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Abstract: It has been proven that visible light with a wavelength of about 405 nm exhibits an
antimicrobial effect on bacteria and fungi if the irradiation doses are high enough. Hence, the
question arises as to whether this violet light would also be suitable to inactivate SARS-CoV-2
coronaviruses. Therefore, a high-intensity light source was developed and applied to irradiate
bovine coronaviruses (BCoV), which are employed as SARS-CoV-2 surrogates for safety reasons.
Irradiation is performed in virus solutions diluted with phosphate buffered saline and on steel
surfaces. Significant virus reduction by several log levels was observed both in the liquid and on
the surface within half an hour with average log reduction doses of 57.5 and 96 J/cm2, respectively.
Therefore, it can be concluded that 405 nm irradiation has an antiviral effect on coronaviruses, but
special attention should be paid to the presence of photosensitizers in the virus environment in future
experiments. Technically, visible violet radiation is therefore suitable for coronavirus reduction, but
the required radiation doses are difficult to achieve rapidly.

Keywords: coronavirus disease 2019 (COVID-2019); bovine coronavirus (BCoV); severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2); surrogate; photoinactivation; photosensitizer

1. Introduction

The coronavirus SARS-CoV-2 that causes the new severe acute respiratory syndrome
infection Covid-19 was first detected in December 2019 and has since spread around
the world [1]. Nearly two years later, over 200 million infections have been diagnosed,
resulting in approximately 4.5 million deaths to date [2]. Despite the availability of vaccines,
the pandemic has not yet been ended. Therefore, personal protective equipment and
disinfection measures should continue to stop or at least slow the further spread of the virus.
The use of ultraviolet radiation, for example, is very effective against SARS-CoV-2 [3–7],
but unfortunately this radiation can also harm human cells [8–10].

Therefore, a radiation that inactivates viruses but poses little danger to human cells is
desirable. The recently often mentioned Far-UVC in the spectral range 200–230 nm could
be a future solution [11,12], but suitable radiation sources are still relatively expensive and
difficult to obtain, and the long-term effects on human health are still unknown.

Visible blue and violet light is generally harmless to humans, but capable of inactivat-
ing bacteria including the dreaded ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter spp.), if irradiation doses are high enough [13–15]. The mechanism of action here
was based on endogenous photosensitizers such as porphyrins and flavins, which absorb
this light and subsequently generate intracellular reactive oxygen species (ROS) that at-
tack membranes, DNA (deoxyribonucleic acid), and proteins inside the cell, destroying
them [16–22].
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There were little data on the effects of visible light on viruses prior to the coronavirus
pandemic. Tomb et al. found that much higher irradiation doses were required to inactivate
viruses in medium with violet light than for bacteria, and in doing so, the result was also
highly dependent on the medium [14]. The required irradiation doses for a log-level
reduction (90% reduction) are lower in an organically rich medium than in a minimal
medium. This can be explained by the fact that organically rich media contain more ROS
generating photosensitizers, which then provide external destruction of the viruses. This is
supported by Kingsley et al., who observed a much stronger virus inactivation by violet
light when riboflavin was added to the medium [23].

These relatively high required irradiation doses—compared to bacteria—are in agree-
ment with our own studies on the enveloped RNA (ribonucleic acid) phage phi 6 [24,25].
Here, about 400 and 2100 J/cm2 were observed for a log reduction of phi6 in PBS (phosphate
buffered saline) at 405 and 450 nm irradiation, respectively.

However, published reports exist [26,27] that SARS-CoV-2, in particular, is quite sensi-
tive to visible violet light, with D90 doses (90% reduction dose) in the range of only a few
J/cm2, which would correspond to a much higher sensitivity than that reported in bacteria.
This would be highly encouraging for the containment of the coronavirus pandemic, but it
must be ensured that these results do not depend on the media applied during the irra-
diation. Typical cell culture media do not contain porphyrins, which play a major role in
the photoinactivation of bacteria by violet light, but among the many ingredients—even in
MEM (minimal essential medium)—there is riboflavin, another photosensitizer, which ab-
sorbs violet and blue light and generates ROS. Therefore, viruses that are irradiated in fresh
cell culture medium or insufficiently diluted cell culture medium, might be inactivated
faster as in a photosensitizer-free solution.

Therefore, in the study presented here, coronavirus experiments are performed in
PBS (phosphate buffered saline) and on the surfaces that are both mostly free of medium
and external photosensitizers. For the irradiation, a strong 405 nm LED light source was
developed, which allows high irradiation doses to be achieved in a relatively short time.

2. Materials and Methods
2.1. High Intensity Light Source

Irradiation should be performed by a strong 405 nm LED light source to allow for
the application of high irradiation doses of up to 1000 J/cm2 within hours. Therefore, a
device was designed for the irradiation of liquid and solid samples preferably kept in a
Petri dish with a diameter of up to 80 mm. The Petri dish is located on a glass plate in the
center of an approximately cubic chamber made of aluminum boards with two of them
being removable doors for loading and cleaning (Figure 1). The bottom and the lid of
the specimen chamber are each equipped with an array consisting of 8 × 8 LEDs (type
NVSU119CT of Nichia, Tokushima, Japan). Thus, the specimen is irradiated from two
sides, which is helpful for translucent (e.g., textile) or opaque specimens. Two glass plates
in front of the LED arrays protect the LEDs from dirt and mechanical damage.

These LEDs emit violet light with a nominal peak wavelength of 405 nm and 12 nm
spectral half width. The measured relative LED emission spectrum with an actual peak
wavelength of 406 nm is given in Figure 2. At its nominal current of 0.7 A, it produces a
radiant flux of about 1.4 W with a radiation angle of 144◦ at 50% radiant intensity. The
LEDs were purchased on small metal core printed circuit boards (PCB) and these PCBs
were grouped to form a 95.4 × 95.4 mm2 array. These were connected with copper straps
type ZZZIP-band of Wieland (Voehringen, Germany) to form strings with eight LEDs and a
3.9 Ω balancing resistor each. With 16 LED strings in parallel, the LED arrays can be driven
with a current of up to 11 A and 280 W electrical LED power, generating 180 W radiant
flux. The irradiation device was operated by a laboratory power supply type NPS306W
of Wanptek (Shenzhen, China) with a maximum current of 6 A. Under such conditions,
thermal management of the whole device is critical. The waste heat of the LEDs is removed
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by cooling fins and blowers. PTC sensors and a modified cutout circuit of Pollin (Pfoerring,
Germany) prevent overheating of the LEDs.
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The irradiation time can be controlled by an electronic timer of KKmoon (Lakewood,
CA, USA). This timer and the thermal protection circuit need a supply voltage of 12 V. As
the LED string current starts at about 20 V string voltage, a DC/DC stepdown converter of
Pollin was connected in parallel to the strings.

The irradiance of the specimen depends on the LED current, which was measured
with a digital multimeter. This current also included the current of the electronics via the
DC/DC converter, which decreases with increasing string voltage. This fact is incorporated
in the radiometric calibration of the device. Additionally incorporated is the absorption of
the glass plates in the specimen chamber and the bottom and lid of the Steriplan Petri dish
of VWR/Avantor (Darmstadt, Germany).

The specimen plane was considered to be 2 mm above the bottom surface of the Petri
dish. The Petri dish was located so that this specimen plane was 36 mm away from the
lid and from the bottom of the specimen chamber. The irradiance in this specimen plane
from the upper and the lower LED arrays was measured with a photodiode BPW21R.
This photodiode was operated in reverse direction with a 9 V bias voltage and a 1.5 KΩ
resistor. For absolute radiometric measurements, this arrangement was calibrated with
a NVSU119CT array and an optical power meter type OPM150 UVS of Artifex (Emden,
Germany) and the data fitted to a second order polynomial on the electrical current I with
the resulting correlation irradiance = (0.1042 I2 + 67.496 I − 25.018 A) mW/cm2 (R2 = 1).

In the case of liquid or translucent specimens, the total irradiance is the sum of the
top and the bottom irradiance. The irradiance from the bottom was about 8% lower than
from the top, because the light has to cross one more glass plate. The maximum achievable
405 nm intensity of this setup is 350 mW/cm2 and is homogeneous within a few percent in
an area of 80 × 80 mm2. However, to avoid heating of the liquid samples to temperatures
above 40 ◦C, the doors have to be open and the current has to be limited to 3 A, resulting
in an irradiance of 178.4 mW/cm2. Most experiments were performed at a current of only
2.5 A, which corresponds to 144.4 mW/cm2.

2.2. Virus Preparation

Due to laboratory safety restrictions, the experiment was not performed with the
human coronavirus SARS-CoV-2, but a bovine coronavirus (BCoV), a betacoronavirus like
SARS-COV-2, was used as a surrogate. The selected BCoV-strain was “S379 Riems” of the
Friedrich–Loeffler–Institute (Greifswald, Germany) with the Madin–Darby bovine kidney
cell (MDBK) strain “Riems 261”, also from the Friedrich–Loeffler–Institute as host cells.
The cell culture medium was RPMI (Roswell Park Memorial Institute) 1640. With these
hosts, bovine coronaviruses were proliferated to concentrations of about 4.5 log TCID50
(50% tissue culture infection dose).

For the experiments in solutions, the coronaviruses were first proliferated by the
MDBK cells in fresh RPMI. At the end of cultivation, the medium and its components are
largely consumed. The virus lysate clarified by centrifugation is then diluted 1:10 in PBS
and 3 mL portions transferred to small transparent Petri dishes, leading to a liquid sample
height of about 4 mm. A sensor was placed in 3 mL of pure PBS in an additional Petri dish
to record the temperature in the samples during the irradiation, which was performed for
up to 40 min with 144.4 mW/cm2. Unirradiated virus samples, which were kept at 43 ◦C
for 60 min, served as the control for the temperature influence. Virus concentrations of the
irradiated und unirradiated samples were determined by the standard plaque assay with
the MDBK cells. All experiments were performed in triplicate.

The surface experiments were performed on steel coupons. A total of 100 µL virus
suspension was dripped on to each of the three steel slides and dried. The loaded slides
were either placed in a Petri dish with the loaded side up or down and irradiated for
30 min. As a control, three loaded virus carriers were kept in a Petri dish at 37 ◦C for
30 min. Subsequently, the viruses were detached from the carriers by placing them in a
10 mL cell culture medium and shaking briefly, and titrated onto the MDBK cells so that
the concentration could be determined by a plaque assay. This procedure was performed
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twice but in each run with three samples facing upward and three downward. A sensor
below a Petri dish recorded the temperature during these experiments.

3. Results

The recorded temperature in the virus samples increased to a maximum of 41 ◦C in the
40 min of irradiation. The liquid controls were not irradiated, but heated to a temperature
of about 43 ◦C. A virus titer reduction was not observed in these references, even after
60 min of incubation. Therefore, it is assumed that even for the hottest temperature of
41 ◦C during irradiation, thermal virus inactivation can be neglected.

The results of the BCoV concentration reduction by the 405 nm irradiation are illus-
trated in Figure 3 with a logarithmic scale on the y-axis. The maximum irradiation on the
x-axis was about 260 J/cm2, which corresponds to a 30 min irradiation, because there were
no viruses left after 40 min. The data points are the averages of the single measurements
and the error bars give the standard deviation of the individual measurements. A straight
line with a slope of 0.174 log/(J/cm2) was fitted through the data. This is equivalent to an
exponential BCoV concentration decrease in the solution with an average log reduction
dose of 57.5 J/cm2.
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For the unirradiated steel coupons, no virus reduction was detected after a pe-
riod of 30 min. However, for the irradiated coupons, an average titer log reduction of
2.13 ± 0.8 was observed after the same period of time. These samples were only irradiated
from one side, but if a reflection of about 57.5% at 405 nm is assumed [28], 30 min would
mean an irradiation dose of about 205 J/cm2 for viruses on the steel surface. The resulting
log reduction dose for this bovine coronavirus on steel is therefore approximately 96 J/cm2.
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4. Discussion and Conclusions

For both media, in solutions and on surfaces, there is a clear coronavirus photoinactiva-
tion of several log levels, with a progression that appears to be approximately exponential,
at least in the solution.

As for the required log reduction doses, the virus appears to be more sensitive in
liquids than on surfaces. However, it cannot be ruled out that the effective irradiance on
the steel coupons was assumed too high. Viruses in pores, scratches, or other irregularities
might have been partially protected from the radiation, so that the effective irradiation
dose was lower than expected.

For safety reasons, the described experiments were performed with bovine coron-
aviruses and not the more important SARS-CoV-2 because there have been several reported
SARS-CoV accidents in medical laboratories in the past [29]. Nevertheless, though there
seem to be large differences between cattle and humans, the differences between BCoV and
SARS-CoV-2 appear to be rather small. Both are members of the genus betacoronavirus
within the family Coronoviridae [30]. BCoV exhibits a similar size, RNA-strand length,
and protein surface structure as SARS-CoV-2 [30–33] and it is even believed to be the
ancestor of the human coronavirus HCoV-OC43 with whom it shares 95% of its RNA [34].
Additionally, the clinical respiratory tract infections show similarities [30]. Because of all
these resemblances, BCoV has already been suggested and successfully employed as a
SARS-CoV(-2) surrogate in many different applications [35–53].

As this is the first study of the effect of 405 nm irradiation on bovine coronaviruses,
there is no evidence that BCoV and SARS-CoV-2 behave similarly in this regard. Neverthe-
less, because of the many resemblances and the same virus structure, we expect that both
viruses are similarly sensitive to violet light and that the observed BCoV results reflect the
SARS-CoV-2 behavior well.

The required log irradiation doses for this bovine coronavirus noted here were about
an order of magnitude higher than results for SARS-CoV-2 [26,27] and about a factor of
2.5 higher than the results for feline infectious peritonitis virus, another animal coron-
avirus [54]. However, our determined log reduction doses seem to be roughly in the same
order of magnitude than the recent results of Enwemeka et al., who irradiated the human
coronaviruses HCoV-229E and HCoV-OC43 with pulsed violet and blue light and observed
a 2.37 and 1.46 log reduction with pulsed 405 nm irradiation, respectively [55]. This would
correspond to log reduction doses of 54.8 and 89.0 J/cm2.

All these 405 nm doses are quite low compared to the values for other viruses listed
in [14] with log reduction doses between 84 and 1 020 J/cm2, depending on the applied
medium, or compared to our own previous 405 nm results of 400 J/cm2 for the phage phi6,
which is an enveloped RNA virus like the coronaviruses.

Especially in light of the results of Tomb et al. [14] and the observed influence of
the medium, it cannot be excluded that the applied cell culture media, which all contain
photosensitizers such as riboflavin might lead to seemingly reduced log reduction doses
by generating reactive oxygen species that attack the coronavirus from the outside. The
statements in the published reports regarding the medium content of the virus solution
are not always clear. At least one author mentioned that their coronaviruses were actually
irradiated in cell culture medium and another author claimed to have performed the
irradiation in PBS, but according to the explicit experimental description, PBS and medium
were mixed.

The irradiation in our own experiment was performed on viruses in used cell culture
medium, in which the components including photosensitizers such as riboflavin should
have been largely consumed and the solution was further diluted 1:10 in PBS prior to the
irradiation. Therefore, we assumed the photosensitizer concentration to be negligible, but
we cannot guarantee that it was totally free of external photosensitizers.

Different concentrations of external photosensitizers in the irradiated virus solution
might at least partially cause the large variability of the coronavirus results and we suggest
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reducing the percentage of medium in the irradiated samples as much as possible, if the
intention is to obtain “real world” log reduction doses in a photosensitizer free environment.

Potential “real world applications” of 405 nm irradiation are conceivable in health
care or community environments (e.g., the decontamination of rooms, surfaces, liquids,
and equipment). This is not as fast as it would be possible with 254 nm UVC irradiation,
but in contrast to UVC, it offers the advantage of not being harmful to humans, and does
not lead to an accelerated aging or bleaching of sensitive materials.

A 405 nm irradiation could be applied alone, as suggested by Maclean et al. [56] or it
could be combined with a white illumination [57], even in the presence of people. In the
presented experiments, a 4 log reduction was achieved within half an hour, but this is a
high intensity irradiation, which is difficult to achieve for larger volumes or areas. A tenth
of this irradiation intensity seems to be more realistic, though still ambitious, and this
would lead to irradiation duration in the region of 1 h or even longer for a log reduction.

Therefore, 405 nm irradiation is capable of coronavirus inactivation, though it is not
the fastest method. Nevertheless, with the much lower risk to humans and sensitive
materials, it exhibits an important advantage compared to UVC irradiation.
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