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Abstract

The ability of pathogenic bacteria acquire resistance to the existing antibiotics has long been considered a dangerous
health risk threat. Currently, the use of visible light has been considered a new approach to treat bacterial infections
as an alternative to antibiotics. Herein, we investigated the antimicrobial effect of two range of visible light, blue
and red, on Staphylococcus aureus and Pseudomonas aeruginosa, two pathogenic bacterial commonly found in
healthcare settings-acquired infections and responsible for high rate of morbidity and mortality. Bacterial cultures
were exposed to blue or red light (470 nm and 660 nm) provided by light-emitting diodes - LED. The fluencies
and irradiance used for blue and red light were 284.90 J/cm?, 13.19 mW/cm? and 603.44 ]/cm?, 27.93 mW/cm?
respectively. Different experimental approaches were used to determine the optimal conditions of light application.
Only exposure to blue light for 6 hours was able to inhibit about 75% in vitro growth of both bacterial species
after 24 hours. The surviving exposed bacteria formed colonies significantly smaller than controls, however, these
bacteria were able to resume growth after 48 hours. Blue light was able to inhibit bacterial growth upon inoculation
in both saline solution and BHI culture medium. We can conclude that blue light, but not red light, is capable of
temporarily retarding the growth of gram negative and gram positive bacteria.

Keywords: antimicrobial blue light, photoinactivation, photobiomodulation.

Resumo

A capacidade das bactérias patogénicas adquirirem resisténcia aos antibiéticos existentes ha muito tempo é
considerada uma ameaga perigosa a sadde. Atualmente, o uso da luz visivel tem sido considerado uma nova
abordagem no tratamento de infec¢des bacterianas como alternativa aos antibiéticos. Neste trabalho, investigamos
o efeito antimicrobiano de duas faixas de luz visivel, azul e vermelha, em Staphylococcus aureus e Pseudomonas
aeruginosa, duas bactérias patogénicas comumente encontradas em infec¢des adquiridas em institui¢des de satide
e responsaveis por alta taxa de morbimortalidade. As culturas bacterianas foram expostas a luz azul ou vermelha
(470 nm e 660 nm) fornecida por diodos emissores de luz - LED. As fluéncias e irradidncias utilizadas para luz azul
e vermelha foram 284,90 J/cm?, 13,19 mW/cm? e 603,44 J/cm?, 27,93 mW/cm?, respectivamente. Varias abordagens
experimentais foram utilizadas para determinar as condi¢des 6timas de aplicagdo da luz. Apenas a exposigdo a
luz azul por 6 horas foi capaz de inibir cerca de 75% o crescimento in vitro de ambas as espécies bacterianas apds
24 horas. As bactérias expostas sobreviventes formaram coldnias com um tamanho significativamente menor do
que os controles, contudo, essas bactérias conseguiram retomar o crescimento normal apés 48 horas. A luz azul
foi capaz de inibir o crescimento das bactérias apés sua inoculagdo em solucdo salina ou no meio de cultura rico
em nutrientes BHI. Podemos concluir que a luz azul mas nao a luz vermelha é capaz de retardar temporariamente
o crescimento de bactérias Gram-negativas e Gram-positivas.

Palavras-chave: luz azul antimicrobiana, fotoinativagdo, fotobiomodulagao.

1. Introduction

Antibiotic resistance is among the most important
public health threats of the 21st century (WHO, 2014).
The inappropriate, excessive and careless use of antibiotics
is the single most important factor associated to this

resistance (Chambers and Deleo, 2009; Schwarz et al., 2017;
Khan etal., 2017). Recently, the World Health Organization
(WHO) has published a list of infectious agents that
urgently need new antibiotics as an effort to stimulate
more research into this field of study (WHO, 2017).
Among the species mentioned, it was highlighted species
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such as Staphylococcus aureus (S. aureus) and Pseudomonas
aeruginosa (P. aeruginosa).

S. aureus (Gram-positive facultative anaerobe bacterium)
and P. aeruginosa (Gram-negative facultative anaerobe
bacterium) are important pathogens due to its abundance
in various types of environment its and ability to cause
both local superficial infections as more severe invasive
infections (Chambers and Deleo, 2009; Falkinham
Ill et al., 2015; Oliver et al., 2015; Chaney et al., 2017;
Feng et al., 2017; Monaco et al., 2017; Freitas et al., 2018).

Both S. aureus as P. aeruginosa have extraordinary genetic
plasticity to develop and acquire antibiotic resistance genes
and when both coexist in one infection may lead to the
death of a patient (Oliver et al., 2015; Chaney et al., 2017;
Monaco et al., 2017; Alves et al., 2018). Thus, the potential
risk of antibiotic bacterial resistance for the human health
is a matter of great concern worldwide demonstrating the
need for novel alternative approaches to deal with this
problem (Bumah et al., 2013; Lupke et al., 2017).

In this context photobiomodulation has been
recognized as a good non drug alternative antibiotic
(Bumabh et al., 2015; Sousa et al., 2015). Several authors
including our laboratory team have shown that blue light
(405-470 nm) is able to promote considerable bacterial
growth inhibition in vitro demonstrating its potential for
therapeutic use in superficial infected wounds what could
avoid more severe invasive infections (Lucca et al., 2012;
Dai et al., 2013; Sousa et al,, 2015; Galo et al., 2020 - in
press). Yet, the evaluation of other visible light wavelengths
is still controversial in the literature, particularly in relation
to the red light (Pereira et al., 2014; Gomes et al., 2018).

Light at 600-660 nm wavelength are commonly used
as method in tissue regeneration, reduction of local
inflammation and even as superficial analgesic therapy
(Hadis et al., 2016; Ozberk et al., 2018). However, the use
of red light for bacterial infection is subject of exhausting
debate since data in the literature are still controversial
(Marciano et al., 2012; Kim et al., 2013; Barboza et al., 2015;
Gomes et al., 2018).

Therefore, the aim of this study was to compare the
potential photobiomodulation action of red light (660 nm)
and blue light (470 nm) irradiation in in vitro cultures of
S. aureus and P. aeruginosa.

2. Material and Methods

2.1. Bacterial cultures and growth determination

S. aureus (ATCC 25923) and P. aeruginosa (ATCC 27853)
strains were kindly provided by Dr. Alexandre Braoios
from Laboratory of Microbiology, Federal University of
Goias. Bacteria were grown on 55 mm glass or polystyrene
Petri dishes plates containing sterile Mueller-Hinton agar
(MH) or nutrient agar. Alternatively, strains were grown
in 4 ml of sterile brain-heart infusion broth (BHI) media.
Before each experiment, bacterium was inoculated in
sterile saline solution, in order to obtain a scale of 0.5
McFarland turbidity standard (1.5 x 108 CFU/mL) and
then serial dilutions were made and streaked on solid
medium to obtain isolated colonies. The final inoculum
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was performed using a Drigalski spatula to spread 100 uL
of bacterial solution per plate. All the procedures were
performed under sterile conditions and bacterial cultures
were incubated at a temperature of 36.5 °C for 24-48 hours.

The number of colonies grown on plates was determined
by using the software Image] . The diameter of the colonies
was determined on digital photos taken from the plate
(180 dpi, 24 bits, 4608 x 3456 pixels) by using a Canon
PowerShot SX400 IS digital camera. For colony counting
it was used the plugin Colony Counter adjusted to the
following parameters “Size” minimum 300 and maximum de
10000 pixel, “Circularity” minimum 0.85 and maximum 1.0.
The diameter measurement of the colonies was performed
to compare the size of the surviving colonies after exposure
to the photoemission compared to the controls not exposed
after 24 and 48 hours incubation. A set of marks were
drawn on millimetric labelled paper placed on the bottom
of the Petri dish, in order to allow the exact positioning of
the colonies and to precisely calibrate the software.

2.2. Light emitters

Two light emitters, blue and red, with 3 W (700 mA)
power were built, each one containing three Light-
Emitting Diode (LED). The blue light emitter consisted
of a continuous beam of 470 nm wavelength peak with
a radiometric power of 850 mW. The red light emitter
consisted of a continuous beam of 660 nm wavelength
peak with a radiometric power of 1800 mW. The estimate
Irradiance and fluency values are specified for each
experimental protocol used. Considering the variables
that can influence the final result in an experimental
in vitro setting, optimal parameters were previously
defined such as distance between the LED and bacterial
cultures and time of exposure, a factor that can generate
different fluencies for each emitter.

2.3. Determination of the temperature variability on the
irradiated agar surface

The minimum distance between the emitter and the
cultures that does not promote great temperature variability
on the culture surface was previously determined.
One approach consisted of exposing a thermometer to
the light emitter positioned at a distance of 3 mm and
6 mm between the LEDs and the surface for two hours
while a control remained positioned on the same surface
but not exposed to light. In the second approach a tube
containing 1 mL of saline solution was exposed to blue
light for 6 hours with the LED emitter positioned at a
distance of 1 cm from the liquid while a control tube was
not exposed. The temperature was measured during the
entire experiment.

2.4. Effect of red and blue light on bacterium growing on
solid agar plate

In order to avoid premature drying of the agar on the
Petri dish during the experiment, that could interfere
with the growth of inoculated bacteria, an infrared filter
(a transparent glass recipient with 3 cm of height filled
with 800 ml of water) was positioned between the light
emitter and bacterial culture. The LEDs were positioned
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at a distance of 5.5 cm from the agar on the plate
providing irradiances of 13.19 mW/cm? and 27.93 mW/cm?
for the blue and red emitter respectively. Dishes previously
inoculated with bacteria were exposed for 6 hours
generating fluencies of 284.90 J/cm? and 603.44 J/cm?
for the blue and red emitters respectively. After this
exposure, the plates were incubated for 24 and 48 hours
at 36.8 °C. The experiment was repeated 6 times for each
bacteria strain. Each experiment consisted of 9 glass
dishes containing MH where 3 dishes were irradiated
with blue light, 3 dishes were irradiated with red light and
3 dishes were controls non irradiated. After incubation,
the number and size of the colonies were determined as
described before. To investigate if the material used in the
manufacture of the Petri dish could influence the effect of
the light the same protocol described above was used but
with polystyrene dishes instead of glass dishes.

2.5. Effect of red and blue light on bacterium inoculated on
liquid medium

For this experiment, bacterium inoculated on liquid
medium was exposed to blue and red light before seeding
onto solid agar dishes. Initially, the test was performed
using a 1:10000 dilution in 0.9% saline from a 0.5 McFarland
turbidity, in order to mimic a poor nutrient medium
condition. One mL of this dilution was distributed in glass
tubes of 4 mL capacity, aligned to the respective LED being
tested and exposed for 3 hours, corresponding to fluencies
of 157.78 J/cm? for blue light and 334.36 ] /cm? for red light.
The distance between the LED and the liquid surface was
adjusted to 2 cm allowing irradiances of 14.61 mW/cm?
and 30.96 mW/cm? for the blue and red light respectively.
Controls were similar to the experimental test tubes, but
the inoculum was not exposed to the LEDs. For each test
tube it was prepared 9 dishes containing MH agar and
each one was then inoculated with100 pL of the S. aureus
or P. aeruginosa solution and seeded by using a Drigalski
spatula. The same procedure was followed to test bacteria
previously inoculated in the BHI (nutrient rich) instead
of saline solution.

2.6. Statistical analysis

Statistical analysis was performed using the software
SPSS 17.0. The data were expressed as mean + standard
deviation. The normality of the sample distribution was
confirmed by the Shapiro-Wilk test. Student’s t-test and
Mann-Whitney U test (p < 0.05) were used to compare
experimental and control groups. When appropriate,
percentage of growth inhibition was calculated by dividing
the mean of the surviving colonies in experimental plate
and its respective control.

3. Results

3.1. Influence of the distance of LED light position on the
temperature of the irradiated surface

LEDS positioned at 3 mm from the surface of solid
medium increased the temperature from 27 °C to more
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than 40 °C after 10 minutes of exposure. At 6 mm distance,
the maximum temperature measured at the surface of the
medium was 36.3 °C for the blue LED and e 36.5 °C for
the red LED. Therefore, to be cautious and to avoid major
temperature variation, the smallest distance used in the
experiments was 1 cm. At this distance the maximum
temperature reached was 30.1 °C for the blue LED and
30.6 °C for the red LED after exposure for 30 minutes
and these temperatures remained unchanged even after
120 minutes. The exposure of light on liquid medium
showed only a discreet increase in the temperature, varying
from 27 °C to 27.5 °C for the blue light and to 27.8 °C for
the red light after 360 minutes of exposure.

3.2. Effect of the photoemission on bacterial growth after
seeding on agar plate

Exposure of bacterial freshly seeded on agar plate to
blue light for 6 hours and then incubated for 24 hours at
36.8 °C inhibited the bacterial growth for both species
analyzed. The average number of S. aureus colonies
formed after exposure to blue light was 27.33 + 6.65.
This was significantly smaller than untreated control
(132.33 + 6.02 colonies, p = 0.049) corresponding to de
79.17 £ 5.9% growth inhibition. In contrast, exposure to red
light showed no significant differences in the number of
colonies (126.66 + 1.53 colonies) compared to untreated
controls (p=0.275) (see Figure 1). Similar inhibition pattern
was observed for P. aeruginosa where 82 + 8.54 colonies
grew after irradiation with blue light and a significantly
smaller number grew on the untreated controls
(229+10.81 colonies, p = 0.049). Dishes irradiated with red
light, in contrast, showed an average of 241 +9.53 colonies
indicating no inhibition (Figure 1).

The diameter of the colonies that survived the light
treatment after 24 h was measured since it was observed
that they were smaller than the colonies that grew in
the untreated control plates. The average diameter of the
S. aureus and P. aeruginosa colonies previously exposed
to blue light was 0.31 + 0.07 mm and 0.46 + 0.05 mm
respectively. These numbers are significantly smaller
than the diameters of their respective controls (0.56 +
0.09 mm e 0.74 + 0.02 mm, p = 0.049). These differences
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Figure 1. Effect of blue and red light -exposure on the growth of
S. aureus e P. aeruginosa determined by the number of colonies
formed after 24 h incubation. *Statistically significant difference
using Mann-Whitney U test (p < 0.05) for independent samples.
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were not observed for both bacterial lineages exposed to
red light, 0.51 + 0.1 mm for S. aureus and 0.75 + 0.03 mm
for P. aeruginosa (Figure 2A). Interestingly, after and
additional incubation for 24 h (48 h total), the average
diameter of the colonies from both bacterial lineages,
treated with blue or red light showed no difference in
comparison to their respective controls. For S. aureus,
controls showed colonies with 1.82 + 0.31 mm diameter;
blue light exposed 1.79 + 0.24 mm and red light exposed
1.84 + 0.23 mm. For P. aeruginosa, controls showed
colonies with 2.05 + 0.02 mm diameter; blue light exposed
2.03 + 0.04 mm and red light exposed 2.04 + 0.07 mm
(Figure 2B).

Since light have physical properties that can be
influenced by different material while it passes through,
we sought to investigate if plates made by plastic or glass
could influence the inhibitory effect observed with the
exposure of bacterial culture to blue light. The number
S. aureus colonies grown on glass Petri dishes after 24 hours
incubation was 137.33 + 6.02 for the control, 31.66 + 5.68 for
bacteria exposed to blue light and 136.33 + 7.23 for those
exposed to red light. These values were not statistically
significant from those calculated when polystyrene dishes
were used, 137.66 + 8,08 (controls), 33.8 + 10.69 (blue light)
and 144.33 + 5.85 (red light). Similar results were found
for P. aeruginosa. When glass dishes were used, controls
showed 251.66 + 8.02 colonies; blue light exposed group:
95 + 6.55 and red light exposed group: 248.33 + 5.03.
When bacteria were seeded on polystyrene dishes, controls
showed 247.74 + 7.5 colonies; blue light exposed group:
91.8 + 6,5 and red light exposed group: 250.66 + 8.5
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Figure 2. Diameter of S. aureus and P. aeruginosa surviving colonies
after exposure to blue and red light for 6 hours and incubated for
24 hours (A) and 48 hours (B). *Statistically significant difference
using Mann-Whitney U test (p < 0.05) for independent samples.
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(Figure 3). These results are consistent however with the
fact that blue light, but not red light can inhibit bacterial
proliferation until 24 hours after exposure. S. aureus seeded
on glass or polystyrene dishes and exposed to blue light
showed 76.88 +4.32% and 75.53 + 7.55% growth inhibition
while P. aeruginosa showed 62.24 +2.34% e 62.93 + 2.29%
growth inhibition respectively (Figure 3).

3.3. Effect of the photoemission on bacterial liquid solution

before seeding on solid agar plate

The exposure to blue or red light of bacteria in liquid
medium before seeding on agar plate showed the same
effect on growth as seen when the light was directly applied
on bacteria inoculated on solid agar plate. When S aureus
or P. aeruginosa bacteria diluted on saline solution were
exposed to blue light for 3 hours, a great inhibition on
the growth could be observed (p = 0.049). While S aureus
and P. aeruginosa control dishes showed 204 + 9.54 and
338.7 + 13.5 colonies 24 hours after incubation, their
respective experimental groups exposed to blue light
showed 4.66 + 2.08 and 133.3 + 15.63 -colonies. On the
other hand, bacteria exposed to red light under the same
conditions showed no inhibition on growth, i.e., S aureus and
P. aeruginosa dishes showed 208.66 + 3.51 and 340.7 + 7.51
-colonies after 24 hours incubation respectively (Figure 4).

We wanted to know if nutrient rich liquid medium
could influence on the growth inhibition induced by
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Figure 3. Determination of the influence of glass or polystyrene
plate on the antimicrobial effect of red or blue light in S. aureus
and P. aeruginosa cultures. *Statistically significant difference
using Mann-Whitney U test (p < 0.05) between blue light exposed
group and control groups.
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Figure 4. Effect of blue and red light on S. aureus e P. aeruginosa
diluted in saline solution (0.9% NaCl) applied for a period of 3 hours.
*Statistically significant difference using Mann-Whitney U test
(p < 0.05) between blue light exposed group and control groups.
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blue light. Therefore, we used the same experimental
approach mentioned above but instead of saline solution
we irradiated bacteria diluted in BHI broth. As expected,
the number of colonies produced were higher in this
medium, 1,120.33 + 94 and 1,957 + 54.5 colonies for
S. aureus and P. aeruginosa respectively. The exposure to
blue light once again was able to inhibit growth in both
bacterial lineages, where S. aureus showed 551.33 + 52.5
colonies and P. aeruginosa showed 796 + 12.53 colonies after
24 hours incubation. The red light exposure, in contrast,
did not show inhibition for both S. aureus (1.146,33 +57.39
colonies) and P. aeruginosa (1,952 + 26.21 colonies; Figure 5).

Although in this experimental approach using BHI
we could also observe a decrease in the number of
colonies after exposure to blue light for 3 hours, the
calculated percentage of inhibition was not statistically
significant from the percentage of inhibition seen when
saline solution was used, i.e., saline (60.63 + 4.24%) and
BHI (59.29 + 1.54%) at least for P. aeruginosa (p = 0.513).
However, the inhibition induced by blue light on the
growth of S. aureus diluted in saline solution (97.67 + 1.13%)
was higher than the inhibition demonstrated for
this bacterium when it was diluted on BHI medium
(50.67 £ 4.61%; p = 0.049) (Figure 6).
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Figure 5. Effect of blue and red light on S. aureus e P. aeruginosa
diluted in BHI nutrient rich medium applied for a period of 3 hours.
*Statistically significant difference using Mann-Whitney U test
(p < 0.05) between blue light exposed and control groups.
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Figure 6. Percentage of growth inhibition induced by blue light
on bacteria inoculated on saline solution or nutrient rich BHI
broth. *Statistically significant difference using Mann-Whitney
U test (p < 0.05) between blue light exposed S. aureus in saline
solution and BHI broth.
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4. Discussion

In vitro studies suggest that light at wavelengths
between 625-1000 nm (from red to infrared) when
applied alone does not induce increased growth of bacteria
such as S. aureus and P. aeruginosa (Lipovsky et al., 2010;
Lee et al., 2011; Baffoni et al., 2012; Costa and Assis, 2012;
Araujo et al., 2013; Kim et al., 2013; Pereira et al., 2014).
This suggests that such wavelengths do not interact with
chromophores known to exist in these infectious agents.
The present study corroborates these findings as our
results demonstrate repeatedly that red light with 660 nm
wavelength showed ineffective in inhibiting bacterial
growth even at high fluencies between 334.36-603.44 ]/cm?.

Although there are conflicting results reported in
the literature (Barboza et al., 2015; Bumah et al., 2015;
Rosa et al.,, 2016), our data can, at least in part explain
the reason of such controversies. As we demonstrated
several variables must be considered during experimental
protocols used such as the distance of the light emitter
and the surface, the time of exposure, the cell lineage, the
type of medium where the bacteria is growing besides
the wavelength itself.

Reports from in vivo experiments show that red light
can help fight infections by increasing macrophage
migration to the site of infection and stimulating pathogen
phagocytosis, representing an indirect antimicrobial
mechanism of action (Lu et al., 2016). Based on the in vitro
results shown here demonstrating lack of antimicrobial
activity from direct exposure to red light, we can suggest
that light in the range from 600 to1100 nm may not affect
certain infectious agent directly. Probably, to be effective it
is necessary the presence of immune cells to be activated
by this specific type of light and drive a response against
the infectious agent.

One factor that is generally ignored in several
experimental protocols is the control of the temperature
during the irradiation with blue light. The LEDs used in
this study can generate heat and promote increase in the
temperature on the surface of the agar where bacteria
were inoculated, and this is dependent on the distance
of the LED and the time of exposure. Thus, the minimum
distance of 1 cm was adopted in this work as a safety
measure, It is rare to find description of the temperature
measurement in in vitro experiments evaluating the
effect of photoemission in bacteria (Bumabh et al., 2015;
Sousaetal., 2015; Rupel et al., 2019). This may be one of the
factors that must be considered since high temperatures
may cause heat shock stress in the bacteria or early drying
of the culture agar, generating an inhibition unrelated to
the effect of light.

In previous pilot studies done to optimize the
conditions for the experimental protocol we verified that
prolonged exposure of Petri dishes containing S. aureus and
P aeruginosa increases the drying of the agar on the dishes
and consequently, alters the shape and produces cracks
and irregularities on the surface. In these specific areas
no bacterial growth could be observed. Such conditions
have not been reported in the literature and may be a
factor of false positive effect observed in some studies for
the red light. The use of infrared filter, as demonstrated

5/8



Galo, 1.D.C,, Prado, R.P. and Dos Santos, W.G.

in this study, has solved this problem and has given more
reliability to the results observed here. We also showed
that exposure to light after seeding the bacteria inoculum
in the Petri dish containing agar is not a real problem to
evaluate the effect of light if the precautions are taken.
In fact, this is the most common method used in these
type of studies (Lipovsky et al., 2010; Dai et al., 2013;
Kim et al., 2013; Bumabh et al., 2015; Sousa et al., 2015;
Masson-Meyers et al., 2015; Halstead et al., 2016;
Rosa et al., 2016). We also discarded the hypothesis that
the type of material containing agar (glass or polystyrene)
where the bacteria are growing may interfere on the effect
of the photoemission.

The decrease in the diameters of the bacterial colonies
24 hours after exposure to blue light and return to the
normal diameter in the following 48 hours incubation,
as shown here, suggests a temporary decrease in the
rate of bacterial multiplication induced by the blue
light irradiation. Probably, during this growth pause,
the bacteria may be expressing genes to eliminate
reactive oxygen species responsible for oxidative stress.
This may indicate the necessity to expose the bacteria
to consecutive treatment with blue light to complete
resolution of an infection (Bumah et al., 2013, 2015;
Masson-Meyers et al., 2015).

Additionally, it is important to mention that the
definition of the light emission parameters itself may
represent a problem in studies aiming to identify the
antimicrobial activity of light. Therefore, it is important to
adopt standard systems of measurement to avoid mistakes
in the calculation of irradiance and fluence of the light
emitters (Hadis et al., 2016).

To confirm if the inhibition demonstrated for the blue
light was independent of the way the light was applied,
we irradiated on bacteria inoculated in liquid medium.
Herein we tested the irradiation on bacteria inoculated
in saline solution and nutrient rich BHI broth. High level
of inhibition was observed when blue light was used on
both liquid culture media. These results were similar to
those reported by Maclean et al. (2009). The mechanism
by which blue light can mediate its antimicrobial action
is not well established. However, some molecular targets
have been suggested as participating in this process.
Photosensory systems have been identified in bacteria.
Among these systems it is included six receptor protein
families namely cryptochrome, blue light-sensing proteins
usind FAD (BLUF), light oxygen voltage receptor domain
(LOV), photoactive yellow protein (PYP), rhodopsin, and
phytochromes (Van der Horst et al., 2007; Gomelsky and
Hoff, 2011). Interesting, there are evidence that blue
light, but not red light, is able to activate the LOV domain
containing protein YtvA by increasing the activity of sigmaB
- controlled ctc promoter involved in stress response
(Avila-Pérez et al., 2006). Therefore, the presence and
functionality of proteins involved in these photosensory
systems may be associated to the effectivity of blue light at
different degrees depending on the bacteria strain tested
and the intensity of light.

Light spectra can interfere differentially in the metabolism
of bacteria and substrate usage affecting the respiratory
profile. In this context, it has been shown that blue LED
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has the most decisive impact on substrate utilization by
impairing respiration of 140 different substrates tested
(Gharaie et al., 2017). This may explain the dufferent results
observed here depending on the media used.

Also, it has been proposed that upon interaction of blue
light with endogenous porphyrins and flavins it is generated
reactive oxygen species (ROS), which in turn could cause
oxidative stress, damage the integrity of cell membrane and
eventually lead to cell death (Yang et al., 1995), but this has
not been demonstrated yet. However, oxidative stress may
not be the only cause of cell death (Gharaie et al., 2017).
On the other hand, oxygen scavengers may not completely
protect bacteria from the toxic effects of blue light. Infrared
spectroscopy analysis has demonstrated that DNA cleavage
caused by blue light is similar to that observed for UVA
treated cells (Bumah et al.,, 2017). This is expected given
spectral proximity of UVA and blue light, which is not the
case of red light.

Finally, the results presented here are in agreement
with several authors who demonstrated the effect of
blue light on the bacterial growth (Maclean et al., 2009;
Lipovsky et al., 2010; Dai et al.,, 2013; Kim et al., 2013;
Bumah et al., 2015; Masson-Meyers et al., 2015;
Halstead et al., 2016; Rosa et al., 2016; Bumah et al., 2017;
Ferrer-Espada et al., 2020; Rupel et al., 2019). The use
of higher fluencies (157.78 and 284.90 ]J/cm?) of blue
light caused inhibition in all tests performed for both S.
aureus and P. aeruginosa. It would be important to further
investigate the antimicrobial effect of blue light at the
molecular level using genomic and proteomic approaches.
Thus, we could understand more details on the mechanism
of action involved and identify possible novel molecular
targets and strategies to fight bacterial infections.

5. Conclusion

Blue light at 470 nm wavelength but not red light at
660 nm wavelength applied under different conditions
is able to decrease the rate of S. aureus and P. aeruginosa
bacterial growth.
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