above the tips of the dermal papillae® (see
Figure 3.4) were not shielded sufficiently by the tissue above. This study was repeated with
similar and higher doses by Fukui et al. (2020) using optically filtered radiation from excimer
lamps with no UVC emissions above 230 nm (UVCz22). No signs of erythema could be
observed here. However, a small but significant increase in CPD was found, compared to non-
irradiated skin. Eadie et al. (2021) also found no cutaneous effect from exposing human skin
type Il on the forearm to a cumulative dose of UVC2;, radiation of 1,500 mJ cm™. Only an
irradiation dose of 6,000 mJ cm™2 resulted in a weak and transient yellowish discolouration of
the exposed top layer of the epidermis. In this case, no erythema was noted at exposures up to
18,000 mJ cm. CPD were not investigated. Using an in vivo skin model (EpiDerm), Buonanno
et al. (2021a) found no significant increase in premutagens (CPD) or other DNA lesions after
applying 125 mJ cm of filtered far-UVC radiation; only at an exposure of 500 mJ cm™ was a
slight increase observed. Yamano et al. (2020) applied a far-UVC radiation dose (UVCa2
radiation) of 500 mJ cm™ to two genotypes of hairless mice that are highly susceptible to
carcinogenesis. Weak evidence of increased premutagenic lesions was found in these mice, but
only in the uppermost cells of the epidermis. This result has been verified by in vivo studies in
human skin (Hickerson et al. 2021). Zwicker et al. (2022) demonstrated that irradiation of
excised human skin with 40 mJ cm in the UVCas3 range resulted in CPD formation directly
beneath the stratum corneum and that no CPD could be detected after 24 h. Attention was drawn
to the fact that acute damage to the superficial layers of the epidermis plays no role in the
delayed effects, as these cells die within a few days. In a recent study by Tavares et al. (2023),
examination of reconstructed human skin (RHS) after a single radiation dose of 500 mJ cm™
and 1,500 mJ cm™? UVC22 revealed no significant induction of CPD or 6-4PP photoproducts.
However, thickening of the epidermis was observed 48 hours after irradiation with the highest
dose. When examining the proteome, a pathway analysis showed no changes for most pathways
compared to the untreated control. Only for regeneration processes of the skin were there
indications of potential inhibition after irradiation with UVCz2. However, in the RHS
specimens irradiated with UVCa22, increased expression of matrix metalloproteinases MMP-1
and MMP-9, which are associated with UV-induced skin ageing, was noted. In parallel,
expression of the inhibitor of these metalloproteinases (TIMP-1) was found to be increased.
Together with induction of ROS, which was also detected, radiation effects induced by UVC22,
were then observed in RHS. In mice subjected to chronic irradiation, there were again no
radiation-induced structural, histological changes after 40 days of daily exposure to eight-hours
of radiation (25 mJ cm? UV C22). In the study of matrix metalloproteinases, only the expression
of MMP-9 was found to be slightly increased. Neither acute nor chronic irradiation with UVC222
resulted in DNA damage.

The results of the first study for estimating the risk of skin cancer and non-cancerous skin
lesions from long-term exposure (15.2 months) to UVCa2, revealed no signs of an increased
risk of skin cancer in hairless mice (Welch et al. 2023). The 96 animals kept in groups were
exposed to eight hours of inhomogeneous irradiances daily, five days per week (doses of
55 mJ cm™ to 400 mJ cm™), for 66 weeks. A film dosimeter (OrthoChromic Film OC-1) was
used in the study to measure the doses. The authors also found no evidence of an increase in
non-cancerous skin lesions from far-UVC radiation.

3 The epidermis and dermis are interlinked. The protrusions of the epidermis into the dermis are referred to as
rete ridges. The protrusions of the dermis into the epidermis are called dermal papillae. The uppermost tips of
the dermal papillae protrude far into the epidermis so that the basal cells above can come very close to the
surface of the skin (cf. Figure 3.4).
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Since effects in the skin associated with exposure to far-UVC radiation are largely dependent
on the stratum corneum thickness (SCT), consideration must be given to the fact that the SCT
does not differ significantly between individuals with normal and sensitive skin (Richters et al.
2017) and is generally not dependent on sex, lineage/ancestry and age, whereby the skin of
elderly subjects (average age 50 years) was compared in this case with skin of younger subjects
(average age 29 years) (Tagami 2017). There are no statistically significant differences in SCT
between individuals with skin cancer and people who are healthy (Lock-Andersen et al. 1997).
In infants, however, the stratum corneum is 30% thinner and the epidermis 20% thinner than in
adults. The corneocytes are 20% and the cells of the granular layer 10% smaller than those in
adults, suggesting faster cell turnover in infants. The density and size distribution of the papillae
in the skin also vary. A pronounced direct structural relationship between the morphology of
the stratum corneum and the dermal papillae was observed only in the skin of infants (Stamatas
et al. 2010).

So far, no robust data is available concerning the effects of regular or prolonged exposure to
far-UVC radiation, e.g. of injured or damaged skin or in vulnerable populations such as children
(BfS 2022).

3.4.4 Studies into the effect of far-UVC radiation on the eyes

Exposure of the human eye to UVB and UVA radiation has been thoroughly investigated in
laboratory and epidemiological studies and an association with age-related diseases of the
anterior segment of the eye such as pterygium (Threlfall and English 1999), droplet
keratopathies (Gray et al. 1992) and cortical cataracts (Threlfall and English 1999) established.
There is also evidence of a relationship between UVC and UVB radiation and corneal
inflammation (photokeratitis) as well as conjunctivitis (photoconjunctivitis) from acute
exposure, and skin tumours in the eyelids (basal cell carcinoma and squamous cell carcinoma)
and malignant melanomas of the eyelids and conjunctiva from long-term exposure (Hampel et
al. 2022). Intense exposure to UV radiation causes 80% of basal cell carcinomas in the head
and neck area, of which approximately one fifth are found in the eyelids (Shi et al. 2017). The
most common form of malignant eyelid tumour is basal cell carcinoma, accounting for around
90% of cases. The proportion of eye tumours with metastatic potential, is 5%-10% for
squamous cell carcinoma of the eyelids, 1%-5.5% for sebaceous gland carcinoma, < 1% for
melanoma and approx. 0.5% for Merkel cell carcinoma (Gniesmer et al. 2023).

The effects of exposing the eye to radiation at wavelengths below 254 nm have been examined
in only few studies to date (Sliney et al. 1991, Kaidzu et al. 2019, Pitts 1974, Pitts and Tredici
1971, Sugihara et al. 2023). The threshold for photokeratitis in the rabbit cornea was determined
by Sliney et al. (1991) at a wavelength of 193 nm using an excimer laser. The authors conclude
that the penetration depth of the applied shortwave radiation in the epithelial cell layer is limited
and an intact tear film can help protect the cornea against the weak scattered laser radiation.
Pitts and Tredici (1971) found that the cornea is most sensitive to UV radiation of 270 nm and
reacts with symptoms of photokeratitis. With the aid of slit-lamp biomicroscopy, staining and
surface mapping, Kaidzu et al. (Kaidzu et al. 2019, Kaidzu et al. 2021) determined thresholds
for photokeratitis on a rat eye model 24 hours after exposure to four UVC wavelengths (207 nm,
222 nm, 235 nm and 254 nm) and one wavelength in the UVB spectral range (311 nm). An
effect on the cornea was detected here for 207 nm and 222 nm above the threshold values of
15,000 mJ cm and 5,000 mJ cm™ respectively. Such exposures far exceed the exposure limits
that are currently applicable (about 300 and 220 times higher, respectively). Kaidzu et al.
(Kaidzu et al. 2019, Kaidzu et al. 2021) also performed a histological assessment of the cornea
using CPD as a marker for DNA damage. The depth of the observed CPD varied with the
wavelength; at 207 nm and 222 nm, the CPD marker was only found in the upper superficial
cells, which are shed within a few days during the normal life cycle of the corneal epithelium.
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In the eye, the cells of the cornea that are susceptible to cancer are found in the limbus, i.e. the
transition zone between the cornea and the dermis (sclera). UV radiation reaches the corneal
endothelium at a wavelength of 311 nm and 254 nm, the middle section of the corneal stroma
at 235 nm, and the outer portion of the corneal epithelium at 222 nm and 207 nm (Kaidzu et al.
2019, Kaidzu et al. 2021). Even in the cornea of pigs, which is similar in size and structure to
that of the human eye, UVC radiation at a wavelength of 222 nm only reached the superficial
layer of the limbal epithelium; consequently, it is also assumed here that there are no harmful
effects on stem cells in the basal portion of the corneal limbus (Kaidzu et al. 2023). The
thresholds for corneal injuries from far-UVC radiation reported by Kaidzu et al. (Kaidzu et al.
2019, Kaidzu et al. 2021) are significantly higher than those reported by Pitts, who compared
exposure data from 39 human eyes against data from rabbits and primates (Pitts 1974).

In a study with six subjects exposed to UVCz: radiation for about 6.7 hours per week for
12 months, Sugihara et al. (2023) observed no acute or chronic eye damage. The applied dose
of about 2.8 mJ cm™ per day did not exceed the EL of 22.7 mJ cm™ at 222 nm for protecting
the eyes against actinic UV hazards (see section 3.5.1). Since effects on the cornea in
conjunction with exposure to far-UVC radiation also depend on tear film thickness, it is
important to note that no significant interindividual difference was found in the thickness of the
mucoaqueous tear film or the lipid tear film between healthy subjects and patients with dry eye
in a study of tear film thickness involving 49 subjects (Segev et al. 2020). According to Masoudi
(2022), further investigation of the “normal” tear profile and the functionality of the tear film
that depends on this profile would require the participation of a broad spectrum of sample
populations, whereby age, ethnicity, sex, geographical and environmental parameters would
need to be considered.

Conclusion drawn from the skin and eye studies

In healthy human skin, far-UVC radiation only reaches as far as the outermost layer, which
consists of dead cells (corneal layer, stratum corneum). The prerequisite is that longer-wave
radiation is reliably filtered out. With filtered UV C22. radiation, premutagenic lesions were only
detected in the uppermost cells of the epidermis, which in any case are shed within a few days.
A prerequisite for the protective effect is a well-established, intact corneal layer, the thickness
of which can also vary depending on age and is still very thin in infants. Studies to date have
shown that the suprabasal cells and cells of the basal layer of the human epidermis are not
damaged. Concerning the thickness of the corneal layer, the available data does not produce
any evidence of the existence of significant subgroups of people who are systematically more
susceptible to UVC exposure than the average population according to age, sex, health status
and genetics. In accordance with mouse studies, it is therefore assumed that the risk of skin
cancer from far-UVC radiation is not increased. However, no epidemiological studies into skin
carcinogenesis from UVC radiation are available to date.

Concerning the effect of far-UVC radiation on the eye, only few studies are available. Unlike
the skin, the outermost layer of the cornea also contains intact epithelial cells. The tear film
above the corneal epithelium absorbs only a minimal amount of far-UVC radiation; hence, an
intact tear film offers only very limited protection. So far, animal studies have not demonstrated
that far-UVC radiation damages the deeper cells.

When assessing the effects of far-UVC radiation on the skin and eyes and thus its use in the
presence of humans, the lack of robust data on the effects of regular or prolonged exposure to
far-UVC radiation, e.g. on injured or damaged skin or in vulnerable populations such as
children, must be taken into account. Nevertheless, due to the intense absorption of far-UVC
radiation by proteins and possibly by ROS formation, harmful effects cannot be ruled out. This
activity could affect the proteins of the tear fluid in the eye in particular and thus have health
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consequences, e.g. in terms of immunological protection against pathogens (Masoudi 2022).
There has been little study so far into the damage caused to proteins by far-UVC radiation and
the resultant, potential inhibiting effect on enzymatic processes. Research is needed to this end
(see Chapter 4). In addition to the potential harmful effects on cells, the influence of far-UVC
radiation on the microbiome of the skin and eyes must also be investigated.

It should be stressed that conflicts of interest were declared in many publications which address
the effect of far-UVC radiation on the skin (5 out of 11 studies) and eyes (all studies) (see Table
3.2 and Table 3.3). The SSK is therefore concerned that the conclusions drawn are subject to
bias.
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Table 3.2: Studies into the effect of UVC radiation on the skin.
. Effect
Publication Object of study ;Jc\)/urce/wavelen th Radlan(td%é%c))sure " DNA damage Other endpoints
g CPD 6-4PP P
Test subjects, one | KrCl excimer 500 mJ cm2 Small but significant No signs of erythema

Fukui et al. 2020 *

area on the back

lamp/222 nm, filtered

increase in CPD

Eadie et al. 2021

In vivo, skin type Il
on the Fitzpatrick
scale, inner
forearms of one
subject (self-tests)

KrCl excimer
lamp/222 nm, filtered

1,500 mJ cm (irradiance

No skin change visible

6.1 mW cm)
6,000 mJ cm2 (irradiance Yellowing of the skin,
6.1 mW cm) reversed within 24 h

Up to 18,000 mJ cm2
(irradiance 6.1 mW cm-)

No erythema

Buonanno et al. 2021a

*

In vitro 3D model
of human skin,
EpiDerm-FT

KrCl excimer 23 mJcm2to No significant No significant
lamp/222 nm, filtered 150 mJ cm™ increase in CPD increase in 6-4PP
(irradiance 0.59 mW
cm)
500 mJ cm? Small but No significant
(irradiance statistically increase in 6-4PP
0.59 mW cm) significant increase
in CPD in the
uppermost
epidermal layer
KrCI excimer lamp/ 23 mJcm2to CPD formation Formation of 6-
222 nm, unfiltered 500 mJ cm2 4PP
(irradiance
0.85 mW cm)

* The authors declare a conflict of interest.



Risks of using far-UVC radiation for disinfection in the presence of people

35

Yamano et al. 2020 *

Two genotypes of
hairless albino
mice

(wild type and
photosensitive
Xpa knockout

type)

KrCl excimer lamp/
222 nm, filtered

Wild type: 500 mJ cm??,
radiation 3 times a week;
Xpa knockout type:

50 mJ cm2 and

100 mJ cm2, radiation
twice a week

(duration 10 weeks,
irradiance 1 mW cm-)

No skin tumours or corneal
damage after 15 weeks of
observation

Both genotypes

CPD formation in

No erythema or ear swelling

0.041 mW cm-?)

corneum)

500 mJ cm? the outermost layer
of the epidermis
Hickerson et al. 2021 Full ex vivo KrCl excimer 6,100 mJ cm2 Minimal CPD
human skin model | lamp/222 nm, filtered (radiation duration formation, limited to
1,000 s) the upper layer of
the epidermis
Narrowband UVB 515mJ cm2 CPD formation
lamp/maximum (radiation duration throughout the
emission at 311 nm 188 s) epidermis
In vivo, forearms KrCl excimer 6,100 mJ cm2 Minimal CPD
of two subjects lamp/222 nm, filtered formation, limited to
(study authors) the upper layer of
the epidermis and
few CPD-positive
cells in the subjects
with thicker stratum
corneum
Zwicker et al. 2022 Excised human KrCl excimer 40 mJ cm™ (0.5£0.5)% CPD-
skin/reconstructed | lamp/222 nm, filtered (irradiance positive
equivalents of above 3.34 mW cm?) keratinocytes
human skin 230 nm
KrCl excimer 80 mJ cm2 Not observed Not observed
lamp/222 nm, filtered (irradiance
above 3.34 mW cm?)
230 nm
LED array/ 20 mJ cm-2 to Negligible (on the
233 nm, FWHM 12 nm | 60 mJ cm? surface directly
filtered above 240 nm (irradiance beneath the stratum

* The authors declare a conflict of interest.
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LED array/
233 nm, FWHM 12 nm
filtered above 240 nm

80 mJ cm2
(irradiance
0.041 mW cm)

(18.3+3.0)% CPD-
positive
keratinocytes (on
the surface directly
beneath the stratum

corneum)
Mercury vapour lamp/ 40 mJ cm (44.2+3.7)% CPD- (21.5+1.9)%
254 nm (irradiance positive
0.54 mW cm?) keratinocytes (as far
as the basal cells)
UVB lamp with a smalll 3 mJcm? 94% CPD-positive
UVA (irradiance keratinocytes (as far

component/280 nm-
400 nm

0.041 mW cm?)

as the basal cells)

Tavares et al. 2023

Reconstructed
human skin (RHS)
in vitro

KrCl excimer
lamp/222 nm, filtered

Mercury vapour lamp/
254 nm

1,500 mJ cm™2

No significant
induction of CPD

No significant
induction of 6-4PP

Detachment of stratum
corneum and thickening of
epidermis

48 hours post irradiation

Induction of ROS

Possible inhibition of skin
regeneration processes

Increased expression of
matrix metalloproteinases
MMP-1 and MMP-9

Intensified expression of the
inhibitor of these
metalloproteinases (TIMP-1)

Detachment of stratum
corneum and

granular layer 48 hours post
irradiation

Increased expression of
matrix metalloproteinases
MMP-1 and MMP-9

Strong induction of ROS
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In vivo HRS/J
mouse model

KrCl excimer
lamp/222 nm, filtered

Mercury vapour lamp/
254 nm

1,500 mJ cm™2

No significant
induction of CPD

No significant
induction of 6-4PP

Mild skin damage
No histological changes

Slightly increased expression
of MMP-9

Induction of CPD

Induction of 6-4PP

KrCl excimer
lamp/222 nm, filtered

25 mJ cm per day,
duration 40 days

No sunburn or desquamation
of the skin on the back

Expression of MMP-9,
though less effective than at
254 nm

Strong induction of ROS

Mercury vapour lamp/
254 nm

6 mJ cm per day,
duration 40 days

No sunburn or desquamation
of the skin on the back

Increased expression of
MMP-9

Induction of ROS

Welch et al. 2023

Hairless SKH-1
albino mice

KrCl excimer
lamp/222 nm, filtered

Mean doses of

55 mJcm?to

130 mJ cm2 and

400 mJ cm2
(inhomogeneous)

8 hours daily, 5 days per
week for 66 weeks

(15.2 months)

No skin cancer and no non-
carcinogenic skin lesions

Buonanno et al. 2016 *

Hairless mice

KrBr eximer
lamp/207 nm, filtered

157 mJ cm (irradiation
duration 7 h)

CPD not
significantly
increased

6-4PP dimers not
significantly
increased

Epidermal thickness — no
difference compared to the
skin of unexposed mice

Skin tissue differentiation —
no statistical difference
compared to unexposed skin

* The authors declare a conflict of interest.
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Mercury vapour lamp/
254 nm

35-fold increase in
CPD

26-fold increase in
6-4PP dimers

2.8-fold increase in average
epidermal thickness

Differentiation of
keratinocytes —

3-fold increase in K6A
synthesis

Buonanno et al. 2017 *

Hairless mice

KrCl excimer 157 mJ cm™? CPD not 6-4PP dimers not | Epidermal thickness — no
lamp/222 nm, filtered (irradiation duration 7 h) significantly significantly statistical difference
increased increased compared to unexposed
mice
Differentiation of
keratinocytes — no statistical
difference compared to
unexposed skin
Mercury lamp/ 157 mJ cm (irradiation CPD increased 6-4PP dimers Average epidermal thickness
254 nm duration 7 h) increased increased

Differentiation of
keratinocytes —

3-fold increase in K6A
synthesis

254 nm

LED/
277 nm, 5x5 array

In vitro 3D model KrCl excimer Up to 150 mJ cm? CPD not 6-4PP dimers not
of human skin, lamp/222 nm, filtered significantly significantly
EpiDerm-FT increased increased
Mercury lamp/ CPD increased 6-4PP dimers
254 nm increased
Ong et al. 2022 Human cell KrCl excimer 60 min None Cells retained their ability to
cultures lamp/222 nm, filtered (irradiance grow without activating
(HEK-A 73 uW cm?) apoptosis. However, a dose-
keratinocytes dependent reduction in cell
and ARPE-19 viability was noted.
retinal cells) Tumour suppression was
down-regulated one to three
days after exposure.
Mercury vapour lamp/ CPD formation Cell death induced by

apoptosis

CPD formation

Cell death induced by
apoptosis

* The authors declare a conflict of interest.
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Table 3.3: Studies into the effect of UVC radiation on the eye.
; Effect
Publication Object of study UV source/wavelength Radlan(td%ér;(;sure H
Eye damage CPD
. * Albino rats KrCl excimer lamp/222 nm, | 30 mJ cm? No corneal damage
Kaidzu etal. 2019 filtered 150 mJ cm?
600 mJ cm-2
(irradiance 5.7 mW cm?)
Mercury vapour lamp/ 30 mJ cm? No corneal damage
254 nm (irradiance 1.1 mW cm?)
150 mJ cm2 Keratitis
(irradiance 1.1 mW cm?)
600 mJ cm2 Corneal erosion
(irradiance 1.1 mW cm2)
Albino rats KrBr eximer lamp/207 nm, | 30 mJcm2to 15,000 mJ cm-? Corneal damage above [Only in the uppermost layer of

Kaidzu et al. 2021 *

filtered

(irradiance 0.83 mW cm™2)

15,000 mJ cm2

the cornea

KrCl excimer lamp/222 nm,
filtered

30 mJ cm2 to 5,000 mJ cm™2
(irradiance 4.2 mW cm-?)

Corneal damage above
5,000 mJ cm-2

Only in the uppermost layer of
the cornea

Xenon lamp/
235 nm, filtered

10 mJ cm? to 300 mJ cm2
(irradiance 0.077 mW cm)

Corneal damage above
300 mJ cm2

In the cells of the middle
layers of the corneal
epithelium

Mercury vapour lamp/
254 nm

10 mJ cm? to 300 mJ cm?
(irradiance 1.3 mW cm)

Corneal damage above
20 mJ cm™?

In all cells of the cornea

Narrowband UVB
lamp/311 nm

30 mJ cm to 600 mJ cm™2
(irradiance 2.3 mW cm)

Corneal damage above
600 mJ cm2

In all cells of the cornea

* The authors declare a conflict of interest.
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Kaidzu et al. 2023 *

Albino rats **

KrBr excimer lamp/207 nm,

filtered

1,500 mJ cm™ No CPD-positive cells in the
(irradiance 0.18 mW cm? — basal cells of the limbus
0.25 mW cm?)

2,500 mJ cm™? Weakly CPD-positive cells in

(irradiance 0.25 mW cm)

the limbus

10,000 mJ cm2
(irradiance 0.86 mW cm2 —

Strong CPD-positive cells
throughout the limbus,

0.91 mW cm) including the basal cells
KrCl excimer lamp/222 nm, | 1,500 mJ cm-2 Slightly stronger CPD-positive
filtered (irradiance 4.2 mW cm? — cells in the upper layer
5.0 mW cm?)
2,500 mJ cm2 Moderately CPD-positive cells
(irradiance 4.2 mW cm2) throughout the limbus
5,000 mJ cm2 Strong CPD-positive cells

(irradiance 4.2 mW cm-?)

throughout the limbus,
including the basal cells

Xenon lamp/
235 nm, filtered

30 mJ cm™? Weak CPD-positive cells as

(irradiance 0.079 mW cm2 — far as the middle layer

0.16 mW cm)

300 mJ cm2 Cells in the upper layer with

(irradiance 0.11 mW cm2 — even stronger CPD positivity
0.17 mW cm?)

600 mJ cm-2 Cells in the middle layer with

(irradiance 0.082 mW cm?)

strong CPD positivity and
cells in the basal layer with
weak CPD positivity

Mercury vapour lamp/
254 nm

20 mJ cm?
(irradiance 1.1 mW cm™)

Cells in the middle layer with
strong CPD positivity,

basal cells with weak CPD
positivity

*

The authors declare a conflict of interest.

** CPD in upper limbus 24 hours post irradiation
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100 mJ cm2 Al cells in the limbus CPD-
(irradiance 1.1 mW cm) positive, also the basal cells
300 mJ cm2 Cells with even stronger CPD
(irradiance 1.1 mW cm?) positivity

Narrowband 30 mJ cm™? No CPD-positive cells

UVB lamp/ (irradiance 2.0 mW cm2 -

311 nm 2.3 mWcm?)
150 mJ cm2 CPD-positive cells in the
(irradiance 2.0 mW cm2 — middle layer and in the basal
2.3 mW cm?3) cell layer
600 mJ cm-2 CPD-positive cells throughout
(irradiance 2.0 mW cm?— the limbus
2.3 mW cm?3)

L %k KrCl excimer lamp/222 nm, | 600 mJ cm™? CPD-positive cells in the
Pigs’ eyes filtered (radiation duration 120 s) uppermost layer
Mercury vapour lamp/ 600 mJ cm-2 CPD-positive cells in the

254 nm

(radiation duration 546 s)

upper layer and 50 um-
100 pum deep, but not in the
basal layer

Sugihara et al.
2023 *

Human (6 subjects, 5 of
whom wore glasses)

KrCl excimer lamp/222 nm,

filtered

The lamps were alternately on for

200 s and off for 1,600 s.

Maximum irradiance on the subjects’

eyes 0.002 mW cm

12 months, mean length of stay 6.7 h
per week (approx. 1 h per day,
irradiation 2.8 mJ cm2 per day)

No acute or chronic
effects

*

The authors declare a conflict of interest.

*** CPD in limbus immediately after irradiation
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3.5 Protection against the risks of UV radiation from artificial sources

3.5.1 Exposure limits recommended by the ICNIRP for protecting the eyes and
skin against actinic UV hazard

The ICNIRP analyses and evaluates the scientific data available on the health effects of non-
ionising radiation — both optical radiation and electromagnetic fields. When drawing up
recommendations, the Committee respects the principles upon which protective measures
should be based while leaving the responsibility for issuing appropriate regulations and
specifications for use to the various international and national authorities and institutions. The
exposure limits recommended in the ICNIRP Guidelines form the foundation for various
European directives, such as EU Directive 2006/25/EC on the protection of workers against the
risks arising from artificial optical radiation (EG 2006).

In its 2004 guidelines, the ICNIRP (ICNIRP 2004) published recommendations for ELs to
protect the eyes and skin from the harmful effects of incoherent UV radiation from artificial
and natural sources. The recommendations were limited to wavelengths above 180 nm — UV
radiation at wavelengths below 180 nm was considered to be of only little practical biological
relevance, as it is already absorbed in the air (see section 3.1.1).

The recommended ELs apply to the risks from eight hours of exposure to UV radiation. The
ICNIRP stresses that the recommended ELs are intended to protect workers and that, with due
caution, they could be applied to the general population. However, they cannot be used to
protect overly photosensitive individuals or individuals exposed to photosensitising substances.
Furthermore, the ELs apply to continuous and pulsed incoherent UV radiation if the duration
of exposure is not less than 1 ps.

The action spectrum specified by the ICNIRP for the wavelength range of 180 nm to 400 nm
(S(1)) with a view to actinic UV hazard to the eyes and skin (Figure 3.6) defines the effective
irradiance E ¢ that can be used to assess a risk to the eyes and skin and is given by the following
formula:

A=400 nm

Fer = ) E:(D)-5()-AL, (1)
A=180 nm

Whereby

E;(4) isthe measured spectral irradiance,
S(4)  the action spectrum for actinic UV hazard, and
AL the increment of the measurement.

If the irradiance remains constant during the period in question t, the effective radiant exposure
H¢ can be calculated:

Hefr = Eefe * t (2)

To protect the eyes and the skin from actinic UV hazard, an EL for effective radiant exposure
Heff of

Hegr = 30 J m ™2 3)

is recommended at wavelengths between 180 nm and 400 nm. This EL applies to single or
repeat exposures during an eight-hour period (30,000 s). The permissible exposure duration
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tmax depending on E.¢ for periods of less than 30,000 s can be calculated using the following
formula:

_— 30 ] m™2 A
max — Eeff ( )
Table 3.4 provides a list of the ELs of effective radiant exposure Hg for various wavelengths
of monochromatic radiation sources and the action spectrum S(A) in the wavelength range
between 180 nm and 280 nm. Figure 3.7 shows the ELs from the ICNIRP Guidelines for
protecting the eyes and skin from the actinic UV hazard for monochromatic radiation sources.

Table 3.4: Excerpt of the action spectrum for actinic UV hazard S(4) in the wavelength
range of 180 nm to 280 nm (according to ICNIRP 2004, supplemented by the
wavelengths 207 nm, 222 nm and 233 nm according to DIN 5031-10:2018-03)
as well as examples of ELs of effective radiant exposure H,rr for mono-
chromatic radiation sources (in mJ cm’®)

A[nm] S(A) E [mJ cm?]
180 0.012 250
190 0.019 160
200 0.030 100
207 0.0606 49.5
210 0.075 40
220 0.120 25
222 0.132 22.7
230 0.190 16
233 0.220 13.6
240 0.300 10
250 0.430 7
254 0.500 6
260 0.650 4.6
270 1.000 3.0
280 0.880 34
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Figure 3.6: Relative action spectrum S(A) for the risks to the eyes and skin from UV
radiation according to ICNIRP 2004. The maximum of the action spectrum is
at 270 nm and is normalised to 1.

100000 -
= -
(] /I

E ~
= 10000 ,./
= -

J
1000 /
|
I |
N I/
100 \‘ l
L |
N |
N /
10 — y i

1
180 200 220 240 260 280 300 320 340 360 380 400

Wavelength [nm]

Figure 3.7: ELs of the ICNIRP Guidelines for monochromatic radiation sources (ICNIRP
2004, refer to Table 1 therein) to protect the eyes and skin against the actinic
UV hazard.
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3.5.2 Legal regulations concerning incoherent UV radiation from artificial sources

With the passing of European Directive 2006/25/EC (EG 2006), the minimum requirements
were established in the EU Member States for protecting workers against the risks of exposure
to artificial optical radiation at work. The Directive contains the ELs for exposure to incoherent
optical radiation and laser radiation. The ELs are defined as the maximum permissible values
for exposure of the eyes or the skin to artificial optical radiation and are based on the guidelines
published by the ICNIRP, in the case of incoherent UV radiation on the 2004 ICNIRP
Guidelines (ICNIRP 2004). The ELs for incoherent optical radiation are listed in Annex | of
EU Directive 2006/25/EC (EG 2006). While the Directive lays down the minimum
requirements for protecting workers, when implementing them nationally the EU Member
States may also retain or pass more stringent requirements, especially lower ELs.

EU Directive 2006/25/EC (EG 2006) has been transposed into German law in the form of the
Occupational Safety and Health Ordinance on Artificial Optical Radiation (OStrV) (OStrV
2010). The provisions of the OStrV apply not only to workers but also to pupils, students and
other individuals working in educational institutes who are exposed to artificial optical radiation
while pursuing their activities. A general regulation to protect the general population does not
exist, however.

The OStrV (OStrV 2010) makes reference to the ELs for incoherent UV radiation that are
contained in the annexes to EU Directive 2006/25/EC (EG 2006). The national transposition of
the EU Directive in the form of the OStrV means that the ELs specified in the directive are also
legally binding in Germany.

The OStrV (OStrV 2010) contains the essential requirements for the protection of workers
against risks from artificial optical radiation but is not sufficiently specific to enable a risk
assessment to be conducted in operational practice and establish appropriate protective
measures.

Technical Rules on the Occupational Safety and Health Ordinance on Artificial Optical
Radiation (TROS) have therefore been developed to specify the requirements of the OStrV, e.g.
for incoherent optical radiation (TROS I0S 2013). Application of TROS 10S provides the
employer with legal certainty, as it triggers what is referred to as the presumption of conformity:
On applying TROS 10S, it can be assumed that, in terms of incoherent optical radiation, the
provisions of the OStrV and the specified ELs are met.

If workers are exposed to UV radiation from artificial sources in the workplace, the employer
must assess all the risks relating to the employee health and safety. The employer must
determine and evaluate the exposure from artificial optical radiation. There is a potential risk
to workers if the ELs could be exceeded. Manufacturer data can be used in the risk assessment,
e.g. by categorising risk groups in accordance with standard DIN EN 62471 “Photobiological
safety of lamps and lamp systems” (DIN EN 62471:2009) (see section 3.5.3).

Appropriate protective measures should be established in the event that ELs are exceeded.
Replacement with less hazardous procedures or equipment is most important in this case,
followed by technical protective measures which are to be prioritised over organisational
measures. Personal protective equipment must only be used if technical and organisational
measures are insufficient or cannot be implemented. The employer must identify the areas of
work in which the ELs may be exceeded. If workers are at risk, the employer must ensure that
the workers in question receive instruction based on the outcome of the risk assessment. Such
instruction must be provided prior to commencing the activity and at regular intervals thereafter,
but once a year as a minimum.
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3.5.3 Risk groups according to DIN EN 62471 lamp safety standard

The internationally valid standard IEC 62471:2006 “Photobiological safety of lamps and lamp
systems” (IEC 62471:2006), which has been adopted unchanged in the national German
standard DIN EN 62471 (DIN EN 62471:2009), describes how to assess the photobiological
safety of artificial sources of incoherent optical radiation.

In Germany, product safety is regulated by the Act on Making Products Available on the Market
(Product Safety Act - ProdSG 2021). European Directive 2001/95/EC on General Product
Safety (EG 2001) was transposed into national law with this act. The ProdSG is of great
importance both to protecting consumers and to occupational safety and covers a wide range of
products, including lamps and lamp systems. According to the ProdSG, manufacturers,
importers and distributors may only place products on the market which are so designed that
their intended or foreseeable use cannot endanger personal safety and health. VVarious European
directives have been transposed into German law in the ProdSG, including the Low Voltage
Directive 2014/35/EU (EU 2014).

The manufacturer of a product designated for the internal European market must conduct a
conformity assessment in accordance with Directive 2001/95/EC (EG 2001) to confirm the
safety of the product. In the conformity assessment, the safety requirements of the EU directives
must be adhered to. As these directives are mostly worded in general terms, specific technical
requirements must be derived from regulations that reflect the generally recognized rules of
technology. Presumption of conformity exists in particular if harmonised standards have been
applied by the manufacturer. These are European standards compiled by European
standardization organisations on behalf of the European Commission. The harmonisation of
standards is announced in the Official Journal of the European Union. All harmonised European
standards must be implemented as national standards. The harmonised product standards are
listed under the EU directives. E.g. lamp safety standard DIN EN 62471 (DIN EN 62471:2009)
is a harmonised product safety standard listed under the Low Voltage Directive 2014/35/EU
(EU 2014).

Since the manufacturer does not know the future exposure conditions (distance from source,
exposure duration), the assessment is based on the emission of a lamp. According to the
standard DIN EN 62471 (DIN EN 62471:2009), these are subject to emission limits (maximum
permissible effective irradiance at a certain distance), which relate to specified exposure
duration.

Lamps are classified into different risk groups according to their risk potential. Each risk group
is assigned maximum foreseeable exposure durations at a reference distance, which differ
depending on the nature of the photobiological risk. The higher the risk group, the shorter the
permitted exposure duration. The emission limits derived from the maximum permissible
irradiation duration of the risk groups (effective irradiances) have been determined using the
equation 4 (see section 3.5.1) based on the ICNIRP recommendations published in the relevant
standardisation body. The emission limits for continuous-wave lamps in accordance with
DIN EN 62471 (DIN EN 62471:2009) for protecting the eyes and skin from actinic UV hazard
and the corresponding exposure durations for the risk groups are shown in Table 3.5. The
reference distance for UVC sources is 20 cm.
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Table 3.5: Maximum exposure durations and resulting emission limits for continuous-
wave lamps to protect against actinic UV hazard for risk groups according to
DIN EN 62471 (DIN EN 62471:2009). If the emission limit for risk group 2 is
exceeded, the UV source is assigned to risk group 3.

Photobiological | Emission limit/ Risk Risk .
. group O Risk group 2
hazard exposure duration group 1
(free group)
Actinic UV Effective irradiance [mW cm-?] 0.0001 0.0003 0.003
hazard
Exposure duration [s] 30,000 (8 h) | 10,000 (2.78 h) | 1,000 (0.28 h)

3.5.4 New exposure limits of the ACGIH

In their 2021 publication, Sliney and Stuck (2021) argue that a very conservative safety factor
was used in determining the ELs in the UVC spectral range. They discuss the need to revise the
ELs in the UVC spectral range, as several new studies would indicate that the thresholds for the
skin and the eyes in this wavelength range are significantly higher (Sliney etal. 1991; Buonanno
et al. 2017; Narita et al. 2018c, Yamano et al. 2020; Fukui et al. 2020; Kaidzu et al. 2019;
Kaidzu et al. 2021; Eadie et al. 2021) than the thresholds in the study by Pitts (1974). As an
arc-lamp monochromator with a large spectral bandwidth was used in this study, it is assumed
that the derived action spectrum was strongly flattened. Based on the new studies listed above
(where in some cases self-experiments by the authors took place), the authors proposed different
action spectra for the skin and the eyes at wavelengths below 300 nm, which imply in part a
significant increase in the ELs for both skin and eyes. The action spectrum for the skin applies
if the eyes are not exposed.

At the end of 2021 (ACGIH 2022), the ACGIH adopted the two new action spectra and changed
its ELs. They therefore deviate significantly from the ELs and action spectrum S(A) of the
ICNIRP Guidelines (ICNIRP 2004) for UVB and UVC radiation. Figure 3.8 compares the new
relative action spectra of the ACGIH (ACGIH 2022) for the skin and the eyes with the action
spectrum for the actinic UV exposure hazard S(A) of ICNIRP 2004. In Figure 3.9a and Figure
3.9b, the new ELs for monochromatic radiation of ACGIH 2022 for the skin and the eyes are
compared against the corresponding ELs of ICNIRP 2004. In addition, measurements from
various studies are presented that, according to Sliney and Stuck (2021), underpin the course of
the new ELs. In Table 3.6, the ELs of ICNIRP 2004 are compared with the new ELs of ACGIH
2022 for monochromatic radiation at selected wavelengths.

The ACGIH states clearly that the curves do not represent a legal norm, nor are they supported
by the ACGIH for such use. The ACGIH also points out that all the limits given are designed
as guidelines or recommendations for protecting workers in the workplace and serve no other
purpose. Nevertheless, they are frequently already considered to be new, valid limits by some
manufacturers and new products are thus promoted as compliant with the ELs of ACGIH 2022.
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was observed.
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Table 3.6: ELs of ACGIH 2022 and ICNIRP 2004 for protecting the eyes and the skin
from monochromatic radiation at selected wavelengths.
A[nm] EL [mJ cm? EL eye [mJ cm™?] EL skin [mJ cm?
(ICNIRP 2004) (ACGIH 2022) (ACGIH 2022)
180 250 1,626 10,000
190 160 1,626 10,000
200 100 1,626 10,000
207+ 49.5 1,626 3,802
210 40 1,023 2,512
220 25 218 631.0
222* 22.7 160.7 479
230 16 46.8 158.5
240 10 10 39.8
250 7 7.0 10
254 6 6.0 10
260 4.6 4.6 10
270 3.0 3.0 10
280 3.4 3.4 10

* Values taken from Sliney and Stuck (2021)

Conclusion

The argument of Sliney and Stuck (2021), according to which the ELs specified to date were
estimated very conservatively, in particular due to the insufficient data situation with high
measurement uncertainties, at first appears to be justified. However, the SSK is of the opinion,
that the more recent studies cited by the authors do not sufficiently improve the data situation.
In the case of some studies, the question must be raised whether the radiometric measurements
were performed correctly. For example, Kaidzu et al. (2021) stated that a broadband radiometer
(model USHIO VUV S172), which is usually calibrated by the manufacturer to 172 nm, was
used for the measurements at 222 nm. In other studies, self-experiments were conducted (Eadie
et al. 2021) or only a small number of subjects were examined (Fukui et al. 2020).

Sliney and Stuck (2021) state that there are hardly any recent studies into the effect of UVC
radiation on the eye. A self-experiment is then described which resulted in a sensation of dry
eye and ultimately tear production at high doses. The authors proposed two curves that were
adopted by the ACGIH. Neither of the curves is supported by sufficiently robust data, however.
To assess the risk from UV radiation exposure in the far-UVC range, comprehensive studies
are still essential — especially with respect to the effects on the eye.

3.5.5 Applicability of the exposure limits to vulnerable groups (groups requiring UV
protection)

Individuals who are especially sensitive to UV radiation on account of their physical
development, genetics, (pre-existing) illnesses or for other reasons are considered to be
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vulnerable groups. This applies to the following groups of people who are sensitive to UV
radiation (people requiring UV protection according to Technical Specification DIN/TS
67506:2022-02, section 10.4) and also does not rule out any potential vulnerability to far-UVC
radiation:

— Children: the eyes and skin of children are generally more sensitive to UV radiation
than in adults. A detailed description of these differences can be found in the SSK
Recommendation “Protection of man against the hazards of solar UV radiation and UV
radiation in solaria” (SSK 2016). In the case of the cornea of the eye and corneal layer
of the skin affected by UVC radiation, studies demonstrate that the corneal thickness
varies considerably in children depending on different factors and from birth and until
roughly the age of four years is thinner than in adults (Fiethen 2019). With respect to
the corneal layer of the skin, one study shows that the stratum corneum can be 30%
thinner and the epidermis 20% thinner in infants than in adults (Stamatas et al. 2010).
Furthermore, the basal membrane of the epidermis can sometimes be much closer to the
surface of the skin in children than in adults (SSK 2016). Given these differences, it can
be assumed that a child’s eyes and skin will be more sensitive to UVC radiation and
thus require special protection as a preventive measure.

— Individuals with congenital, acquired (especially age-dependent) or transient changes in
the cornea or thinner stratum corneum.

— Individuals with pre-existing conditions that cause changes in the cornea of the eye or
the stratum corneum of the skin.

— Individuals with pre-existing eye and skin conditions and/or injuries (also due to
surgery); individuals who have previously had skin cancer are at increased risk of
developing skin cancer again.

— Individuals lacking any ability to recover from UV-induced skin damage (e.g.
xeroderma pigmentosum patients).

— Individuals with skin that generally exhibits above-average photosensitivity.
— Individuals taking medicines or herbal products that increase photosensitivity.

— Individuals coming into contact with photosensitising substances, such as touching
certain plants (hypericins in St John’s wort, furocoumarins in umbels).

The ELs defined by the EU and Germany generally apply to the protection of workers against
risks from eight hours of exposure to UV radiation. They are not intended to protect vulnerable
groups of people, however, nor are they applicable. These individuals may also be harmed at
levels below the ELs presented in section 3.5.1. For this reason, occupational safety aimed at
these groups is generally subject to the obligation to provide information on occupational health
advice and the obligation to provide instruction on optional and mandatory health care with the
possibility to establish individual protective measures (TROS 10S 2013).

While individually adapted protective measures are foreseen for vulnerable individuals in the
workplace, this cannot be guaranteed for people in public spaces. Whereas workers are largely
healthy adults within a limited age range, the general population also includes other age groups
such as children and the elderly. It is highly likely, at least in the elderly population, that other
vulnerable groups will exist, such as individuals with pre-existing conditions or injuries to the
eyes and skin (also due to surgery) as well as individuals taking photosensitising medication.
None of these individuals would be aware of UVC exposure in public spaces without the
relevant information, e.g. warnings, and would not take any protective action.
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4  Open questions and the need for research

The lack of data as described in the recommendation (Chapter 2) gives rise to the following
research need:

— The majority of studies to date address the effects of short-term exposure to far-UvC
radiation. To investigate the effect of far-UVC radiation when used in public spaces
with people present, studies with chronic irradiation must be performed.

— Such additional studies must also include investigations into the human eye and injured
or damaged skin. Furthermore, these studies also need to consider potentially
vulnerable groups, such as children, the elderly and individuals with pre-existing skin
or eye diseases, and the effect of far-UVC irradiation when taking photosensitising
medication.

— The ability of UVCaz» to eradicate (unwanted) germs on the skin has been demonstrated
by Fukui et al. (2020). It can be assumed that far-UVC radiation alters the microbiome
of the skin. As the importance of the microbiome to healthy skin and protecting the
body against external influences is becoming increasingly apparent, the effect of far-
UVC radiation on the skin microbiome should be investigated more closely.

— Since the absorption of UVCa22, especially by proteins, is high, part of the inactivating
effect, particularly in viruses, is attributed to the damage caused to proteins (e.g. Beck
et al. 2018). The inhibition of enzyme activities by UVC has been demonstrated in
studies conducted by the food industry, where UVC irradiation is used, e.g. to prevent
fruit juices from turning brown (Yannam et al. 2020). The inhibition of the activity of
enzymes could play a role in the absorption of far-UVC radiation in tear fluid. The
inhibition and underlying photochemical mechanism has not been fully explained and
should be investigated further (Rathinasamy and Augenstein 1968, Setlow and Doyle
1957).

5 Further questions on the use of far-UVC radiation

This advisory mandate focuses on the use of far-UVC radiation for disinfection in the presence
of people and the associated risks to human skin and eyes. The potential use of far-UvC
radiation through unshielded, open sources of radiation in public spaces gives rise to further
questions, however, that also need to be considered, e.g. the possible emergence of UVC-
resistant bacterial variants, the effect on flora and fauna, the long-term influence on
materials/plastics in interior spaces, or the possible emergence of harmful chemical compounds
indoors. Some of these questions are briefly addressed below.

Possible emergence of UVC-resistant bacterial variants

Choi et al. (Choi et al. 2022) investigated whether antibiotic-resistant bacteria can acquire re-
sistance to UV radiation after repeated exposure. They exposed methicillin-resistant Staphylo-
coccus aureus (MRSA), carbapenemase-producing Klebsiella pneumoniae and metallo-beta-
lactamase-producing Klebsiella pneumoniae to the UV radiation of a mercury vapour lamp
(UVCas4 radiation) and a xenon lamp. After 25 cycles of UV irradiation, no significant genetic
changes were found in these three bacterial strains upon sequencing analyses of the entire ge-
nome. Very high UV doses were used in this study, however: 56,160 mJ cm™ (irradiance
93.6 mW cm for 10 min) in the case of the mercury vapour lamp and 11,430 mJ cm (irradi-
ance 38.1 mW cm for 5 min) with the xenon lamp. If the UV doses applied are sufficient to
eradicate the entire bacterial population, the emergence of UV-resistant bacterial variants can
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be prevented. In studies by Alcantara-Diaz et al. (2004) and Shibai et al. (2017), Escherichia
coli bacteria were repeatedly exposed to lower doses of UV radiation (up to 15 mW cm2 and
10 mW cm) from a mercury vapour lamp. The Escherichia coli did in fact produce mutant
strains that were more resistant to UV radiation than the parental strains. When using far-UvC
radiation in public spaces — especially at greater distances from the radiation source — doses
sufficient to completely eradicate bacterial populations cannot be guaranteed. Hence, consider-
ation must be given to the possible emergence of UV C-resistant bacterial variants as a result of
repeated exposure to such radiation.

Effect on other organisms

Otake et al. (2021) investigated the influence of UVC2, and UVCzs4 radiation on Arabidopsis
plants by irradiating seedlings that were seven days old. In plants exposed to UVC22, radiation,
the following was observed four days after irradiation: The leaves curled after a dose of
100 mJ cm and were significantly bleached at 1,000 mJ cm™. These effects were not observed
in non-irradiated plants or plants exposed to UVCzs4 radiation. Furthermore, functional guard
cells (which are important to the plant for gas exchange with the surrounding air) were found
in the leaves of non-irradiated plants and plants exposed to UVCzss doses of 100 mJ cm™ and
500 mJ cm™. Conversely, most guard cells were deformed after the same dose of UVCaz
radiation. The studies indicated that mitochondria are inactivated or fragmented and that
chloroplasts are damaged. The authors conclude that the UVC22. radiation severely damages
the guard and epidermal cells and that such damage can inhibit growth.

Yoshiyama et al. (2023) conducted experiments on the transparent model organism
Caenorhabditis elegans (a nematode). At irradiation doses of just 20 mJ cm™ and 40 mJ cm™
UVC222 and UVCass, only UVCs22 was found to cause serious neurodegenerative effects and
neuronal damage in the sensory neurons located just 1-2 um below the surface. The authors
assume that UVCa22-induced ROS are primarily responsible for this. Comparable damage to
the neurons was not observed with UVCazs4 at such doses, but damage to the oocytes located
20 pum to 60 pum below the surface was reported.

Possible emergence of harmful chemical compounds indoors

Peng et al. (2023) investigated the impact of far-UVC radiation on indoor air quality. They
conducted a model evaluation of the secondary chemistry initiated by UVCass and UVC222 in a
characteristic indoor environment for different ventilation levels. The evaluation revealed that
the UVCzss radiation can photolyse ozone molecules (O3) and produce OH radicals. They
oxidise volatile organic compounds (VOCs) and lead to the production of oxygen-containing
VOCs (OVOCs) and a secondary organic aerosol (SOA), which can have negative effects on
the health (Collins and Farmer 2021). UVC22. radiation, which exhibits the same virus-
inactivation rate, has less impact on the quality of room air at moderate to high ventilation
levels, mainly due to the lower UV irradiance required and the less efficient OH-producing
photolysis, moreover, than is the case with UVCozs4 radiation. If the ventilation level is poor
(which can frequently be the case, e.g. in schools), however, UVC;2, radiation has a greater
impact on room air quality than UV Czs4 radiation due to the low but significant photochemical
production of Oz at 222 nm. The authors stress that only a very limited number of chemical
substances were modelled in the study and that further studies are required to better assess the
toxicity of gas-phase products. Consideration must also be given to interiors with polluted air
where the concentration of VOCs can be very high.



Risks of using far-UVC radiation for disinfection in the presence of people 54

6 References

ACGIH 2022

American Conference of Governmental Industrial Hygienists
(ACGIH). 2022 TLVs and BEIs Based on the Documentation of the
Threshold Limit Values for Chemical Substances and Physical
Agents & Biological Exposure Indices. American Conference of
Governmental Industrial Hygienists (Hrsg.), Cincinnati, OH, USA,
2022. ISBN: 978-1-607261-52-0. https://www.techstreet.com/
standards/2022-threshold-limit-values-tlvs-and-biological-
exposure-indices-beis?product_id=2242171#jumps, zuletzt aufge-
rufen am 17.01.2024

Alcantara-Diaz et al. 2004 Alcantara-Diaz D, Brena-Valle M, Serment-Guerrero J. Divergent

Azzimonti et al. 2023

Beck et al. 2018

BfS 2022

Blanpain 2013

Blatchley et al. 2023

Bogumil et al. 2003

BonneR 2007

adaptation of Escherichia coli to cyclic ultraviolet light exposures.
Mutagenesis. Sep;19(5):349-54, doi: 10.1093/mutage/genh039, Epub
2004/09/25

Azzimonti B, Ballacchino C, Zanetta P, Cucci MA, Monge C,
Grattarola M, Dianzani C, Barrera G, Pizzimenti S. Microbiota,
Oxidative Stress, and Skin Cancer: An Unexpected Triangle.
Antioxidants (Basel). Feb 21;12(3), doi: 10.3390/antiox12030546,
Epub 2023/03/30

Beck SE, Hull NM, Poepping C, Linden KG. Wavelength-
Dependent Damage to Adenoviral Proteins Across the Germicidal
UV Spectrum. Environ Sci Technol. Jan 2;52(1):223-9, doi:
10.1021/acs.est.7b04602, Epub 2017/12/21

Bundesamt fir Strahlenschutz (BfS). Desinfektion mit UV-C-
Strahlung.  https://www.bfs.de/DE/themen/opt/anwendung-alltag-
technik/uv/uv-c-strahlung/uv-c-desinfektion_node.html, zuletzt auf-
gerufen am 24.05.2022

Blanpain C. Tracing the cellular origin of cancer. Nat Cell Biol. 2013
Feb;15(2):126-34, doi: 10.1038/ncb2657, Epub 2013/01/22

Blatchley EIlll, Brenner DJ, Claus H, Cowan TE, Linden KG, Liu
YJ, Mao T, Park SJ, Piper PJ, Simons RM, Sliney DH. Far UV-C
radiation: An emerging tool for pandemic control. Critical Reviews
in Environmental Science and Technology. Mar 19;53(6):733-53,
doi: 10.1080/10643389.2022.2084315

Bogumil K, Orphal J, Homann T, Voigt S, Spietz P, Fleischmann
OC, Vogel A, Hartmann M, Kromminga H, Bovensmann H, Frerick
J, Burrows JP. Measurements of molecular absorption spectra with
the SCIAMACHY pre-flight model: instrument characterization and
reference data for atmospheric remote-sensing in the 230-2380 nm
region. Journal of Photochemistry and Photobiology a-Chemistry.
2003 May 5;157(2-3):167-84, doi: 10.1016/S1010-6030(03)00062-
5

BonneR O. Desinfektionsvorrichtung. Patentschrift DE 10 2006 029
946 B3, Deutsches Patent- und Markenamt, 11.10.2007. https://
register.dpma.de/DPMAregister/pat/register?AKZ=102006029946
9, zuletzt aufgerufen am 17.01.2024


https://www.bfs.de/DE/themen/opt/anwendung-alltag-technik/uv/uv-c-strahlung/uv-c-desinfektion_node.html
https://www.bfs.de/DE/themen/opt/anwendung-alltag-technik/uv/uv-c-strahlung/uv-c-desinfektion_node.html

Risks of using far-UVC radiation for disinfection in the presence of people 55

Bose et al. 2020

Brubaker et al. 2000

Bruls et al. 1984

Buonanno et al. 2016

Buonanno et al. 2017

Buonanno et al. 2020

Buonanno et al. 2021a

Buonanno et al. 2021b

Burns et al. 2019

Cadet and Douki 2018

Bose B, Kapoor S, Sen U, Nihad As M, Chaudhury D, Shenoy PS.
Assessment of Oxidative Damage in the Primary Mouse Ocular
Surface Cells/Stem Cells in Response to Ultraviolet-C (UV-C)
Damage. J Vis Exp. Feb 15 (156), doi: 10.3791/59924, Epub
2020/03/03

Brubaker RF, Bourne WM, Bachman LA, McLaren JW. Ascorbic
acid content of human corneal epithelium. Invest Ophthalmol Vis
Sci. Jun;41(7):1681-3, Epub 2000/06/14

Bruls WA, van Weelden H, van der Leun JC. Transmission of UV-
radiation through human epidermal layers as a factor influencing the
minimal erythema dose. Photochem Photobiol. 1984 Jan;39(1):63-
7, doi: 10.1111/j.1751-1097.1984.th03405.x, Epub 1984/01/01

Buonanno M, Stanislauskas M, Ponnaiya B, Bigelow AW, Randers-
Pehrson G, Xu Y, Shuryak I, Smilenov L, Owens DM, Brenner DJ.
207-nm UV light—a promising tool for safe low-cost reduction of
surgical site infections. II: In-vivo safety studies. PloS
one.11(6):e0138418

Buonanno M, Ponnaiya B, Welch D, Stanislauskas M, Randers-
Pehrson G, Smilenov L, Lowy FD, Owens DM, Brenner DJ.
Germicidal Efficacy and Mammalian Skin Safety of 222-nm UV
Light. Radiat Res. 2017 Apr;187(4):483-91, doi: 10.1667/RR0010
CC.1, Epub 2017/02/23

Buonanno M, Welch D, Shuryak I, Brenner DJ. Far-UVC light (222
nm) efficiently and safely inactivates airborne human coronaviruses.
Sci Rep. 2020 Jun 24;10(1):10285, doi: 10.1038/s41598-020-67211-
2, Epub 2020/06/26

Buonanno M, Welch D, Brenner DJ. Exposure of Human Skin
Models to KrCl Excimer Lamps: The Impact of Optical Filte-
ring(dagger). Photochem Photobiol. 2021 May;97(3):517-23, doi:
10.1111/php.13383, Epub 2021/01/20

Buonanno M, Welch D, Shuryak I, Brenner DJ. Author Correction:
Far-UVC light (222 nm) efficiently and safely inactivates airborne
human coronaviruses. Sci Rep. 2021 Sep 27;11(1):19569, doi:
10.1038/s41598-021-97508-9, Epub 2021/09/29

Burns EM, Ahmed H, Isedeh PN, Kohli I, Van Der Pol W, Shaheen
A, Muzaffar AF, Al-Sadek C, Foy TM, Abdelgawwad MS, Huda S,
Lim HW, Hamzavi |, Bae S, Morrow CD, Elmets CA, Yusuf N.
Ultraviolet radiation, both UVA and UVB, influences the compo-
sition of the skin microbiome. Exp Dermatol. Feb;28(2):136-41, doi:
10.1111/exd.13854, Epub 2018/12/07

Cadet J, Douki T. Formation of UV-induced DNA damage contribu-
ting to skin cancer development. Photochem Photobiol Sci. 2018
Dec 5;17(12):1816-41, doi: 10.1039/c7pp00395a, Epub 2018/02/07



Risks of using far-UVC radiation for disinfection in the presence of people 56

Cheung et al. 1986

Choi et al. 2022

CIE 2020

Collins and Farmer 2021

de Feraudy et al. 2010

Cheung ASC, Yoshino K, Parkinson WH, Guberman SL, Freeman
DE. Absorption Cross-Section Measurements of Oxygen in the
Wavelength Region 195-241 Nm of the Herzberg Continuum.
Planetary and Space Science. 1986 Nov;34(11):1007-21, doi: Doi
10.1016/0032-0633(86)90011-5

Choi H, Chatterjee P, Hwang M, Stock EM, Lukey JS, Zeber JE,
Jinadatha C. Can multidrug-resistant organisms become resistant to
ultraviolet (UV) light following serial exposures? Characterization
of post-UV genomic changes using whole-genome sequencing.
Infect Control Hosp Epidemiol. Jan;43(1):72-8, doi: 10.1017/ice.
2021.51, Epub 2021/03/23

Commission Internationale de I'Eclairage (CIE). ILV: International
Lighting Vocabulary, 2nd Edition. CIE S 017/E:2020. DOI:
10.25039/S017.2020. https://cie.co.at/publications/ilv-international-
lighting-vocabulary-2nd-edition-0,  zuletzt  aufgerufen  am
17.01.2024

Collins DB, Farmer DK. Unintended Consequences of Air Cleaning
Chemistry. Environ Sci Technol. Sep 21;55(18):12172-9, doi:
10.1021/acs.est.1c02582, Epub 2021/09/01

de Feraudy S, Revet I, Bezrookove V, Feeney L, Cleaver JE. A
minority of foci or pan-nuclear apoptotic staining of gammaH2AX
in the S phase after UV damage contain DNA double-strand breaks.
Proc Natl Acad Sci U S A. Apr 13;107(15):6870-5, doi:
10.1073/pnas.1002175107, Epub 2010/03/31

de Gruijl and Forbes 1995de Gruijl FR, Forbes PD. UV-induced skin cancer in a hairless

de Jager et al. 2017

Destatis 2020

DGUV 2016

DIN 5031-10:2018-03

mouse model. Bioessays. 1995 Jul;17(7):651-60, doi: 10.1002/bies
.950170711, Epub 1995/07/01

de Jager TL, Cockrell AE, Du Plessis SS. Ultraviolet Light Induced
Generation of Reactive Oxygen Species. Adv Exp Med Biol.996:15-
23, doi: 10.1007/978-3-319-56017-5_2, Epub 2017/11/11

Statistisches Bundesamt (Destatis). Ergebnisse der Todesursachen-
statistik fur Deutschland - Ausfuhrliche vierstellige 1CD10-
Klassifikation - 2019. https://www.destatis.de/DE/Themen/
Gesellschaft-Umwelt/Gesundheit/Todesursachen/Publikationen/
Downloads-Todesursachen/todesursachenstatistik-
5232101197015.html, zuletzt aufgerufen am 17.01.2024

Deutsche Gesetzliche Unfallversicherung (DGUV), Fachbereich
Energie Textil Elektro Medienerzeugnisse (FB ETEM), SG Energie
und Wasser (DGUV). Arbeiten an UV-Geréten zur Desinfektion in
der Trinkwasserversorgung - Handlungshilfe zur Geféhrdungs-
beurteilung. Koéln, Mai 2016. https://dguv.de/fb-etem/fb_aktuell/
index.jsp, zuletzt aufgerufen am 17.01.2024

(DIN 5031-10:2018-03). Strahlungsphysik im optischen Bereich
und Lichttechnik - Teil 10: Photobiologisch wirksame Strahlung,
GroRen, Kurzzeichen und Wirkungsspektren. Ausgabedatum: 2018-
03. Beuth Verlag, Berlin. https://www.beuth.de/de/norm/din-5031-
10/276889937, zuletzt aufgerufen am 17.01.2024.


https://cie.co.at/publications/ilv-international-lighting-vocabulary-2nd-edition-0
https://cie.co.at/publications/ilv-international-lighting-vocabulary-2nd-edition-0
https://www.beuth.de/de/norm/din-5031-10/276889937
https://www.beuth.de/de/norm/din-5031-10/276889937

Risks of using far-UVC radiation for disinfection in the presence of people 57

DIN EN 62471:2009

DIN/TS 67506:2022-02

Eadie et al. 2021

EG 2001

EG 2006

EU 2011

EU 2014

Deutsches Institut fiir Normung (DIN). DIN EN 62471:2009. VDE
0837-471:2009-03: Photobiologische Sicherheit von Lampen und
Lampensystemen (IEC 62471:2006, modifiziert); Deutsche Fassung
EN 62471:2008. Ausgabedatum: 2009-03. Beuth Verlag, Berlin.
https://www.beuth.de/de/norm/din-en-62471/115316882,  zuletzt
aufgerufen am 17.01.2024.

Deutsches Institut fur Normung (DIN). DIN/TS 67506:2022-02.
Technische Spezifikation DIN/TS 67506:2022-02: Entkeimung von
Raumluft mit UV-Strahlung - UV-C-Sekundarluftgerate. Ausgabe-
datum: 2022-02. Beuth Verlag, Berlin. https://www.beuth.de/
de/vornorm/din-ts-67506/347831306, zuletzt aufgerufen am
17.01.2024.

Eadie E, Barnard IMR, Ibbotson SH, Wood K. Extreme Exposure to
Filtered Far-UVC: A Case Study(dagger). Photochem Photobiol.
2021 May;97(3):527-31, doi: 10.1111/php.13385, Epub 2021/01/21

Europaisches Parlament und Rat der Européischen Union. Richtlinie
2001/95/EG des Europaischen Parlaments und des Rates vom 3.
Dezember 2001 uber die allgemeine Produktsicherheit. Amtsblatt
der Europaischen Gemeinschaften, L 11/4, 15.01.2002. https://eur-
lex.europa.eu/legal-content/DE/TXT/PDF/?uri=CELEX:32001L00
95&from=DE, zuletzt aufgerufen am 17.01.2024

Europaisches Parlament und Rat der Européischen Union. Richtlinie
2006/25/EG des Europaischen Parlaments und des Rates vom 5.
April 2006 uber Mindestvorschriften zum Schutz von Sicherheit und
Gesundheit der Arbeitnehmer vor der Gefahrdung durch physi-
kalische Einwirkungen (kinstliche optische Strahlung) (19. Einzel-
richtlinie im Sinne des Artikels 16 Absatz 1 der Richtlinie
89/391/EWG). Amtsblatt der Europdischen Union, L 114/38,
27.4.2006. https://eur-lex.europa.eu/legal-content/ DE/TXT/PDF/?
uri=CELEX:32006L0025&from=FI,  zuletzt aufgerufen am
17.01.2024

Europaisches Parlament und Rat der Européischen Union. Richtlinie
2011/65/EU des Europaischen Parlaments und des Rates vom 8. Juni
2011 zur Beschrankung der Verwendung bestimmter geféhrlicher
Stoffe in Elektro- und Elektronikgeraten (Neufassung). Amtsblatt
der Européischen Union, L 174/88, 01.07.2011. https://eur-
lex.europa.eu/legal-content/DE/TXT/PDF/?uri=CELEX:32011L00
65&from=DE, zuletzt aufgerufen am 17.01.2024

Europdisches Parlament und Rat der Europdischen Union. Richtlinie
2014/35/EU des Européischen Parlaments und des Rates vom 26.
Februar 2014 zur Harmonisierung der Rechtsvorschriften der
Mitgliedstaaten Uber die Bereitstellung elektrischer Betriebsmittel
zur Verwendung innerhalb bestimmter Spannungsgrenzen auf dem
Markt. Amtsblatt der Europdischen Union, L 96/357, 29.03.2014.
https://eur-lex.europa.eu/legal-content/DE/TXT/PDF/?uri=CELEX:
32014L0035&from=DE, zuletzt aufgerufen am 17.01.2024


https://www.beuth.de/de/norm/din-en-62471/115316882

Risks of using far-UVC radiation for disinfection in the presence of people 58

Fally et al. 2000

Fiethen 2019

Finlayson et al. 2022

Forbes et al. 2021

Fukui et al. 2020

Gaggioli and Sahai 2007

Garcia et al. 2011

Glickman 2011

Gniesmer et al. 2023

Gray et al. 1992

Fally S, Vandaele AC, Carleer M, Hermans C, Jenouvrier A,
Merienne M, Coquart B, Colin R. Fourier Transform Spectroscopy
of the O(2) Herzberg Bands. Ill. Absorption Cross Sections of the
Collision-Induced Bands and of the Herzberg Continuum. J Mol
Spectrosc. 2000 Nov;204(1):10-20, doi: 10.1006/jmsp.2000.8204,
Epub 2000/10/18

Fiethen, K. Verlaufsbeobachtung von kindlichen Narkoseunter-
suchungen mit besonderer Berticksichtigung der zentralen Horn-
hautdicke und der Bulbuslange. Dissertation, 2019, Augenklinik und
Poliklinik der Universitdtsmedizin der Johannes-Gutenberg-
Universitat Mainz. https://openscience.ub.uni-mainz.de/bitstream/
20.500.12030/2379/1/100003173.pdf,  zuletzt aufgerufen am
17.01.2024

Finlayson L, Barnard IRM, McMillan L, Ibbotson SH, Brown CTA,
Eadie E, Wood K. Depth Penetration of Light into Skin as a Function
of Wavelength from 200 to 1000 nm. Photochem Photobiol.
Jul;98(4):974-81, doi: 10.1111/php.13550, Epub 2021/10/27

Forbes PD, Cole CA, deGruijl F. Origins and Evolution of
Photocarcinogenesis  Action  Spectra, Including Germicidal
UVC(dagger). Photochem Photobiol. 2021 May;97(3):477-84, doi:
10.1111/php.13371, Epub 2020/12/23

Fukui T, Niikura T, Oda T, Kumabe Y, Ohashi H, Sasaki M, Igarashi
T, Kunisada M, Yamano N, Oe K, Matsumoto T, Matsushita T,
Hayashi S, Nishigori C, Kuroda R. Exploratory clinical trial on the
safety and bactericidal effect of 222-nm ultraviolet C irradiation in
healthy humans. PLoS One. 2020;15(8):e0235948, doi: 10.1371/
journal.pone.0235948, Epub 2020/08/14

Gaggioli C, Sahai E. Melanoma invasion - current knowledge and
future directions. Pigment Cell Res. Jun;20(3):161-72, doi:
10.1111/j.1600-0749.2007.00378.x, Epub 2007/05/23

Garcia AM, McLaren CE, Meyskens FL, Jr. Melanoma: is hair the
root of the problem? Pigment Cell Melanoma Res. Feb;24(1):110-8,
doi: 10.1111/j.1755-148X.2010.00782.x, Epub 2010/10/01

Glickman RD. Ultraviolet phototoxicity to the retina. Eye Contact
Lens. 2011 Jul;37(4):196-205, doi: 10.1097/ICL.0b013e31821e45
a9, Epub 2011/06/08

Gniesmer S, Sonntag SR, Schiemenz C, Ranjbar M, Heindl LM,
Varde MA, Emmert S, Grisanti S, Kakkassery V. [Diagnosis and
treatment of malignant eyelid tumors]. Ophthalmologie.
Mar;120(3):262-70, doi: 10.1007/s00347-023-01820-w, Epub
2023/02/10

Gray RH, Johnson GJ, Freedman A. Climatic droplet keratopathy.
Surv  Ophthalmol. Jan-Feb;36(4):241-53, doi: 10.1016/0039-
6257(92)90093-9, Epub 1992/01/01



Risks of using far-UVC radiation for disinfection in the presence of people 59

Green et al. 1987

Hampel et al. 2022

Hessling et al. 2021

Hessling et al. 2022

Hickerson et al. 2021

ICNIRP 2004

ICNIRP 2020

IEC 62471:2006

Jin et al. 2022

Kaidzu et al. 2019

Kaidzu et al. 2021

Green H, Boll J, Parrish JA, Kochevar IE, Oseroff AR. Cytotoxicity
and mutagenicity of low intensity, 248 and 193 nm excimer laser
radiation in mammalian cells. Cancer Res. Jan 15;47(2):410-3, Epub
1987/01/15

Hampel U, Elflein HM, Kakkassery V, Heindl LM, Schuster AK.
[Alterations of the anterior segment of the eye caused by exposure
to UV radiation]. Ophthalmologe. Mar;119(3):234-9, doi:
10.1007/s00347-021-01531-0, Epub 2021/12/04

Hessling M, Haag R, Sieber N, Vatter P. The impact of far-UVC
radiation (200-230 nm) on pathogens, cells, skin, and eyes - a
collection and analysis of a hundred years of data. GMS Hyg Infect
Control.  2021;16:Doc07, doi: 10.3205/dgkh000378, Epub
2021/03/02

Hessling M, Lau B, Vatter P. Review of Virus Inactivation by
Visible Light. Photonics. 2022 Feb;9(2), doi: ARTN 11310.3390/
photonics9020113

Hickerson RP, Conneely MJ, Hirata Tsutsumi SK, Wood K, Jackson
DN, Ibbotson SH, Eadie E. Minimal, superficial DNA damage in
human skin from filtered far-ultraviolet C. Br J Dermatol.
Jun;184(6):1197-9, doi: 10.1111/bjd.19816, Epub 2021/01/17

International Commission on Non-lonizing Radiation Protection
(ICNIRP). Guidelines on limits of exposure to ultraviolet radiation
of wavelengths between 180 nm and 400 nm (incoherent optical
radiation). Health Phys. 2004 Aug;87(2):171-86, doi: 10.1097/
00004032-200408000-00006, Epub 2004/07/17

International Commission on Non-lonizing Radiation, Protection
(ICNIRP). Principles for Non-lonizing Radiation Protection. Health
Physics. 2020 May;118(5):477-82, doi: 10.1097/HP.00000000000
01252

IEC 62471:2006. International Electrotechnical Commission (IEC):
Photobiological safety of lamps and lamp systems. Ausgabedatum:
2006-07. VDE-Verlag, Berlin. https://www.vde-verlag.de/iec-
normen/212931/iec-62471-2006.html,  zuletzt aufgerufen am
17.01.2024.

Jin SG, Padron F, Pfeifer GP. UVA Radiation, DNA Damage, and
Melanoma. ACS Omega. 2022 Sep 20;7(37):32936-48, doi:
10.1021/acsomega.2c04424, Epub 2022/09/27

Kaidzu S, Sugihara K, Sasaki M, Nishiaki A, lgarashi T, Tanito M.
Evaluation of acute corneal damage induced by 222-nm and 254-nm
ultraviolet light in Sprague-Dawley rats. Free Radic Res. 2019
Jun;53(6):611-7, doi: 10.1080/10715762.2019.1603378, Epub
2019/04/06

Kaidzu S, Sugihara K, Sasaki M, Nishiaki A, Ohashi H, lgarashi T,
Tanito M. Re-Evaluation of Rat Corneal Damage by Short-
Wavelength UV Revealed Extremely Less Hazardous Property of
Far-UV-C(dagger). Photochem Photobiol. 2021 May;97(3):505-16,
doi: 10.1111/php.13419, Epub 2021/03/23


https://www.vde-verlag.de/iec-normen/212931/iec-62471-2006.html
https://www.vde-verlag.de/iec-normen/212931/iec-62471-2006.html

Risks of using far-UVC radiation for disinfection in the presence of people 60

Kaidzu et al. 2023

Keller-Rudek et al. 2013

Kneissl et al. 2019

Kolozsvari et al. 2002

Krutmann et al. 2014

Landsberg et al. 2012

Lavker et al. 2004

Kaidzu S, Sugihara K, Sasaki M, Nishiaki A, Ohashi H, Igarashi T,
Tanito M. Safety Evaluation of Far-UV-C Irradiation to Epithelial
Basal Cells in the Corneal Limbus. Photochem Photobiol. Jul-
Aug;99(4):1142-8, doi: 10.1111/php.13750, Epub 2022/11/29

Keller-Rudek H, Moortgat GK, Sander R, Sorensen R. The MPI-
Mainz UV/VIS Spectral Atlas of Gaseous Molecules of Atmospheric
Interest. Earth System Science Data.5(2):365-73, doi: 10.5194/essd-
5-365-2013

Kneissl M, Seong TY, Han J, Amano H. The emergence and
prospects of deep-ultraviolet light-emitting diode technologies.
Nature Photonics. 2019 Apr;13(4):233-44, doi: 10.1038/s41566-
019-0359-9

Kolozsvari L, Nogradi A, Hopp B, Bor Z. UV absorbance of the
human cornea in the 240- to 400-nm range. Invest Ophthalmol Vis
Sci. 2002 Jul;43(7):2165-8, Epub 2002/07/02

Krutmann J, Behar-Cohen F, Baillet G, de Ayguavives T, Ortega
Garcia P, Pena-Garcia P, Reme C, Wolffsohn J. Towards
standardization of UV eye protection: what can be learned from
photodermatology? Photodermatol Photoimmunol Photomed. 2014
Apr-Jun;30(2-3):128-36,  doi:  10.1111/phpp.12089,  Epub
2013/12/07

Landsberg J, Kohlmeyer J, Renn M, Bald T, Rogava M, Cron M,
Fatho M, Lennerz V, Wolfel T, Holzel M, Tuting T. Melanomas
resist T-cell therapy through inflammation-induced reversible
dedifferentiation. Nature. Oct 18;490(7420):412-6, doi: 10.1038/
nature11538, Epub 2012/10/12

Lavker RM, Tseng SC, Sun TT. Corneal epithelial stem cells at the
limbus: looking at some old problems from a new angle. Exp Eye
Res. Mar;78(3):433-46, doi: 10.1016/j.exer.2003.09.008, Epub
2004/04/27

Lock-Andersen et al. 1997 Lock-Andersen J, Therkildsen P, de Fine Olivarius F, Gniadecka

Lu et al. 2010

Lucas et al. 2019

M, Dahlstrom K, Poulsen T, Wulf HC. Epidermal thickness, skin
pigmentation and constitutive photosensitivity. Photodermatol
Photoimmunol Photomed. 1997 Aug;13(4):153-8, doi: 10.1111/j.
1600-0781.1997.tb00220.x, Epub 1997/08/01

Lu HC, Chen HK, Chen HF, Cheng BM, Ogilvie JF. Absorption
cross section of molecular oxygen in the transition E3Xu-v= 0 —
X3Xg-v= 0 at 38 K. Astronomy and Astrophysics. 2010;520:A19,
doi: 10.1051/0004-6361/201013998

Lucas RM, Yazar S, Young AR, Norval M, de Gruijl FR, Takizawa
Y, Rhodes LE, Sinclair CA, Neale RE. Human health in relation to
exposure to solar ultraviolet radiation under changing stratospheric
ozone and climate. Photochem Photobiol Sci. 2019 Mar 1;18(3):641-
80, doi: 10.1039/c8pp90060d, Epub 2019/02/28



Risks of using far-UVC radiation for disinfection in the presence of people 61

Mainster and Turner 2010 Mainster MA, Turner PL. Ultraviolet-B phototoxicity and hypothe-

Masoudi 2022

Michalos et al. 1994

tical photomelanomagenesis: intraocular and crystalline lens photo-
protection. Am J Ophthalmol. 2010 Apr;149(4):543-9, doi:
10.1016/j.2j0.2009.11.028, Epub 2010/03/30

Masoudi S. Biochemistry of human tear film: A review. Exp Eye
Res. Jul;220:109101, doi: 10.1016/j.exer.2022.109101, Epub
2022/05/05

Michalos P, Avila EN, Florakis GJ, Hersh PS. Do human tears
absorb ultraviolet light? CLAO J. Jul;20(3):192-3, doi: 10.1097/
00140068-199407000-00012, Epub 1994/07/01

Mitchell and Cenedella 1995 Mitchell J, Cenedella RJ. Quantitation of ultraviolet light-

Moan et al. 2015

Narita et al. 2018a

Narita et al. 2018b

Narita et al. 2018c

Narita et al. 2020

Narita et al. 2022

Neagu et al. 2019

absorbing fractions of the cornea. Cornea. May;14(3):266-72, doi:
10.1097/00003226-199505000-00007, Epub 1995/05/01

Moan J, Grigalavicius M, Baturaite Z, Dahlback A, Juzeniene A.
The relationship between UV exposure and incidence of skin cancer.
Photodermatol Photoimmunol Photomed. Jan;31(1):26-35, doi:
10.1111/phpp.12139, Epub 2014/09/13

Narita K, Asano K, Morimoto Y, Igarashi T, Hamblin MR, Dai T,
Nakane A. Disinfection and healing effects of 222-nm UVC light on
methicillin-resistant Staphylococcus aureus infection in mouse
wounds. J Photochem Photobiol B. 2018 Jan;178:10-8, doi:
10.1016/j.jphotobiol.2017.10.030, Epub 2017/11/05

Narita K, Asano K, Morimoto Y, Igarashi T, Hamblin MR, Dai T,
Nakane A. Corrigendum to "Disinfection and healing effects of 222-
nm UVC light on methicillin-resistant Staphylococcus aureus
infection in mouse wounds" [J. Photochem. Photobiol. B Biol. 178
(January 2018) 10-18]. J Photochem Photobiol B. 2018
May;182:146, doi:  10.1016/j.jphotobiol.2018.03.019, Epub
2018/04/08

Narita K, Asano K, Morimoto Y, Igarashi T, Nakane A. Chronic
irradiation with 222-nm UV C light induces neither DNA damage nor
epidermal lesions in mouse skin, even at high doses. PLoS One.
2018;13(7):e0201259, doi: 10.1371/journal.pone.0201259, Epub
2018/07/26

Narita K, Asano K, Naito K, Ohashi H, Sasaki M, Morimoto Y,
Igarashi T, Nakane A. 222-nm UVC inactivates a wide spectrum of
microbial pathogens. J Hosp Infect. 2020 Mar 31;105(3):459-67,
doi: 10.1016/}.jhin.2020.03.030, Epub 2020/04/04

Narita K, Asano K, Yamane K, Ohashi H, Igarashi T, Nakane A.
Effect of ultraviolet C emitted from KrCl excimer lamp with or
without bandpass filter to mouse epidermis. PL0oS One.
2022;17(5):e0267957, doi: 10.1371/journal.pone.0267957, Epub
2022/05/04

Neagu M, Constantin C, Caruntu C, Dumitru C, Surcel M, Zurac S.
Inflammation: A key process in skin tumorigenesis. Oncol Lett.
May;17(5):4068-84, doi: 10.3892/01.2018.9735, Epub 2019/04/05



Risks of using far-UVC radiation for disinfection in the presence of people 62

Nishigori et al. 2023

Ogawa 1971

Ong et al. 2022

OStrv 2010

Otake et al. 2021

Parrish et al. 1982

Patra et al. 2019

Peng et al. 2023

Nishigori C, Yamano N, Kunisada M, Nishiaki-Sawada A, Ohashi
H, lgarashi T. Biological Impact of Shorter Wavelength Ultraviolet
Radiation-C(dagger). Photochem Photobiol. Mar;99(2):335-43, doi:
10.1111/php.13742, Epub 2022/11/11

Ogawa M. Absorption Cross Sections of 02 and CO2 Continua in
the Schumann and Far-uv Regions. The Journal of Chemical
Physics. 1971;54(6):2550-6, doi: 10.1063/1.1675211

Ong Q, Wee W, Dela Cruz J, Teo JWR, Han W. 222-Nanometer Far-
UVC Exposure Results in DNA Damage and Transcriptional
Changes to Mammalian Cells. Int J Mol Sci. Aug 14;23(16), doi:
10.3390/ijms23169112, Epub 2022/08/27

Verordnung zum Schutz der Beschaftigten vor Gefahrdungen durch
klnstliche optische Strahlung (OStrV). Verordnung zur Umsetzung
der Richtlinie 2006/25/EG zum Schutz der Arbeitnehmer vor
Gefahrdungen durch kunstliche optische Strahlung und zur
Anderung von Arbeitsschutzverordnungen vom 19. Juli 2010
(BGBI. I Nr. 38 vom 26.07.2010, S. 960). https://www.gesetze-im-
internet.de/ostrv/OStrV.pdf, zuletzt aufgerufen am 17.01.2024

Otake M, Okamoto Yoshiyama K, Yamaguchi H, Hidema J. 222 nm
ultraviolet radiation C causes more severe damage to guard cells and
epidermal cells of Arabidopsis plants than does 254 nm ultraviolet
radiation. Photochem Photobiol Sci. 2021 Dec;20(12):1675-83, doi:
10.1007/s43630-021-00123-w, Epub 2021/11/05

Parrish JA, Jaenicke KF, Anderson RR. Erythema and
melanogenesis action spectra of normal human skin. Photochem
Photobiol. Aug;36(2):187-91, doi: 10.1111/j.1751-1097.1982.tb0
4362.x, Epub 1982/08/01

Patra V, Wagner K, Arulampalam V, Wolf P. Skin Microbiome
Modulates the Effect of Ultraviolet Radiation on Cellular Response
and Immune Function. iScience. May 31;15:211-22, doi:
10.1016/j.is¢i.2019.04.026, Epub 2019/05/13

Peng Z, Miller SL, Jimenez JL. Model Evaluation of Secondary
Chemistry due to Disinfection of Indoor Air with Germicidal
Ultraviolet Lamps (vol 10, pg 6, 2023). Environmental Science &
Technology Letters. Jul 5;10(8):718-, doi: 10.1021/acs.estlett.
3c00382

Peris-Martinez et al. 2021 Peris-Martinez C, Garcia-Domene MC, Penades M, Luque MJ,

Peter et al. 2023

Pitts and Tredici 1971

Fernandez-Lopez E, Artigas JM. Spectral Transmission of the
Human Corneal Layers. J Clin Med. Sep 29;10(19), doi:
10.3390/jcm10194490, Epub 2021/10/14

Peter VG, Morandi SC, Herzog EL, Zinkernagel MS, Zysset-Burri
DC. Investigating the Ocular Surface Microbiome: What Can It Tell
Us? Clin Ophthalmol.17:259-71, doi: 10.2147/OPTH.S359304,
Epub 2023/01/27

Pitts DG, Tredici TJ. The effects of ultraviolet on the eye. Am Ind
Hyg Assoc J. Apr;32(4):235-46, doi: 10.1080/0002889718506444,
Epub 1971/04/01


https://www.gesetze-im-internet.de/ostrv/OStrV.pdf
https://www.gesetze-im-internet.de/ostrv/OStrV.pdf

Risks of using far-UVC radiation for disinfection in the presence of people 63

Pitts 1974

Ponnaiya et al. 2018

Preiss and Setlow 1956

ProdSG 2021

Pitts DG. The human ultraviolet action spectrum. Am J Optom
Physiol Opt. 1974 Dec;51(12):946-60, doi: 10.1097/00006324-
197412000-00003, Epub 1974/12/01

Ponnaiya B, Buonanno M, Welch D, Shuryak I, Randers-Pehrson G,
Brenner DJ. Far-UVC light prevents MRSA infection of superficial
wounds in vivo. PLoS One. 2018;13(2):e0192053, doi: 10.1371/
journal.pone.0192053, Epub 2018/02/22

Preiss JW, Setlow R. Spectra of Some Amino Acids, Peptides,
Nucleic Acids, and Protein in the Vacuum Ultraviolet. Journal of
Chemical Physics.25(1):138-41, doi: Doi 10.1063/1.1742806

Produktsicherheitsgesetz vom 27. Juli 2021 (BGBI. | S. 3146, 3147),
das durch Artikel 2 des Gesetzes vom 27. Juli 2021 (BGBI. I S. 3146)
gedndert worden ist. http://www.gesetze-im-internet.de/prodsg_
2021/, zuletzt aufgerufen am 25.05.2022

Quickenden and Irvin 1980 Quickenden TI, Irvin JA. The Ultraviolet-Absorption Spectrum

of Liquid Water. Journal of Chemical Physics.72(8):4416-28, doi:
Doi 10.1063/1.439733

Rathinasamy and Augenstein 1968 Rathinasamy TK, Augenstein LG. Photochemical yields

Richters et al. 2017

Ringvold 1997

Ringvold 1998

RKI and GEKID 2019

RKI and GEKID 2021

in ribonuclease and oxidized glutathione irradiated at different
wavelengths in the ultraviolet. Biophys J. Nov;8(11):1275-87, doi:
10.1016/S0006-3495(68)86555-5, Epub 1968/11/01

Richters RJ, Falcone D, Uzunbajakava NE, Varghese B, Caspers PJ,
Puppels GJ, van Erp PE, van de Kerkhof PC. Sensitive Skin:
Assessment of the Skin Barrier Using Confocal Raman
Microspectroscopy. Skin Pharmacol Physiol. 2017;30(1):1-12, doi:
10.1159/000452152, Epub 2017/01/26

Ringvold A. In vitro evidence for UV-protection of the eye by the
corneal epithelium mediated by the cytoplasmic protein, RNA, and
ascorbate. Acta Ophthalmol Scand. Oct;75(5):496-8, doi:
10.1111/j.1600-0420.1997.tb00135.x, Epub 1998/02/20

Ringvold A. Corneal epithelium and UV-protection of the eye. Acta
Ophthalmol  Scand. Apr;76(2):149-53, doi: 10.1034/}.1600-
0420.1998.760205.x, Epub 1998/05/20

Robert Koch-Institut und Zentrum fur Krebsregisterdaten (RKI,
GEKID). Zentrum fir Krebsregisterdaten: Krebs in Deutschland
2015/2016.
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs
_in_Deutschland/kid_2019/krebs_in_deutschland_2019.pdf, zuletzt
aufgerufen am 17.01.2024

Robert Koch-Institut und Zentrum fur Krebsregisterdaten (RKI,
GEKID). Zentrum fir Krebsregisterdaten: Krebs in Deutschland
2017/2018.
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs
_in_Deutschland/kid_2021/krebs_in_deutschland_2021.pdf, zuletzt
aufgerufen am 17.01.2024


https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs_in_Deutschland/kid_2019/krebs_in_deutschland_2019.pdf
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs_in_Deutschland/kid_2019/krebs_in_deutschland_2019.pdf
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs_in_Deutschland/kid_2021/krebs_in_deutschland_2021.pdf
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs_in_Deutschland/kid_2021/krebs_in_deutschland_2021.pdf

Risks of using far-UVC radiation for disinfection in the presence of people 64

Robciuc et al. 2014

Rudhart et al. 2022

Segev et al. 2020

Setlow and Doyle 1957

Shi et al. 2017

Shibai et al. 2017

Skakun et al. 2002

Sliney et al. 1991

Sliney and Stuck 2021

SSK 2016

Stamatas et al. 2010

Robciuc A, Rantamaki AH, Jauhiainen M, Holopainen JM. Lipid-
modifying enzymes in human tear fluid and corneal epithelial stress
response. Invest Ophthalmol Vis Sci. Jan 2;55(1):16-24, doi:
10.1167/i0vs.13-12577, Epub 2013/12/05

Rudhart SA, Gunther F, Dapper L, Stuck BA, Hoch S. UV-C Light-
Based Surface Disinfection: Analysis of Its Virucidal Efficacy Using
a Bacteriophage Model. Int J Environ Res Public Health. 2022 Mar
10;19(6), doi: 10.3390/ijerph19063246, Epub 2022/03/26

Segev F, Geffen N, Galor A, Cohen Y, Gefen R, Belkin A, Arieli Y,
Epshtein S, Oren A, Harris A. Dynamic assessment of the tear film
muco-aqueous and lipid layers using a novel tear film imager (TFI).
Br J Ophthalmol. 2020 Jan;104(1):136-41, doi: 10.1136/bjo
phthalmol-2018-313379, Epub 2019/04/20

Setlow R, Doyle B. The action of monochromatic ultraviolet light on
proteins. Biochim Biophys Acta. 1957 Apr;24(1):27-41, doi:
10.1016/0006-3002(57)90142-7, Epub 1957/04/01

Shi Y, Jia R, Fan X. Ocular basal cell carcinoma: a brief literature
review of clinical diagnosis and treatment. Onco Targets
Ther.10:2483-9, doi: 10.2147/0TT.S130371, Epub 2017/05/17

Shibai A, Takahashi Y, Ishizawa Y, Motooka D, Nakamura S, Ying
BW, Tsuru S. Mutation accumulation under UV radiation in
Escherichia coli. Sci Rep. Nov 6;7(1):14531, doi: 10.1038/s41598-
017-15008-1, Epub 2017/11/08

Skakun VS, Lomaev MI, Tarasenko VF, Shitts DV. KrCI and XeCl
exciplex glow discharge lamps with an output power of ~1.5 kW.
Technical Physics Letters. 2002;28(11):899-901, doi: 10.1134/
1.1526876

Sliney DH, Krueger RR, Trokel SL, Rappaport KD. Photokeratitis
from 193 nm argon-fluoride laser radiation. Photochem Photobiol.
1991 Jun;53(6):739-44, doi: 10.1111/}.1751-1097.1991.tb09886.x,
Epub 1991/06/01

Sliney DH, Stuck BE. A Need to Revise Human Exposure Limits for
Ultraviolet UV-C Radiation(dagger). Photochem Photobiol. 2021
May;97(3):485-92, doi: 10.1111/php.13402, Epub 2021/02/17

Strahlenschutzkommission (SSK). Schutz des Menschen vor den
Gefahren solarer UV-Strahlung und UV-Strahlung in Solarien.
Empfehlung der Strahlenschutzkommission mit wissenschaftlicher
Begriindung, verabschiedet in der 280. Sitzung der Strahlen-
schutzkommission am 11/ 12.02.2016. urn:nbn:de:101:1-
2018111911051946447143. Bekanntmachung im BAnz AT
27.11.2018 B2

Stamatas GN, Nikolovski J, Luedtke MA, Kollias N, Wiegand BC.
Infant skin microstructure assessed in vivo differs from adult skin in
organization and at the cellular level. Pediatr Dermatol. 2010 Mar-
Apr;27(2):125-31, doi: 10.1111/j.1525-1470.2009.00973.x, Epub
2009/10/07



Risks of using far-UVC radiation for disinfection in the presence of people 65

Starzonek et al. 2019

Stope 2021

Sugihara et al. 2023

Tagami 2017

Tavares et al. 2023

Starzonek et al. Starzonek C, Volkmer B, Greinert R, Bauer S, Ott
G. Gepulste und kontinuierliche in vitro UV-Bestrahlung
menschlicher Hautproben - Vergleich der biologischen Wirk-
samkeit. baua: Bericht, Projektnummer F 2377, 1. Auflage.1-74, doi:
10.21934/baua:bericht20190329. https://www.baua.de/DE/
Angebote/Publikationen/Berichte/F2377-2.html, zuletzt aufgerufen
am 17.01.2024

Stope M. Phosphorylation of histone H2A.X as a DNA-associated
biomarker (Review). World Academy of Sciences Journal.
2021;3(3), doi: 10.3892/wasj.2021.102

Sugihara K, Kaidzu S, Sasaki M, Ichioka S, Takayanagi Y, Shimizu
H, Sano I, Hara K, Tanito M. One-year Ocular Safety Observation
of Workers and Estimations of Microorganism Inactivation Efficacy
in the Room Irradiated with 222-nm Far Ultraviolet-C Lamps.
Photochem Photobiol. May-Jun;99(3):967-74, doi: 10.1111/php.
13710, Epub 2022/09/10

Tagami H. Stratum Corneum Cell Layers. In: Farage, M., Miller,
K., Maibach, H. (Hrsg.) Textbook of Aging Skin. Springer, Berlin,
Heidelberg (2017). doi: 10.1007/978-3-662-47398-6_37, Epub
2016/09/29. In:

Tavares RSN, Adamoski D, Girasole A, Lima EN, da Silva Justo-
Junior A, Domingues R, Silveira ACC, Marques RE, de Carvalho
M, Ambrosio ALB, Leme AFP, Dias SMG. Different biological
effects of exposure to far-UVC (222 nm) and near-UVC (254 nm)
irradiation. J Photochem Photobiol B. Jun;243:112713, doi:
10.1016/j.jphotobiol.2023.112713, Epub 2023/04/23

Threlfall and English 1999 Threlfall TJ, English DR. Sun exposure and pterygium of the eye:

TROS I10S 2013

Voet et al. 1963

Volatier et al. 2022

Wang et al. 2022

a dose-response curve. Am J Ophthalmol. 1999 Sep;128(3):280-7,
doi: 10.1016/s0002-9394(99)00161-0, Epub 1999/10/08

TROS 10S. Technische Regel zur Arbeitsschutzverordnung zu
kinstlicher optischer Strahlung — TROS Inkohérente Optische
Strahlung (TROS 10S). GMBI. 2013 S. 1302 ff. [Nr. 65-67].
https://www.baua.de/DE/Angebote/Rechtstexte-und-Technische-
Regeln/Regelwerk/TROS/TROS.html, zuletzt aufgerufen am
17.01.2024

Voet D, Gratzer WB, Cox RA, Doty P. Absorption Spectra of
Nucleotides, Polynucleotides, and Nucleic Acids in the Far
Ultraviolet.  Biopolymers.  1963;1(3):193-208, doi:  DOI
10.1002/bip.360010302

Volatier T, Schumacher B, Cursiefen C, Notara M. UV Protection in
the Cornea: Failure and Rescue. Biology (Basel). 2022 Feb 10;11(2),
doi: 10.3390/biology11020278, Epub 2022/02/26

Wang Y, Ding Y, Jiang X, Yang J, Li X. Bacteria and Dry Eye: A
Narrative Review. J Clin Med. Jul 12;11(14), doi: 10.3390/
jcm11144019, Epub 2022/07/28


https://www.baua.de/DE/Angebote/Rechtstexte-und-Technische-Regeln/Regelwerk/TROS/TROS.html
https://www.baua.de/DE/Angebote/Rechtstexte-und-Technische-Regeln/Regelwerk/TROS/TROS.html

Risks of using far-UVC radiation for disinfection in the presence of people 66

Welch and Brenner 2021 Welch D, Brenner DJ. Improved Ultraviolet Radiation Film

Welch et al. 2023

Wischermann et al. 2008

Woods et al. 2015

Yamano et al. 2020

Yamano et al. 2021

Yannam et al. 2020

Yoshiyama et al. 2023

Young et al. 1998

Dosimetry Using OrthoChromic OC-1 Film(dagger). Photochem
Photobiol. 2021 May;97(3):498-504, doi: 10.1111/php.13364, Epub
2020/12/10

Welch D, Kleiman NJ, Arden PC, Kuryla CL, Buonanno M,
Ponnaiya B, Wu X, Brenner DJ. No Evidence of Induced Skin
Cancer or Other Skin Abnormalities after Long-Term (66 week)
Chronic Exposure to 222-nm Far-UVC Radiation. Photochem
Photobiol. 2022 Jan;99(1):168-75, doi: 10.1111/php.13656, Epub
2022/05/27

Wischermann K, Popp S, Moshir S, Scharfetter-Kochanek K,
Wilaschek M, de Gruijl F, Hartschuh W, Greinert R, Volkmer B,
Faust A, Rapp A, Schmezer P, Boukamp P. UVA radiation causes
DNA strand breaks, chromosomal aberrations and tumorigenic
transformation in HaCaT skin keratinocytes. Oncogene. 2008 Jul
17;27(31):4269-80, doi: 10.1038/onc.2008.70, Epub 2008/04/01

Woods JA, Evans A, Forbes PD, Coates PJ, Gardner J, Valentine
RM, Ibbotson SH, Ferguson J, Fricker C, Moseley H. The effect of
222-nm UVC phototesting on healthy volunteer skin: a pilot study.
Photodermatol Photoimmunol Photomed. 2015 May;31(3):159-66,
doi: 10.1111/phpp.12156, Epub 2014/12/17

Yamano N, Kunisada M, Kaidzu S, Sugihara K, Nishiaki-Sawada A,
Ohashi H, Yoshioka A, lgarashi T, Ohira A, Tanito M, Nishigori C.
Long-term Effects of 222-nm ultraviolet radiation C Sterilizing
Lamps on Mice Susceptible to Ultraviolet Radiation. Photochem
Photobiol. 2020 Jul;96(4):853-62, doi: 10.1111/php.13269, Epub
2020/03/31

Yamano N, Kunisada M, Nishiaki-Sawada A, Ohashi H, Igarashi T,
Nishigori C. Evaluation of Acute Reactions on Mouse Skin
Irradiated with 222 and 235 nm UV-C. Photochem Photobiol.
Jul;97(4):770-7, doi: 10.1111/php.13384, Epub 2021/01/23

Yannam SK, Patras A, Pendyala B, Vergne M, Ravi R, Gopisetty
VVS, Sasges M. Effect of UV-C irradiation on the inactivation
Kinetics of oxidative enzymes, essential amino acids and sensory
properties of coconut water. J Food Sci Technol. Oct;57(10):3564-
72, doi: 10.1007/s13197-020-04388-4, Epub 2020/09/10

Yoshiyama KO, Okamoto NL, Hidema J, Higashitani A. 222 nm far-
UVC efficiently introduces nerve damage in Caenorhabditis elegans.
PLoS One.18(1):e0281162, doi: 10.1371/journal.pone.0281162,
Epub 2023/02/01

Young AR, Chadwick CA, Harrison GI, Nikaido O, Ramsden J,
Potten CS. The similarity of action spectra for thymine dimers in
human epidermis and erythema suggests that DNA is the
chromophore for erythema. J Invest Dermatol. 1998
Dec;111(6):982-8, doi: 10.1046/j.1523-1747.1998.00436.x, Epub
1998/12/18



Risks of using far-UVC radiation for disinfection in the presence of people 67

Zwicker et al. 2022

Zwicker P, Schleusener J, Lohan SB, Busch L, Sicher C, Einfeldt S,
Kneissl M, Kuhl AA, Keck CM, Witzel C, Kramer A, Meinke MC.
Application of 233 nm far-UVC LEDs for eradication of MRSA and
MSSA and risk assessment on skin models. Sci Rep. 2022 Feb
16;12(1):2587, doi: 10.1038/s41598-022-06397-z, Epub 2022/02/18



Risks of using far-UVC radiation for disinfection in the presence of people 68

7 List of abbreviations

ACGIH

BMUV

CCD
CFU
CMOS
CPD

DNA

6-4PP photoproduct

EL
ICNIRP
KrCl

LED
MMP
MRSA
OH radical

OsStrv

ovocC
PFU

ProdSG

VAC system

RNA

American Conference of Governmental Industrial Hygienists

Bundesministerium fiir Umwelt, Naturschutz, nukleare Sicherheit
und Verbraucherschutz (Federal Ministry for the Environment, Na-
ture Conservation, Nuclear Safety and Consumer Protection)

Charge-coupled device

Colony-forming unit

Complementary metal-oxide semiconductor
Cyclobutane pyrimidine dimer
Desoxyribonucleic acid
6-pyrimidine-4-pyrimidone photoproduct
Exposure limit(s)

International Commission on Non-lonizing Radiation Protection
Krypton chloride

Light-emitting diode

Matrix metalloproteinases
Methicillin-resistant Staphylococcus aureus
Hydroxyl radical

Verordnung zum Schutz der Beschaftigten vor Gefahrdungen durch
klnstliche optische Strahlung (Arbeitsschutzverordnung zu kinstli-
cher optischer Strahlung — OStrV)

(Occupational Safety and Health Ordinance on Artificial Optical Ra-
diation)

Oxygenated volatile organic compound
Plague-forming units

Gesetz uber die Bereitstellung von Produkten auf dem Markt (Pro-
duktsicherheitsgesetz — ProdSG)

(Act on Making Products Available on the Market (Product Safety
Act — ProdSG))

Ventilation and air-conditioning system

Ribonucleic acid
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ROS Reactive oxygen species

RHS Reconstructed human skin
SCT Stratum corneum thickness
SOA Secondary organic aerosol
SSK Strahlenschutzkommission

(Commission on Radiological Protection)

TCIDso 50 % Tissue Culture Infectious Dose (Median tissue infectious dose)
TIMP-1 Tissue inhibitor of metalloproteinase 1 (metallopeptidase inhibitor 1)
TROS Technische Regel zur Arbeitsschutzverordnung zu kinstlicher

optischer Strahlung
(Technical Rules for Occupational Safety and Health Ordinance on
Artificial Optical Radiation)

TROS I0S Technische Regel zur Arbeitsschutzverordnung zu kinstlicher
optischer Strahlung — TROS Inkoh&rente Optische Strahlung
(Technical Rules for Occupational Safety and Health Ordinance on
Artificial Optical Radiation — TROS Incoherent Optical Radiation)

UV radiation Ultraviolet radiation
UVCass UVC radiation at a wavelength of 254 nm (example)

VvVOC Volatile organic compound
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