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Abstract
The study of any intervention able to
counteract SARS-CoV-2 pandemic is considerably envisaged. It was previously
shown, in in vitro models of infections,
that the LED blue light is able to decrease
the viral load of HSV-1 and ZIKV. In our
study, LED photobiomodulation therapy
(PBMT) at blue wavelengths (450, 454
and 470 nm) was tested in an in vitro
model
of
SARS-CoV-2
infection,
employing three experimental settings: SARS-CoV-2 was irradiated and then
transferred to cells; already infected cells were irradiated; cells were irradiated
prior to infection. A decrement of the viral load was observed when previously
infected cells were irradiated with all three tested wavelengths and relevant
effects were registered especially at 48 hours post-infection, possibly suggesting
that the blue light could interfere with the intracellular viral replication
machinery. Our in vitro findings could represent the starting point for translational applications of PBMT as a supportive approach to fight SARS-CoV-2.
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1 | INTRODUCTION
The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a highly pathogenic and infectious virus,
defined as the causative agent of the coronavirus disease
2019 (COVID-19). A severe outbreak of SARS-CoV-2 has
emerged at the end of 2019 and soon lead to the onset of a
pandemic that is still strongly menacing human health
Abbreviations: APDT, antimicrobial photodynamic therapy; COVID19, coronavirus disease 2019; PBMT, photobiomodulation therapy;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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and safety, thus having a great impact on society and economy [1]. By the end of November 2020, the rapid global
widespread of SARS-CoV-2 has caused more than 108 million confirmed cases and over 2 million deaths (WHO
dashboard, 14 February 2021). The current lack of vaccines and of effective global prophylactic strategies results
in a scarce control of the viral spread, therefore giving
inevitably rise to concerns relative to the management and
prevention of viral transmission. In this critical context,
there is a rush toward the identification of strategies/tools
that might contribute to the reduction of viral spread
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primarily by modeling potential prophylactic and preventive treatments to be adopted for patients in high risk conditions, by limiting the environmental risk factors through
the inactivation of virions on surfaces and aerosols [2],
and by identifying novel therapeutic strategies able to
effectively counteract SARS-CoV-2.
The usage of light sources at different wavelengths, in
the so called Photobiomodulation Therapy (PBMT), have
for long been known to exert beneficial effects on various
human ailments and have also been intensively investigated for their antibacterial effects and recently also for
antiviral properties. An emerging and promising novel
approach that has been seen to efficiently counteract
microorganisms' infections is given by the exploitation of
blue wavelengths (400–470 nm) that result to be effective
even at low irradiation doses [3] against different bacterial strains including Porphyromonas gingivalis, methicillin-resistant
Staphylococcus
aureus
(MRSA),
Pseudomonas aeruginosa and Helicobacter pylori [4, 5].
Though the exact molecular mechanisms through which
blue light promotes a direct antimicrobial activity have
not yet been fully characterized, it is thought to probably
depend on a photochemical effect linked to the intrinsic
ability of blue light to excite porphyrins, event that
results in the production of reactive oxygen species (ROS)
and therefore to the killing of the bacterial cell [5–7].
Blue light presents different potential clinical applications, indeed it can be used for infection control in
patients with skin acne (Propionibacterium acnes) or H.
pylori gastric colonization [4], but it can also be employed
for environmental decontamination of clinical hospital
rooms [8], of biomaterials in implantation devices or of
biological fluids [9].
On the contrary, the evaluation of the effects of blue
light on viral particles is still in a preliminary stage, but
certainly possesses the potential to expand soon. Also in
this case, the identification of the exact mechanisms at the
basis of blue light-driven antiviral properties has yet to be
clarified. For the first time to our knowledge, our research
group registered an antiviral effect of blue laser light in
two in vitro models of infections: herpes simplex type 1
(HSV-1) in spontaneously immortalized keratinocyte cell
line (HaCaT) [10]; Zika virus (ZIKV) in human glioblastoma cell line (U87-MG) [11]. In both experimental setups,
we observed a significant reduction of viral concentration
following irradiation of the viral particles and also a positive outcome in terms of viral load decrement in an
already established infection [10, 11].
In the context of SARS-CoV-2, a preprint redacted by
de Santis et al. [12] showed that visible LED light with a
peak at 413 nm, was able to reduce the viral load of
virions that were illuminated for 40 or 60 minutes and
then transferred to a cell culture.
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In the present work, the possible antiviral effect
against SARS-CoV-2 of 3 LED devices (wavelengths at
450, 454 and 470 nm) was investigated in an in vitro cellular model of infection by performing three experimental settings: SARS-CoV-2 was irradiated alone and then
transferred to the cell culture; cells were irradiated prior
to infection; previously infected cells were irradiated.
2
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EXP ER IM ENT AL SE CTI O N

2.1 | Cell line and LED irradiation
Experiments were performed on Vero E6 epithelial normal cell line derived from the kidney of Cercopithecus
aethiops (ATCC CRL-1586). Cells were cultured in MEM
+ 10% fetal bovine serum, 2 mM glutamine, and 100 U/
mL penicillin/streptomycin (Euroclone, Pero, Italy). Cells
were seeded at a density of 1 × 104 cells/well in 96 multiwell plates. For all experimental conditions cells were
cultured in DMEM +2% FBS, 2 mM glutamine, and
100 U/mL penicillin/streptomycin (Euroclone, Pero,
Italy).
LED treatments were carried out by using LED lights
at 450, 454 and 470 nm (BLù series, developed by UVCore based on Cortem Group's EVML lighting Fixture,
Cortem S.p.A, Villesse, Italy) with an irradiance of
40 mW/cm2, continuous waves. The irradiations were
performed in dark conditions with the lid of the plate left
open to avoid environmental light and plastic interference. The power emission was checked with a power
meter and the beams were able to cover uniformly four
attached wells in the 96 multi-well plates.
Different fluences were initially tested in order to
define the maximal dose that resulted to be not toxic for
the cells (5, 10, 15, 20 J/cm2). Consecutively, the maximum safe irradiation time for Vero E6 cells was
employed in the following experiments of virus infection
(both for the irradiation of the cells pre- or post-infection,
and for the irradiation of the virus alone).

2.2 | LED antiviral activity
SARS-CoV-2, kindly provided by the BLS3 facility (San
Polo Monfalcone hospital, GO, Italy), was employed in
the experiments at a multiplicity of infection (MOI) of 0.1
and 0.01.
The experimental settings were performed as follows:
1. SARS-CoV-2 was irradiated alone and then transferred to the cells for 1 hour to determine whether the
blue light can exert a direct impact on virions;
2. Cells were irradiated and then infected with SARSCoV-2 for 1 hour to assess if the PBMT can promote
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cellular activation by priming their response to external stimuli;
3. Pre-infected cells with SARS-CoV-2 for 1 hour were
irradiated to test whether LED light can interfere with
intracellular viral replication.
At the end of the procedures, the medium was
removed and replaced with a fresh one.
At 24, 48 and 72 hours post-infection/irradiation, 15
microliters of the cell culture supernatants were collected
and thermolyzed with 45 microliters of water (98 C for
3 minutes, followed by 4 C for 5 minutes). The viral RNA
was then quantified using Real-Time PCR with CDC
primers and probe (Eurofins, Luxembourg) specific for the
viral gene N (nucleocapsid, 500 nM forward primer 50 GGG AGC CTT GAA TAC ACC AAA A-30 , 500 nM
reverse primer 50 -TGT AGC ACG ATT GCA GCA TTG-30 ,
125 nM probe 50 -FAM-AYC ACA TTG GCA CCC GCA
ATC CTG-BHQ1-30 ), with the Luna Universal Probe OneStep RT-qPCR Kit (New England Biolabs, Ipswich, Massachusetts) following the manufacturer's instructions.
Amplification was carried out on the 7500 Fast Real-Time
PCR platform (Thermo Fisher Scientific, Waltham, Massachusetts), with the following protocol: 50 C for 100 , 95 C
for 10 , and then 40 cycles at 95 for 1000 , 60 for 3000 . A standard with known amounts of nucleic acid (derived from
nCoV-CDC-Control Plasmid, Eurofins) was employed in
order to quantify the viral load.

2.3 | Statistical analysis
R software was employed to conduct the statistical analysis by using Kruskal-Wallis (KW) test corrected for multiple comparisons with Dunn's test. Non-irradiated cells
(treated only with the virus) were compared with the
other experimental conditions [13]. The experiments
were performed in quadruplicate.
3 | R ES U L TS A N D D I SCU SS IO N
In the current work, the potential antiviral effect of blue
light was investigated on a cellular model of SARS-CoV-2
infection.
After the initial screening to determine the safety dosage of irradiation for the Vero E6 cells, the following protocols, presenting the highest fluences tolerated by the
cells (95%–100% of cell survival when compared to not
treated cells), were selected and include: 450 nm, 12.5 J/
cm2; 454 nm, 10 J/cm2; 470 nm, 20 J/cm2.
To test the potential antiviral activity of the blue
LED, three experimental settings were exploited. The first
scenario comprehends the irradiation of the virus alone
to determine the possible direct effects of blue light on
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SARS-CoV-2 viability, presumably acting on the virions'
external structure and proteins. In the second setting,
cells were irradiated prior to infection to verify whether
the PBMT can reduce viral uptake and/or strengthen cell
resistance and response against the virus; indeed, the
metabolic stimulation of the cells after PBMT could positively affect their reaction and counterattack to external
stimuli such as infections [14]. In the third tested condition, the irradiation of infected cells was considered in
order to assess the effect of PBMT on the machinery
involved in intracellular viral replication. The described
experimental strategies were chosen since they strictly
enclose critical aspects that need to be unraveled in order
to properly manage SARS-CoV-2 widespread: the irradiation of the virus alone could mimic an environmental
condition in which PBMT might act as a disinfectant for
surfaces; the irradiation of cells prior to infection could
model a preventive prophylactic treatment for high risk
subjects by metabolically pre-activating the cells of the
oral and nasopharyngeal mucosa, known to be permissive to viral entry [15, 16]; the irradiation of infected cells
might pioneer a new therapeutic strategy against SARSCoV-2 based on light.
Our data show that the most promising setting is the
third one, given by the irradiation of previously infected
cells; indeed, when compared to untreated cells, a great
reduction in viral load was observed both at 24 and
48 hours post-infection (Figures 1 and 2, Figure S1), and
statistical significance was registered at the MOI of 0.01.
While the irradiation with LED at 450 and 454 nm was
able to significantly reduce the viral load even at 24 hours
(initial MOI 0.01, KW test P-value = .04 and P-value = .02
respectively), at 48 hours all the tested LED wavelengths
(including that at 470 nm) seem to be effective (initial
MOI 0.01, KW test, P-value = .004, P-value = .01, and Pvalue = .04 respectively). Although the trend of the
obtained data always shows a favorable outcome, it is
presumable that an excessively high viral concentration
prevents the detection of a clear-cut antiviral effect of
LEDs at the MOI of 0.1 and at increased time intervals
(72 hours) (Figure 3, Figure S1). Previous to our work, in
a preprint redacted by De Santis et al. [12], authors used
a LED-device with a combination of frequencies (400–
420 nm, 430–460 nm, 500–780 nm) with a main peak at
413 nm, power of 4.67 mW/cm2 for 40 or 60 minutes. A
reduction of SARS-CoV-2 plaques of 97.3% following the
irradiation of 2 × 103 PFU/mL virions for 40 minutes and
of 99.8% after the irradiation of 2 × 105 PFU/mL of viral
particles for 60 minutes was observed. The work of De
Santis et al. cannot be considered as directly comparable
to ours, since their irradiation time was higher (40 and
60 minutes) if compared to our tested timings (maximum
of 10 minutes). Moreover, they used a LED device
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F I G U R E 1 Effect of blue LED at 450, 454 and 470 nm on SARS-CoV-2 in Vero E6 cell line at 24 hours post-infection. SARS-CoV-2 was
used in the experiments at a multiplicity of infection (MOI) of 0.1 and 0.01. Three settings were employed: SARS-CoV-2 was irradiated alone
and then transferred to the cells for 1 hour, already infected cells (1 hour) were irradiated, cells were irradiated and then infected with the
virus for 1 hour. The viral load was quantified from the supernatants and is reported as Log10 viral copies/mL. Kruskal-Wallis (KW) test
corrected for multiple comparison with Dunn's test was utilized for the comparison between not irradiated cells (treated only with the virus)
and the other experimental conditions (*P < .05, **P < .01). (A) SARS-CoV-2 viral load after PBMT at 450 nm (MOI of 0.1). (B) SARS-CoV-2
viral load after PBMT at 450 nm (MOI of 0.01). (C) SARS-CoV-2 viral load after PBMT at 454 nm (MOI of 0.1). (D) SARS-CoV-2 viral load
after PBMT at 454 nm (MOI of 0.01). (E) SARS-CoV-2 viral load after PBMT at 470 nm (MOI of 0.1). (F) SARS-CoV-2 viral load after PBMT
at 470 nm (MOI of 0.01)
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F I G U R E 2 Effect of blue LED at 450, 454 and 470 nm on SARS-CoV-2 in Vero E6 cell line at 48 hours post-infection. SARS-CoV-2 was
used in the experiments at a multiplicity of infection (MOI) of 0.1 and 0.01. Three settings were employed: SARS-CoV-2 was irradiated alone
and then transferred to the cells for 1 hour, already infected cells (1 hour) were irradiated, cells were irradiated and then infected with the
virus for 1 hour. The viral load was quantified from the supernatants and is reported as Log10 viral copies/mL. Kruskal-Wallis (KW) test
corrected for multiple comparison with Dunn's test was utilized for the comparison between not irradiated cells (treated only with the virus)
and the other experimental conditions (*P < .05, **P < .01). (A) SARS-CoV-2 viral load after PBMT at 450 nm (MOI of 0.1). (B) SARS-CoV-2
viral load after PBMT at 450 nm (MOI of 0.01). (C) SARS-CoV-2 viral load after PBMT at 454 nm (MOI of 0.1). (D) SARS-CoV-2 viral load
after PBMT at 454 nm (MOI of 0.01). (E) SARS-CoV-2 viral load after PBMT at 470 nm (MOI of 0.1). (F) SARS-CoV-2 viral load after PBMT
at 470 nm (MOI of 0.01)
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F I G U R E 3 Effect of blue LED at 450, 454 and 470 nm on SARS-CoV-2 in Vero E6 cell line at 72 hours post-infection. SARS-CoV-2 was
used in the experiments at a multiplicity of infection (MOI) of 0.1 and 0.01. Three settings were employed: SARS-CoV-2 was irradiated alone
and then transferred to the cells for 1 hour, already infected cells (1 hour) were irradiated, cells were irradiated and then infected with the
virus for 1 hour. The viral load was quantified from the supernatants and is reported as Log10 viral copies/mL. Kruskal-Wallis (KW) test
corrected for multiple comparison with Dunn's test was utilized for the comparison between not irradiated cells (treated only with the virus)
and the other experimental conditions (*P < .05, **P < .01). (A) SARS-CoV-2 viral load after PBMT at 450 nm (MOI of 0.1). (B) SARS-CoV-2
viral load after PBMT at 450 nm (MOI of 0.01). (C) SARS-CoV-2 viral load after PBMT at 454 nm (MOI of 0.1). (D) SARS-CoV-2 viral load
after PBMT at 454 nm (MOI of 0.01). (E) SARS-CoV-2 viral load after PBMT at 470 nm (MOI of 0.1). (F) SARS-CoV-2 viral load after PBMT
at 470 nm (MOI of 0.01)
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possessing a wide range of wavelengths, while our lamps
emitted a beam at a specific blue wavelength. Notably,
the outcomes of the two studies are not in agreement;
indeed, we did not detect a direct effect of the PBMT on
the virus alone as reported by De Santis et al. but only
following infection, when the viral particles already
entered the host cell. Based on our results, we can speculate that the PBMT might be more efficient on intracellular viral particles, therefore leading to the assumption
that PBMT might interfere with the replication machinery of the virus.
We could speculate that, under our experimental conditions, the intact virions are resistant and not susceptible
to LED blue light, while when the virus enters the host
cell and uncoats, it becomes more sensitive to the effect
of an external perturbing treatment. As a consequence, if
laser light is delivered during this phase, the stability of
SARS-CoV-2 might be affected and the virus may not be
able to replicate efficiently.
In previous works conducted by our research group,
we used a 445 nm laser device on HSV-1 and ZIKV. In
this case we registered both a direct effect of the blue
light on the virus and also in pre-infected cells for 1 hour
that were then irradiated [10, 11]. The last mentioned
observation confirms the results obtained in the current
work on SARS-CoV-2.
Very recently, the usage of PBMT on COVID-19
patients has been suggested with the intent of possibly
performing a transthoracic PBMT to promote the regeneration of the lung, a transcutaneous or intravenous
PBMT to reach the blood thus stimulating a systemic
effect, and a PBMT at the level of the tibia (bone marrow), thymus or lymph nodes in order to stimulate the
immune system [17, 18]. Under these circumstances, it is
worth considering that since blue light presents very low
penetration properties across the skin [19], the transthoracic/transcutaneous application of PBMT should not be
able to reach and target the pulmonary region. A possible
alternative may reside in the development of a tracheal
probe that could deliver the light to the affected pulmonary sites. Furthermore, the usage of antimicrobial photodynamic therapy (APDT), already assessed against
other viruses [20], has been speculated to be functional
for the disinfection of the oropharynx of COVID-19
patients by promoting the decrease of the viral load and
therefore potentiality counteracting viral invasion and
infection [21].
Remarkably, PBMT at infrared wavelengths is already
exploited for the treatment of viral ailments, such as the
warts caused by human papillomavirus (HPV) [22], or
herpetic oral lesions induced by herpes simplex
virus 1 [23].
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Although the potentiality of PBMT in the context of
SARS-CoV2 infection is worth of consideration, only a
case report, in which a supportive treatment at 808 to
905 nm improved pneumonia, strongly reinforces the
possible usage of PBMT on COVID-19 patients [24].
Moreover, a very recent article described the employment
of methylene blue and visible light to inactivate residual
SARS-CoV-2 in the plasma of a patient recovered from
COVID-19 prior to the transfusion in patients with active
severe disease [25].
4 | CONCLUSION
Our promising results can endorse the possible exploitation of blue light to face the challenges linked to SARSCoV-2 infection. A relevant aspect to bear in mind is that
the applied wavelengths are defined as safe for eukaryotic
cells. Considering this aspect, a possible and intriguing
option might be the application of a combination of different wavelengths: the infrared component could help
the recovery from pneumonia as reported by Sigman
et al. [24], while blue wavelengths might tackle SARSCoV-2 replication as shown by our work.
The investigation of PBMT antiviral activity against
SARS-CoV-2 on human cell lines (we employed a very
general permissive cell model), is envisaged in order to
propose translationality for this interesting new supportive approach on COVID-19 affected individuals, also considering that PBMT is widely known to be safe, without
side effects and to be well tolerated by the patients.
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