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ABSTRACT

Antimicrobial photodynamic therapy (aPDT) kills several planktonic pathogens.
However, the susceptibility of biofilm-derived anaerobic bacteria to aPDT is poorly
characterized. Here, we evaluated the effect of Photodithazine (PDZ)-mediated aPDT on
Fusobacterium nucleatum and Porphyromonas gingivalis biofilms. In addition, aPDT
was tested with metronidazole (MTZ) to explore the potential antimicrobial effect of the
treatment. The minimum inhibitory concentration (MIC) of MTZ was defined for each
bacterial species. Single-species biofilms of each species were grown on polystyrene
plates under anaerobic conditions for five days. aPDT was performed by applying PDZ at
concentrations of 50, 75 and 100 mg/L, followed by exposure to 50 J/cm? LED light (660
nm) with or without MTZ. aPDT exhibited a significant reduction in bacterial viability at
a PDZ concentration of 100 mg/L, with 1.12 log;p and 2.66 logio reductions for F.
nucleatum and P. gingivalis in biofilms, respectively. However, the antimicrobial effect
against F. nucleatum was achieved only when aPDT was combined with MTZ at 100x
MIC. Regarding P. gingivalis, the combination of PDZ-mediated aPDT at 100 mg/L with
MTZ 100x MIC resulted in a 5 logso reduction in the bacterial population. The potential
antimicrobial effects of aPDT in combination with MTZ for both single pathogenic
biofilms were confirmed by live/dead staining. These results suggest that localized
antibiotic administration may be an adjuvant to aPDT to control F. nucleatum and P.

gingivalis biofilms.
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1. Introduction

The ability of microbial cells to interact with abiotic and biotic surfaces [2-4] enables the
formation of a complex microbial community surrounded by an extracellular matrix of
polymeric substances [5, 6]. This organized structure, a biofilm, promotes an imbalance
between microorganisms of the normal flora and opportunistic pathogens and is
considered the precursor to the initiation of the inflammatory response by the host [7, 8].
Among bacteria involved in this process, Gram-negative species have virulence factors
directly related to several aggressive oral infections, such as periodontal and peri-implant
diseases [9, 10].

The microbiota in periodontal and peri-implant pockets include both P. gingivalis
and F. nucleatum [11-14]. P. gingivalis is a significant pathogenic species directly related
to the progression of both diseases [15] because of the numerous toxic enzymes produced
by most of its strains [16] and its communication with host cells that triggers a strong
inflammatory response [17, 18]. F. nucleatum is another critical organism strongly
associated with periodontal and peri-implant diseases due to congregation with other
species (including P. gingivalis) via its high number of multivalent adhesins onto cell
surfaces [19-22]. In addition, this bacterium can generate a capnophilic environment that
enables the growth of anaerobic pathogenic bacteria, including P. gingivalis [23-29].
Finally, the interaction between F. nucleatum and host cells enhances the invasion of P.
gingivalis into host cells [30]. Considering bacterial aggressiveness and possible sequelae
provoked by disease progression (tooth/implant loss), biofilm control on oral substrates is
critical for controlling the inflammatory response.

From a clinical point of view, nonsurgical treatment directed toward mechanical
removal of subgingival biofilms is mainly limited by the depth of periodontal/peri-

implant pockets and surface irregularities [31]. In consideration of the limited effects of



mechanical debridement [32], the further benefits of antibiotic therapy must be weighed
against concerns regarding increases in antibiotic resistance [33]. The antibiotic resistance
crisis, attributed to the systemic overuse and misuse of these medications, has pressured
researchers to investigate new strategies to avoid dental or implant damage as a
consequence of infection progression [33-35]. Thus, antimicrobial photodynamic therapy
(@PDT) has been introduced as a potential alternative approach for the bacterial
decontamination of tooth or implants surfaces [36, 37].

The success of aPDT requires that a photosensitizer (PS) be adsorbed by microbial
cells and become adsorbed by the cell wall with subsequent activation by light irradiation.
As the desired mechanism of action, singlet oxygen and free radicals produced by the
irradiated PS will interact with cell structures, thereby damaging the cytoplasmic
membrane and DNA, which leads to cell death [38, 39]. Among the commercially
available PSs, Photodithazine (PDZ), which is based on chlorine e6 (Ce6), is a second-
generation PS with potential antimicrobial effects against pathogenic microorganisms and
low toxicity at appropriate concentrations [40]. Our previous in vitro [41, 42] and in vivo
[40, 43] outcomes have demonstrated the successful inactivation of fungal Candida spp.
biofilms by aPDT with PDZ. However, information on the effects of PDZ-mediated
aPDT on anaerobic bacteria species is lacking.

Therefore, here, we evaluated the effects of PDZ-mediated aPDT on F. nucleatum
and P. gingivalis biofilms. Furthermore, we investigated the association of this approach

with an antibiotic commonly prescribed for periodontal and peri-implant diseases.

2. Materials and Methods

2.1 Human saliva preparation



Human saliva collection was carried out after approval by the Institutional Ethical
Committee (CAAE 26142014.0.0000.5416). Unstimulated saliva was obtained from three
healthy male adults aged between 25 and 30 years. The inclusion criteria were as follows:
no active caries or periodontal disease, no systemic disease and no antibiotic-related
therapy for at least three months before the study. After collection, saliva was mixed and
clarified by centrifugation at 10,000 g for 15 minutes at 4°C [44]. Immediately after
centrifugation, the clarified saliva was filtered with a Millipore® (Merck Millipore Group,

MA, USA) membrane 0.22-um pore size filter and stored at -80°C until use [45, 46].

2.2 Bacterial strains and inoculum preparation
F. nucleatum (National Collection of Type Cultures (NCTC) 11326) and P. gingivalis
(American Type Culture Collection (ATCC) 32277) were grown on Brucella agar
(HiMedia) with 5% defibrinated sheep blood (Microlab) at 37°C under anaerobic
conditions (85% N, 10% de H,, and 5% CO,) (Don Whitley Scientific, England). After
48 hours, bacterial colonies were transferred to 10 mL Brain Heart Infusion (BHI-Difco
Laboratories Inc, MI, USA) broth medium supplemented with hemin (10 mg/mL),
menadione (5 mg/mL) and yeast extract (6 g/L), followed by incubation at 37°C and
anaerobiosis for 24 hours. Subsequently, 500 pL bacterial cells was suspended in 9.5 mL
fresh BHI broth medium and incubated under anaerobic conditions until reaching the
midexponential phase, according to the following established growth curves: 15 hours for
P. gingivalis and 5 hours for F. nucleatum [47]. Finally, the bacterial cell concentrations
were set at 10’ colony-forming units (CFU)/mL for each species with a

spectrophotometer (Spectrum—SP 2000 UV) at a wavelength of 600 nm.

2.3 Antibacterial susceptibility testing



Planktonic susceptibility tests were performed following the Clinical and Laboratory
Standards Institute guidelines (M07-A9, 2012) [48]. Briefly, 95 uL metronidazole (MTZ—
Sigma-Aldrich, St. Louis, MO, USA) was serially diluted from 32 to 0.015 pg/mL in BHI
broth medium in a 96-well plate. Then, five pL of each bacterial species was added at
1x10" CFU/mL into each well, bringing the final volume to 100 uL after the inoculation.
Bacteria were also inoculated directly into polystyrene plates to serve as growth controls,
while medium without bacterial inoculation served as a negative control for growth.
Plates were incubated under anaerobic conditions at 37°C for 24 hours. Next, the bacterial
growth in the plate was measured at 595 nm with a spectrophotometer (Spectrum-SP
2000 UV, Mettler-Toledo Ind. and Com. Ltda, SP, Brazil). The minimum inhibitory
concentration [1] was considered the lowest antibiotic concentration capable of inhibiting
at least 100% of bacterial growth compared to the growth controls and media without

bacterial inoculation.

2.4 Biofilm formation
The single-species biofilms of F. nucleatum and P. gingivalis were formed as previously
described [47]. Briefly, a conditioned saliva-derived film (i.e., salivary pellicle) was
developed for the attachment of the initial pathogenic biofilm. Fifty puL sterilized saliva
was added to each well of a 96-well plate (Corning Costar cell culture plates; Fisher
Scientific, NY, USA) and kept in an orbital shaker (75 rpm) at 37°C [49]. After 4 hours
of incubation, the saliva was removed, and the wells were gently washed twice with 100
uL sterile phosphate-buffered saline (PBS). A 150 pL aliquot of each bacterial species at
1x10" cells/mL was individually inoculated onto the acquired salivary pellicle, and the
plates were incubated at 37°C under anaerobic conditions. Following 24 hours of the

adhesion phase, unbound cells were removed by gentle washing with 200 pL PBS, and



150 uL fresh BHI-supplemented broth medium was added to promote biofilm formation.
Plates were statically incubated at 37°C under anaerobic conditions for five days, and the
culture medium was replaced every 24 hours. Bacterial species individually cultured in
the polystyrene plate served as a positive control for biofilm formation. For all
experiments, the wells were washed twice with 200 uLL PBS at the end of the incubation

period before further analyses.

2.5 PDZ-mediated aPDT: photosensitizer and light source properties
Stock solutions of PDZ (VETA-GRAND Company, Moscow, Russia) diluted in saline
solution were freshly prepared at concentrations of 50, 75 and 100 mg/L and stored in the
dark at room temperature until use. Red light-emitting diode (LED) light irradiation was
used with a constant dose of 50 J/cm? at a 660 nm excitation wavelength with a power

density of 71.7 mW/cm2 for 28 minutes.

2.6 Effect of PDZ-mediated aPDT on biofilms
To understand the effect of PDZ on bacterial cell viability, we incubated single-species
biofilms of F. nucleatum and P. gingivalis with PDZ at the following concentrations: 50
mg/L, 75 mg/L and 100 mg/L. PDZ activity without light irradiation was compared to
PDZ-mediated aPDT activity.

After an incubation period for the formation of biofilms, wells were washed twice
with PBS, and 200 puL aliquots of PDZ were added to the experimental samples, aPDT
and PDZ. For controls, biofilms were incubated with 200 uL. PBS with and without light
irradiation (L™ and L, respectively). All samples were incubated at room temperature for
10 minutes in darkness, as a preirradiation phase. In sequence, a 96-well plate containing

PBS and PDZ groups was submitted to LED irradiation for 28 minutes and defined as



follows: aPDT 50 mg/L, aPDT 75 mg/L and aPDT 100 mg/L. Concomitantly, another 96-
well plate containing PBS and PDZ was kept in the dark with the groups PDZ 50 mg/L,
PDZ 75 mg/L and PDZ 100 mg/L. After treatments, 200 uL. PBS was added to all of the
wells, and bacterial cells were harvested from the polystyrene wells by scraping with a
sterile pipette tip. In sequence, bacterial culture was re-suspended several times using a
pipette tip and a vortex to disperse the cells before serial dilution procedure. Then, 25 puL
of ten-fold, serially diluted samples was plated on Brucella agar. The plates were
incubated at 37°C under anaerobic conditions for seven days. Colony counts were then
obtained with a digital colony counter and expressed as CFU/mL. The experiments were

conducted in triplicate on three distinct experimental occasions.

2.7 Effect of PDZ-mediated aPDT on biofilms in comparison with MTZ
The effect of aPDT on biofilms was compared with that of MTZ. For each experiment,
biofilm samples were formed in two different 96-well plates, corresponding to the
irradiated and nonirradiated groups. For the PDZ-mediated aPDT groups, the procedures
were performed as previously described (see 2.6). For the antibiotic-treated groups, 5-
day-old biofilm samples were washed twice with PBS and then incubated with 200 puL
MTZ at the following concentrations: MIC (MTZ MIC), MIC 50x (MTZ 50x) and MIC
100x (MTZ 100x) for 24 hours. Next, 25 uL of PBS serially diluted samples was plated
on Brucella agar, and the plates were incubated at 37°C to obtain CFU/mL values after 7

days. The experiments were performed in triplicate and on three different occasions.

2.8 Potential effect of combination therapy on biofilms
Another approach to overcome F. nucleatum and P. gingivalis biofilms was to combine

aPDT with local antibiotic administration. Here, 5-day-old biofilm samples were



subjected to aPDT 50 mg/L, aPDT 75 mg/L and aPDT 100 mg/L and in sequence,
incubated with 200 uL MTZ at the following concentrations: MTZ MIC, MTZ 50x and
MTZ 100x, for 24 hours. At the end of the incubation period, biofilms were harvested in
PBS, and 25 uL serially diluted cultures was plated on Brucella agar to obtain viable
colonies after seven days. All experiments were performed in triplicate with three
repetitions to ensure biological reproducibility.

For each experiment, biofilm samples were assessed in two different plates
corresponding to red LED light exposure (aPDT) and a dark room. Additionally, biofilm
samples submitted to PDZ-mediated aPDT or treated with MTZ, as well as bacterial cell

concentrations inoculated on polystyrene, served as controls.

2.9 Effect of PDZ-mediated aPDT/MTZ on biofilms under confocal analyses
Biofilms were grown and treated as described in sections 2.4 and 2.5. The biofilm
thickness and bacterial cell viability were evaluated via fluorescent labeling with a
LIVE/DEAD BacLightTM Bacterial Viability staining kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. PBS-washed biofilm samples were
visualized with a PASCAL LSM5 confocal laser-scanning microscope (Zeiss, Jena,
Germany). Images were taken through 20x dry (Plan NeoFluar NA 0.3 air) objectives.
Excitation wavelengths of 488 nm (Ar laser) and 561 nm (HeNe laser) were employed to
reveal the effect of L*, aPDT 100 mg/L, MTZ 100x, L*MTZ 100x and aPDT 100 mg/L
MTZ 100x on the distribution of live and dead bacterial cells, as well as their

accumulated biomass.

2.10 Statistical analyses
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A schematic was designed to better represent the groups and methods used to conduct the
investigation (Fig. 1). All experiments were performed in triplicate and repeated three
times for each bacterial species (n = 9) except for confocal analyses, which were
performed in duplicate and repeated twice to ensure the reproducibility of the experiment.
The data normality distribution was assessed using the D’ Agostino-Pearson omnibus test.
Normally distributed data were analyzed using one-way analysis of variance (ANOVA)
with Tukey's post hoc test (p < 0.05). Nonnormally distributed data were analyzed using
the Kruskal-Wallis test, followed by Dunn's multiple comparison test. The data presented
are plotted as the mean * standard deviation (SD) in a normal distribution. Nonnormally
distributed data are plotted as the median = SD. Analyses were performed using

GraphPad Prism version 5.0c; p < 0.05 was considered statistically significant.

3. Results

3.1 Minimum inhibitory concentration
MIC was considered the lowest concentration of MTZ that completely inhibited 100% of
bacterial growth after 24 hours. The concentration was confirmed by cells plated on
Brucella agar. The MIC values of MTZ were 1.0 pg/mL for F. nucleatum and 0.125

ug/mL for P. gingivalis.

3.2 PDZ-mediated aPDT on biofilms
The number of viable colonies from single-species biofilms after PDZ incubation was
compared to that after PDZ followed by light application (aPDT) to confirm the effect of
the PS on bacterial cell reduction. Based on the data, for F. nucleatum, combining PDZ at
the highest concentrations (75 and 100 mg/L) with red LED light irradiation is crucial to

reduce the number of bacterial cells (Fig. 2A). However, different outcomes were
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observed for P. gingivalis biofilms since red LED light affected cell viability (L") even in
the absence of PDZ. Moreover, the CFU/mL reduction was higher when 100 mg/L PDZ

was combined with red LED light (aPDT 100 mg/L) (Fig. 2B).

3.3 PDZ-mediated aPDT compared to antibiotics (MTZ) applied to biofilms

The following experiments were performed to compare the effect of MTZ alone on
biofilm growth reduction with that of PDZ-mediated aPDT. F. nucleatum biofilm samples
submitted to aPDT with 75 (aPDT 75 mg/L) and 100 mg/L (aPDT 100 mg/L) PDZ
revealed significant reductions in CFU/mL (approximately 1 logie reduction). Light
irradiation did not alter the effect of MTZ on F. nucleatum biofilms. Regardless of the
presence of light, the highest concentrations of antibiotic significantly reduced the log of
CFU/mL, corresponding to 2.22 and 2.14 log;o reductions for the L MTZ 100x and L
MTZ 100x groups, respectively, compared to that for the control groups (P'L" group)
(Fig. 3A).

For P. gingivalis biofilms, no difference in CFU/mL reduction was observed
between aPDT with 100 mg/L PDZ and MTZ 100x without light (L° MTZ 100x)
compared to the control (L) (2.59 logio and 2.53 logio, respectively). A significant
antimicrobial effect was achieved only when MTZ 100x was associated with red LED

light (3.12 logyo) and compared with the positive control (L") (Fig. 3B).

3.4 Effect of PDZ-mediated aPDT in association with MTZ on biofilms
Since a substantial reduction in biofilm viability was observed with the highest
concentration of aPDT and with MTZ, the potential effect of their association was also

investigated.
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For F. nucleatum biofilms, aPDT 75 mg/L PDZ plus MTZ 100x MIC (aPDT 75
mg/L MTZ 100x) and aPDT 100 mg/L PDZ plus MTZ at concentrations of 50x MIC and
100x MIC (aPDT 100 mg/L MTZ 50x and aPDT 100 mg/L MTZ 100x) significantly
reduced the viability by 2.99, 2.9 and 3.94 logy, respectively. Compared with the control,
PL, the combination of MTZ 100x MIC with aPDT 100 mg/L (aPDT 100 mg/L-MTZ
100x) yielded pronounced antimicrobial activity by decreasing CFU by more than 3 logso
CFU (Fig. 4A).

For P. gingivalis biofilms, aPDT promoted a significant reduction in cell viability
when combined with MTZ 100x, independent of the PDZ concentration. However, an
extensive 5 logio reduction was obtained with aPDT 100 mg/L PDZ in association with
MTZ 100x MIC (aPDT 100 mg/L-MTZ 100x). In fact, light irradiation alone affected
cell viability in P. gingivalis biofilms, as demonstrated by lower CFU/mL after light

exposure in the (L") groups compared with that in the L™ groups (Fig. 4B).

3.5 Three-dimensional visualization of L*, PDZ, MTZ, PDZ-mediated aPDT in
association with or without MTZ on biofilms

The bacterial microcolony distribution and biofilm thickness was evaluated via confocal
visualization to confirm the CFU/mL results obtained for L*, aPDT 100 mg/L PDZ, MTZ
100x MIC, L* MTZ 100x MIC, and aPDT 100 mg/L PDZ plus MTZ 100x MIC.
Interestingly, compared with the positive control (L"), light alone did not affect F.
nucleatum viability but interfered with biofilm thickness and cell distribution (Fig. 5A-B).
Similar effects were also observed for aPDT. Specifically, aPDT contributed to F.
nucleatum biofilm disturbances (Fig. 5C) since bacterial microcolonies from F.
nucleatum biofilms were generally less abundant than those from F. nucleatum biofilms

without light (Fig. 5A). Alternatively, MTZ alone did not seem to affect the F. nucleatum
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biofilm structure because there was only a slight difference in overall green fluorescence
intensity caused by application of MTZ to F. nucleatum biofilms (Fig. 5D) compared to
that caused application of the control (Fig. 5A). The potential effect of MTZ was also
investigated in combination with light or aPDT (Fig. 5E-F). Consistent with the observed
difference in the number of F. nucleatum viable cells, fluorescent live/dead staining
revealed a bactericidal effect when MTZ was applied in combination with L™ or aPDT
(Fig. 5E-F). Light irradiation appeared to have a significant impact on the action of MTZ
by disturbing bacterial cells on F. nucleatum biofilms (Fig. 5E-F).

For P. gingivalis, a slight antibacterial effect was observed after biofilm exposure
to light (L") alone, with a marked reduction in biofilm thickness compared with that after
exposure to the control (Fig. 6A-B). In the other evaluated groups, very few cells were
nonviable (red color; Fig. 6C-E). In contrast to the controls, MTZ, aPDT and L* MTZ did
not show markedly distinct effects on the spatial structure of P. gingivalis biofilms. The
biofilms treated with aPDT in combination with MTZ (Fig. 6F) exhibited a vast number

of dead bacterial cells without a significant detectable change in the biofilm thickness.

4. Discussion

aPDT has previously been demonstrated to kill planktonic periodontal pathogens [41, 50-
52]. However, the susceptibility of microorganisms to aPDT is considerably reduced
when they are organized into biofilms. To gain new insight into the effect of PDZ-
mediated aPDT on anaerobic bacteria, we investigated the impact of different PDZ
concentrations with or without light on F. nucleatum and P. gingivalis biofilms. Although
PDZ-mediated aPDT promoted a significant viability reduction in both bacteria after
therapeutic application, a potentiated antimicrobial effect was achieved only in

combination with local MTZ antibiotic administration.
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Bacteria organized in biofilms are highly resistant to conventional antimicrobial
treatments [53]. Strong evidence indicates that F. nucleatum and P. gingivalis are two
anaerobic species involved in the initiation and progression of periodontal and peri-
implant diseases [54]. The possibility of tooth and implant loss because of disease
progression has encouraged the search for new strategies to disrupt pathogenic biofilms
and disease progression with treatment. Considering the successful preliminary data
obtained from PDZ-mediated aPDT by our research group [40, 43, 55], we moved
forward and evaluated the effect of aPDT treatment against F. nucleatum and P.
gingivalis biofilms. For F. nucleatum, the CFU/mL reduction was directly related to the
association between the highest PDZ concentrations and light. Our data revealed that 75
mg/L and 100 mg/L PDZ-mediated aPDT promoted 0.97 and 1.12 log;o reductions in
CFU/mL, respectively. In contrast to our outcomes, a previous study demonstrated a
significant effect against F. nucleatum ATCC 25586, with more than a 3 logio reduction
when aPDT with visible light (vis) and water infiltrated infrared A (WIRA) were
combined with Ce6 [50]. The strong antimicrobial effect of aPDT against F. nucleatum
cultures was also found in another recent study where 99.7% of the bacterial population
died. However, these promising data cannot be compared with our data since the
experiments were carried out in planktonic cultures [56]. Remarkably, the authors
indicated a slight reduction in F. nucleatum cells even after light irradiation alone [56],
which is consistent with our fluorescence information. However, in both reported studies
[50, 56], the treatment was performed on planktonic bacterial species; this approach was
inconsistent with our experimental approach in which we developed biofilms that
presented a complex tridimensional architecture. Thus, the difference in microbial culture
type can explain why the effect of aPDT was lower in our studies than in previous studies

[50, 56].
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For P. gingivalis, the effectiveness of aPDT was achieved only when PDZ was
applied at the highest concentration (100 mg/L), resulting in a 2.66 log;o bacterial
reduction. Despite the efficacy of aPDT against biofilm viability, an antimicrobial effect
was not observed to ensure antibacterial properties since we obtained less than a 3 logig
CFU reduction [57]. In contrast, an antimicrobial effect of aPDT using vis+wIRA
combined with Ce6 was recently reported against different periodontal pathogens in a
pool of subgingival oral biofilms with disruption of their tridimensional structures before
the application of aPDT [50]. This disruption in the architecture of a biofilm can
potentiate the effects of antimicrobial strategies. Here, biofilms with intact architecture
were subjected to distinct antimicrobial approaches. Thus, the substantial differences in
bacterial CFU reduction between this study and the previous study [38[50] can be
explained by the different methodologies applied. In the previous study [50], subgingival
oral biofilms were developed on in situ devices, but the biofilm samples were pooled,
centrifuged and resuspended in saline solution [38]. Therefore, in that study, the treatment
was applied to planktonic bacteria cells arising from biofilms; in contrast, in our study,
aPDT was directly applied to a complex, organized pathogenic structure.

In the absence of PDZ, exposure to light irradiation affected the viability of P.
gingivalis cells [58]. The endogenous porphyrin production in the cell wall of P.
gingivalis can explain this finding as porphyrin acts as a natural PS [59-62]. The
susceptibility of some oral black-pigmented bacterial species to light irradiation in the
absence of PS has been previously demonstrated in laboratory research and in vivo
experiments [63]. Porphyrin is chemically excited by light of specific wavelengths [64]
and promotes the generation of reactive oxygen species (ROS) capable of reacting and
affecting biological systems [65]. Thus, P. gingivalis viability in culture medium is easily

reduced by over 90% by exposure to 70 mW/cm? with a broadband light ranging from



16

380-520 nm, which includes blue light [63]. Using a similar power density of 71.7
mW/cm?, our results indicated a 1.33 logio CFU/mL reduction in P. gingivalis after 28
minutes of red light exposure at 660 nm. The notable difference in overall bacterial
viability observed in our study may be explained by the, organized biofilm that we
developed since the biofilm extracellular matrix can directly interfere with light diffusion
[66, 67]. Surprisingly, the live/dead viability assay confirmed a slight effect of light on P.
gingivalis biofilms, with red fluorescence emitted by dye-labeled dead cells and a marked
reduction in biofilm thickness. Another interesting result was demonstrated by confocal
imaging of F. nucleatum biofilms. Although CFU/mL counts were similar to those of F.
nucleatum viable cells after L* and aPDT compared with those after the control (L),
fluorescence analyses revealed a disturbed biofilm with sparse green areas and reduced
pixel intensity in L™ and aPDT samples, respectively. The presence of red LED light (L")
seems to interfere with biofilm stability.

Although PDZ-mediated aPDT significantly reduced the number of cultivable
bacteria within biofilms, the effect of this therapy remains far below the microbial
reduction rates required to be considered as an effective antimicrobial approach against F.
nucleatum and P. gingivalis biofilms. To date, a major limitation of aPDT involves the
poor uptake of PS. The idea of combining aPDT and local antibiotic delivery was
undertaken in an attempt to widen the possibility of therapy application against
pathogenic biofilms [68-70]. It is important to empathize that the dramatically question
involving antibiotic is due to their indiscriminate systemic administration. Although,
antibiotic resistance represents one of the biggest threats to global health and economic
burden [71], systemic antibiotic prescription to fight periodontal and peri-implant disease
still is strongly recommended [72]. From an overall healthcare perspective, microbial

resistance and the development of superinfection as potential risks caused by antibiotic
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therapy tackling the threatening possibility of bone resorption and subsequent tooth
and/or dental implant loss [73]. Because antibiotics still are essential to treat infectious
diseases, the local antibiotic administration has emerged as a possible coadjutant in
reducing microbial resistance [74] and controlling inflammation in diseased periodontal
sites [75-79]. Based on this principle, we first investigated the effect of different MTZ
concentrations on the anaerobic biofilms of two bacterial strains. In agreement with the
literature [80], we found that low concentrations of MTZ, specifically, 0.125 ug/mL and 1
ug/mL, are sufficient to inhibit P. gingivalis and F. nucleatum growth in planktonic cells,
respectively. MTZ possesses the ability of covalently binding to DNA, inhibiting
bacterial nucleic acid synthesis and Kkilling the cell. However, a different process is
expected when MTZ is applied to biofilms [81]. The findings arising from controlled
experiments have reported that biofilms are up to 1000 times more resistant to
antimicrobial treatments than planktonic cells [82-84]. In our study, MTZ MIC, MTZ 50x
and MTZ 100x showed no antimicrobial activity against either F. nucleatum or P.
gingivalis biofilms.

Our outcomes demonstrated that although aPDT did not display antimicrobial
activity of 3 log (previously defined by [57]), the treatment with this approach
significantly reduced the number of pathogenic bacteria inside the biofilm structure.
Similar results were also observed to MTZ -treated groups, regardless antibiotic
concentration. However, either aPDT neither MTZ was capable of destroying the
organized structure and conferring the desired antimicrobial effect. Thus, to explore the
potential upshot of the treatment we combined an antimicrobial agent that has excellent
activity against strict anaerobic bacteria[85] after bacteria cells from biofilm being
disturbed by aPDT. Based on the experimental outcomes from this study, MTZ seems to

make biofilm cells more sensitive to PDZ penetration [69, 70], and antimicrobial activity
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was strongly influenced by this association. One hundred mg/L PDZ-mediated aPDT
associated with 100x MIC MTZ resulted in a significant 3.94 logio CFU/mL reduction in
bacterial load for F. nucleatum biofilms. Comparable antimicrobial activity was
demonstrated for P. gingivalis grown as a biofilm since PDZ-mediated aPDT combined
with 100x MIC MTZ promoted more than a 3 logio reduction in CFU, regardless of the
PDZ concentration. The remarkable effect of a 5 logig P. gingivalis CFU reduction was
achieved with 100 mg/L of PDZ-mediated aPDT combined with 100x MIC MTZ.
Underlining the influence of light on porphyrins from the P. gingivalis cell wall, the
higher efficacy of 100x MIC MTZ in the biofilm was obtained only after light exposure,
leading to a 3.07 log;p CFU/mL reduction in bacterial viability. However, the desired
antimicrobial properties were achieved only when MTZ was applied as an adjunctive
therapy to inactivate F. nucleatum and P. gingivalis bacteria. The significant bactericidal
activity against both single pathogenic biofilms was confirmed by live/dead viability
assays via confocal microscopy.

Indeed, aPDT remains under development. Although, PDZ-mediated aPDT has
already demonstrated effectiveness against Candida albicans, for the management of
denture stomatitis [86], the questions raised by our outcomes highlight the limitation of
PDZ-mediated aPDT alone against anaerobic biofilms and the contribution of antibiotics
to its success as an antimicrobial approach. From a clinical perspective, PDZ gel can be
easily applied on the sick site for 20 minutes, followed by a light irradiation period of 4
minutes (50 J/cm2) [86]. Further, the subsequent local delivery of antibiotics in the
infected sites has already been descripted by the scientific community and can be carried
out by using different approaches: fibers, films, microparticles and gels [87-90].
However, although we used a robust anaerobic biofilm model with human saliva to

simulate an oral environment [47], polystyrene substrates are not natural surfaces on
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which periodontal biofilm formation occurs. Therefore, the results obtained do not reflect
the clinical setting. Furthermore, as our study was the first to investigate the use of PDZ-
mediated aPDT against anaerobic biofilms, we opted to grow bacteria in single-species
cultures to reduce the number of variables and gain a better understanding of the benefits
of aPDT against resistant infections. Additional in vitro experiments involving
multispecies biofilm and tooth/implant substrates followed by in vivo research are
necessary to determine the aPDT-antibiotic combination approach as a valuable prospect

for future clinical implementation.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

Tavares LJ received funds from Coordination for the Improvement of Higher Level
Education Personnel (CAPES). This work was supported by Research, Innovation and
Diffusion Centers/Research Center for Optics and Photonics (CEPID/CEPOF) under
Grant 2013/07276-1 to ACP and to the Brazilian Research Council (research productivity

grant # 304133/2016-7 to ACP).



20

References

[1] R. Abou-Khalil, F. Yang, M. Mortreux, S. Lieu, Y.Y. Yu, M. Wurmser, C. Pereira, F.
Relaix, T. Miclau, R.S. Marcucio, C. Colnot, Delayed bone regeneration is linked to
chronic inflammation in murine muscular dystrophy, J. Bone Miner. Res. 29 (2014) 304-
315.

[2] E.D. de Avila, M.J. Avila-Campos, C.E. Vergani, D.M. Spolidorio, A. Mollo Fde, Jr.,
Structural and quantitative analysis of a mature anaerobic biofilm on different implant
abutment surfaces, J. Prosthet. Dent. 115 (2016) 428-436.

[3] E.D. de Avila, R.S. de Molon, B.P. Lima, R. Lux, W. Shi, M.J. Junior, D.M.
Spolidorio, C.E. Vergani, F. de Assis Mollo Junior, Impact of Physical Chemical
Characteristics of Abutment Implant Surfaces on Bacteria Adhesion, J. Oral Implantol. 42
(2016) 153-158.

[4] E.D. de Avila, C.E. Vergani, F.A. Mollo Junior, M.J. Junior, W. Shi, R. Lux, Effect of
titanium and zirconia dental implant abutments on a cultivable polymicrobial saliva
community, J. Prosthet. Dent. (2017).

[5] J.W. Costerton, P.S. Stewart, E.P. Greenberg, Bacterial biofilms: a common cause of
persistent infections, Science 284 (1999) 1318-1322.

[6] H.C. Flemming, J. Wingender, The biofilm matrix, Nat. Rev. Microbiol. 8 (2010)
623-633.

[7] R.P. Darveau, Periodontitis: a polymicrobial disruption of host homeostasis, Nat. Rev.
Microbiol. 8 (2010) 481-490.

[8] G. Hajishengallis, R.J. Lamont, Beyond the red complex and into more complexity:
the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology,

Mol. Oral Microbiol. 27 (2012) 409-419.



21

[9] A.D. Haffajee, S.S. Socransky, Microbial etiological agents of destructive periodontal
diseases, Periodontol. 2000, 5 (1994) 78-111.

[10] A.W. Aruni, Y. Dou, A. Mishra, H.M. Fletcher, The biofilm community: rebels with
a cause, Curr. Oral Health Rep. 2 (2015) 48-56.

[11] A. Al-Ahmad, F. Muzafferiy, A.C. Anderson, J.P. Wolber, P. Ratka-Kruger, T.
Fretwurst, K. Nelson, K. Vach, E. Hellwig, Shift of microbial composition of peri-
implantitis-associated oral biofilm as revealed by 16S rRNA gene cloning, J. Med.
Microbiol. 67 (2018) 332-340.

[12] R.S. de Molon, E.D. de Avila, A.V. Boas Nogueira, J.A. Chaves de Souza, M.J.
Avila-Campos, C.R. de Andrade, J.A. Cirelli, Evaluation of the host response in various
models of induced periodontal disease in mice, J. Periodontol. 85 (2014) 465-477.

[13] R.S. de Molon, V.l. Mascarenhas, E.D. de Avila, L.S. Finoti, G.B. Toffoli, D.M.
Spolidorio, R.M. Scarel-Caminaga, S. Tetradis, J.A. Cirelli, Long-term evaluation of oral
gavage with periodontopathogens or ligature induction of experimental periodontal
disease in mice, Clin. Oral Investig. 20 (2016) 1203-1216.

[14] M.A. Stokman, A.J. van Winkelhoff, A. Vissink, F.K. Spijkervet, G.M. Raghoebar,
Bacterial colonization of the peri-implant sulcus in dentate patients: a prospective
observational study, Clin. Oral Investig. 21 (2017) 717-724.

[15] G. Hajishengallis, R.J. Lamont, Beyond the red complex and into more complexity:
the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology,
Mol. Oral Microbiol. 27 (2012) 409-419.

[16] S.C. Holt, L. Kesavalu, S. Walker, C.A. Genco, Virulence factors of Porphyromonas

gingivalis, Periodontol. 2000, 20 (1999) 168-238.



22

[17] K. Bao, G.N. Belibasakis, T. Thurnheer, J. Aduse-Opoku, M.A. Curtis, N. Bostanci,
Role of Porphyromonas gingivalis gingipains in multi-species biofilm formation, BMC
Microbiol. 14 (2014) 258.

[18] G. Hajishengallis, T. Abe, T. Maekawa, E. Hajishengallis, J.D. Lambris, Role of
complement in host-microbe homeostasis of the periodontium, Semin. Immunol. 25
(2013) 65-72.

[19] L. Guo, B. Shokeen, X. He, W. Shi, R. Lux, Streptococcus mutans SpaP binds to
RadD of Fusobacterium nucleatum ssp. polymorphum, Mol. Oral Microbiol. (2016).

[20] P.E. Kolenbrander, R.N. Andersen, Inhibition of coaggregation between
Fusobacterium nucleatum and Porphyromonas (Bacteroides) gingivalis by lactose and
related sugars, Infect. Immun. 57 (1989) 3204-3209.

[21] P.E. Kolenbrander, R.N. Andersen, L.V. Moore, Coaggregation of Fusobacterium
nucleatum, Selenomonas flueggei, Selenomonas infelix, Selenomonas noxia, and
Selenomonas sputigena with strains from 11 genera of oral bacteria, Infect. Immun. 57
(1989) 3194-3203.

[22] A.H. Nobbs, H.F. Jenkinson, N.S. Jakubovics, Stick to your gums: mechanisms of
oral microbial adherence, J. Dent. Res. 90 (2011) 1271-1278.

[23] P.E. Kolenbrander, R.N. Andersen, Inhibition of coaggregation between
Fusobacterium nucleatum and Porphyromonas (Bacteroides) gingivalis by lactose and
related sugars, Infect. Immun. 57 (1989) 3204-3209.

[24] D.J. Bradshaw, P.D. Marsh, G.K. Watson, C. Allison, Role of Fusobacterium
nucleatum and coaggregation in anaerobe survival in planktonic and biofilm oral

microbial communities during aeration, Infect. Immun. 66 (1998) 4729-4732.



23

[25] G.K. Sundqvist, M. Eckerbom, A. Larsson, U. Sjogren, Capacity of anaerobic
bacteria from necrotic dental pulps to induce purulent infections, Infect. Immun. 25
(1979) 685-693.

[26] J.C. Baumgartner, W. Falkler, T. Beckerman, Experimentally induced infection by
oral anaerobic microorganisms in a mouse model, Mol. Oral Microbiol. 7 (1992) 253-
256.

[27] F. Feuille, J.L. Ebersole, L. Kesavalu, M. Stepfen, S.C. Holt, Mixed infection with
Porphyromonas gingivalis and Fusobacterium nucleatum in a murine lesion model:
potential synergistic effects on virulence, Infect. Immun. 64 (1996) 2094-2100.

[28] J. Ebersole, R. Machen, M. Steffen, D. Willmann, Systemic acute- phase reactants,
C- reactive protein and haptoglobin, in adult periodontitis, Clin. Exp. Immunol. 107
(1997) 347-352.

[29] P.1. Diaz, P.S. Zilm, A.H. Rogers, Fusobacterium nucleatum supports the growth of
Porphyromonas gingivalis in oxygenated and carbon-dioxide-depleted environments,
Microbiol. 148 (2002) 467-472.

[30] A. Saito, E. Kokubu, S. Inagaki, K. Imamura, D. Kita, R.J. Lamont, K. Ishihara,
Porphyromonas gingivalis ~entry into gingival epithelial cells modulated by
Fusobacterium nucleatum is dependent on lipid rafts, Microb. Pathog. 53 (2012) 234-242.
[31] S. Renvert, A.M. Roos-Jansaker, N. Claffey, Non-surgical treatment of peri-implant
mucositis and peri-implantitis: a literature review, J. Clin. Periodontol. 35 (2008) 305-
315.

[32] G. Charalampakis, P. Ramberg, G. Dahlen, T. Berglundh, I. Abrahamsson, Effect of
cleansing of biofilm formed on titanium discs, Clin. Oral Implants Res. 26 (2015) 931-

936.



24

[33] F. Verdugo, T. Laksmana, A. Uribarri, Systemic antibiotics and the risk of
superinfection in peri-implantitis, Arch. Oral Biol. 64 (2016) 39-50.

[34] P.E. Kolenbrander, R.J. Palmer, A.H. Rickard, N.S. Jakubovics, N.I. Chalmers, P.I.
Diaz, Bacterial interactions and successions during plaque development, Periodontol.
2000 42 (2006) 47-79.

[35] P.-M. Jervge-Storm, H. AlAhdab, M. Koltzscher, R. Fimmers, S. Jepsen,
Comparison of curet and paper point sampling of subgingival bacteria as analyzed by
real-time polymerase chain reaction, J. Periodontol. 78 (2007) 909-917.

[36] L.M. Barin, R.C.S. Barcelos, L.T. Vey, F.M. Pillusky, V.M. Palma, K.Z. Kantorski,
M.E. Burger, R.M. Maciel, C.C. Danesi, Role of the adjunctive antimicrobial
photodynamic therapy to periodontal treatment at plasmatic oxidative stress and vascular
behavior, J. Photochem. Photobiol. B 173 (2017) 538-544.

[37] P.G. de Oliveira, E.S.A.M. Silveira, A.B. Novaes, Jr., M. Taba, Jr., M.R. Messora,
D.B. Palioto, M.F. Grisi, A.C. Tedesco, S.L. de Souza, Adjunctive effect of antimicrobial
photodynamic therapy in induced periodontal disease. Animal study with
histomorphometrical, immunohistochemical, and cytokine evaluation, Lasers Med. Sci.
31 (2016) 1275-1283.

[38] J.P. Lima, M.A. Sampaio de Melo, F. Borges, A.H. Teixeira, C. Steiner- Oliveira,
M. Nobre dos Santos, L.K. Rodrigues, I.C. Zanin, Evaluation of the antimicrobial effect
of photodynamic antimicrobial therapy in an in situ model of dentine caries, Eur. J. Oral
Sci. 117 (2009) 568-574.

[39] H. Gursoy, C. Ozcakir-Tomruk, J. Tanalp, S. Yilmaz, Photodynamic therapy in

dentistry: a literature review, Clin. Oral Investig. 17 (2013) 1113-1125.



25

[40] J.C. Carmello, F. Alves, G.B. F, C.A. de Souza Costa, V.S. Bagnato, E.G. Mima,
A.C. Pavarina, Treatment of Oral Candidiasis Using Photodithazine(R)- Mediated
Photodynamic Therapy In Vivo, PLoS One 11 (2016) e0156947.

[41] L.N. Dovigo, J.C. Carmello, M.T. Carvalho, E.G. Mima, C.E. Vergani, V.S.
Bagnato, A.C. Pavarina, Photodynamic inactivation of clinical isolates of Candida using
Photodithazine(R), Biofouling, 29 (2013) 1057-1067.

[42] J.C. Carmello, F. Alves, E.G. Mima, J.H. Jorge, V.S. Bagnato, A.C. Pavarina,
Photoinactivation of single and mixed biofilms of Candida albicans and non-albicans
Candida species using Phorodithazine(R), Photodiagnosis Photodyn. Ther. 17 (2017)
194-199.

[43] J.C. Carmello, L.N. Dovigo, E.G. Mima, J.H. Jorge, C.A. de Souza Costa, V.S.
Bagnato, A.C. Pavarina, In vivo evaluation of photodynamic inactivation using
Photodithazine(R) against Candida albicans, Photochem. Photobiol. Sci. 14 (2015) 1319-
1328.

[44] T. Pereira-Cenci, A.A. Cury, M.S. Cenci, R.C. Rodrigues-Garcia, In vitro Candida
colonization on acrylic resins and denture liners: influence of surface free energy,
roughness, saliva, and adhering bacteria, Int. J. Prosthodont. 20 (2007) 308-310.

[45] Z.M. Thein, Y.H. Samaranayake, L.P. Samaranayake, Characteristics of dual species
Candida biofilms on denture acrylic surfaces, Arch. Oral Biol. 52 (2007) 1200-1208.

[46] M. Sanchez, A. Llama- Palacios, V. Blanc, R. Leon, D. Herrera, M. Sanz, Structure,
viability and bacterial kinetics of an in vitro biofilm model using six bacteria from the
subgingival microbiota, J. Periodontal Res. 46 (2011) 252-260.

[47] L.J. Tavares, M.l. Klein, B.H.D. Panariello, E.D. de Avila, A.C. Pavarina, An in
vitro model of Fusobacterium nucleatum and Porphyromonas gingivalis in single- and

dual-species biofilms, J. Periodontal Implant Sci. 48 (2018) 12-21.



26

[48] C.a.L.S. Institute, Methods for dilution antimicrobial susceptibility tests for bacteria
that grow aerobically, CLSI document MQ07-A9, approved standard—9th ed. (2012).

[49] E. Ciandrini, R. Campana, S. Federici, A. Manti, M. Battistelli, E. Falcieri, S. Papa,
W. Baffone, In vitro activity of Carvacrol against titanium-adherent oral biofilms and
planktonic cultures, Clin. Oral Investig. 18 (2014) 2001-2013.

[50] A. Al-Ahmad, A. Walankiewicz, E. Hellwig, M. Follo, C. Tennert, A. Wittmer, L.
Karygianni, Photoinactivation Using Visible Light Plus Water-Filtered Infrared-A
(vistwlIRA) and Chlorine e6 (Ce6) Eradicates Planktonic Periodontal Pathogens and
Subgingival Biofilms, Front. Microbiol. 7 (2016) 1900.

[51] L.N. Dovigo, A.C. Pavarina, J.C. Carmello, A.L. Machado, I.L. Brunetti, V.S.
Bagnato, Susceptibility of clinical isolates of Candida to photodynamic effects of
curcumin, Lasers Surg. Med. 43 (2011) 927-934.

[52] L. Karygianni, S. Ruf, M. Follo, E. Hellwig, M. Bucher, A.C. Anderson, K. Vach, A.
Al-Ahmad, Novel Broad-Spectrum Antimicrobial Photoinactivation of In Situ Oral
Biofilms by Visible Light plus Water-Filtered Infrared A, Appl. Environ. Microbiol. 80
(2014) 7324-7336.

[53] P.D. Marsh, Dental plaque: biological significance of a biofilm and community life-
style, J. Clin. Periodontol. 32 Suppl 6 (2005) 7-15.

[54] S.S. Socransky, A.D. Haffajee, M.A. Cugini, C. Smith, R.L. Kent, Jr., Microbial
complexes in subgingival plagque, J. Clin. Periodontol. 25 (1998) 134-144.

[55] C.C. Quishida, E.G. Mima, L.N. Dovigo, J.H. Jorge, V.S. Bagnato, A.C. Pavarina,
Photodynamic inactivation of a multispecies biofilm using Photodithazine((R)) and LED

light after one and three successive applications, Lasers Med. Sci. 30 (2015) 2303-2312.



27

[56] D. Manoil, A. Filieri, J. Schrenzel, S. Bouillaguet, Rose bengal uptake by E. faecalis
and F. nucleatum and light-mediated antibacterial activity measured by flow cytometry, J.
Photochem. Photobiol. B 162 (2016) 258-265.

[57] NCCLS, Methods for determining bactericidal activity of antimicrobial agents;
approved guideline, NCCLS document M26-A, National Committee for Clinical

Laboratory Standards, Wayne, PA.

, (1999).

[58] Z. Mahdi, G. Habiboallh, N.N. Mahbobeh, Z.J. Mina, Z. Majid, A. Nooshin, Lethal
effect of blue light-activated hydrogen peroxide, curcumin and erythrosine as potential
oral photosensitizers on the viability of Porphyromonas gingivalis and Fusobacterium
nucleatum, Laser Ther. 24 (2015) 103-111.

[59] K. Konig, M. Teschke, B. Sigusch, E. Glockmann, S. Eick, W. Pfister, Red light kills
bacteria via photodynamic action, Cell Mol. Biol. (Noisy-le-grand) 46 (2000) 1297-1303.
[60] N.S. Soukos, S. Som, A.D. Abernethy, K. Ruggiero, J. Dunham, C. Lee, A.G.
Doukas, J.M. Goodson, Phototargeting oral black-pigmented bacteria, Antimicrob.
Agents Chemother. 49 (2005) 1391-1396.

[61] F. Cieplik, A. Spéath, C. Leibl, A. Gollmer, J. Regensburger, L. Tabenski, K.-A.
Hiller, T. Maisch, G. Schmalz, Blue light kills Aggregatibacter actinomycetemcomitans
due to its endogenous photosensitizers, Clin. Oral Investig. 18 (2014) 1763-17609.

[62] A. Lennon, W. Buchalla, L. Brune, O. Zimmermann, U. Gross, T. Attin, The ability
of selected oral microorganisms to emit red fluorescence, Caries Res. 40 (2005) 2-5.

[63] N.S. Soukos, S. Som, A.D. Abernethy, K. Ruggiero, J. Dunham, C. Lee, A.G.
Doukas, J.M. Goodson, Phototargeting oral black-pigmented bacteria, Antimicrob.

Agents Chemother. 49 (2005) 1391-1396.



28

[64] K. Konig, M. Teschke, B. Sigusch, E. Glockmann, S. Eick, W. Pfister, Red light kills
bacteria via photodynamic action, Cell Mol. Biol. (Noisy-le-grand), 46 (2000) 1297-1303.
[65] P.E. Kolenbrander, Oral microbial communities: biofilms, interactions, and genetic
systems, Annu. Rev. Microbiol. 54 (2000) 413-437.

[66] C. Fontana, A. Abernethy, S. Som, K. Ruggiero, S. Doucette, R. Marcantonio, C.
Boussios, R. Kent, J. Goodson, A. Tanner, The antibacterial effect of photodynamic
therapy in dental plague- derived biofilms, J. Periodontal Res. 44 (2009) 751-759.

[67] C.N. Street, L.A. Pedigo, N.G. Loebel, Energy dose parameters affect antimicrobial
photodynamic therapy—mediated eradication of periopathogenic biofilm and planktonic
cultures, Photomed Laser Surg. 28 (2010) S-61-S-66.

[68] A. Di Poto, M.S. Sharra, G. Provenza, L. Visai, P. Speziale, The effect of
photodynamic treatment combined with antibiotic action or host defence mechanisms on
Staphylococcus aureus biofilms, Biomaterials 30 (2009) 3158-3166.

[69] F. Barra, E. Roscetto, A.A. Soriano, A. Vollaro, I. Postiglione, G.M. Pierantoni, G.
Palumbo, M.R. Catania, Photodynamic and antibiotic therapy in combination to fight
biofilms and resistant surface bacterial infections, Int. J. Mol. Sci. 16 (2015) 20417-
20430.

[70] M.R. Ronqui, T.M.S.F. de Aguiar, L.M. de Freitas, E.T. Miranda, C.R. Fontana,
Synergistic antimicrobial effect of photodynamic therapy and ciprofloxacin, J.
Photochem. Photobiol. B 158 (2016) 122-129.

[71] W.H.O. (WHO), Antibiotic resistance, in, 2018.

[72] S. Sengupta, M.K. Chattopadhyay, H.P. Grossart, The multifaceted roles of

antibiotics and antibiotic resistance in nature, Front. Microbiol. 4 (2013) 47.



29

[73] P.I. Eke, B.A. Dye, L. Wei, G.O. Thornton-Evans, R.J. Genco, G.D.R.P. Cdc
Periodontal Disease Surveillance workgroup: James Beck, Prevalence of periodontitis in
adults in the United States: 2009 and 2010, J. Dent. Res. 91 (2012) 914-920.

[74] N. Abed, F. Said-Hassane, F. Zouhiri, J. Mougin, V. Nicolas, D. Desmaele, R. Gref,
P. Couvreur, An efficient system for intracellular delivery of beta-lactam antibiotics to
overcome bacterial resistance, Sci. Rep. 5 (2015) 13500.

[75] K. Jepsen, S. Jepsen, Antibiotics/antimicrobials: systemic and local administration in
the therapy of mild to moderately advanced periodontitis, Periodontol. 2000 71 (2016)
82-112.

[76] M. Miiller, Mode of action of metronidazole on anaerobic bacteria and protozoa,
Surgery 93 (1983) 165-171.

[77] J. Slots, M. Ting, Systemic antibiotics in the treatment of periodontal disease,
Periodontol. 2000 28 (2002) 106-176.

[78] J. Slots, Selection of antimicrobial agents in periodontal therapy, J Periodontal Res,
37 (2002) 389-398.

[79] G.L. Southard, K.C. Godowski, Subgingival controlled release of antimicrobial
agents in the treatment of periodontal disease, Int. J. Antimicrob. Agents 9 (1998) 239-
253.

[80] T.L. Wright, R.P. Ellen, J.M. Lacroix, S. Sinnadurai, M.W. Mittelman, Effects of
metronidazole on Porphyromonas gingivalis biofilms, J. Periodontal Res. 32 (1997) 473-
477.

[81] S. Eick, T. Seltmann, W. Pfister, Efficacy of antibiotics to strains of
periodontopathogenic bacteria within a single species biofilm - an in vitro study, J. Clin.

Periodontol. 31 (2004) 376-383.



30

[82] B. Prosser, D. Taylor, B.A. Dix, R. Cleeland, Method of evaluating effects of
antibiotics on bacterial biofilm, Antimicrob. Agents Chemother. 31 (1987) 1502-1506.
[83] A.G. Gristina, C.D. Hobgood, L.X. Webb, Q.N. Myrvik, Adhesive colonization of
biomaterials and antibiotic resistance, Biomaterials 8 (1987) 423-426.

[84] R.C. Evans, C.J. Holmes, Effect of vancomycin hydrochloride on Staphylococcus
epidermidis biofilm associated with silicone elastomer, Antimicrob. Agents Chemother.
31 (1987) 889-894.

[85] D.A. Mitchell, Metronidazole: its use in clinical dentistry, J. Clin. Periodontol. 11
(1984) 145-158.

[86] F. Alves, G.C. Alonso, J.C. Carmello, E.G.O. Mima, V.S. Bagnato, A.C. Pavarina,
Antimicrobial Photodynamic Therapy mediated by Photodithazine((R)) in the treatment
of denture stomatitis: A case report, Photodiagnosis Photodyn. Ther. 21 (2018) 168-171.
[87] T. Alavi, M. Rezvanian, N. Ahmad, N. Mohamad, S.F. Ng, Pluronic-F127 composite
film loaded with erythromycin for wound application: formulation, physicomechanical
and in vitro evaluations, Drug Deliv. Transl. Res. (2017).

[88] W. Boonlai, V. Tantishaiyakul, N. Hirun, T. Sangfai, K. Suknuntha, Thermosensitive
Poloxamer 407/Poly(Acrylic Acid) Hydrogels with Potential Application as Injectable
Drug Delivery System, AAPS Pharm. Sci. Tech. 19 (2018) 2103-2117.

[89] C. Casadidio, M.E. Butini, A. Trampuz, M. Di Luca, R. Censi, P. Di Martino,
Daptomycin-loaded biodegradable thermosensitive hydrogels enhance drug stability and
foster bactericidal activity against Staphylococcus aureus, Eur. J. Pharm. Biopharm. 130
(2018) 260-271.

[90] A.P.P. Kroger, N. Hamelmann, A. Juan, S. Lindhoud, J.M.J. Paulusse,
Biocompatible Single-Chain Polymer Nanoparticles for Drug Delivery - a Dual

Approach, ACS Appl. Mater. Interfaces (2018).



31

Figure Legends

Fig. 1. A schematic illustration of the experimental setup performed to conduct this
investigation. L™: under light irradiation; L™ without light irradiation; PDZ:
photodithazine; 50 mg/L, 75 mg/L and 100 mg/L: photodithazine’s concentrations, aPDT:
antimicrobial photodynamic therapy, MTZ: metronidazole, MIC, 50x and 100x:
metronidazole’s concentrations.

Fig. 2. (A) Effect of light and different concentrations of PDZ and aPDT on F. nucleatum
biofilms. One-way analysis of variance (ANOVA) was employed with Tukey's post hoc
test. (B) Effect of light and different concentration of PDZ and aPDT on P. gingivalis
biofilms. The Kruskal-Wallis test was employed, followed by Dunn’s multiple
comparison test. Bacterial counts after each treatment are expressed in logarithm of
colony-forming units (CFU) per milliliter. Statistically significant differences are

*Y +V

indicated as: ™ ¥ p<0.0001. Data represent the median + SD of three biological
replicates from three independent experiments by using GraphPad Prism version 5.0c.

Fig. 3. Effect of MTZ in the presence and absence of light irradiation compared to that of
aPDT on (A) F. nucleatum and (B) P. gingivalis biofilms. One-way analysis of variance
(ANOVA) was employed with Tukey's post hoc test. Bacterial counts after each
treatment are expressed in logarithm of colony-forming units (CFU) per milliliter.

* ** kk%k
I P

Statistically significant differences are indicated as: p<0.0001. Data represent
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the mean + SD of three biological replicates from three independent experiments by using
GraphPad Prism version 5.0c.

Fig. 4. Effect of aPDT in combination with MTZ at different concentrations on (A) F.
nucleatum and (B) P. gingivalis biofilms. Gray lines: bacterial growth controls; Blue
and Red lines: experimental groups disclosing antimicrobial effect. One-way analysis of
variance (ANOVA) was employed with Tukey's post hoc test. Bacterial counts after each
treatment are expressed in logarithm of colony-forming units (CFU) per milliliter.

+

Statistically significant differences are indicated as: """ * p<0.0001. Data represent the
mean = SD of three biological replicates from three independent experiments, by using
GraphPad Prism version 5.0c.

Fig. 5. Representative images generated by confocal laser-scanning microscopy (z-axis
stack) illustrating the effect of (B) L*, (C) aPDT 100 mg/L PDZ, (D) MTZ 100x MIC,
(E) L* MTZ 100x MIC, and (F) aPDT 100 mg/L PDZ plus MTZ 100x MIC on F.
nucleatum biofilms. The panels demonstrate the live and dead bacterial populations as
well as microcolony distribution and biofilm thickness compared to those of the untreated
F. nucleatum biofilm control group (A). The multiple Z sections in panels A to F were
generated by sectioning at 50 um.

Fig. 6. Representative images generated by confocal laser-scanning microscopy (z-axis
stack) images illustrating the effect of (B) L*, (C) aPDT 100 mg/L PDZ, (D) MTZ 100x
MIC, (E) L* MTZ 100x MIC, and (F) aPDT 100 mg/L PDZ plus MTZ 100x MIC on P.
gingivalis biofilms. The panels demonstrate the live and dead bacterial populations as
well as microcolony distribution and biofilm thickness compared to those of the untreated
P. gingivalis biofilm control group (A). The multiple Z sections in panels A to F were

generated by sectioning at 50 pum.
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Highlights

F. nucleatum and P. gingivalis are involved in the progression of oral diseases
PDZ-mediated aPDT reduces the number of bacteria within mature biofilms
MTZ seems to make biofilm cells more sensitive to PDZ penetration

Desired antimicrobial properties are achieved when MTZ is combined with PDZ-

mediated aPDT
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