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ARTICLE INFO ABSTRACT

Keywords: Difficulty in controlling SARS-CoV-2 transmission made the ability to inactivate viruses in aerosols and fomites to
COVID-19 be an important and attractive risk reduction measure. Evidence that light frequencies have the ability to inhibit
LED irradiation microorganisms has already been reported by many studies which, however, focused on ultraviolet (UV)
Isr;flgs_vgg;); wavelengths, which are known to induce potential injury in humans. In the present study, the effect on sus-
pensions of SARS-CoV-2 of a Light Emitting Diode (LED) device capable of radiating frequencies in the non-
hazardous visible light spectrum (VIS) was investigated. In order to evaluate the efficiency of viral inactiva-
tion, plaque assay and western blot of viral proteins were performed. The observed results showed a significant
reduction in infectious particles that had been exposed to the LED irradiation of visible light. Furthermore, the
analysis of the intracellular expression of viral proteins confirmed the inactivating effect of this irradiation
technology. This in vitro study revealed for the first time the inactivation of SARS-CoV-2 through LED irradiation
with multiple wavelengths of the visible spectrum. However additional and more in-depth studies can aim to
demonstrate the data obtained during these experiments in different matrices, in mutable environmental con-
ditions and on other respiratory viruses such as the influenza virus. The type of LED technology can decisively
contribute on reducing virus transmission through the continuous sanitation of common environments without

risks for humans and animals.
1. Introduction etiological agents of SARS and MERS, respectively. The SARS-CoV-2
genome is a single-stranded, positive-sense RNA, of size ~ 29.9 kB,
Coronavirus disease 2019 (COVID-19) is a serious respiratory disease encoding 16 non-structural proteins (NSPs) and four structural proteins,
caused by SARS-CoV-2 (severe acute respiratory syndrome coronavirus comprising envelope (E), membrane (M), nucleocapsid (N), and spike
2), anovel betacoronavirus similar to SARS-CoV (severe acute respiratory glycoprotein (S) [1]. The ongoing COVID-19 pandemic represents the

syndrome) and MERS-CoV (Middle East respiratory syndrome), the leading global health emergency, resulting in over 200 million cases and
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4.887.600 deaths worldwide, as of 18 October 2021 [2].

Although inhalation of aerosolized droplets from infectious people is
the main way of virus transmission, the persistence of infectious virus
particles on surfaces for hours to days, depending on the type of material
and environmental conditions [3], suggests that a relevant role in
transmission of SARS-CoV-2 is played by fomites and contaminated
surfaces [4,5]. In this context, the search for new methods aimed to
inactivate virus in the environment, could represent a good weapon to
counteract its diffusion.

The environmental survival of the virus depends on various factors
including temperature, humidity, sunlight, and the ability of the virus to
adhere to different types of matrices; and, therefore, it should be further
investigated [6]. The development - and use - of systems for efficient
environmental decontamination, with consequent reduction of the in-
fectious viral load, can play a crucial role in the prevention of contact
infections, which are considered an important route of transmission. The
photodynamic inactivation of viruses has been demonstrated to be a
useful sanitation method, in particular for surface disinfection [6]. In
fact, different studies have reported the inactivation of microorganisms
through light frequencies focusing mainly on ultraviolet wavelengths
(UV), in particular in the ranges 200-280 nm (UVC), 280-315 nm (UVB)
and 315-380 nm (UVA) [7]. Thus, the efficacy of ultraviolet germicidal
irradiation (UVGI) based primarily on UVC at 253.7 nm has been
demonstrated for the inactivation of a wide range of airborne pathogens
[8,9]. Regarding SARS-CoV-2, previous in vitro studies, performed in
different experimental conditions, demonstrated that irradiation with
ultraviolet light-emitting of 254 nm (UVC) rapidly inactivates high-titers
of virus. Heilingloh et al., demonstrated that virus, (titer of 5 x 108
TCID50/ml), exposed to a UVC dose of 1048 mJ/cm? was reduced by
50% after 1.4 min exposition and a complete inactivation after 9 min
[10]. Criscuolo et al. reported that the exposition of SARS-CoV-2 (titer of
1.5 x 10° TCID50/ml) to UVC doses of 4.4 mJ/cm? efficiently inacti-
vated virus (99.9% reduction) after 15 min [11,12]. Furthermore, it has
been reported that a light emitting diode instrument producing deep
ultraviolet light (DUV-LED), with wavelength of approximately
250-300 nm, effectively inactivates the influenza A virus [13]. Just as it
was recently shown that representative of UVB levels of natural sunlight,
accelerate SARS-CoV-2 inactivation on surfaces [14]. However, UV light
spectrum represents a potentially harmful form of radiation to humans,
particularly the eyes (photokeratoconjunctivitis) and skin (photo-
dermatitis) and often requires the use of protective equipment for per-
sonal safety [9,15].

Photodynamic inactivation of microorganisms using non-hazardous
light energy emitted in the visible spectrum region (VIS) has recently
been validated as an emerging tool to inhibit the spread of multi-drug
resistant bacterial species [16]. In fact, evidence has been reported of
the microbicidal effect of white light on bacteria (H.pylori, P.mirabilis, P.
aeruginosa), when irradiated both directly with a density of 180 J/cm?
and in association with photosensitizing compounds (methylene blu)
[17]. And the use of specific frequency peaks in the blue-violet band
(400-420 nm) without the addition of photosensitizing factors also
highlighted the susceptibility of a wide range of bacterial species to
lower values (36 J/crnz) [18]. Emerging evidence demonstrated the
effectiveness of the blue light in the inactivation of different viruses
among which flu virus, coronaviruses HCoV-229E and HCoV-OC43 and
several others [19]. Therefore, these results implicate the possibility to
mitigate the environmental spread of SARS-CoV-2 not only with social
distancing and use of germicidal UV but also with a novel light-based
technology for the continuous environmental sanitization without
risks for human health. Thus, in the present study the effect of a device
based on a given combination of visible light frequencies was evaluated
on the infectivity of SARS-CoV-2 in an experimental in vitro model.
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2. Materials and methods
2.1. Cells

Vero E6 cells were cultured in minimum essential medium (MEM)
(Life Technologies, Carlsbad, CA) complemented with 10% v/v heat-
inactivated fetal bovine serum (FBS) (Sigma Aldrich, Milan, Italy), 2
mM Glutamine (Life Technologies), and 1% v/v antibiotic solution (Life
Technologies), at 37 °C and under 5% CO2.

2.2. Virus

SARS-CoV-2 (hCoV-19/Italy/CDG1/2020/EPI ISL_412,973), iso-
lated from a nasopharyngeal swab by Department of Infectious Diseases,
National Institute of Health Rome, Italy, was propagated in Vero cells
cultured in MEM containing 2% FBS. Past 72 h from the infection, su-
pernatants containing the released viral particles were collected and
centrifuged at 600 g for 5 min. The viral titer was determined by plaque
assay. Virus stocks were kept at —80 °C until use. Likewise, a SARS-CoV-
2 isolate (hCoV-19/Sweden/RV-FOI-9/2020, accession ID: EPI -
ISL_548,962) from a nasopharyngeal swab isolated by Department of
Clinical Microbiology, University hospital of Ume&, Sweden, handled in
the same way, was kept at —80 °C until use. A third SARS-CoV-2 isolate
(hCoV-19/Germany/BY-ChVir-929,/2020/EPI_ISL_406,862) derived
from a sputum sample of the German COVID-19 index patient was
generated at the Bundeswehr Institute of Microbiology, Munich, and
viral stocks were produced accordingly.

2.3. Exposure system

The experiments were performed using a LED strip supplied by
Nextsense Srl and powered with Biovitae® technology (Fig. 1A). The
LED device under investigation tested uses a special combination of
frequencies covering the visible spectrum, with energy humps at
400-420 nm, 430-460 nm, 500-780 nm, and a main peak at 413 nm + 5
nm Fig. 1B). In order to prevent any sample heating during exposure, the
lamp is set up with a heat sink for thermal management. The experi-
ments were performed in a multicentric format involving the Bundes-
wehr Institute of Microbiology, Munich, Germany; FOI CBRN Defense
and Security, Sweden and Scientific Department, Army Medical Center,
Rome, Italy. All experiments were conducted in BSL-3 laboratories.

To evaluate the antiviral efficacy of irradiation by visible light, serial
dilutions of SARS-Co-2 were spotted in 96-wells plate and irradiated
with 4.67 mW/cm? at a working distance of 25 cm over times (n = 2
each for 15, 30, 45 and 60 min). The temperature and relative humidity
inside the chamber were maintained within a narrow range for testing,
specifically 20 + 4 °C and 19 + 5%, respectively. After irradiation
treatment, virus was inoculated (in duplicate and triplicate) in confluent
monolayers of Vero cells seeded in a 12-well plate and incubated for 1 h.
Then, cells were overlaid with MEM containing 1.5% Tragacanth and
2% FBS (final concentration). At FOI CBRN Defense and Security, the
infections were performed using 6-well plates and an overlay of 1% CMC
in DMEM supplemented with 2% FBS. Cells were incubated for 72-96 h
in a CO4 incubator. Untreated SARS-CoV-2 was used as a positive con-
trol. To calculate plaque forming units (PFU), cells were washed with
physiological solution, followed by staining with crystal violet solution.
The rate of inhibition of LED irradiations was calculated as (NLED /NO
x 100) where NLED is the PFU count of the LED-irradiated sample,
while NO is the PFU count of the unirradiated sample.

2.4. Protein extraction and western blot analysis

Vero E6 infected with SARS-CoV-2 stock irradiated or not with the
LED-device, were lysed in RIPA buffer [20 mM Tris-HCI pH 8, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium dodecyl sulfate (SDS) and 1%
sodium deoxycholate] complemented with phenylmethylsulfonyl
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Fig. 1. A. The strip used for the experiments, consisting of 13 Biovitae® LEDs emitting wavelengths in the 400-420 nm range and delivering three different peaks
within, and 37 conventional Osram Oslon (R) Square GW CSSRM2.EM-MFN2-XXX5-1 white light LEDs. The LEDs are powered at a constant current of 500 mA,
guaranteed by a TCI MP 80/500 SLIM power supply. B. Relative radiometric spectral distribution of the Biovitae® strip.

fluoride, protease inhibitor mixture, and phosphatase inhibitor (Sigma-
Aldrich, Milan, Italy). Subsequently, cell lysates were centrifuged
(13,000 rpm, 30 min, 4 °C) and the supernatants were diluted in SDS
sample buffer containing DL-Dithiothreitol (DTT 0.1 M). The total
extract was subjected to SDS-PAGE followed by western blotting. Non-
fat dry milk (10%) in Tris-buffered saline containing 0.01% Tween-
100, was used to block the membranes for 1 h at room temperature
(RT). Primary antibodies, utilized at final concentration of 1 pg ml—1,
comprised mouse monoclonal anti-spike antibody (S) (Gene Tex cat No.
GTX632604), rabbit polyclonal anti-nucleocapsid (N) (Rockland code:
200-401-A50) and mouse monoclonal anti-actin (Sigma Aldrich, Milan,
Italy). Bound antibodies were detected using horseradish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch, PA, USA)
followed by Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA)
[20].

3. Results
3.1. Plaque assay

The plaque assay (Fig. 2) demonstrated that LED irradiation treat-
ment with given wavelengths of the visible light spectrum (LED light)

was able to significantly reduce the amount of infectious particle in
standardized virus suspensions. Different concentrations of SARS-CoV-2
were irradiated at a distance of 25 cm over the course of 60 min with
different subsampling time points (Fig. 3). Graphs A and B show the
activity of LED light on viral concentrations of 8 x 10* PFU/ml and 8 x
102 PFU/ml, respectively. In both cases, it was observed that viral
inactivation reaches more than 2-log reduction (99%) after 60 min of
exposure. Graph C shows that even at higher concentration (7 x 10°
PFU/ml and 3 x 10* PFU/ml) the LED light is still able to inactivate
more than 99% of the viral particles. A viral inactivation of approxi-
mately 96% was also achieved using a dose of 1.7 x 10° PFU/ml.

3.2. Western blotting

The inactivating properties of LED light was also confirmed by
analysis of the expression of the viral proteins. Vero E6 cells were
infected with SARS-CoV-2 (hCoV-19/Italy/CDG1,/2020/EPI -
ISL._412,973), controls (6 x 10° PFU) that had been both exposed and
unexposed to the LED light and harvested at 8 h and 24 h post infection
(p.i.). The western blot assay, shown in Fig. 4, revealed a time-
dependent expression of nucleocapsid protein (N), which was first
detected 8 h p.i., and the spike glycoprotein (S), which was detected for
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I+LED

Fig. 2. Inhibition of SARS-CoV-2 (hCoV-19/Italy/CDG1/2020/EPI -
ISL_412,973) by LED-irradiation with given wavelengths of the visible light
spectrum (LED light). a-c I, Positive control. Plaque formation in Vero E6 cells.
(a) 10° PFU/ml; (b) 10* PFU/ml; (c¢) 10® PFU/ml. d-f I+LED, Virus irradiated
with LED light for 60 min and inoculated in Vero E6 cells. (d) 2 x 10% PFU/ml;
(e) 10 PFU/ml; (f) 0 PFU/ml. As shown in d, the inhibition rate of the viral titer
was 99.8%.

the first time only later (24 h p.i.). Notably, protein expression was not
detectable in the same p.i. time points of the virus-infected cells exposed
to LED light, thus confirming the inactivation of SARS-CoV-2 induced by
the LED irradiation.

4. Discussion

SARS-CoV-2 disease represents a global threat for both public health
and economic outlook worldwide. Inhalation of aerosolized droplets
from infectious people is considered to be the main way of virus trans-
mission, but despite social distancing measures, virus circulation is still
sustained. Thus, indirect infection through contact with contaminated
surfaces seems to contribute to the route of transmission. Recent studies
performed under controlled experimental conditions, have shown the
stability of SARS-CoV-2 for days on high-touch surfaces [21], with short
persistence on surfaces with low porosity as compared to other highly
porous surfaces [22]. In this context, the search for new methods aimed
to inactivate virus in the environment, could represent a good weapon to
counteract SARS-Cov-2 diffusion.

The viral inactivation by UV irradiation based on lamps emitting UV
radiation C (UVC) around 254 nm is one of the most adopted methods
[23], although is known to cause harmful effects on humans with short-
and long-term effects [9,15] and therefore it should be not used in
inhabited environments.

A well-known method for the inactivation of pathogenic bacteria is
based on a photodynamic approach involving the use of light energy
emitted in the visible spectrum region.

Therefore, in the present study we investigated the inactivation of
SARS-CoV-2 using given wavelengths of the visible spectrum emitted by
a LED-device, in order to test its ability to reduce the transmission of
infections through aerosols and contact.

Interestingly, our preliminary in vitro test results, demonstrated for
the first time a significant decrease in the viability and infectivity of
SARS-CoV-2 after exposure to a LED device emitting visible light in a
given range of wavelengths. In particular, the plaque assay showed a
marked reduction in the number of PFU in the cells infected with
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irradiated SARS-CoV-2 compared to what observed in those cells
infected with non-irradiated virus. In fact, approximately 96% inhibi-
tion was observed at the highest viral titer tested 60 min after exposure.
Furthermore, viral protein expression analysis showed greater inhibition
of S and N proteins in the virus exposed to LED light compared to the
unexposed virus. These results suggest that viral particles subjected to
LED light treatment enter cells less efficiently.

Several studies described that LED devices emitting in the 400-420
nm, 430-460 nm or 500-780 nm ranges of the visible spectrum can
inactivate a wide range of bacterial species (including both Gram-
positive and Gram-negative bacteria) [18,24,25] through an
oxygen-dependent process resulting from the photo-stimulation of
endogenous porphyrin molecules: the reactive species (RS) produced by
the process, interact with cellular components causing damage to the
nucleic acids and the plasma membrane. However, to date the virucidal
potential of visible light-based technologies is still a poorly investigated
topic.

SARS-CoV-2 is an enveloped virus in which S protein, both respon-
sible for the binding to cellular receptor and the main target for anti-
genic determinant, is inserted. Reactive oxygen species (ROS) can
damage lipid structures or proteins of the viral envelope [26], but the
virucidal effect obtained in our study through irradiation with visible
spectrum wavelengths has to be elucidated to clarify the underlying
virucidal mechanism(s) of visible light. It could be hypothesized that
reactive species generated by LED irradiation may alter the viral mem-
brane or S protein stability, thus affecting the virus ability to entry host
cells. However, it is also known that cell culture medium itself can in-
fluence ROS levels: the common medium component riboflavin could
lead/enhance photoinactivation through generation of ROS as its
absorbance spectrum also includes peaks in the LED white light spec-
trum [27,28]. Therefore, for evaluating the effects of the culture me-
dium on both light absorbance and SARS-CoV-2 infectivity, and exclude
a possible role of riboflavin, an experiment was performed by exposing
to LED light the virus diluted in PBS 1x. The results showed the same
extent of inactivation (data not shown).

However, further studies are needed to clarify the virucidal under-
lying mechanism of visible light.

The use of lamps emitting in the UVC spectrum provides an efficient
treatment of air, liquids and surfaces as demonstrated by studies
showing complete viral inactivation in a time ranging from few seconds
to 15 min depending on experimental conditions. But the limit of UVC
disinfection systems is represented by its use only in unoccupied spaces.
Therefore, it is noteworthy that these white light emitting devices can be
used for continuous decontamination and viral reduction in virtually all
human environments without the dangerous side effects and protective
measures associated with the use of UV light frequencies [29]. Further
additional and more in-depth studies can aim to demonstrate the data
obtained during these experiments in different matrices, in mutable
environmental conditions, and on other respiratory viruses such as the
influenza virus.

This type of LED technology could decisively contribute to reducing
virus transmission through the continuous sanitation of common envi-
ronments without risks for humans and animals; and confirming the
antiviral effects of such LED technology in common indoor environ-
ments will be an essential step to predict its potential impact on virus
transmission via fomites.
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performed. CTR, Uninfected cells; I, positive control; I+LED, virus-irradiated
infected cells.
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