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A B S T R A C T   

The local antiviral photodynamic inactivation (PDI) may prove to be a helpful tool reducing the viral load in the 
nose and throat area in the early phase of a Covid19 infection. Both the infectivity and the prognosis of SARS- 
CoV-2 infections in the early phase can depend on the viral load in this area. The aim of our study was to find a 
simplified PDI therapy option against corona viruses in this region with low dose methylene blue (MB) as 
photosensitizer and use of LED light instead of laser. As a substitute for SARS-CoV2 viruses we started with BCoV 
infected U373 cells first. We used an 810nm diode laser with 300mW/cm2 and 100J/cm2 light dose as well as a 
590 nm LED and a broadband LED with irradiation intensity of 10,000 lx each (irradiation time 2.5 and 10 min) 
and concentrations of the sensitizer of 0.001% and 0.0001%. The 0.001% MB sensitizer experiments showed 
similar results with all exposures. The logarithmic reduction factor varied between ≥ 5.29 and ≥ 5.31, (0.001% 
MB sensitizer) and ≥ 4.6 and ≥ 5.31 (0.0001% MB) respectively. Extending the LED irradiation time from 2 to 5 
and 10 minutes did not change these results. In contrast approaches of BCoV-infected cells in the dark, treated 
with 0.001% and 0.0001% MB sensitizer alone, a lot of residual viruses could be detected after 10 minutes of 
incubation (RF 0.9 and RF 1.23 for 0.001% MB and 0.0001% MB respectively) In our SARS-CoV-2 experiments 
with VERO E6 infected cells the irradiation time was reduced to 1, 2 and 3 minutes for both concentrations with 
increasing broadband LED radiation intensity from 20 to 50 and 100.000 lx. (RF 4.67 for 0.001% and 0.0001% 
respectively). This showed a minimum concentration of 0.0001%MB and a minimum radiation intensity of 
20,000 lx leads to a 99.99% reduction of intracellular and extracellular viruses after one minute exposure.   

1. Introduction 

The Covid-19 pandemic crisis is a major challenge for national health 
systems, the world economy and social happiness. The existing vaccines 
protect largely against severe disease progression but their capacity to 
stimulate protective immunity against infection of the mucous mem-
branes of the nose and throat area remains unknown. In this region the 
infection often starts by binding of the virus to ACE2 receptors and the 
upper respiratory tract is the location where the virus multiplies first 
[1]. The fundamental risk of infection cannot be ruled out with cer-
tainty, after surviving a Covid-19 infection and even complete vacci-
nation protection does not confer sterilizing immunity. Recently there 
have been reports of post vaccination infections [2–4]. This is now 

becoming apparent in some countries in June 2021,where despite high 
vaccination rates, the incidences for variants B.1.617.2 and B.1.617.2.1 
continue to rise. A lack of mucosal immunity (sterile immunity) can 
thus, as a retract for the virus, contribute the spread of the virus also by 
fully vaccinated people and the mucous membranes of the nasopharynx 
can thus contribute to the development of further mutations. 

With the exception of vaccines, there are currently (June 2021) no 
drugs with monocausal effect but only with an adjuvant effect against 
the different variants of SARS-CoV2 viruses, depending on phase of 
infection, available e.g. Remdesivir [5], Lopinavir, Ritonavir, Chloro-
quine, Ribavirin  [6] and many antiviral drugs seemed to be ineffective 
to stop disease progression [7,8]. 

Because the infection of Covid-19 often begins in the nasal, hypo and 
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oropharynx, it should be possible to reduce the viral load locally in this 
region. The extent of viral load has been shown as a predictor of disease 
severity and progression [9]. Significant reduction of the viral load in 
this area, however, could both improve the prognosis of the course of the 
disease for those affected, and prevents the infection from spreading 
hereby reducing the risk of virus mutations [10]. 

A promising and inexpensive solution to this is known as antimi-
crobial photodynamic inactivation (PDI) as an alternative method for 
inactivation of viruses. The advantage of this method is that it is unlikely 
to cause resistance and is applicable for a great variety of viruses [11, 
12]. 

PDI requires the combined action of three elements: a light source, a 
special dye (photosensitizer (PS)) and free oxygen molecules. The 
mechanism depends on concentrations of molecular oxygen, photosen-
sitizer and light properties used. 

Key-element in this process is oxygen molecules in the first two 
excited singlet states, dissolved in a solvent (e. g. water). Despite oxygen 
in ground state, these excited molecules are highly reactive, thus being 
quickly reduced by organic molecules also dissolved in the solvent. Due 
to quantum mechanical selection rules, oxygen cannot be excited 
directly by electro-magnetic radiation, the transition is spin-forbidden 
and there is also an interdiction caused by parity of the electronic 
wave-functions [53]. These restrictions require an alternate way for 
producing singlet oxygen. A well-established method is the 
photo-activation of a sensitizer with subsequent energy transfer to the 
oxygen molecules [54]. 

Methylene blue (MB), a broad band absorbing dye, with energy 
bands located above or matching the sharp energy levels of oxygen, is a 
commonly used substance for this purpose [54]. If photon energy 
(wavelength) of the light irradiated fits into the transitions between 
ground state and the upper bands of the dye, free valence electrons of the 
dye undergo a transition to higher energy levels, (singlet 0 -singlet 1-tri-
plett level). 

The excitation energy will be transferred to the dissolved oxygen 
molecules, mostly by collisions, but also multipolar interactions are 
imaginable. This method of activating energy levels is a common pro-
cedure in several technical applications, e.g. the introduction of Ho3+

solid-state lasers in the mid-eighties of the last century by Huber et al. 
[55]. The oxygen is then reduced by organic molecules dissolved in 
water, and radicals are created for a short time and locally limited 
(reactive oxygen species (ROS) like hydroxyl‑ perhydroxyl-radicals, 
superoxide anions (OH-, HOH, O2-,) and singlet oxygen (1O2)). These 
ROS can promote the damage of virus targets. This happens when the 
dye binds to vital viral components (lipid envelope (where present) and 
core proteins, membrane lipids or nucleic acids) [12–15]. 

The destruction of the virus targets due to energy transfer from dye to 
oxygen and resulting ROS is in this case a purely physical induced and 
not a pharmacological process. Neither viruses nor bacteria are able to 
defend themselves against this physical attack or develop resistance. 

Since its discovery at the end of the 19th century methylene blue 
(MB) has made medical history and is still used successfully in numerous 
fields of medicine today. Depending on the type of application and 
dosage, the dye can act either physically as medical product or phar-
macologically as a drug. 

The dye is used for example systemic for the treatment of meth-
aemoglobinemia [16], septic shock [17], as an antimalarial agent [18], 
as a neuroprotective drug [19], in local application in colonoscopy [20], 
for visualization of organ structures during surgery, for antimicrobial 
photodynamic therapy in dentistry [21] and for photo-deactivation of 
viruses in human fresh plasma [22,23]. 

With 1 micro molar concentration of methylene blue and one hour 
visible light irradiation MB succeeds for example to inactivate enveloped 
viruses like HIV1, HIV2, HBV, HBC, HPV, and Sindbis- and West Nile- 
viruses in 300 ml fresh human plasma. Latest studies also show the 
possibility of inactivation acute respiratory syndrome Coronavirus as 
well as the possibility to inactivate SARS-CoV2 viruses in human plasma 

[24,25]. 
Already 88 years ago Perdau et al. [26] demonstrated the broad 

spectrum effectiveness of methylene blue (MB) based photodynamic 
therapy in veterinary medicine on different virus strains e.g. vaccinia, 
herpes, foul plague, louping III, borna disease, and canine distemper 
viruses. The MB PD inactivated viruses, retained their antigenicity 
(immunogenicity) and reduced their infectivity. So the Perdau group 
used the MB PD inactivated viruses for the production of an effective 
vaccine [27]. T. Dempsey et al. [28] showed in 1934 already the 
vaccination with methylene blue PDI based vaccine led to protective 
antibody formation without an infection of the treated animals, and 
Galloway et al. [29] demonstrated the antigenic value of MB based PDI 
on fixed rabies viruses. 

30 years later similar observations were made by S. Thurner et al. 
[30], by inducing antigenicity after methylene blue PDI of vaccinia vi-
ruses. They also could observe a pH depending dye binding to the virus 
and its strong affinity to nucleic acids. Methylene blue binds to nucle-
otides, polynucleotides and nucleic acids in aqueous solution [31–33]. It 
intercalates with guanine bases of nucleic acids and is able to induce 
strand breaks in the viral RNA/DNA after light activation. MB PDI 
generates reactive oxygen species (ROS) that cause the destruction of 
guanine residues thus preventing viral replication [34]. MB also can 
induce e.g. protein cross link of envelope glycoproteins forming spikes of 
the virus to enter into the host cell. [35] and viral proteins and genome 
were disrupted after MB PDI with simultaneous loss of infectivity of the 
virus [36]. 

These observations maybe of great importance again today related to 
Covid-19 infections. The local photodynamic destruction of the virus’ 
envelope and RNA could not only hamper virus replication but theo-
retically trigger immunological effects at cellular level by photody-
namically induced "unmasking" of the virus. 

In our study we investigated in vitro whether a low dose aqueous 
solution of the organic dye methylene blue (0.0001% and 0.001%) can 
be used to inactivate intracellular Corona viruses of different strains 
(BCoV and SARS-CoV-2 wildtype) through excitation with different light 
sources in order to eventually figure out e.g. new therapy options for 
local photodynamic reduction of Corona and SARS-CoV-2 virus load in 
naso, hypo and oropharynx. 

Depending on dye concentration, pH level and solvent [33], meth-
ylene blue shows a broadband absorption spectrum which extends from 
UV over the visible range to the near infrared region with two absorption 
maxima at 250 nm and 664 nm. 

Thus the photosensitizer activation of methylene blue can be ach-
ieved with a variety of light sources e.g. non coherent (xenon arc, metal 
halide. quartz halogen, phosphor sodium lamps, LED lamps and even 
incandescent lamps) or coherent light sources with a variety of lasers. 

Most PDI systems stimulate dyes in the resonance, i.e. in their ab-
sorption maximum. However the high absorption coefficient of the dye 
at this wavelength leads according to Lambert-Beer’s law to a small 
penetration-depth, which means the optical energy is absorbed only in 
the upper layers of the dye solution. As a consequence the dye has to be 
rinsed off after superficial application, in order to get light to its target 
chromophores (close to bacteria or virus envelope). This additional 
dilution effect now reduces the number of possibly excited dye mole-
cules, and so the transfer rate from the dye molecules to oxygen and of 
course the amount of ROS. Trying to compensate this effect at high 
absorption cross-sections by increasing the light output can lead to 
photo-bleaching of the dye [37]. 

To avoid this, we used different beam sources away from the MB 
resonance wavelength (broadband white LED, 590 nm LED, and 810 nm 
laser light (Fig. 1)). In our experiments MB was chemically stable in the 
presence of all employed light sources and irradiation conditions we 
used. Main goal was to find out which beam source is most effective, 
inexpensive and best suited for this purpose, regarding a possible clinical 
application at a later date. For the broadband NiMh powered LED lamp 
we constructed a special voltage regulation to maintain a constant light 
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flux over the lifetime of the battery. 
In our study we tested the basic effectiveness and efficacy of an 

antiviral photodynamic treatment to inactivate different Corona strains 
(BCoV and SARS-CoV-2 wildtype) with methylene blue based PDI under 
different excitation wavelengths, dye concentrations, power densities 
and doses. The aim was to find out, which of the used parameter sets 
could be most suitable for a later clinical use. Further we wanted to find 
out whether the method is insensitive to possible Corona virus mutations 
and shows a possible broadband effect against different Corona strains. 
Our first attempts with bovine corona viruses served also as substitutes 
for human corona viruses. The results of the BCoV tests were used to 
optimize possible radiation sources and dye concentrations for the 
SARS-CoV-2 testing. 

2. Material and methods 

2.1. Virus and cells: BCoV study 

The BCoV strain L9 was obtained by Dr. G. Zimmer, Institute of 
Virology at the School of Veterinary Medicine Hannover (Tierärzliche 
Hochschule.DE 30559 Hannover) 

The U373 cells (passage 14) were as well obtained by Dr. G. Zimmer, 
Institute of Virology at the School of Veterinary Medicine Hannover. 

The cells were inspected regularly for morphological alterations and 
for contamination by mycoplasmas. No morphological alterations of 
cells and no contamination by mycoplasmas could be detected. 

2.2. Virus and cells: SARS-CoV-2 study 

The SARS-CoV-2/Germany strain was derived from a patient isolate. 
(HCoV-19/Germany/BY-Bochum-1/20) (B.1.1.70) (GISAID acces-

sion ID: EPI_ISL_1118929). 
The Vero E6 cells were obtained from university Bern, Switzerland. 
The cells were inspected regularly for morphological alterations and 

for contamination by mycoplasmas. No morphological alterations of 
cells and no contamination by mycoplasmas could be detected. 

SARS-CoV-2 experiments were conducted in a biosafety level 3 lab-
oratory after obtaining all certificates and permissions required for 
SARS-CoV-2 studies. 

2.3. Methods BCoV study 

To analyze the efficacy of the PDI with different light sources to 
inactivate the bovine coronavirus. 

U373 cells were cultivated in 48-well plates and infected with BCoV 
before irradiation treatment. The following short flowchart provides an 
overview of the process: (Test procedure accredited to DIN EN ISO/ IEC 
17025). 

(Sub) culturing of U373 cells in 48-well plates. 
▸ 150 µl cell suspension + 500 µl medium (EMEM 10% FKS). 
(Day 1) ↓. 
▸Infection of the U373 cells with 200 µl of a virus-medium-mixture. 
(Day 4) ↓. 

▸Pre-treatment and irradiation of the BCoV-infected cells. 
(Day 5). 

2.4. Preparation of test virus suspension BCoV 

For preparation of test virus suspension, U373 cells were cultivated 
in 175 cm2 flask with in EMEM supplemented with L-glutamine, non- 
essential amino acids and sodium pyruvate an 10% fetal calf serum. 
Before virus infection, cells were washed two times with phosphate 
buffered saline (PBS), incubated for 3 h with EMEM without FCS and 
were washed once with EMEM supplemented with trypsin. For virus 
production, BCoV strain L9 was added to the prepared monolayer. After 
an incubation period of 24 to 48 h (cells showed a constant cytopathic 
effect), cells were lysed be a rapid freeze/thaw cycle. Cellular debris was 
removed by low speed centrifugation. After aliquotation of the super-
natant, test virus suspension was stored at − 80 ◦C. 

2.5. Preparation of U373 cells for irradiation treatment 

U373 cells of a 175 cm2 cell culture flask were detached enzymati-
cally with Trypsin-EDTA solution and taken up in a total of 60 ml of 
EMEM medium with 10% fetal calf serum.150 µl each of this cell sus-
pension were transferred into maximum six wells of a 48-well plate with 
a final volume of 650 µl (filled up with 500 µl EMEM 10% FCS (see 
Fig. 1). 

48 well plates were selected, because the diameter of one well cor-
responds exactly to the diameter of the laser cone (light cone laser: 
approx.1 cm diameter; well of 48-well plate 1.04 cm), which ensures 
that the cells are treated evenly throughout the entire well during ra-
diation. The beam-diameter of the other two non-coherent light sources 
was larger and therefore not a problem. 

After three days of cultivation at 37 ◦C and 5% CO2, cells were 
washed two times with EMEM without FCS (2 × 200 µl per well) and 
incubated for further 3 h at 37 ◦C an 5% CO2. For virus infection, me-
dium was removed from the individual wells and replaced by 200 µl 
virus medium mixture (500 µl BCoV virus suspension were mixed with 
30 ml EMEM without FCS/with penicillin/streptomycin, and trypsin). 

After an incubation period of 20–24 h BCoV-infected cells were used 
for irradiation treatment (see Table 1). 

2.6. Preparation of sensitizer MB 

The Methylene blue was used in aqueous solution in the following 
concentrations:  

a) 0.001% (end concentration in 200 µl/well).  
b) 0.0001% (end concentration in 200 µl/well). 

For 0.001% methylene blue concentration (1:100 diluted) 18.68 µl 
sensitizer was added to 181.31 µl medium per well. For the further 
concentration of 0.0001% MB sensitizer was diluted 1:1000 in Aqua 
dest. and 18.68 µl of the dilution were added to 181.31 µl medium. 

2.7. Manual PDI irradiation procedure with the different light sources 

For photodynamic inactivation of the bovine coronavirus (BCoV), 
first the appropriately diluted methylene blue (18.69 µl per well) was 
added to the BCoV-infected cells. Right after, irradiation with Gigaa 
optronics 810 nm diode laser was performed in the following with an 
light dose of 100 joule/cm2 for 5.46 min under constant power of 0,3 W/ 
cm2. Each well was treated separately with a maximum of six wells per 
plate (see Fig. 2b). Additional, irradiation procedure was performed 
with the alternative 589 nm LEDs and the conventional flashlight LED in 
the same manner as the laser (see Fig. 2c-f). 

After treatment of the respective last well of a culture plate, the 
entire plate was immediately stored and frozen at − 80 ◦C (Figs. 3–5). 

Fig. 1. Loading of a 48-well plate with U373 cells for irradiation.  
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2.8. Recovery of the residual virus and determination of infectivity 

For recovery of residual virus from the infected and treated cells, 
plates were subjected for a freeze/thawing procedure. This was followed 
by mixing of cell suspension in each well by pipetting up and down 15 
times to re-suspend the virus. After that, series of ten-fold dilutions of the 
suspensions took place in ice-cold maintenance medium, respectively. 
Finally, 100 µl of each dilution were placed in eight wells of a sterile 
polystyrene flat-bottomed plate with a preformed U373 monolayer (see 
Fig. 6). 

Before addition of the dilutions, cells were washed twice with EMEM 
and incubated for 3 h with 100 µl EMEM with trypsin. The cells were 
incubated at 37 ◦C in a CO2-atmosphere (5.0% CO2-content). 

After six days of incubation, cultures were observed for cytopathic 
effects. The infectious dose (TCID50) was calculated according to the 
method of Spearman [1] and Kälber [2]. 

2.9. Controls 

2.9.1. Virus control (VC) 
Virus recovery was performed from non-treated BCoV-infected 

Table 1 
Overview of the selected conditions during the photodynamic treatments of BCoV-infected cells *illuminance: 10,000 lx light green: after addition of sensitizer plate 
was immediately wrapped with aluminum foil.  

BCoV infected 
U373 cells 

Conc. Of sensitizer in 
200 µl/well [%] 

Irradiation time with the laser for 
100 joule/cm2 [min] 

Irradiation time with the 590 
nm diodes LED [min]* 

Irradiation time with the 
flash-light LED [min]* 

Incubation time in the 
dark [min] 

Non treated 
(virus control) 

– – – – – 

treated 0.001 5.46 – – – 
treated 0.0001 5.46 – – – 
treated 0.001 – 10 – – 
treated 0.001 – 5 – – 
treated 0.001 – 2 – – 
treated 0.0001 – 10 – – 
treated 0.0001 – 5 – – 
treated 0.0001 – 2 – – 
treated 0.001 – – 10 – 
treated 0.001 – – 5 – 
treated 0.001 – – 2 – 
treated 0.0001 – – 10 – 
treated 0.0001 – – 5 – 
treated 0.0001 – – 2 – 
treated 0,001 – – – 10 
treated 0,0001 – – – 10  

Fig. 2. Schematic representation of the individual approaches per plate for the treatment of the BCoV-infected cells Treatment of the cells with sensitizer only (a), 
photodynamic treatment with laser (b), 589 nm LEDs (c, d) and flashlight (e, f). 

Fig. 3. Determination of infectivity (virus recovery per well of a 48 well plate) 
from infected and treated U373-cells using the end point dilution process. 
Meaning, each virus suspension was immediately diluted, and dilutions were 
transferred to the permissive cells, respectively. 
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U373-cells (no sensitizer and no irradiation) as described under 2.5. The 
mean virus titer was used as reference for calculation of the reduction 
factor (Fig. 7). 

2.9.2. Treatment with MB- sensitizer (without radiation) 
Another virus recovery was performed from infected U373-cells, 

treated with the MB sensitizer only. Thereby the culture plate was 
wrapped up with aluminum foil immediately after addition of the dye 
(without irradiation or light exposing), stored for 10 min in the dark and 
frozen until titration of the residual virus, as described in 2.5. 

2.9.3. Cell culture control 
Furthermore, a cell control (only addition of medium) was 

incorporated. 

2.10. Calculation of effectiveness 

The virucidal effectiveness of the MB PDI and the photodynamic 
inactivation properties using the non-coherent light sources was evalu-
ated by calculating the decrease in titer of the treated and radiated 
culture in comparison with the control titration of the approaches 
without treatment (VC). The difference is given as reduction factor (RF). 

Based on standard EN 14476, [40]a system is having a virucidal ef-
ficacy if the titer is reduced at least by 4 log10 steps [3]. This corresponds 
to an inactivation of ≥ 99.99%. 

3. Results 

The effectiveness of the different photodynamic systems was deter-
mined after the irradiation treatment of two to three BCoV infected 
U373 cell cultures of a 48-well plate (corresponds to two to three wells) 
per concentration of the sensitizer, respectively. Results of examination 
are shown in Table 2 in the appendix. 

3.1. Diode laser 810 nm 

With methylene blue and subsequent continuous wave diode laser 
irradiation sequences with constant power density (0.3 watt/cm2) and a 
light dose of 100 joule/cm2, no or only minimal amount of residual virus 
was found with 0.001% or 0.0001% concentrations of the dye. The mean 
reduction factor (RF) was ≥ 5.31 (0.001% sensitizer) and ≥ 5.19 
(0.0001% sensitizer) respectively, which corresponds to an inactivation 
of the BCoV of 99.999%. See Table 2. 

3.2. 590 nm Diode LED 

After addition of 0.001% MB sensitizer to the infected cells and 
subsequent irradiation with 10,000 lx of the 590 nm LEDs no virus could 
be detected after 5 and 10 min exposition. A minimum amount of re-
sidual virus could still be detected in one approach after two minutes of 
exposition. The mean RF was ≥ 5.29 (irradiation time of two minutes) 
and ≥ 5.35 (irradiation for 5 and 10 min), respectively. 

Similar results could be detected with the 590 nm LEDs and 0.0001% 
of the MB sensitizer. 

Fig. 4. Shows the intracellular cytopathic effect of BCoV infected cells under 
the light microscope. 

Fig. 5. Shows the results after PDI treatment and recultivation. There is no 
more reinfection visible after 2 min irradiation with the flashlight LED and 
0.001% MB sensitizer. 

Fig. 6. shows an electron microscope picture of our experiments with BCoV 
infected cells. Interestingly we could not see clear morphological changes 
before and after irradiation. But we fixed the samples immediately after irra-
diation. We suppose now, that it takes a few minutes for morphological changes 
to become visible under the electron microscope. (August 04.2020, University 
Ulm, Head of Z.E. Prof. Dr. Paul Walther). 

Fig. 7. Picture of the flashlight by Ledlenser GmbH & Co KG Solingen, Ger-
many Model Ledlenser P6, modified with voltage control, max 200 lm. 
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The reduction factor varied from ≥ 5.17 after 2 and 5 min to ≥ 5.35 
after 10 min. See Table 2. 

3.3. Flashlight LED 

When using flashlight LED and 0.001% of the dye no residual virus 
was found after an irradiation with 10,000 lx after 2, 5 and 10 min of 
exposition, which corresponds to a RF ≥ 5.35, respectively. After addi-
tion of 0.0001% of the sensitizer residual virus could be detected in all 
approaches. Nevertheless, mean reduction factors between 4.6 and 4.79 

could be achieved Table 2. 
In contrast, approaches of BCoV-infected cells, that were treated with 

0.001% or 0.0001% of MB alone (without irradiation) and immediately 
wrapped in aluminum foil after addition of the sensitizer, a lot of re-
sidual virus could be detected after 10 min of incubation in the dark. 
(RF= 0,9 with 0.0001% sensitizer; RF=1.23 with 0.001% Table 2. 

A methylene blue based photodynamic irradiation treatment with an 
810 nm diode laser or alternative simple light sources was able to 
inactivate bovine coronavirus under the defined test conditions as 
follows: 

All light sources used in this study (diode laser 810 nm, power 
density 0,3 W/cm2 CW, 598 nm LED, and conventional flashlight, both 
with a minimal illuminance of 10,000 lux) have proven suitable under 
the defined condition for the antiviral photodynamic treatment of BCoV 
infected cells. Based on our results on BCoV viruses, we used a con-
ventional flashlight to activate the dye for the irradiation of SARS-CoV-2 
viruses, in particular to test a simple and inexpensive beam source 
regarding a later clinical application. To achieve defined and repro-
ducible radiation conditions (constant light output) the lamp was 

Table 2 
Photodynamic inactivation of the bovine coronavirus (BCoV with MB-sensitizer under different irradiation conditions.  

Table 3 
Defined test conditions for inactivation bovine coronavirus.  

BCoV 
infected 
U373 
cells 

Conc. Of 
sensitizer in 
200 µl/well 
[%] 

Irradiation 
time with the 
laser for 100 
joule/cm2 

[min] 

Irradiation 
time with the 
590 nm diodes 
LED [min]* 

Irradiation 
time with the 
flash-light LED 
[min]* 

treated 0.001 5.46 – – 
treated 0.0001 5.46 – – 
treated 0.001 – 10 – 
treated 0.001 – 5 – 
treated 0.001 – 2 – 
treated 0.0001 – 10 – 
treated 0.0001 – 5 – 
treated 0.0001 – 2 – 
treated 0.001 – – 10 
treated 0.001 – – 5 
treated 0.001 – – 2 
treated 0.0001 – – 10 
treated 0.0001 – – 5 
treated 0.0001 – – 2 
treated 0,001 – – – 
treated 0,0001 – – –  

Fig. 8. Loading of a 24-well plate with the Vero E6 cells for irradia-
tion treatment. 
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modified with a special voltage control circuitry including an acoustic 
signal if the battery is getting weak (Table 3). 

4. Methods SARS-CoV-2 study 

To analyze the efficacy of MB based PD to inactivate the humane 
coronavirus, Vero E6 cells were cultivated in 24-well plates and infected 
with SARS-CoV-2 before irradiation treatment. The following short 
flowchart provides an overview of the process (test procedure accredited 
according to DIN EN ISO/IEC 17025). 

▸(Sub) culturing of Vero cells in 24-well plates. 
1 × 105 cells /well-1 ml medium/well-1well/plate. 
(Day 1) ↓. 

▸ Infection of the Vero cells with SARS-CoV-2 (MOI 3). 
500 µl virus suspension/well for 1 h-wash with PBS (1x) add 1 ml 

medium/well. 
(Day 2) ↓. 
▸ Pre-treatment/ irradiation of SARS-CoV-2-infected cells: 
Pre-treatment with 0.001% or 0.0001% Sensitizer and irradiation for 

1, 2, and 3 min. 
(Immediately after treatment plates were wrapped in aluminum 

foil). 
Harvest: Remove supernatant, wash 1x with PBS; add 500 µl PBS and 

freeze. 
(Day 3) ↓. 
Virus recovery (3x freeze/thaw procedure) and virus titration. 

Table 4 
Overview of selected conditions of SARS-CoV-2 treatment approaches.  

SRS-CoV-2 
infected Vero E6 
cells 

Conc. of sensitizer in 
1000 µl/well [%] 

Irradiation time with 
daylight* and about 1500 lx 
[min] 

Irradiation time with the 
flashlight LED and 20,000 lx 
[min] 

Irradiation time with the 
flashlight LED and 50,000 lx 
[min] 

Irradiation time with the 
flashlight LED and 100,000 lx 
[min] 

non treated (virus 
control) 

– – – – – 

treated (Tox 2) 0.001 – – – – 
treated (Tox 1) 0.0001 – – – – 
treated 0.001 1 1 1 1 
treated 0.001 2 2 2 2 
treated 0.001 3 3 3 3 
treated 0.0001 – 1 – – 
treated 0.0001 – 2 – – 
treated 0.0001 – 3 – – 

* Daylight = light of the clean bench (MaxiSafe 2030, ThermoFisher Scientific => ~ 1500 lx). 

Table 5 
Photodynamic inactivation of humane coronavirus (SARS-CoV-2) with MB sensitizer under different irradiation conditions.  
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Fig. 9. The figure above show a possible clinical application of the sensitizer and subsequent irradiation with LED lamp  

Fig. 10. Pictures of the Diode Laser (a) Complete experimental setup, (b) standard display of the laser and (c) flat top  

Fig. 11. Experimental setup with the 590nm diodes LED before (a) and during irradiation (b) and pictures of the experimental setup with the conventional flashlight 
12 XML-T6 (c, d) 
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4.1. Preparation of test virus suspension 

For virus production, 2 × 106 Vero E6 cells were cultivated in a 75 
cm2 flask in DMEM supplemented with 1% L-Glut, NEAAs, and P/S and 
10% FBS. One day after seeding, medium was changed to 10 ml fresh 
DMEM inoculated with 100 µl of SARS-CoV-2/Germany virus suspen-
sion. The supernatant was harvested after 3 days at 37 ◦C by centrifu-
gation at 1500 rpm for 5 min to remove cell debris. The supernatant was 
aliquoted and stored at − 80 ◦C. Viral titers were determined by plaque 
assay and endpoint dilution. 

4.2. Preparation of Vero cells for irradiation treatment 

Vero E6 cells of a cell culture flask were detached enzymatically with 
Trypsin-EDTA solution.1 × 105 cells were transferred into one well (B3) 
of a 24-well plate with final volume of 1000 µl cell culture medium (see 
Fig. 8). 

After one day of cultivation at 37 ◦C and 5% CO2 medium was 
removed from the individual wells and cells were infected with SARS- 
CoV2 (500 µl virus suspension per well 2 × 200 µl per well: MOI 3). 

After 1 h of incubation at 37 ◦C, inoculum was removed; cells were 
washed once with PBS and cultivated in 1 ml culture medium for further 
20 to 24 h at 37 ◦C and 5% CO2. After that, SARS-CoV-2 infected cells 
were used for irradiation treatment (see 4.4). 

4.3. Preparation of MB-sensitizer 

The methylene blue was used in aqueous solution in the following 
concentrations:  

a) 0.001% (end concentration in 1000 µl/well).  
b) 0.0001% (end concentration in 1000 µl/well). 

For the 0.001% methylene blue concentration 1 µl 1% MB was added 
to 1000 µl medium per well (plate swayed). For the further concentra-
tion of 0.0001% the MB sensitizer was diluted 1:10 in Aqua dest. and 1 µl 
of the dilution were added to 1000 µl medium. 

4.4. Manual irradiation procedure with different intensities 

For photodynamic inactivation of the humane coronavirus (SARS- 
CoV-2), first the appropriately diluted MB sensitizer (1 µl per well) was 
added to the SARS-CoV-2-infected cells. Right after, irradiation with the 
Ledlenser P6 was performed with intensities of 20,000 lx, 50,000 lx and 
100,000 lx. The single well of each plate was treated separately. 

We also evaluated the effect of daylight (light of the clean bench with 
≈ 1500 lx). 

Table 4 gives an overview of the selected conditions during the 
respective photodynamic treatment of SARS-CoV-2 infected cells and 
the individual approaches. 

After treatment, the entire plate was immediately wrapped with 
aluminum foil for max 1 min. 

Afterwards, supernatant was removed, cells were washed once with 
1000 µl PBS, overlaid with 500 µl PBS and stored at − 80 ◦C. 

4.5. Recovery of the residual virus and determination of infectivity 

For recovery of residual virus from the infected and treated cells, 
plates were subjected to three freeze/thawing cycles. This was followed 

by mixing of cell suspension in each well by pipetting up and down 15 
times to re-suspend the virus. After that, 22 µl of the virus-disinfectant 
solution was immediately added to the first row of Vero E6 cells 
(seeded at 1 × 104 cells/well in a 96 well plate one day prior the ex-
amination), followed by a serial endpoint dilution titration. After 3 days 
of incubation at 37 ◦C in a CO2-atmosphere (5% CO2-content) cultures 
were observed for cytopathic effects by crystal violet staining. The in-
fectious dose (log10 TCID50/ml) was calculated according to the method 
of Spearman [38] and Kärber [39]. 

4.6. Controls 

4.6.1. Virus control (VC) 
Virus recovery was performed from non-treated SARS-CoV-2-infec-

ted Vero E6 cells (no sensitizer and no irradiation) as described under 
2.5. The mean virus titer was used as reference for calculation of the 
reduction factor. 

4.6.2. Treatment with methylene blue sensitizer (without irradiation) 
Another virus recovery was performed from infected Vero E6 cells 

treated with the methylene blue sensitizer only for 3 min under the clean 
bench (light was off). After treatment, the culture plate was wrapped up 
with aluminum (without irradiation or light exposing), stored for a 
maximum of 1 min in the dark before harvest (remove supernatant, 
washing with PBS (1x), adding 500 µl PBS and frozen until virus re-
covery and titration and titration of the residual virus), as described in 
2.5. 

4.6.3. Treatment with methylene blue sensitizer and daylight 
Infected Vero E6 cells were treated with the methylene blue sensi-

tizer and incubated with daylight under the clean bench (Maxisafe 2030, 
ThermoFisher Scientific, light with about 1500lx) for 1, 2 or 3 min (each 
approach was performed once) Subsequently, harvest was performed as 
described in 2.5. 

4.6.4. Cell culture control 
Furthermore, a cell control (only addition of medium) was 

incorporated. 

4.7. Calculation of effectiveness 

The virucidal effectiveness of the MB based PDI System and the 
photodynamic inactivation properties with the Ledlenser P6 lamp was 
evaluated by calculating the decrease in titer of the treated and radiated 
culture compared to the control titration of the approaches without 
treatment (VC) The difference is given as reduction factor (RF). 

5. Results 

With methylene blue sensitizer and Ledlenser P6 irradiation no re-
sidual virus was found with 0.001% or 0.0001% dye concentrations and 
exposition to LED light after just 1 min of incubation, even with an 
irradiation of 20,000 lx and an average initial virus titer of 6.92 log10 
TCID50/ml. The mean reduction factor (RF) was found ≥ 4.67 for 
0.001% and 0.0001% of methylene blue sensitizer which corresponds to 
an inactivation of SARS-CoV-2 of 99.99%. 

SARS-CoV-2-infected cells, treated with sensitizer concentrations of 
0.001% or 0.0001% exposed to environment without irradiation for 3 
min showed no (0.001%) or few residual viruses (0.0001%) (RF=≥ 4.67 
with 0.001% sensitizer, RF= 2.5 with 0.0001% sensitizer). 

"Daylight" exposure (light of the clean bench) with about 1500 lx 
instead LED exposure and 0.001% sensitizer, resulted in a small amount 
of residual virus after 1 min of irradiation and no residual virus after 2 
and 3 min of incubation. Because of the low initial virus titer of 4.03 
log10 TCID50/ml in the test, a maximum RF of ≥ 1.83 was found after 2 
min (Table 5). 

Fig. 12. Picture of the modified flashlight by Ledlenser GmbH & Co KG  
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6. Conclusion 

An irradiation treatment with methylene blue based PD treatment is 
able to inactivate humane coronavirus SARS-CoV-2 under the following 
defined test conditions: 

Minimal concentration of methylene blue sensitizer 0.0001%. 
Minimal illuminance of the flashlight 20,000 lx. 
Minimal irradiation time 1 min. 
It is remarkable, that similar reduction could be achieved with 

0.001% sensitizer concentration alone after 3 min of incubation. 
Further, a significant reduction could already be detected with 0.001% 
concentration in combination with ’daylight’ irradiation after an incu-
bation time of 2 min. 

7. Discussion 

Our results show that all radiation sources and wavelengths used 
(590 nm LED, broadband LED, and 810 nm laser light) are suitable for 
the methylene blue based photodynamic inactivation of intracellular 
and extracellular corona viruses. Both intracellular and extracellular 
viruses were detected by three freezing and thawing steps and mixing of 
cell suspension to assess complete inactivation of the virus. For a po-
tential local clinical application reducing virus load (e.g. naso -hypo- 
oropharynx) the use of a LED lamp with a wide emission spectrum seems 
to be most suitable. These lamps are widely used worldwide, cost 
effective and easy to use by non-medical personnel. Special training and 
protective measures for laser applications are no longer required. The 
lamps can also be used in countries with limited medical infrastructure. 
Non coherent short waved light sources (LED lamps) have more diver-
gent beam properties in comparison to laser light, making them un-
suitable for treating deeper tissues [41], but in case of superficial viral 
infections in the mucous membrane the small light penetration into 
biological tissue does not play an important role. In addition the irra-
diation times can be significantly shortened in comparison to laser 
irradiation. 

Methylene blue, a thiazine dye is widely used as topically photo 
sensitizer not only for destruction of bacteria (e.g. in dentistry) but also 
to treat superficial lesions of mucous membranes (e.g. leukoplakia) in 
the field of dentistry and ENT [42]. MB it is water soluble and cannot 
pass easily through biological membranes, but dysplastic cell formations 
show a high affinity for the dye [43]. That is, why MB can be used for the 
early detection of potentially malignant lesions of oral mucosa and in 
contrast to other thiazine dyes, methylene blue shows very low toxicity 
to healthy human cells, one reason that it is suitable for vital staining 
[44]. (In contrast to toluidine blue, MB shows e.g. no toxicity to fibro-
blasts.) As already mentioned in the introduction MB was chemically 
stable in the presence of all employed light sources and irradiation 
conditions we used. Additionally, the dye shows an apparently high 
affinity to ’changed’ (infected) cells in our experiments. The observed 
rapid penetration of the hydrophilic dye methylene blue into the 
infected cells could be an indication of a changed pH value of infected 
compared to uninfected cells, a fact that should be further investigated. 
(The irradiation took place immediately after addition of the sensitizer 
to the infected cells, approx. after 30 s = "drug to light"). 

In our experiments we used the dye methylene blue at a concentra-
tion of 0.001% = 31 µM. and 0.0001% = 3.1 µM. respectively. It is 
important to mention, that such low concentrations in the micromolar 
range do not indicate cytotoxicity, genotoxicity or carcinogenic effects 
on healthy body cells [36]. 

Angelika Rück et al. [45] investigated 1997 the dark and 
photo-toxicity of methylene blue in the 1 µM range on BKEz-7 endo-
thelial cells. Even after 24 h of incubation in a 1 µM methylene blue 
solution no cell damage could be found in the dark and an irradiation 
dose in resonance (662 nm laser light) up to 30 J/cm2 induced no 
photo-toxicity. But it is important to know, that methylene blue can 
induce cytotoxicity in human brain tumor cells (U373 human 

astrocytoma cells in a dose dependent manner) [46]. We were also able 
to observe this effect of dose-dependent cytotoxicity of methylene blue 
in our experiments on BCoV infected U373 cells. In some experiments of 
the tissue culture infectious dose 50 tests, we observed a cytotoxic effect 
of methylene blue on the culture medium (U373 cells) in the first series 
of the end point dilution process. Afterwards no more cytopathic effect 
could be evaluated. But the cytotoxic effect usually appears later than 
the cytopathic effect of the virus infection (visible under a light micro-
scope). Interestingly, before the cytotoxic effect occurred, no infection 
was found in the first dilution stage, while single viruses were still 
detectable in the second dilution stage. Further studies should clarify 
whether these observations contain any form of scientific evidence. It 
would be conceivable e.g. that the dye in certain concentrations protects 
the cell from infection of the virus. 

Hideki Abe et al. [47] described for example, a MB based decline in 
infectivity of vesicular stomatitis virus (VSV) and an inhibited fusion of 
the virus envelope to Vero cells. 

Bojadzic et al. showed in 2020 [48] that methylene blue inhibits in 
vitro the SARS-CoV-2 spike-ACE2 protein-protein interaction. This is a 
mechanism that can contribute to its antiviral activity without irradia-
tion, which could confirm our observation in the first dilution stage of 
the TCID50 tests. In a possible clinical application of the dye, this could 
be an addition to the intracellular photodynamic virus inactivation - an 
effect usable for local infection prophylaxis after application of MB on 
the mucous membranes of naso-, oro-, and hypopharynx. 

Recent studies have shown that methylene blue develops a 50% 
cytotoxic concentration on Vero E6 cells when the concentration exceeds 
100 µM. This was no problem in our SARS-CoV-2 experiments because 
the highest MB dye concentration we used was only 31 µM [49]. 

G.S. Thurner et al. [30] demonstrated in their experiments on 
vaccinia viruses that a concentration of 0.001% (30 µM) MB and irra-
diation with a 40 W Philips Photolita incandescent lamp leads to com-
plete photodynamic inactivation of the viruses after 6 min. They also 
showed the influence of pH level on rate of photo inactivation. The rate 
of inactivation could almost be tripled in a strongly basic environment 
(pH5 vs. pH9). In these experiments they showed that the viruses lose 
their infectivity but not their antigenicity through photodynamic ther-
apy. Therefore, these photo dynamically inactivated viruses could be 
used to develop an effective vaccine for rabbits against vaccinia 
infection. 

In our SARS-CoV-2 experiments we reduced the viral load of intra-
cellular viruses with 0.0001% MB (3.1 µM) in combination with 20,000 
lx broadband LED beam by 99.99% after 1 min exposure. 

Higher dye concentration of 0.001% (31 µM) instead of 0.0001% 
(3.1 µM) with the same beam strength of 20,000 lx did not affect the 
reduction of viral load (99.99%). The same applies to the use of higher 
beam strengths 50,000 lx and 100,000 lx respectively and/or doubling 
or tripling the exposure time. (2 and 3 min instead of 1 min).This results 
also correspond with our BCoV experiments, where an extension of the 
exposure time with the LED irradiation with 10,000 lx from 2 to 5 or 10 
min did not influence the high reduction factor of 5,35 log10. 

However, if the light output is significantly reduced, an extension of 
exposure time is necessary in order to achieve the same virucidal effect 
(doubling of the irradiation time when irradiated with. 

1500 lx "daylight" instead of 20,000 lx LED broadband light). Basi-
cally photodynamic virus reduction is e.g. a dye concentration, light 
dose and time depending process. 

Tak-Wah Wong et al. [36] for example showed that the light dose, 
power density of the light source and dye concentration plays an 
important role for the inactivation process of viruses. For their experi-
ments they used a red-light LED lamp with 632 nm+/- 20 nm wave-
length, MB concentration of 0.0016% (0.05 mM) and a power density of 
100 mW/cm2 and an exposure time of 16.6 min. A light dose 100 J/cm2 

leads to 1.5 log10 reduction factor (RF) on enterovirus 71 (EV71). After 
increasing the power density to 150 mW using the same dye concen-
tration (0.05 mM) and irradiation time the reduction factor increased to 
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3log10. Doubling the dye concentration (0.1 mM = 0.08% MB), power 
density: 200 mW/cm2 and a corresponding light dose of 200 J/cm2, PDI 
provided a killing rate of nearly 8 orders of magnitude on RV71 viruses. 
Methylene blue showed no effect in the dark in these experiments (dark 
control). 

For comparison: in our BCov experiments with a similar dye con-
centration (0.001%) and light dose (100 J/cm2) but different light 
source (810 nm coherent laser light) and triple power density (300 mW/ 
cm2) we reached a ≥ 5.31 log-fold killing rate of BCoV viruses. Also in 
the dark, without irradiation the results were similar to those in this 
study. In our approaches of BCoV infected cells in the dark, a lot of re-
sidual virus could be detected after 10 min of incubation (RF= 0.90 with 
0.0001% MB, RF=1.23 with 0.001% MB). These results on BCov infec-
ted cells in the dark differ to our results with SARS-CoV-2 infected cells 
in the dark. Here we observed the same effect after 3 min of dark in-
cubation (without extra irradiation) as after 1 min of irradiation (RF≥
4.67).The results in the dark showed a concentration dependence on dye 
concentration and showed a halving at 10 fold dilution (with 0.0001%). 
Irradiated samples did not show this concentration dependent reduc-
tion. The reduction factors remained constant for both concentrations 
(RF≥ 4.67). Valeria Cagno et al. [50] presented in vitro data demon-
strating a potent antiviral activity of MB without light after 2 and 4 h of 
incubation with the virus. They observed that the antiviral effect of MB 
relies on multiple mechanisms of interaction. They reported that 
destruction of the viral genome seems depend on the effect of light. In 
the absence of light the antiviral effect should base on other mecha-
nisms. Their experiments further highlighted MB is also effective when 
added on cells that were already infected, an effect corresponding to our 
experiments. In their experiments Cagno et al. used different concen-
trations of MB. With 0.0001% = 3.1 µM (one of our concentrations) they 
found a reduction of the virus load of SARS-CoV-2 in the dark of 3 log10 
steps 4 h after incubation. 

As in our experiments, a concentration dependency was shown here 
but in a much longer time interval (4 h vs. 3 min of incubation in the 
dark in our experiments) In their work the log of viral RNA copies/ml 
did only change under action of light (about 1 order of magnitude after 
2 h and about 3 orders of magnitude after 20 h) with a 0.0002% MB 
concentration (measured on human H1N1 virus). However it is impor-
tant to emphasize that no particular beam source was used for these 
results, so these results under light are not directly comparable to our 
experiments. In summary Cagno et al. emphasize, that MB might inac-
tivate viruses limiting viral replication and spread beyond the upper 
respiratory tract in a clinical application. 

Mathieu Gendrot et al. [49] also researched the MB effect in vitro on 
SARS-CoV-2 infected Vero E6 cells without extra light exposure. They 
added MB in different concentrations 4 h before infection and 48 h post 
infection the replication was estimated by RT-PCR (real time polymerase 
chain reaction). With 0.3 µM (0.00001% MB) a 50% inhibitory con-
centration (defined as the compound concentration producing 50% in-
hibition of the virus replication (IC50)) could be reached and the 90% 
inhibitory concentration (IC90) was about 0.75 µM (0.000024% MB). 
These IC50 and IC90 values were lower than those obtained for 
hydroxychloroquine and azithromycin, Remdesivir, lopanivir or Rito-
navir, so the authors recommended clinical tests to use the dye sys-
temically in case of Covid-19 infection. Svyatchenko et al. [51] also 
demonstrated significant antiviral activity of MB even in the absence of 
light. In this study they observed an IC50 with a concentration of about 
0.00002% MB (0.62 µM) added immediately after SARS-CoV-2 infection 
of Vero E 6 cells and increased threefold (0.00006%) when the sensitizer 
was added 3.5 h post infection. Interestingly Svyatchenko et al. used the 
same sensitizer concentrations in their PDI experiments as we did, 
(0.001% and 0.0001% methylene blue). They used 662 nm laser irra-
diation instead of a wide band LED lamp, we used in our experiments. 
The output power of their laser was 350 mW, resulting in an irradiation 
dose of 16 J/cm2 and 40 J/cm2, respectively. The result of this study 
was that MB assisted PDI effectively inhibits viral replication and 

completely protects cellular mono layers from viral infection. They as-
sume that MB can completely block viral replication within infected 
cells during the phase of active viral synthesis or may directly inactivate 
viral particles when they egress from previously infected cells. 

A first MB-PDI based clinical study was published by Schikora et al. 
[52]. They used a 660 nm red light laser with 240 mW power with a 
dosage of about 72 J/cm2 for excitation in combination with 1% MB 
sensitizer. The sensitizer was applied by flushing and gargling and by 
spraying in the nasal cavity. The study shows that a sufficient reduction 
of the SARS-CoV-2 virus load in the naso- and oral cavity can be ach-
ieved in the early stage of infection, leading to a significant decrease in 
morbidity and reduced mortality. It shows also maintaining the ability 
of the body to initiate immune response. No adverse effect could be 
observed even in the group of patients with co-morbidities. In contrast to 
the exposure times, light source and dye doses used in this study, our 
results show the theoretical possibility of a considerable reduction in 
both the irradiation time and dye concentration. A reduction of the dye 
concentration by a factor 10,000 (0.0001% instead of 1% MB) and 
irradiation time by a fifth (1 min instead of 5 min) should now be 
possible. The results of our studies show a promising inexpensive and 
easy method for new treatment options in the early phase of a Covid-19 
infection with combination of a white LED lamp and low concentration 
of MB sensitizer. The use of a simple flashlight with internationally 
common AA-cell accumulators instead of a laser and simplifies clinical 
application and worldwide distribution considerably. Also the learning 
curve of potential users is dramatically flattened. Clinical studies on this 
are in preparation. 

Possible clinical application 

Figure 9 shows possible clinical application of the sensitizer and 
subsequent irradiation with LED lamp. 
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