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The occurrence of a variety of pathogens resistant to current antibiotics remains the major problem in medical
care, especially when bacterial infections are established as biofilms. In this study, we propose the use of photo-
dynamic therapy (PDT) as a monotherapy and associated with antibiotic as an alternative treatment. The aim of
this study was to analyze the effects of PDT mediated by methylene blue (MB) on Staphylococcus aureus (ATCC
25923) and Escherichia coli (ATCC 25922) in both biofilm and planktonic phases. Several concentrations of MB
and light doses were tested. The bactericidal effects of PDT as a monotherapy did not increase with the concen-
tration of photosensitizer, but were light dose-dependent. In addition, bacteria in biofilmswere less affected than
cells in theplanktonic phase. Althoughnot concentration-dependent, the disruption effect of PDT onbiofilmswas
clearly illustrated by scanning electron microscopy (SEM). We also carried out experiments that evaluated the
synergistic effect of photodynamic therapy and the antibiotic ciprofloxacin. The best results were obtained
after combination treatment of photodynamic therapy followed by ciprofloxacin on biofilms, which increased
bacterial reduction on biofilms, resulting in a 5.4 log reduction for S. aureus biofilm and approximately 7 log
for E. coli biofilm.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Microorganisms growing in biofilms have been found to be relative-
ly resistant to antimicrobial therapy. The heterogeneous structure com-
posed of bacteria attached which are bound to a surface, surrounded by
an extracellular matrix and which display phenotypic traits not ob-
served in their planktonic counterparts can explain how biofilm pro-
tects the bacteria within against the host's immune mechanisms and
antimicrobial agents. It has been shown that Staphylococcus aureus
and Escherichia coli strains are able to adhere to and form biofilms on
different biomaterials and medical devices [1].

As an opportunistic pathogen, S. aureus can cause a variety of self-
limiting to life-threatening diseases. It is one of the most common
causes of skin, soft-tissue, and nosocomial infections. Complications
with staphylococcal infection at other sites, or complications of surgical
procedures as deep infections include endocarditis, peritonitis, necrotiz-
ing pneumonia, bacteremia, meningitis, osteomyelitis, septic arthritis,
and infections of bones, joints and organs [2]. E. coli is a well-known
member of human intestinal tract that harbors a diverse and complex
microbial community, but it is also known to cause infectious endocar-
ditis [3], urinary tract infections [4], bacteremia aswell as sepsis [5]. The
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biofilm formation of S. aureus and E. coli strains on surface of synthetic
implants may also cause a serious complication as deep surgical site in-
fection encompassing the implants.

Generally, the use of large amounts of antibiotics for long periods is
undesirable in clinical practice due to the adverse effects on the microbi-
ota and the increased potential to induce resistance. An effort to improve
the therapeutic results and reduce the occurrence of undesirable side ef-
fects oriented recent research to search for efficientways to cause biofilm
disturbance via alternative methods of treatment, such as photodynamic
therapy (PDT) [5,6].

Shortening, PDT is a treatment based on the interaction of light,
photosensitizing agents and oxygen: the photosensitizer molecules are
excited by a specific wavelength of light leading to the production of sin-
glet oxygen, highly toxic to cells, culminating in target cell death via oxi-
dative damage. [7]. The main advantages of PDT over conventional
antimicrobial therapies include immediate onset of action, elimination
of resistant microorganisms and secreted virulence factors, minimized
systemic adverse effects, and double selectivity (deleterious effect only
on sites where both PS and light are delivered concomitantly).

Photodynamic therapy has been highlighted as an alternative to
conventional antimicrobial treatment, either in combinationwith tradi-
tional methods or alone, arising as a non-complex modality with minor
side effects [8]. In this study, we aimed to evaluate the effect of PDT in-
dividually in suspension and biofilm and its synergistic effect in combi-
nation with ciprofloxacin. Associating PDT and ciprofloxacin can bring
their individual advantages together, improving bacterial reduction as
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long as reducing photosensitizer and antibiotic concentration and
toxicity.

2. Materials and Methods

2.1. Bacterial Inoculum Preparation

We used American Type Culture Collection reference strains of
S. aureus (ATCC 25923) and E. coli (ATCC 25922), provided by the Na-
tional Institute of Quality Control in Health (INCQS) from the Oswaldo
Cruz Foundation (FIOCRUZ), Manguinhos, RJ, Brazil. A single colony of
S. aureus or E. coli strains was inoculated into 5 mL of Tryptic Soy
Broth (TSB) and incubated for 24 h at 37 °C. Afterwards, when the bac-
terial culture reached the log phase of growth, for adjustment of the in-
oculum, the absorbance was measured using a spectrophotometer
(Biotek®,Winooski, VT, USA)with awavelengthof 630nm. The interval
of absorbance reading was considered a range from 0.08 to 0.10, which
corresponds to a 0.5 McFarland scale (~1 × 108 CFU/mL).

2.2. Biofilm Development

Under aerobic conditions, the bacteria were dispersed and added to
TSB. For biofilm development, according to the publishedmodel [9], 96-
well plateswere previously preparedwith 150 μL of TSA (Trypticase Soy
Agar) or Mueller–Hinton agar. One-hundred and fifty microliters of the
inoculum (approximately 108 bacteria) was carefully pipetted to fill the
agarwells in each 96-well plate. The plateswere then incubated aerobi-
cally at 35 °C for five days. After an initial incubation period of 48 h, the
liquid medium was carefully aspirated from each well and the biofilms
were replenishedwith fresh broth. Then, fresh TSBwas added daily into
each well, very slowly, to avoid disruption of the biofilm.

2.3. Photosensitizer

Methylene blue (Sigma Co., St. Louis, USA) was dissolved in Phos-
phate Buffered Saline (PBS) to give solutions at concentrations of 6.25,
12.5, 25, 50, 100, 200 μg/mL before use, and 400 μg/mL for biofilm
only. The absorption spectra of methylene blue was recorded from
400 to 700 nm using quartz cuvettes with a 1-cm path length using a
Lambda 1050 UV/Vis/NIR spectrophotometer (PerkinElmer, Waltham,
MA, USA) and was characterized by a long-wavelength maximum at
665 nm.

2.4. Light Source

A compact red light-emitting diode (LED) array-based illumination
system at 660 nm with a homogeneous illumination area composed of
48 LED with variable intensities and a cooling device (IrradLED® —
biopdi, São Carlos, SP, Brazil) was used. The distance between the LED
and the plate allowed an even distribution of light on each well. The
power density of the incident radiation was measured using a power
meter (Coherent®, Santa Clara, CA, USA). The light energy fluence
used in this study for bacterial suspensions were 2.8 and 5.6 J/cm2,
and biofilms were 5.6, 11.2 and 22.4 J/cm2. The study groups were: 1.
L−MB− (control group), 2. L+MB− (treated only with light; light
group), 3. L−MB+ (treated only with methylene blue; MB group),
and 4. L+MB+ (treated with methylene blue and light; PDT group).
Groups 1 and 3 were kept in plates at room temperature and covered
with aluminum foil during irradiation of groups 2 and 4.

2.5. Planktonic Phase

Tubes with 1 mL of inoculum were centrifuged at 13,000 rpm for
15 min to add 1 mL of methylene blue for the MB and PDT groups. For
the light and control groups, methylene blue was substituted by TSB
and samples were homogenized and wrapped in aluminum foil to
complete the incubation time (25 min of drug incubation for the MB
group and 5min for the PDT group). Following incubation, bacterial sus-
pensionswere placed in thewells of 96-well plates and exposed to light
of 660 nmat room temperature. During photodynamic therapy, 96-well
plates remained covered with a lid, and special care was taken not to
disturb the plates. After illumination of the appropriate wells, bacterial
suspensions underwent serial dilutions in TSB and 100-μL aliquots
were plated on TSA plates and then incubated under aerobic conditions
for 1 day.

2.6. Biofilms

Biofilms were developed as described before. There was one plate
for the control and MB groups and other plates for the PDT and LIGHT
groups to avoid light exposure of adjacentwells. 96-well plates contain-
ing the S. aureus biofilms or E. coli biofilm were incubated with TSB
(light and control groups) or methylene blue for 5 min at the PDT
group or 25min at theMB group. Thosewells were then simultaneously
irradiated with red light.

During photodynamic therapy, 96-well plates remained covered
with a lid and were not disturbed. After illumination, adherent bacteria
were gently scraped from TSA in eachwell using a sterile bacteriological
loop and dispersed in TSB. The same experienced researcher removed
all of the biofilms to ensure that the scrapings collected the entire bio-
film and did not add variability to the results. Samples were submitted
to serial dilutions and 100-μL aliquots were spread over the surface of
TSA plates. The plates were incubated aerobically at 37 °C for 1 day.

2.7. Minimum Inhibitory Concentration (MIC)

The ciprofloxacin activity on bacterial growth was determined by
the microdilution method. It was conducted based on the Clinical and
Laboratory Standards Institute (CLSI, 2006) M7-A6 document for aero-
bic bacteria [10].

2.8. Evaluation of Synergism in Planktonic Phase: Ciprofloxacin After PDT

The MIC plus three sub-inhibitory concentrations (I, II and III) of cip-
rofloxacin were tested as follows: for S. aureus concentrations were
0.5 μg/mL (MIC); 0.25 μg/mL (I); 0.125 μg/mL (II) and 0.0625 μg/mL
(III); and for E. coli, 0.004 μg/mL (MIC); 0.002 μg/mL (I); 0.001 μg/mL
(II) and 0.0005 μg/mL (III). MB concentrations of 50; 25; 12.5
and 6.25 μg/mL were tested and light irradiation was performed at
2.8 J/cm2; conditions were determined according to the results obtained
from PDT assays. After PDT, 100 μL of eachMB sample was transferred to
a microtube containing 100 μL of ciprofloxacin; the control group was
transferred to a microtube containing 100 μL of Mueller–Hinton broth.
Samples were then incubated at 37 °C for 24 h and, after that, submitted
to serial dilution and plated on Mueller–Hinton agar plates, also at 37 °C
for 24 h.

2.9. Evaluation of Synergism in Planktonic Phase: PDT After Ciprofloxacin

PDT and antibiotic conditions were the same as described above.
Bacterial suspensions were centrifuged at 13,000 rpm for 10 min and
the pellets were suspended in 1 mL of each ciprofloxacin concentration
(MIC, I, II or III). Samples were incubated at 37 °C for 24 h. Following,
PDT was performed as previously described.

2.10. Evaluation of Synergism in Biofilms: Ciprofloxacin after PDT

Biofilms were developed in 96-well plates as described above. MB
concentrations tested were 200; 100; 50 and 25 μg/mL and energy
fluences were 11.2 and 22.4 J/cm2, determined according to PDT results
obtained on biofilms. Ciprofloxacin concentrations tested were all five
sub-inhibitory concentrations multiplied for a factor of 1000 (I, II, III,
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IV and V): for S. aureus, de 250 (I); 125 (II); 62.5 (III); 31.25 (IV) and
15.625 μg/mL (V); and for E. coli, 2 (I); 1 (II); 0.5 (III); 0.25 (IV) and
0.125 μg/mL (V). After PDT, 100 μL of each MB sample was transferred
to a microtube containing 100 μL of each ciprofloxacin concentration;
the control group was transferred to a microtube containing 100 μL of
Mueller–Hinton broth. Samples were then incubated at 37 °C for 24 h
and, after that, submitted to serial dilution and plated on Mueller–
Hinton agar plates, also at 37 °C for 24 h.

2.11. Scanning Electron Microscopy

Bacterial suspensions were standardized from 18 h culture in
Mueller–Hinton broth for S. aureus and E. coli to achieve approximately
1.0 × 108 CFU/mL. In a 13 mm diameter glass coverslip, 600 μL of the
suspension was dispensed and incubated at room temperature for
72 h for biofilm growth without agitation. After 72 h, the replacement
of culture medium was performed and incubated for additional 24 h.
Following biofilm formation, sampleswere submitted to PDT irradiation
with 11.2 J/cm2 and 200 μg/mL of MB. Untreated biofilm was used as
control. After treatments coverslips were thoroughly washed with ster-
ile 0.1Mphosphate buffer (pH 7.4). Thewashing procedurewas repeat-
ed three times and 1mLof 3% glutaraldehyde and 2% paraformaldehyde
in 0.1 M potassium phosphate buffer, pH 7.4 was added. Then, three
washes with pure buffer solution were carried out. Dehydration was
carried out in increasing concentrations of ethanol (50%, 60%, 70%,
80%, 90%, and 100%) [11,12]. Following dehydration samples were
dried in a desiccator with silica for 72 h and analyzed in a scanning elec-
tron microscope (model HITACHI TM3000).

3. Results

3.1. Minimum Inhibitory Concentration

MICwas measured by determining the optical density (OD) and de-
fined as the lowest concentration of antibiotic allowing no growth after
24 h of incubation. TheMIC of ciprofloxacin for S. aureuswas 0.50 μg/mL
and 0.004 μg/mL for E. coli.

3.2. Planktonic Phase

Methylene blue showed no significant dark toxicity (Figs. 1 and 3) in
all concentrations tested. Analyzing the effect of light individually
(L+MB−), we did not observe significant bacterial reduction either
for S. aureus or E. coli at all fluencies tested (Fig. 2).

Either for E. coli or S. aureus PDT was light-dose dependent, given
that the same MB concentrations resulted in no reduction (Fig. 2A and
B) or more than 5 log reduction (Fig. 2C and D) for 2.8 or 5.6 J/cm2,
Fig. 1.Methylene blue dark toxicity over standard suspensions of S. aureus or E. coli.Mono-spec
dark for 25 min. The columns represent the average of three independent assays and bars repre
groups and the control (one-way ANOVA with Tukey's posthoc). *p b 0.05; **p b 0.01; ***p b 0
respectively. E. coli was clearly more resistant to MB–PDT than
S. aureus, with the best bactericidal effect occurring only at the higher
MB concentration (Fig. 2D).

3.3. Biofilm Phase

For both S. aureus and E. coli no significant toxicity was observed for
theMB or the light group (Figs. 3 and 4). Since 2.8 J/cm2 gave no reduc-
tions in planktonic assays and biofilms are a more resistant form com-
pared to planktonic cells, light doses used were 5.6 and 11.2 J/cm2.
MB–PDT induced significant killing, also dependent on the light dose:
5.6 J/cm2 reduced approximately 2.5 log for both E. coli and S. aureus
with all MB concentrations (Fig. 4A and B); while the MB concentration
of 200 μg/mL irradiatedwith 11.2 J/cm2 increased the reduction tomore
than 4 log (Fig. 4C and D).

As can be observed, the same MB–PDT parameters led to more than
5 log reduction of planktonic cells, but only 2.5 log reduction of biofilms,
proving once more that biofilm is an effective resistance state for
bacteria.

3.4. Combined Effect of PDT and Ciprofloxacin

3.4.1. Planktonic Phase
We sought to investigate if PDT combined with ciprofloxacin (CIP)

would have a synergistic effect on the bacterial reduction, and also if
the treatment order (PDT + antibiotic, or antibiotic + PDT) would re-
sult in different outcomes. Sub-inhibitory parameters were chosen, so
the possible synergistic effect would be prominent. Results are de-
scribed below.

3.4.1.1. Ciprofloxacin Followed by PDT. For S. aureus (Fig. 5A), even with
the lowest CIP and MB concentrations (0.0625 and 6.25 μg/mL, respec-
tively), bacterial killing was significantly increased when compared to
MB–PDT alone for the same light dose (Fig. 2A), resulting in approxi-
mately 2 log reduction. Augmenting ciprofloxacin concentration led to
proportional killing, resulting in approximately 5 log reduction with
0.5 μg/mL of CIP and 50 μg/mL of MB. E. coli, on the other hand, was sig-
nificantly reduced (~4 log) only at the highest CIP concentration
(Fig. 5B). Comparing these results with those obtained with MB–PDT
at 2.8 J/cm2, combining the therapies led to a significantly better out-
come. (See Fig. 6.)

3.4.1.2. PDT Followed by Ciprofloxacin. For S. aureus (Fig. 5C), also with
the lowest CIP and MB concentrations the bacterial killing was signifi-
cantly increased when compared to MB–PDT alone for the same light
dose (Fig. 2A), also resulting in approximately 2 log reduction. Aug-
menting MB and CIP concentrations resulted in increased reductions,
ies suspensions of S. aureus (A) and E. coli (B) were incubated with methylene blue in the
sent the standard deviation. The asterisks represent the statistical difference between the
.001; ns: not significant. PS: photosensitizer; L: light.



Fig. 2. Photodynamic therapy mediated by methylene blue over standard suspensions of S. aureus or E. coli. Mono-species suspensions of S. aureus (A and C) and E. coli (B and D) were
incubated with methylene blue in the dark for 5 min and then irradiated by red LED (660 nm) to achieve 2.8 (A and B) or 5.6 J/cm2 (C and D). The columns represent the average of
three independent assays and bars represent the standard deviation. The asterisks represent the statistical difference between the groups and the control (one-way ANOVA with
Tukey's posthoc). *p b 0.05; **p b 0.01; ***p b 0.001; ns: not significant. PS: photosensitizer; L: light.
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achieving more than 6 log for some combinations (Fig. 2C). Under the
same parameters of MB–PDT, E. coli reduction was clearly dependent
upon ciprofloxacin concentration (Fig. 5D), with no significant killing
at the two lowest concentrations of the antibiotic, but more than 4 log
reduction at the two highest, regardless ofMB concentration. Compared
to MB–PDT alone (Fig. 2B), as previously stated for S. aureus, the combi-
nation of ciprofloxacin and PDT resulted in an improved killing effect.

Overall, the order of the treatments did not affect the results over
S. aureus, except for MB concentrations of 25 and 50 μg/mL, which re-
sulted in improved killing when PDT preceded the antibiotic. E. coli re-
ductions, on the other hand, were more affected, ranging from barely
Fig. 3.Methylene blue dark toxicity over biofilms of S. aureus or E. coli.Mono-species biofilms of
columns represent the average of three independent assays and bars represent the standard dev
(one-way ANOVA with Tukey's posthoc). *p b 0.05; **p b 0.01; ***p b 0.001; ns: not significant
no reduction when antibiotic preceded PDT to more than 4 log reduc-
tion when PDT preceded the antibiotic.
3.4.2. Biofilm Phase
Given that PDT preceding the antibiotic had better results on plank-

tonic phase assays, biofilmswere treated only with that order of combi-
nation. Light doses chosen were 11.2, based on planktonic assays, and
22.4 J/cm2, in an attempt of maximizing the combination effect. Also,
CIP concentrations were increased by a factor of 1000, according to lit-
erature data [13].
S. aureus (A) and E. coli (B)were incubatedwithmethylene blue in the dark for 25min. The
iation. The asterisks represent the statistical difference between the groups and the control
. PS: photosensitizer; L: light.



Fig. 4. Photodynamic therapy mediated by methylene blue over biofilms of S. aureus or E. coli. Mono-species biofilms of S. aureus (A and C) and E. coli (B and D) were incubated with
methylene blue in the dark for 5 min and then irradiated by red LED (660 nm) to achieve 5.6 (A and B) or 11.2 J/cm2 (C and D). The columns represent the average of three
independent assays and bars represent the standard deviation. The asterisks represent the statistical difference between the groups and the control (one-way ANOVA with Tukey's
posthoc). *p b 0.05; **p b 0.01; ***p b 0.001; ns: not significant. PS: photosensitizer; L: light.
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Both S. aureus and E. coli had similar results, with no changing on
outcomes when light dose increased, implying that light dose was not
a limiting parameter in that case. Compared to MB–PDT at 11.2 J/cm2

as a monotherapy (Fig. 4C), the combination of PDT and CIP had an im-
provement of almost 1 log in S. aureus and of approximately 2.4 log in
E. coli biofilm reduction.

3.5. Scanning Electron Microscopy (SEM)

SEM showed a disruption of biofilm structure and a reduction in the
cell number when samples were treated with PDT. PDT group biofilms
were dispersed, with the development of several micro-colonies, and
not a dense and compact biofilm as observed for the control group
(Figs. 7 and 8), proving once more PDT's potential as an alternative
treatment to reduce microbial biofilms.

4. Discussion

The development of strategies to combat bacteria growing in
biofilms is a challenging task, given that those bacteria are much more
resistant to antimicrobial therapies. Photodynamic therapy (PDT) may
be a promising therapeutic option to effectively control the growth of
microbial biofilms. However, as with other antimicrobial therapies,
PDT is generally less effective against microorganisms growing in
biofilms than against planktonic cells. Thus, a need exists to develop a
therapeutic approach thatwould increase the sensitivity ofmicroorgan-
ism to establishedmethods, combining the variousmodes of antimicro-
bial action to achieve a synergistic effect.

One benefit of combination therapies is that theymay reduce the de-
velopment of drug resistance, since a pathogen is less likely to have re-
sistance tomultiple treatments simultaneously [14]. Another advantage
is the possibility to use lower concentration of drugs in combination,
diminishing side effects and toxicity [15]. In the present study we eval-
uated the effects of photodynamic therapy with methylene blue as a
monotherapy and combined with ciprofloxacin. Different protocols
have been tested and the effect of order of treatments (antibiotic after
PDT or PDT after antibiotic) was also evaluated.

The literature showsnumerous photosensitizers (PSs)with promising
PDT properties for PDT proposes. One of the traditional PSs that has been
used for a diversity of applications is methylene blue (MB) [16]. This dye
has been approved by the United States Food and Drug Administration
(FDA) for treatment of methemoglobinemia in a nonphotodynamic
mode. However, when activated, MB produces a high quantum yield of
singlet oxygen in the therapeutic window (600 to 800 nm). When
coupled with its inherently low toxicity, MB is a promising candidate for
use as a PDT agent [17]. Variations of methylene blue concentrations
from 6.25 to 200 μg/mLwere tested in this study. Dark toxicity evaluation
was conducted in the absence of irradiation. For E. coli and S. aureus, treat-
ment with MB alone was not bactericidal at any concentration tested.

Our results related to the irradiation with the LED only showed
no reduction in the CFU when the irradiation parameters used were
2.8 J/cm2 and 5.6 J/cm2. Experiments have shown that for S. aureus
and E. coli growth inhibition was not observed with exposure to red
LED light, which is consistent with our results [1].

Caring out photodynamic therapy, we observed that all MB concen-
trations resulted in significant reductions in S. aureus suspension, from
4.53 to 5.45 log, when submitted to 5.6 J/cm2 of light. For E. coli, the
highest concentration tested presented a reduction of 3.46 log. Such
bacterial reductions demonstrate that the gram-positive strain was
more sensitive to PDT than the gram-negative, an outcome consistent
with the literature [18,19]. Gram-negative strains, like E. coli, are intrin-
sically more resistant than gram-positives to antimicrobial agents due



Fig. 5. Synergistic effect of photodynamic therapymediated bymethylene blue and ciprofloxacin treatment over standard suspensions of S. aureus and E. coli.Mono-species suspensions of
S. aureus and E. coliwere incubatedwithmethylene blue in the dark for 5min and then irradiated by red LED (660nm) to achieve 2.8 J/cm2 after (A and B) or before (C andD) ciprofloxacin
treatment. The columns represent the average of three independent assays and bars represent the standard deviation. The asterisks represent the statistical difference between the groups
and the control (one-way ANOVA with Tukey's posthoc). *p b 0.05; **p b 0.01; ***p b 0.001; ns: not significant. PS: photosensitizer; L: light.
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to themore selective nature of their cell envelope [20,21]. In addition, a
plethora of studies have shown that PDT is an effective antimicrobial
treatment to eliminate S. aureus, including the resistant strains such as
MRSA [2], again endorsing our results.

To improve the bacterial reduction, the synergist effect of associating
PDTwith ciprofloxacinwas analyzed. Our results show that such associ-
ation can offer several advantages, especially when PDT precedes the
antibiotic. In that case, sub-inhibitory concentrations (below MIC) of
ciprofloxacin and lower concentrations of MB combinedwith lower flu-
encies may be used to yield the highest bacterial reductions. Applying
PDT first may cause enough cell wall damage to increase the uptake of
the antibiotic, intensifying the overall antibacterial effect.

In summary, for planktonic experiments the efficiency of bacterial
inactivation via PDT is evident and even more satisfactory when PDT
is combined with an antibiotic, proving that the synergistic effect of
those individual therapies can be a novel treatment approach.
Furthermore, a recent study by Vadekeetil and co-workers [14]
demonstrated that ciprofloxacin, besides its bacteriostatic activity, ex-
hibits an antivirulence effectwhen administrated at low concentrations,
which highlights its potential as an adjuvant drug in combination
therapies.

For biofilm assays, theMB group at amaximumof 400 μg/mL and the
light group at amaximumof 22.4 J/cm2 did not show any bacterial reduc-
tion, as expected. A recent study shows that LED irradiation at 30 J/cm2

and 60 J/cm2 did not cause bacterial killing, consistent with our findings.
[22].

S. aureus and E coli biofilms showed resistance to PDT,with no killing
at fluence of 5.6 J/cm2 at all MB concentrations. Increasing fluence to
11.2 J/cm2 the reduction obtained for S. aureus was 4.65 log and 4.3
log for E. coli, both with MB at 200 μg/mL. Incomplete bacterial killing
byphotodynamic therapy is not limited tomethyleneblue. In a reported
study [23], a conjugate of chlorine6 and poly-L-lysine failed to eradicate
microorganisms completely in dental plaque scrapings.
The better reductions obtained by increasing energy fluence are due
to a greater input of photons being delivered at the target region, which
allowsMBmolecules to interactmore intensivelywith the surroundings
and, consequently, generate a major ROS cascade leading to a greater
bactericidal effect [24].

The ability of many bacteria to form biofilms provides an important
virulence factor. The bacteria surrounded by a biofilm are more difficult
to be reduced than those in the planktonic form, and once a biofilm is
established it becomes a source of contamination for products and sur-
faces. In vitro studies indicated that bacterial strains growing in biofilms
might become 10–1000 times more resistant to the effects of sanitizers
than the same strain in planktonic form. Previous studies have shown
that E. coli biofilms are more resistant to the antibiotic ciprofloxacin
than its planktonic phase. The MIC found to biofilms was 1000 times
higher than planktonic phaseMIC of ciprofloxacin, or ever higher.More-
over, biofilms are capable of releasing planktonic cells from the outer
layers, enabling persistent bacterial infection [25].

Regardless of the increased resistance of bacteria involved in the bio-
film, the association of PDT and ciprofloxacin improved biofilm bacteria
killing. Our results show that the combination of photodynamic therapy
with ciprofloxacin was more effective than both the antibiotic and PDT
as monotherapies in reducing the biofilm.

PDT as a monotherapy for S. aureus (at 11.2 J/cm2 and 200 μg/mL of
MB) resulted in a reduction of 4.65 log. On the other hand, synergistic ef-
fect of that therapy with 62.5 μg/mL of ciprofloxacin led to a reduction of
5.24 log. For E. coli, PDT with the same parameters promoted a reduction
of 4.3 log; by combining PDTwith CIP the reductions obtainedwere close
to 7 log.

A previous study showed that pre-treatment of S. aureus biofilmswith
PDT followed by vancomycin application in concentrations lower than
the MIC led to a biofilmmatrix disruption, allowing for the killing of bac-
teria almost entirely [25]. Other studies also investigated the effect of PDT
on the susceptibility of S. aureus and Staphylococcus epidermidis to



Fig. 6. Synergistic effect of photodynamic therapymediated bymethylene blue and ciprofloxacin over biofilms of S. aureus or E. coli.Mono-species biofilms of S. aureus (A and C) and E. coli
(B and D) were incubated with methylene blue in the dark for 5 min and then irradiated by red LED (660 nm) to achieve 11.2 (A and B) or 22.4 J/cm2 (C and D) before treatment with
ciprofloxacin. The ciprofloxacin concentration for E. coli was 0.125 μg/mL. The columns represent the average of three independent assays and bars represent the standard deviation.
The asterisks represent the statistical difference between the groups and the control (one-way ANOVA with Tukey's posthoc). *p b 0.05; **p b 0.01; ***p b 0.001; ns: not significant. PS:
photosensitizer; L: light.
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vancomycin, showing a synergistic effect between PDT and antibiotic
treatment. Both studies showed that PDT increased susceptibility to van-
comycin due to the PDT-induced disruption of biofilm protective matrix
that involves bacterial cells, making them susceptible to the antibiotic
[25,26], supporting our results and emphasizing the role of PDT and anti-
biotic combination as a strategy to improve the therapy outcomes over
biofilms.

Biofilm morphological changes induced by PDT in S. aureus and
E. coli were also observed. The SEM images showed that the PDT
Fig. 7. Scanning electron microscopy (SEM) of Escherichia coli biofilms. A: Control group;
magnification of 3000×. Scale bar: 30 μm.
promoted morphological changes on both gram-positive and gram-
negative bacterial biofilms. For S. aureus, PDT promoted loss of con-
tact between the biofilmmass with scattering and impaired aggrega-
tion. For E. coli, after PDT the confluence was amended by disruption
of dense and homogeneous structure (mat structure) observed in the
control group. Taking together, those results indicate that PDT en-
hances biofilm sensitivity to antimicrobial treatments by disrupting
the extracellular matrix and “turning” biofilm cells into planktonic
cells.
magnification of 3000×. B: PDT group (200 μg/mL of methylene blue and 11.2 J/cm2;



Fig. 8. Scanning electron microscopy (SEM) of Staphylococcus aureus biofilms. A: Control group; magnification of 2500×. B: PDT group (200 μg/mL of methylene blue and 11.2 J/cm2;
magnification of 2500×. Scale bar: 30 μm.
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5. Conclusion

Regarding the efficiency of bacterial inactivation, gram-positive bacte-
ria were more susceptible to PDT than gram-negative species. We ob-
served that the PDT groups presented bacterial reductions higher than
the other groups tested. For planktonic phase, when the antibiotic is ap-
plied after PDT lower concentrations of ciprofloxacin (lower than the
MIC) couldbe used, since thefirst sub-inhibitory concentration led to bac-
terial reduction both to S. aureus and E. coli. Biofilm bacteria showed resis-
tance to photodynamic therapy; however, the synergistic effect of
combined therapy (PDT + ciprofloxacin) overcame that inconvenience.
On scanning electron microscopy of biofilms, we could observe that
PDT-treated samples were sparse and some of them presented only
micro-colonies and not a dense and compact biofilm as observed for con-
trol group samples, confirming the disruptive effect of PDT over bacterial
biofilms.
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