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Abstract The aim of this study was to evaluate, in vitro, the
bactericidal effect of antimicrobial photodynamic therapy
(AmPDT) using phenothiazinium dyes (Toluidine Blue O
and methylene blue, 1:1) using different concentrations (100,
50, 25, 12.5, and 6.25 pg/mL) associated to red laser with
different energy densities (2.4, 4.8, 7.2, 9.6, and 12 J/cmz)
on a strain of Staphylococcus aureus (ATCC 23529). On this
study, tests were performed in triplicate and the samples were
distributed into 36 test groups: Control and bacterial suspen-
sions were irradiated with the different energy densities, re-
spectively, in the absence of photosensitizer, bacterial suspen-
sions were irradiated with the laser in the different concentra-
tions of the photosensitizer, and finally bacterial suspensions
only in the presence of phenothiazinium dye. The pre-
irradiation time was 5 min. Therefore, we analyzed the poten-
tial of the AmPDT by counting colony-forming units. The
logarithm of CFU/mL (logl0 CFU/mL) was calculated and
the data was analyzed statistically (ANOVA, Tukey’s test,
p<0.05). The results showed that the association 50 and
100 pug/mL with 12 J/em? showed the highest percentage of
inhibition (100 %). Based upon the present results, it may be
concluded that the AmPDT was able to enhance the antimi-
crobial effect of phenothiazines and both concentration of the
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compound and energy density are important factors for greater
effectiveness of therapy.
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Introduction

Resistance to antibiotics is a serious public health problem and
different alternative treatments have been tested, including the
use of AmPDT [1]. AmPDT is a procedure that may be carried
out on both sensitive and antibiotic-resistant bacteria causing
inactivation of the strains. This procedure has shown itself
advantageous, as it does not induce bacterial selection (resis-
tance observed during the treatment with antibiotics) [2, 3].
Staphylococcus spp. are capable of developing resistance to
antibiotics and are opportunistic microorganisms. Resistant
strains, such as methicillin-resistant Staphylococcus aureus
(MRSA), are a major public health challenge. MRSA is a
major concern in nosocomial infections worldwide and is also
currently prevalent in residential homes [4, 5]. Staphylococcus
is one of the most important causes of nosocomial infections
and is often disseminated by medical devices. These microor-
ganisms are protected by a biofilm that causes resistance to
phagocytosis, hindering immune system functions and antibi-
otics activity. Therefore, their virulence is closely related to
the biofilm [6].

AmPDT combines the use of a nontoxic photosensitizer
combined with a non-ionizing visible light, in which wave-
length has to be effective to excite the photosensitizer to a
reactive triplet state. This reaction will generate singlet oxygen
and superoxide that are highly toxic to the cells reactive oxy-
gen species (ROS). AmPDT has been suggested as a
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therapeutic option for the treatment of infectious diseases [7].
ROS may damage both the DNA and cell membranes causing
loss of cell compartmentation, inactivation of transport sys-
tems, and cell death [8, 9]. Up to now phenothiazinium salts,
such as Toluidine Blue O (TBO) and methylene blue (MB) are
used clinically on antimicrobial treatments [10]. The minimal
toxicity of these dyes to human cells, plus their ability to
produce high quantum yields of singlet oxygen, has produced
a great interest in testing the potential of these photosensitizers
as photo-activated antimicrobial agents [11]. The optimized
physicochemical properties of photosensitizers as well as spe-
cific delivery systems will decide whether AmPDT for MRSA
infection could be accepted as an alternative way to traditional
antibiotic therapy. After further well-designed preclinical and
clinical studies, this novel therapeutic approach for treating
MRSA infection could be routinely established in clinical
practices [12]. The challenge in AmPDT is to find a therapeu-
tic protocol in which hazardous bacteria maybe efficiently
inactivated without harming the surrounding tissue or
disturbing the local microenvironment at a given concentra-
tion and light dose [12].

It was hypothesized that the use of an efficacious protocol
of AmPDT, in vitro, could be transferred to an effective clin-
ical treatment of bacterial infections. Therefore, the aim of this
study was to evaluate, in vitro, the bactericidal effect of
AmPDT on S. aureus (ATCC 23529 strain) using different
concentrations (100, 50, 25, 12.5, and 6.25 pg/mL) of a mix-
ture of two phenothiazinium dyes (50 % MB + 50 % TBO)
associated to the use of red laser light at different energy den-
sities (12, 9.6, 7.2, 4.8, and 2.4 J/em®).

Methodology
Bacterial strain and culture condition

The bacterial strain used in this study was S. aureus (ATCC
23529) aerobically cultured in blood agar (Merck®
Darmstadt, Hessen, Germany) at 37 °C and grown for 24 h.
For the experiments, colonies were collected with the aid of a
calibrated loop of 100 uL and inoculated into 5 mL of tryptic
soy broth (Merck® Darmstadt, Hessen, Germany). For the
quantification of colony-forming units (CFU), the suspension
was standardized by measuring absorbance using the
SpectraMax spectrophotometer (Medical Device) to an optical
density of 0.5 McFarland at A625 nm, corresponding to ap-
proximate number 3 x 10° CFU/mL. Subsequently, 10 pL of
this suspension were inoculated in 1 mL of TSB (Merck®
Darmstadt, Hessen, Germany) in a 24-well culture plate
(Falcon®, BD Lab., Franklin Lakes, NJ, USA). After this
dilution, each concentration of the photosensitizer was added
and irradiated following experimental protocol.
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Photosensitizer and light source

A mixture of 50 % of Toluidine Blue O + 50 % methylene blue
(A Férmula Laboratory, Salvador, BA, Brazil) was used for
photosensitization of the S. aureus strains. Solutions of differ-
ent concentrations (100, 50, 25, 12.5, and 6.25 pug/mL) were
prepared in sterile phosphate-buffered saline, pH 7.4 and fil-
tering it through a 0.22-um membrane (Millipore, Sdo Paulo,
SP, Brazil). After filtration, the solution was stored in the dark
at 4 °C before use. A diode laser (A660 nm, Twin Flex®,
MMOptics, Sdo Carlos, SP, Brazil) was used as the light
source (Table 1). The wavelength of the laser corresponded
to the maximum absorption of phenothiazinium dye [11].

Antimicrobial photodynamic therapy

Sample distribution is summarized on Table 2. The bacterial
suspensions were platted into the 24-well culture plates as
shown on Table 2 and incubated in the dark at room temper-
ature for 5 min. After pre-irradiation time (5 min), the bacterial
suspensions, with and without photosensitizer, were irradiated
according to different energy densities. Immediately after the
irradiation, the contents of the wells were mixed before sam-
pling and were seeded in triplicate onto Petri plates divided
into four fields containing TSA medium (Merck® Darmstadt,
Hessen, Germany) and incubated at 37 °C for 24 h using a
calibrated 100 uL loop bacteria. After incubation (24 h), the
number of CFU was determined by counting. Statistical anal-
ysis was carried out (ANOVA GLM and Tukey’s multiple
comparison tests, Graphic Prism® Software 4.0, p <0.05
was considered statistically significant).

Results

Comparison between the laser and control groups showed no
statistical difference (Fig. 1). However, the photosensitizers
groups when compared to the control group showed a signif-
icant (p < 0.0001) reduction of the count for all given concen-
tration except for the 6.25 pg/mL. The inhibition percentages
were as follows: 100 pg/mL (59.4 %), 50 ug/mL (57.0 %),

Table 1  Summary of the parameters used on the study

Parameters Laser

Wavelength (nm) 660

Mode CW

Spot of the probe (mm?) 4

Power output (W) 0.04

Exposure time (s, per session) 300/240/180/120/60
Energy density (J/cm?) 12/9.6/7.2/4.8/2.4
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Table 2 Summary of the — 2
antimicrobial PDT groups Energy densities (J/om®)
12 9.6 7.2 4.8 24
Concentrations of 100 100 pg/ 100 pg/ 100 png/ 100 png/ 100 png/
photosensitizer mL x 12 mL x 9.6 mL x 7.2 mL x 4.8 mL x2.4
(pg/mL) Jem? Jem? Jem? Jem? Jem?
50 50 pg/ 50 pg/ 50 pg/ 50 pg/ 50 pg/
mL x 12 mL x 9.6 mLx7.2 mL x 4.8 mL x2.4
J/em? Jem? Jen?® Jen?® J/em?
25 25 ng/ 25 ug/ 25 g/ 25 g/ 25 ng/
mL x 12 mL x 9.6 mLx7.2 mL x 4.8 mL x2.4
J/em? J/em? Jen? Jen? J/em?
125 125 pg/ 12.5 pg/ 12.5 pg/ 12.5 pg/ 12.5 pg/
mL x 12 mL x 9.6 mLx7.2 mL x 4.8 mL x2.4
J/em? J/em? Jem? Jem? J/em?
6.25 6.25ug/ 6.25 pg/ 6.25 pg/ 6.25 pg/ 6.25 pg/
mL x 12 mL x 9.6 mLx7.2 mL x 4.8 mL x2.4
J/em? J/em? Jen?® Jen?® Jem?

25 pug/mL (28.0 %), 12.5 pg/mL (17.2 %), and 6.25 pg/mL
(0.002 %) (Fig. 2) (Table 3).

Group AmPDT using 6.25 ug/mL showed a significant
statistical reduction of the counting in comparison to the con-
trol group. The inhibition percentages varied according to the
energy density used: 2.4 J/em® (2.4 %) (p<0.01), 4.8 J/cm®
(4.3 %) (p <0.001), 7.2 J/em?® (5.6 %) (p < 0.0001), 9.6 J/cm®
(6.0 %) (p<0.0001), and 12 J/cm? (8.9 %) (p <0.0001).
Increasing the concentration to 12.5 pg/mL also caused a
significant reduction on the bacterial count (p <0.0001). The
inhibition percentages also varied according to the energy
density used: 2.4 J/em® (22.1 %), 4.8 J/em® (22.8 %), 7.2 1/
cm’ (25.4 %), 9.6 J/em® (29.0 %), and 12 J/em® (34.2 %). The
use of 25 pg/mL also showed a significant reduction
(p <0.0001). Again, different inhibition percentages were ob-
served: 2.4 J/em® (50.6 %), 4.8 J/em® (51.7 %), 7.2 J/em’
(50.8 %), 9.6 J/em® (52.2 %), and 12 J/em® (53.3 %).
Further increase of the concentration to 50 pg/mL also signif-
icantly reduced the number of colonies (p <0.0001) being
different inhibition percentages for each energy density:

Fig. 1 Bacterial growth, in log;q
standard, S. aureus irradiated in
different experimental conditions
and control with laser

2.4 Jem? (66.1 %), 4.8 Jem? (65.7 %), 7.2 Jem?® (67.8 %),
9.6 J/em?® (88.6 %), and 12 J/em® (100 %). The use of the
highest concentration (100 pg/mL) showed the same pattern
as in lower ones (p < 0.0001). For this concentration, the inhi-
bition percentages were as follows: 2.4 Jem? (68.2 %), 4.8 1/
em® (77.3 %), 7.2 Jem® (74.0 %), 9.6 J/em® (95.6 %), and
12 J/em? (100 %).

On the other hand, in relation to energy densities, in
using 2.4 J/em?, a significant difference on the counting
was observed for all concentrations (»p <0.0001) in com-
parison to the control group, except for the concentration
of 6.25 ug/mL, that the inhibition percentage was 2.4 %,
as previously reported. Increasing the energy density to
4.8 J/em?, 7.2 J/em?, or 9.6 J/cm? shows the same pattern
with a significant reduction on the counting for all con-
centrations (p <0.0001), except for 6.25 pg/mL, that the
inhibition percentages for each energy density were, re-
spectively, 4.3, 5.6, and 6.0 %, as previously reported too.
Finally, using 12 J/cm? significantly reduced the inhibi-
tion percentages for all concentrations (p <0.0001), with
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Fig. 2 a Microbicidal action of phenothiazine against S. aureus, ***p <0.0001. b Percent of inhibition of phenothiazine against S. aureus

the following percentages of inhibition: 100 pg/mL
(100 %), 50 ug/mL (100 %), 25 pg/mL (53.3 %),
12.5 pg/mL (34.2 %), and 6.25 ng/mL (8.9 %) (Fig. 3).

Discussion

The use of phenothiazinium dyes as photosensitizers after irradi-
ation with visible light has been shown in several previous stud-
ies. However, the results of AmPDT are different according to the
cell conditions (density, culture medium, Gram-positive or -
negative bacteria, species, physiological state, etc.), to the photo-
sensitizer (concentration, period of incubation), and light (type,
energy density, wavelength, etc.) [12—14].

AmPDT is a promising therapy and presenting positive
results even against resistant microbial strains, however, is
essential to establish an appropriate protocol for its usage
clinically. Thus, based on this demand, the present study
was carried out aiming to verify the efficacy of several
protocols associated with the use of different power den-
sities and concentrations of the compound. Therefore, af-
ter evaluation of these data, it was possible to set appro-
priate conditions for the in vivo study; such concerns
about the ideal conditions can also be observed in the
study by Tonon et al., in 2015 [15], which shows the need
to establish the optimal protocol for AmPDT used
curcumin against the Streptococcus mutans.

The choice of concentrations was based from previous
studies in the literature, which indicated that the concentration

of 100 pg/mL of phenothiazine is effective in photodynamic
therapy protocols [16]. In the study by Garcia et al., concen-
trations above 100 pg/mL were considered not effective. It
was then decided to test lower concentrations with a maxi-
mum concentration of 100 pg/mL. The concentrations below
100 pg/mL used in this study were obtained from a serial
dilution, thereby obtaining four minor concentrations.
Besides, the effect of the concentration of the compound on
the photodynamic effect also depends on the energy density as
shown by Tonon et al. in [15].

On the present investigation, it was opted to use a log
transformation of the data. When using this transformation,
one must remember that the result of the transformation cor-
responds to the geometric mean and not to the averaged mean
and most studies on this specific topic did not use log trans-
formation. It is also important to observe that a fundamental
problem is that there is little value in comparing the variability
of original versus log-transformed data because they are on
totally different scales. This would make a tricky comparison
of'the results of the present investigation with previous reports
on the literature.

This may be the cause of the lack of a significant statistical
difference between laser-irradiated strains and their controls as
the sole use of the laser light at different energy densities did not
cause any statistically significant changes on the bacterial count
(Fig. 1) under the conditions of the present study when both
adequate irradiation protocol and culture conditions were used.

The literature is controversial concerning the effects of la-
ser on bacterial growth. The stimulation or inhibition of

Table 3 Percentage of inhibition

of the AmPDT Energy density (J/em®)
0 2.4 4.8 7.2 9.6 12

Concentrations of photosensitizer (ug/mL) 0 0 0.32 1.56 0.10 -028  —2.33
625 0 2.46 4.36 5.66 6.07 8.98
12.5 17.21 22.11 22.88 25.44 29.06 3427
25 28.02 50.63 51.74 50.87 5228  53.39
50 57.08 66.14 6573 6786  88.65 100
100 59.49 6827 7731 7407 95.61 100
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Fig. 3 a Graph showing microbial growth in log; o standard AmPDT in different groups with the same energy density, 12 J/cm?. b Graph showing the
percentage of inhibition of microbial growth in AmPDT in different groups with the same energy density, 12 J/em?. **¥p <0.0001

photoreceptor functions, which is part of the cellular respira-
tory chain, determines the magnitude of cell proliferation or
inhibition. The irradiation dose and the energy density are the
most important parameters in photobiomodulation [17, 18].

According to Chan and Lai [19], it is obvious that the
bactericidal effect is wavelength dependent. In relation to the
use of phenothiazines or porphyrins, the existence of effective
absorption of light when using wavelengths above A600 nm
[20]is known; therefore, in the present study, we used a diode
laser emitting light at A660 nm as the light source as this
wavelength corresponds to the maximum absorption of the
phenothiazinium dye.

In relation to the dosimetry, the present study tested five
different energy densities for light (12, 9.6, 7.2, 4.8, and 2.4 J/
cm?) using the same parameters of cell and photosensitizer,
precisely in order to obtain an efficacious protocol of AmPDT,
in vitro, that could be transferred to an effective clinical treat-
ment of bacterial infections.

Actually, phenothiazinium dyes are used clinically for
antimicrobial treatments, because the minimal toxicity to
human cells and their ability to produce high quantum of
singlet oxygen [10, 11]. The results of the present study,
in relation to the action of photosensitizer against
S. aureus, demonstrated, for all concentrations used
(100, 50, 25, and 12.5 pg/mL) when compared to the
control group, a statistically significant decrease
(»<0.0001) on microorganisms counts, except when
using the concentration of 6.25 pug/mL. This demonstrated
that the sole use of the dye in concentrations higher than
or equal to 12.5 pg/mL resulted in a significant reduction
on bacterial counts in comparison to the control group.
However, a previous study [21] tested the toxicity of
phenothiazinium dyes against methicillin-resistant
S. aureus (ATCC 25923) and multi-drug resistant
Escherichia coli (ATCC 25922) showing that concentra-
tion of the photosensitizer did not have antimicrobial tox-
icity when incubated in the dark with any of the organ-
isms for 30 min, showing no significant difference when
compared with the control groups (p >0.05).

Several previous studies on the effects of photodynamic
therapy on bacterial growth that the both bactericidal or bac-
teriostatic are related to the absorption of the laser light by

chromophores causing conformational changes in certain
molecules, generating free radicals and reactive oxygen spe-
cies which will promote the rupture of bacterial membranes
[22-24].

In the present study, the results of the AmPDT showed that
the use of the laser light increased the effectiveness of the dye
as seen when comparing with groups kept in the dark. Using
the same concentration of photosensitizer, it was also ob-
served that increasing the energy density resulted in increased
bactericidal effects, except when using a concentration of
25 ng/mL that showed a significant reduction (p <0.0001)
for all conditions in comparison to the control group.
However, comparing different energy densities between them,
a significant increase on inhibition percentage was not detect-
ed: 2.4 J/em? (50.6 %), 4.8 J/em? (51.7 %), 7.2 J/em?
(50.8 %), 9.6 J/em® (52.2 %), and 12 J/em? (53.3 %).

Although it did not show the 100 % of inhibition com-
pared to the control group, the combination of concentra-
tion 12.5 pug/mL with the laser energy density of 12 J/cm?
should be highlighted as the sole use of the photosensi-
tizer showed inhibition on 17.2 % and the association
with the light doubled the inhibition (34.2 %). The con-
centrations of 50 and 100 pg/mL used solely resulted in a
significant reduction on bacterial counts in around 57 %
(50 pug/mL) and 59.6 % (100 pug/mL), but the association
with the laser energy density of 12 J/cm? showed 100 %
inhibition when compared to the control group in both
cases. For this reason, it considered the use of lower con-
centration (50 pg/mL) since they showed the same result.

Conclusion

Based upon the present results, it may be concluded that the
AmPDT was able to enhance the antimicrobial effect of phe-
nothiazines and both concentrations of the compound and
energy density are important factors for greater effectiveness
of the therapy.
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