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ARTICLE INFO ABSTRACT

Keywords: Introduction: Recently, the COVID-19 pandemic has spread globally, necessitating the development of new
COVID-19 methods for its prevention and treatment. The purpose of this study was to evaluate the antiviral activity of
SARS-CoV-2

photodynamic therapy (PDT) against SARS-CoV-2 in vitro.

Methods: Vero E6 cells and SARS-CoV-2 isolated in Russia were used for PDT with methylene blue (MB) and
Radachlorin. A continuous laser with wavelength A = 662 nm in doses of 16 J/cm? and 40 J/cm? laser irradiation
was used for PDT of a viral suspension and SARS-CoV-2-infected cells. The direct cytopathogenic effect of SARS-
CoV-2 was evaluated via light microscopy to calculate the TCIDsq in the samples and perform statistical analysis.
Results: Viral suspensions of SARS-CoV-2 that had a TCIDsq greater than 10° were inactivated by PDT in the
presence of MB and Radachlorin. Vero E6 cells were protected from 10* TCIDso of SARS-CoV-2 by PDT post
infection. The range of protective concentrations was 1.0-10.0 pg/ml and 0.5-5.0 pg/ml for MB and Radachlorin,
respectively. Additionally, it was found that MB and Radachlorin also possess significant antiviral activity even
without PDT. The 50 % inhibitory concentration (ICsq) against 10? TCIDsq of SARS-CoV-2 was found to be 0.22
and 0.33 pg/mL with the addition of MB and Radachlorin, respectively, to cells concomitantly with virus,
whereas in the case of applying the photosensitizers at 3.5 h post infection, the IC5y was 0.6 and 2.0 pg/mL for
MB and Radachlorin, respectively.

Conclusion: PDT shows high antiviral activity against SARS-CoV-2 when combined with MB and Radachlorin in
vitro.

Antiviral photodynamic therapy
Methylene blue
Radachlorin

1. Introduction

Over the past two decades, different coronavirus species have caused
three severe human disease outbreaks characterized by respiratory tract
lesions [1]. The COVID-19 pandemic, caused by a new coronavirus, has
spread rapidly across the world. Modern sequencing techniques have
made it possible to decode viral genomes and rapidly carry out their
taxonomic identification [2]. The virus was classified as a novel coro-
navirus and named SARS-CoV-2, belonging to the family Coronaviridae
of the order Nidovirales. As of 05 December, SARS-CoV-2 has circulated
in more than 219 countries, with 66,310,189 registered cases of human
infection and 1,526,234 deaths [3]. The development of the COVID-19
pandemic was characterized, especially initially, by the absence of

antiviral drugs and vaccines to prevent and treat the infection. The high
infection rate of SARS-CoV-2 is also associated with severe clinical
problems, such as the development of viral bilateral pneumonia and
pronounced immunopathological changes, causing high mortality,
especially among elderly individuals and in patients suffering from
comorbidities [4].

The severity of COVID-19 urgently requires the development of new
methods for the prevention and treatment of the disease. One of these
approaches can be antiviral photodynamic therapy [5]. Previously, the
effectiveness of PDT in the inactivation of mammalian viruses has been
demonstrated for several RNA- and DNA-containing viruses. Some of
these viruses include herpesviruses; human immunodeficiency virus;
hepatitis A, B, and C viruses; human parvovirus B19; human
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cytomegalovirus; adenoviruses; and enteroviruses. It has also been
observed that enveloped viruses are more sensitive to PDT than non-
enveloped viruses [6-8]. Currently, PDT is widely used to inactivate
viruses in different biological fluids, for example, in blood tissue sam-
ples. PDT is also highly effective for the treatment of surface viral lesions
on the skin and mucous membranes [9,10].

Many photosensitizers (PSs) made from various chemical com-
pounds are used for PDT [5]; among these are methylene blue (MB) and
Radachlorin, which are categorized as medicinal drugs in the Russian
Federation. MB has long been used against various infectious agents,
especially in urology [11,12]. MB is a phenothiazine compound that
possesses photosensitizer properties. Radachlorin contains 70-90 %
chlorin E6, derived from the chlorophyll of microalgae belonging to the
genus Spirulina. Radachlorin is a second-generation PS with a maximum
absorption of light energy in the red spectrum at a wavelength of 662
nm. It is widely used for treating precancerous virus-associated cervical
intraepithelial neoplasms as well as cancerous lesions of the skin and
some bacterial infections [13].

Our aim in this study was to evaluate the effectiveness of PDT in the
inactivation of SARS-CoV-2 viral suspensions along with the treatment
of SARS-CoV-2-infected green monkey kidney cells using photosensi-
tizers such as MB and Radachlorin as medicinal drugs.

2. Materials and methods
2.1. Virus and cell

The viral strain RP/2020 SARS-CoV-2 was isolated in Vero E6 cells in
early 2020 in Russia from a patient suffering from COVID-19. The virus
was cultivated in a monolayer of the monkey kidney cells, Vero E6 (SRC
VB “Vector”), using Minimum Essential Medium (MEM) supplemented
with 5% fetal bovine serum and 40 pg/mL gentamicin sulfate. The in-
fectious activities of the viral suspensions were determined using the 50
% tissue culture infectious dose (TCIDsg) method [14].

2.2. Laser treatment of viral suspension

Light exposure for the viral suspension and the infected cell culture
monolayers was carried out by using continuous monoposition radiation
generated using a Lahta Milon semiconductor laser generator with a
wavelength A = 662 nm. This step was carried out in a light box con-
taining plastic tubes with viral suspensions or plastic culture vessels
having a bottom area of 25 cm? with cell culture monolayers. Two light
energy dosing modes with doses of 16 J/cm? and 40 J/cm? were selected
for the laser PDT for durations of 40 and 100 s using a laser radiation
power W =350 mW. Different PS concentrations were prepared by
diluting a stock 1% water solution of MB (10.0 mg/mL) and 0.35 %
water solution of Radachlorin (3.5 mg/mL) in MEM.

To study the direct inactivation of SARS-CoV-2 in vitro by PDT with
MB and Radachlorin, 0.2 mL of viral suspensions containing 10 50 %
tissue culture infection doses (TCIDsg) of SARS-CoV-2 was transferred to
1.5 mL microtubes, and equal volumes of the PSs in the culture medium
were added. Immediately after addition, each sample was treated with A
= 662 nm laser radiation with 16 J/cm? or 40 J/cm? light energy, and
the Vero E6 cell monolayer cultured in microwells was immediately
infected to analyze the effects on the virus.

2.3. Laser treatment of cellular monolayers

To assess the photodynamic effects on SARS-CoV-2 replication
within Vero E6 cells, subconfluent monolayers in T25 (25 cm2) plastic
cell culture flasks were infected with 102 to 10° TCIDsq of the viral
mixture. Then, the PSs were added. This addition was followed by light
treatment of the culture vials with laser light at an energy density of 40
J/cm? and using 350 mW of output power. Samples containing the
added PSs without laser treatment, samples undergoing laser irradiation
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Fig. 1. Photodynamic inactivation of SARS-CoV-2 in viral suspensions using
MB and Radachlorin.

Data are the mean + SEM of 2 independent MTT tests (3 replicates per point). %
viable cells = (abssample — abSplant)/(@bScontrol — @bSplank) X 100.

1. Monolayers (2 x 10° cells in each well) were infected with a mixture con-
taining 10 TCIDs, of SARS-CoV-2, with the addition of MB at a concentration
of 10.0 pg/mL, following laser treatment for 40 s at a 16 J/cm? dose;

. 10® TCIDs of SARS-CoV-2, 10.0 pg/mL MB, 100 s, 40 J/cm?;

. 10® TCIDs of SARS-CoV-2, 10.0 pg/mL MB, without laser treatment;

. 10® TCIDsg of SARS-CoV-2, 1.0 pg/mL MB, 40 s, 16 J/cm?;

. 10® TCIDsg of SARS-CoV-2, 1.0 ug/mL MB, 100 s, 40 J/cm?

. 10% TCIDs, of SARS-CoV-2, 1.0 pg/mL MB, without laser treatment;

. 10® TCIDs, of SARS-CoV-2, 5.0 ug/mL Radachlorin, 40 s, 16 J/cm?;

. 10® TCIDs of SARS-CoV-2, 5.0 pg/mL Radachlorin, 100 s, 40 J/cm?;

9. 10° TCIDs of SARS-CoV-2, 5.0 pg/mL Radahlorin, without laser treatment;
10. 10° TCIDs, of SARS-CoV-2, 0.5 pg/mL Radachlorin, 40 s, 16 J/cm?;

11. 10® TCIDs( of SARS-CoV-2, 0.5 pg/mL Radachlorin, 100 s, 40 J/cm?;

12. 10% TCIDs, of SARS-CoV-2, 0.5 pg/mL Radachlorin, without laser treat-
ment;

13. 10% TCIDs, of SARS-CoV-2, laser irradiation, 40 s, 16 J/cm?

14. 10% TCIDs, of SARS-CoV-2, laser irradiation, 100 s, 40 J/cm?;

15. 10° TCIDs, of SARS-CoV-2, without laser treatment.

W N U~ WN

without the addition of PS, and samples with neither the PSs nor light
treatment were used as the controls.

2.4. Inhibition of virus replication

The antiviral effects of PDT on SARS-CoV-2-containing suspensions
were determined 48 h post infection (p.i.). In this regard, monolayers of
infected Vero E6 cells were incubated in 96-well cell plastic plates at 37
°Cin a CO; incubator in total darkness. At 2 days p.i., virus-induced CPE
was evaluated by microscopy and then confirmed by a formazan-based
MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide]
cell viability assay [15].

The antiviral activity of the PSs is expressed as the ICsg, defined as
the compound concentration producing 50 % inhibition of virus repli-
cation, as estimated by microscopic scoring of the CPE and by measuring
cell viability in the formazan-based MTT assay [16]. Briefly, cells were
seeded in a 96-well flat-bottom microtiter plate at a density of 5 x 10*
cells/well; after 24 h of incubation, cell monolayers were infected with
SARS-CoV-2 (102 TCIDso/well), and dilutions of PSs were added to the
cells immediately or at 3.5 h p.i.; after 48 h of incubation, the culture
medium was replaced with fresh medium; 10 pL of MTT working solu-
tion (5 mg/mL in phosphate buffer solution) was added to each well, and
the plate was incubated for 4 h at 37 °C; the medium was then aspirated,
and the formed formazan crystals were solubilized by adding 50 pL of
DMSO per well for 30 min at 37 °C; the intensity of the optical density
was quantified using an ELISA plate reader at 540 nm. Cytotoxicity is
expressed as the CCsg, the compound concentration producing a 50 %
cytotoxic effect estimated by the MTT cell viability assay.

Statistical data processing was conducted using the statistical pro-
gram STATISTICA 12 (StatSoft Inc., USA). Statistical significance was
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determined at p < 0.05.

2.5. Biosafety

All experiments involving any infectious viral materials were con-
ducted in a biosafety level-3 laboratory after obtaining all the national
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Fig. 2. Microphotographs of Vero E6 mono-
layers* (magnification x 100) 48 h after infec-
tion with SARS-CoV-2 and having undergone
PDT.

* - 3 flasks/images per group.

A) Vero E6 cells infected with 10° TCIDsg,, of the
SARS-CoV-2 suspension, followed by treatment
with 1.0 pg/mL MB and laser irradiation for
100 s, 40 J/cm?

B) 10* TCIDs, of SARS-CoV-2, 1.0 pg/mL MB,
100 s, 40 J/cm?

C) 10* TCIDs, of SARS-CoV-2, 0.5 pg/mL
Radachlorin, 100 s, 40 J/cm?;

D) 10® TCIDsy of SARS-CoV-2, 0.5 pg/mL
Radachlorin, 100 s, 40 J/cm?;

E) 10° TCIDs, of SARS-CoV-2, 1.0 pg/mL MB,
without laser treatment;

F) 10° TCIDs, of SARS-CoV-2, 0.5 pg/mL
Radahlorin, without laser treatment;

G) 103 TCIDs, of SARS-CoV-2;

H) Uninfected control.

certificates and permissions required for studying SARS-CoV-2.
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Table 1
Antiviral activity of MB and Radachlorin in Vero E6 cells without laser
irradiation.

Compounds PS added to cellsalong ~ PS added to cells 3.5 h post CCso
with SARS-CoV-2 infection with SARS-CoV-2 pg/mL
(ICso pg/mL) (ICso pg/mL)
MB 0.22 + 0.07 0.66 + 0.23 100 +
24.0
Radachlorin 0.33 £+ 0.09 2.0 £ 0.60 50 +
15.0
T-705 and T- > 60 NT > 250*
1105

Note: Data are the mean + SEM of 3 independent tests (3 replicates for one test
per concentration; the ranges of concentrations tested were 150—0.06 pg/mL for
MB and Radachlorin and 60—0.02 pg/mL for T-705 and T-1105). Antiviral ac-
tivity is expressed as the ICso, defined as the compound concentration producing
50 % inhibition of virus replication, as estimated by microscopic scoring of the
CPE and by measuring cell viability in the formazan-based MTT assay. Cyto-
toxicity is expressed as the CCsp, the compound concentration producing 50 %
cytotoxic effect estimated by the MTT cell viability assay.

The T-705 and T-1105 compounds were kindly provided by Prof. Tikhonov A.Y.
(N.N. Vorozhtsov Novosibirsk Institute of Organic Chemistry of the SB RAS) as
potential inhibitors for viral RNA-dependent RNA polymerase of influenza virus.
*the CCsq value [17]. NT - not tested.

3. Results
3.1. Inactivation of SARS-CoV-2

The PDT against the 10 TCIDs, of SARS-CoV-2 suspensions, with
light energies of 16 J/cm? and 40 J/cm?, completely inactivated viral
infectivity in the presence of PSs used in the concentration range of
1.0-10.0 pg/ml for MB and 0.5-5.0 pg/ml for Radachlorin (Fig. 1).
Concurrently, laser treatment of the control viral suspensions without
PSs and PS treatment without laser irradiation did not lead to a signif-
icant reduction in the viral CPE of the infected Vero E6 cell monolayers.
Thus, these results indicate a high effectiveness of PDT in inactivating
SARS-CoV-2 viral suspensions when accompanied by low concentrations
of photosensitizers, such as MB and Radachlorin.

3.2. Treatment of SARS-CoV-2 infected cells

To assess the effect of photodynamic therapy on SARS-CoV-2 repli-
cation within Vero E6 cells, subconfluent monolayers in cell culture
flasks were infected with 10? to 10° TCIDsq of the viral mixture, fol-
lowed by the addition of PSs and PDT. Fig. 2 shows microphotographs of
the cellular monolayers 2 days post infection and PDT. The cell mono-
layers infected with 10* and 10° TCIDsy of SARS-CoV-2 were fully
protected after PDT with MB, whereas when cell monolayers were
infected with 10° TCIDs(, we observed only single foci of viral lesions.
PDT in the presence of Radachlorin also fully inhibited viral replication
in the cells infected with 10% TCIDso and provided more than 50 % cell
protection against 10* TCIDsp. The cell monolayers infected with 10°
TCIDs in the presence of PSs without laser treatment were protected by
approximately 15-25 %. We observed complete CPE for control mono-
layers infected with SARS-CoV-2 in similar doses. Thus, PDT accompa-
nied by MB and Radachlorin effectively inhibits viral replication in
SARS-CoV-2-infected cells and can completely protect cellular mono-
layers from viral infections.

3.3. Antiviral activity of PSs

A study of the antiviral activity of PSs was conducted in the absence
of light exposure. The antiviral activity of PSs was determined in two
variants. In the first variant, Vero E6 monolayers were infected with 102
TCIDs of SARS-CoV-2, and PSs were immediately added to the cells. In
the second, PSs were added to infected cells 3.5 h post infection. The
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results demonstrated that the PSs exerted significant antiviral activity in
both cases (Table 1). The ICsq (50 % effective inhibitory concentration)
was 0.22 pg/mL for MB, and the therapeutic index (the ratio of CCs to
ICs0) was more than 450.

Interestingly, the antiviral activity of MB and Radachlorin was also
detected when PSs were added to cells after a significant amount of time
post infection (ICs¢ - 0.66 and 2.0 pg/mL, respectively). This result ex-
cludes the direct inactivation of SARS-CoV-2 viral particles with MB and
Radahlorin within the extracellular environment since the internaliza-
tion of these viral particles into the cells had already been completed,
and new viral particles had not yet formed. The CCs( for the PSs was
significantly higher than the corresponding ICso, while the therapeutic
indexes ranged from 25 to 150. These results indicate that PSs could
potentially be used for the successful treatment of coronavirus infection.
T-705 or T-1105 compounds [17] that are capable of inhibiting viral
RNA-dependent RNA polymerase were used in these experiments as
comparative controls. Their antiviral activities against SARS-CoV-2
were at least 100 times lower than those of MB and Radachlorin.

4. Discussion

A hypothesis about the potential efficacy of PDT against SARS-CoV-2
was formulated relatively recently, and a short report on the application
of PDT in humans has also been published [18,19]. We attempted to
investigate the possibility of using PDT to inactivate SARS-CoV-2 and
inhibit its replication within a monolayer of virus-sensitive green mon-
key kidney cells. Experimental studies have made it possible for the first
time to detect the high antiviral activity of MB and Radachlorin in
relation to SARS-CoV-2 by using PDT in vitro at 662 nm along with PSs at
concentrations 100-1000 times lower than that in their medicinal form,
which is widely applied in Russia. The antiviral activity of PDT man-
ifested as the direct inactivation of viral suspensions and provided
protection to Vero E6 cells against infection by SARS-CoV-2. The
absence of viral lesions in the cellular monolayers suggests that PDT
completely inhibited viral replication in these highly sensitive cells.

The mechanism of the antiviral activity of PDT against SARS CoV-2
still needs to be fully clarified [5]. Typically, the antiviral effect is
associated with the interaction of PSs with viral or cellular molecules.
PSs are activated by light and then transfer energy to other molecules.
Oxygen usually acts as an energy acceptor by attaining a singlet form
and triggering a cascade of free-radical reactions that damage the bio-
logical structures of viruses as well as rapidly proliferating and malig-
nant cells. Additionally, there is also recent evidence of possible in vitro
antiviral activity for MB even in the absence of light-induced activation,
as MB showed virucidal activity at low micromolar concentrations when
incubated with SARS-CoV-2 [20]. Its ability to inhibit the
protein-protein interaction of the SARS-CoV-2 spike protein and its re-
ceptor ACE2, which is the first critical step initiating viral attachment
and entry, could be a mechanism of action contributing to such activity.

It is important to note that SARS CoV-2 is a fast-replicating corona-
virus that usually causes complete cell lysis within a short duration. The
large size of the viral genomic RNA (30,000 bp) can also be an important
factor in explaining the high effectiveness of PDT for direct inactivation
of viral suspensions. The protection of PS-treated cell monolayers
against viral infection (both immediately and 3.5 h after infection) in-
dicates that PS can completely block viral replication within infected
cells during the phase of active viral synthesis. Another possibility may
be the direct inactivation of viral particles when they egress from pri-
mary infected cells.

The pathogenesis of the early stages of COVID-19 is associated with
the penetration of the upper respiratory tract by SARS CoV-2 and the
subsequent development of viral infection in tissues of the upper and
lower respiratory tracts [21]. This ensures further local viral replication
within respiratory tract cells and further lymphogenic and hematogenic
spread throughout the body. Moreover, the level of lung damage largely
determines the severity of the disease and the outcome of the illness.
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These features of COVID-19 pathogenesis potentiate the use of PDT for
targeted prevention and treatment of the disease. The proposed therapy
may be based on PS delivery systems through irrigation and/or inhala-
tion into the respiratory tract. The possibility of accessing both the upper
and lower respiratory tracts using light radiation, especially in the red
and near infrared regions of the spectrum, is also well known [22]. This
suggests that PDT may become a highly effective method for the pre-
vention and treatment of COVID-19, especially in the early stages of the
disease. A fundamental advantage of this approach is that it can be used
during a primary outbreak of coronavirus infection to cease the outbreak
and prevent contact infection, particularly in asymptomatic patients.

Thus, the results obtained in this study suggest the prospect of using
PDT for the treatment of coronavirus infection in patients. The local use
of MB and Radachlorin by irrigation (washing) of the upper respiratory
tract or PS delivery to the lower respiratory tract via inhalation for the
inactivation and inhibition of SARS CoV-2 replication directly within the
target organ (lungs) are promising potential strategies for extensive
clinical use in the prevention and treatment of COVID-19.
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