
 International Journal of 

Molecular Sciences

Article

Light Energy Dose and Photosensitizer Concentration
Are Determinants of Effective Photo-Killing against
Caries-Related Biofilms

Abdulrahman A. Balhaddad 1,2 , Mohammed S. AlQranei 1,3, Maria S. Ibrahim 1,3,
Michael D. Weir 1,4, Frederico C. Martinho 1,4 , Hockin H. K. Xu 1,4,*
and Mary Anne S. Melo 1,5,*

1 Ph.D. Program in Dental Biomedical Sciences, University of Maryland School of Dentistry, Baltimore,
MD 21201, USA; aabalhaddad@umaryland.edu (A.A.B.); Malqranei@umaryland.edu (M.S.A.);
mariasyibrahim2@gmail.com (M.S.I.); MWeir@umaryland.edu (M.D.W.);
fmartinho@umaryland.edu (F.C.M.)

2 Department of Restorative Dental Sciences, College of Dentistry, Imam Abdulrahman Bin Faisal University,
Dammam 34212, Saudi Arabia

3 Department of Preventive Dental Sciences, College of Dentistry, Imam Abdulrahman Bin Faisal University,
Dammam 34212, Saudi Arabia

4 Department of Advanced Oral Sciences and Therapeutics, University of Maryland School of Dentistry,
Baltimore, MD 21201, USA

5 Division of Operative Dentistry, Department of General Dentistry, University of Maryland School
of Dentistry, Baltimore, MD 21201, USA

* Correspondence: hxu@umaryland.edu (H.H.K.X.); mmelo@umaryland.edu (M.A.S.M.)

Received: 27 September 2020; Accepted: 13 October 2020; Published: 15 October 2020
����������
�������

Abstract: Caries-related biofilms and associated complications are significant threats in dentistry,
especially when biofilms grow over dental restorations. The inhibition of cariogenic biofilm
associated with the onset of carious lesions is crucial for preventing disease recurrence after treatment.
This in vitro study defined optimized parameters for using a photosensitizer, toluidine blue O
(TBO), activated via a red light-emitting diode (LED)-based wireless device to control the growth of
cariogenic biofilms. The effect of TBO concentrations (50, 100, 150, and 200 µg/mL) exposed to light
or incubated in the dark was investigated in successive cytotoxicity assays. Then, a mature
Streptococcus mutans biofilm model under sucrose challenge was treated with different TBO
concentrations (50, 100, and 150 µg/mL), different light energy doses (36, 108, and 180 J/cm2),
and different incubation times before irradiation (1, 3, and 5 min). The untreated biofilm, irradiation
with no TBO, and TBO incubation with no activation represented the controls. After treatments,
biofilms were analyzed via S. mutans colony-forming units (CFUs) and live/dead assay. The percentage
of cell viability was within the normal range compared to the control when 50 and 100 µg/mL of
TBO were used. Increasing the TBO concentration and energy dose was associated with biofilm
inhibition (p < 0.001), while increasing incubation time did not contribute to bacterial elimination
(p > 0.05). Irradiating the S. mutans biofilm via 100 µg/mL of TBO and ≈180 J/cm2 energy dose
resulted in ≈3-log reduction and a higher amount of dead/compromised S. mutans colonies in
live/dead assay compared to the control (p < 0.001). The light energy dose and TBO concentration
optimized the bacterial elimination of S. mutans biofilms. These results provide a perspective on the
determining parameters for highly effective photo-killing of caries-related biofilms and display the
limitations imposed by the toxicity of the antibacterial photodynamic therapy’s chemical components.
Future studies should support investigations on new approaches to improve or overcome the
constraints of opportunities offered by photodynamic inactivation of caries-related biofilms.
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1. Introduction

Carious lesions on restored teeth recur at alarming rates. The high prevalence of failed restorations
has made secondary caries a pernicious problem [1]. The onset of primary or recurrent carious lesions
is triggered by the biofilm growth over the tooth surface or tooth–material interface [2,3]. Caries-related
biofilms are composed of a densely filled community of microbial cells. These bacterial cells can produce
and survive in acidic environments and surround themselves with an exopolysaccharide (EPS)-rich
matrix [4,5]. Although this biofilm is composed of many different microbial species, the leading role
in its formation and pathogenicity is attributed to Streptococcus mutans [6,7].

In this context, S. mutans presents a remarkable ability to survive changes in pH and oxygen
tension and produce EPS matrix synthesis to firmly attach to substrates (Figure 1A) [8]. As dental caries
is a common biofilm-dependent oral disease, in the presence of sucrose, S. mutans biofilms can promote
its progression [9], especially in areas inside the oral cavity where the mechanical removal of biofilms
by brushing is difficult [10]. Besides, dental composite restorations, composed of resin monomers,
may present leachable compounds that stimulate bacterial growth [11]. Therefore, anti-biofilm
strategies that can effectively minimize and modulate cariogenic biofilms are currently in demand [12].

Antimicrobial photodynamic therapy (aPDT), also known as photoactivated disinfection,
provides a promising approach to inactivate pathogens for biofilm control in dentistry, as illustrated in
Figure 1B. aPDT has shown encouraging results against several oral microorganisms without inducing
bacterial resistance [13]. The use of aPDT to combat oral biofilms has been a promising approach,
where this strategy targets cariogenic biofilms and could help prevent the onset and progression of
dental caries [14,15]. In this approach, photosensitizers, followed by light irradiation at a specific
wavelength, offer a noninvasive method to target pathogenic biofilms in many dental sites [16].
The mechanism behind aPDT is based on prompting oxidative photo-damage of the targeted bacteria.
This process is achieved via two different mechanisms, type I and II [17,18]. In type I, exciting the
photosensitizer to the triplet state allows the photosensitizer to interact with the surrounding molecules
via electron or hydrogen exchange to generate reactive oxygen species (ROS.). In type II, the interaction
occurs between the excited photosensitizer and oxygen molecules in or around the cells resulting
in singlet oxygen (1O2) production. Both approaches can happen at the same time to exert diverse
antibacterial activities [18–20].

From all photosensitizers that absorb light energy and catalyze the formation of ROS, for aPDT,
toluidine blue O (TBO)-mediated aPDT has demonstrated biofilm-eradication or a substantial reduction
of cariogenic species [21]. TBO can penetrate easily through the bacterial membrane as it has a
transmembrane permeability coefficient higher than other photosensitizing solutions, a fact that possibly
makes TBO more effective in bacterial destruction [22]. On the other hand, the amount of ROS generated
by a photoactivated photosensitizer is correlated to the absorbed light energy. Therefore, applying the
appropriate light parameters such as wavelength and energy dose (irradiation time × power) can affect
the dosimetry of aPDT [23].

The extent to which aPTD dosimetry influences the bacterial reduction of caries-related biofilm is
observed in conflicting outcomes in the literature [24]. Some studies display robust bacterial reduction
for S. mutans and Lactobacillus casei growth in vitro [25], in situ [26], and in vivo [14,15], while others
show limited effectiveness against cariogenic biofilms [27,28]. These contradictory outcomes are mainly
due to the use of different parameters related to the concentration of TBO, the dose of light energy,
and the incubation time before irradiation.

Determining the optimal parameters to target dental biofilms will ensure that the targeted areas
inside the mouth are given appropriate doses to kill pathogens, limit over-treatment, and prevent



Int. J. Mol. Sci. 2020, 21, 7612 3 of 14

side-effects. From an intent-to-treat perspective, dosimetry is undoubtedly a critical issue for high
efficacy and patient safety in aPDT [16,18]. The lack of optimal parameters can opposite the use of
aPDT in dental biofilm control as the treatment is associated with unpredictable response rates or a
failure to archive clinically acceptable parameters.

Accordingly, this study aims to evaluate the most effective, feasible, and biocompatible
concentration, light energy dose, and incubation time to target a 48 h S. mutans biofilm using
TBO and a narrow-band red light-emitting diode for aPDT.
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Figure 1. (A) Scanning electron microscopy image illustrating the 3D complex structure of S. mutans
biofilms; (B) intra-oral photograph illustrating the clinical application of antibacterial photodynamic
therapy (aPDT) to target biofilm growth at the proximal surface of the permanent first molar;
(C) a schematic drawing showing the methodological design of the study. S. mutans biofilm was
grown for 48 h, and then irradiated with different concentrations, different energy doses, and different
incubation time using LED light source and TBO as a photosensitizer.

2. Results

2.1. Spectra of TBO and LED

Figure 2A,B displays the skeletal structure and the 3D chemical molecular structure of TBO.
The skeletal chemical structure presents sulfur and secondary amine in the middle, primary amine,
and methyl group at one quaternary amine at the opposing side. In Figure 2C, the TBO absorption
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spectrum and the LED emission spectrum are displayed. The TBO presents an absorption band
between 550 and 650 with two different peaks at 594 and 632 nm. The emission spectrum peak of
the LED source was 667 ± 3 nm, which was overlapped with the peak absorbance of TBO. Figure 2D
illustrates the FTIR spectrum of the TBO absorbance. The aromatic ring’s band of the TBO (≈1600 cm−1)
can be observed. Additionally, the N-H stretch band due to the primary amine (≈3340 cm−1) is shown.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 15 
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4). Using TBO concentrations of 50 and 100 μg/mL, either in light or dark, was associated with 
viability higher than 70%. Using TBO concentrations of 150 and 200 μg/mL resulted in a significant 
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Figure 2. (A,B) The skeletal structure and the 3D chemical molecular structure of TBO.
(C) The absorption spectrum of TBO and the maximum peaks absorption at 594 and 632 nm
overlapping with the LED spectrum. (D) Fingerprint regions of ATR-FTIR spectrum for TBO.

2.2. TBO Cytotoxicity

Figure 3 shows the cytotoxicity of the TBO photosensitizer against the macrophage cell line (n = 4).
Using TBO concentrations of 50 and 100 µg/mL, either in light or dark, was associated with viability
higher than 70%. Using TBO concentrations of 150 and 200 µg/mL resulted in a significant cytotoxicity
compared to the control (p < 0.05; power of analysis = 100%).
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Figure 3. (A) Illustrative images displaying the macrophages’ differentiation into elongated finger-
like and round cells are the normal differentiation of this cell line. The cytotoxicity of different 
concentrations of TBO exposed to light (B) and in the dark (C). Values indicated by different letters 
are statistically different from each other (* p < 0.05). 

Figure 3. (A) Illustrative images displaying the macrophages’ differentiation into elongated finger-like
and round cells are the normal differentiation of this cell line. The cytotoxicity of different concentrations
of TBO exposed to light (B) and in the dark (C). Values indicated by different letters are statistically
different from each other (* p < 0.05).
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2.3. TBO Determining Parameters and S. mutans Photoinactivation

Figure 4A displays the log reduction (mean and standard) of S. mutans biofilm (n = 9) achieved by
each treatment considering the TBO concentration and energy density. The log values ranged from
7.24 to 3.74, with the highest value for the biofilms treated with 150 µL and 180 J/cm2 and the lowest
for the control group with no treatment.
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Figure 4. (A) The effect of different TBO concentrations and LED light energy doses on S. mutans biofilm.
Values indicated by different letters are statistically different from each other (p < 0.05). The design of
the experiment is illustrated in (B–E). The biofilm was grown for 48 h (B). The media was aspirated (C).
Then, TBO was applied (D) and irradiated via the LED light source (E).

The two-way ANOVA analysis showed that both TBO concentration and energy density dose
were significantly determinant factors in increasing the effectiveness of aPDT (p < 0.001). A significant
interaction was observed between the TBO concentration and energy density dose concerning the aPDT
effect (p < 0.001). No significant difference was found between wells with no treatment (7.24 ± 0.30)
and wells treated with light irradiation for 5 min or TBO incubation for 5 min without irradiation
(p > 0.05; power of analysis = 100%).

The inhibition of 1–3.5-log was observed compared to the control groups in a dose-dependent
manner. In comparison to control, the log reduction on S. mutans biofilm at the energy density of
36 J/cm2 was approximately 1-log (p < 0.05), regardless of the used concentrations. When the energy
density was increased up to 108 J/cm2, significant inhibition of 1.5–2.5-log was observed compared to
the control groups in a dose-dependent manner, as increasing the concentration was associated with
more inhibition (p < 0.05). Three and 3.5-log10 reductions were achieved when 100 and 150 µg/mL
of TBO, respectively, were activated with 180 J/cm2 energy density compared to the control (p < 0.05;
power of analysis = 100%).

Figure 5A demonstrates the effect of increasing the TBO incubation time before irradiation on
the S. mutans biofilm inhibition (n = 9). The energy density of 180 J/cm2 was used with 100 µg/mL of
TBO. Increasing the incubation time from 1 to 3 or 5 min did not result in an increased antibacterial
effect (p > 0.05).



Int. J. Mol. Sci. 2020, 21, 7612 7 of 14

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 15 

 

2.4. Live/Dead Assays for the S. mutans Biofilm  

Figure 5B–G displays the live/dead images for different wells (n = 3). Untreated wells (control) 
and wells were treated with only LED or TBO with no aPDT were associated with a considerable 
amount of viable S. mutans colonies indicated by the green color (Figure 5B–D). However, following 
the aPDT treatment using different energy density doses with 100 μg/mL of TBO, dead, and 
compromised colonies indicated in the red color were observed (Figure 5E–G). More dead colonies 
were seen as the energy density dose was increased from 36 to 180 J/cm2. 

 

Figure 5. The effect of different incubation times on S. mutans biofilm using 100 µg/mL of TBO (A).
Values indicated by different letters are statistically different from each other (p < 0.05). Live/dead images
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(C), light activation only without TBO (D), and aPDT treatment with different light energy doses using
100 µg/mL of TBO (E–G).
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2.4. Live/Dead Assays for the S. mutans Biofilm

Figure 5B–G displays the live/dead images for different wells (n = 3). Untreated wells (control)
and wells were treated with only LED or TBO with no aPDT were associated with a considerable
amount of viable S. mutans colonies indicated by the green color (Figure 5B–D). However, following the
aPDT treatment using different energy density doses with 100 µg/mL of TBO, dead, and compromised
colonies indicated in the red color were observed (Figure 5E–G). More dead colonies were seen as the
energy density dose was increased from 36 to 180 J/cm2.

3. Discussion

Antibacterial photodynamic is an attractive anti-biofilm strategy against cariogenic biofilms [29].
However, the application of aPDT for biofilm control is highly dependent on dosimetric parameters.
Light energy (fluence), photosensitizer concentration, and incubation time interactions were
investigated as determinants to predict treatment effectiveness.

In our study, TBO was selected as a photosensitizer due to its in vitro efficiency, low toxicity
to human cells, high rate of ROS generation, and excellent versatility regarding its large band of
absorption, which allowed activation by many light sources [30]. TBO belongs to the non-porphyrin,
phenothiazinium photosensitizers family [31]. This family of photosensitizers can selectively aim and
accumulate inside the mitochondria, compromising the targeted cells [31].

To ensure the TBO biocompatibility with maximum bacterial reduction, different TBO
concentrations were investigated. The most commonly reported TBO concentration in the literature to
convey high aPDT efficiency against dental biofilms is 100 µg/mL [15,25,32,33]. Therefore, a range of
TBO concentrations from 50 to 200 µg/mL were investigated. Additionally, from a clinical perspective,
high TBO concentrations may adversely stain the surrounding tissues during aPDT application,
especially in the anterior area where the esthetic is important. We report dark toxicity of TBO at
150 and 200 µg/mL, concentrations that also induce similar light toxicity. A high DNA fragmentation
after aPDT with TBO at high concentration pointed out that apoptosis is the preferential mode of cell
death involved under these conditions [34]. The imperative cytotoxic effect of TBO up to 100 µg/mL
with a decrease of less than 40% in optical density suggests that an even lower concentration could be
used for aPDT.

As a mandatory step for aPDT, the irradiation of photosensitizers (PS) is considered one of the
main determinants for a robust bacterial reduction outcome. Here, we used an LED light source and
not a laser to investigate the effect of different energy doses. Most studies investigating the antibacterial
effect of TBO-mediated aPDT against cariogenic pathogen employed LED as it produces a low power
output, which is beneficial to not causing damage to adjacent tissues, and reduced cost compared to
red lasers [25,32]. Another factor favoring LED use is its classification as non-coherent light presetting
an amplitude in emitted light waves [35]. The LED chosen for this study presents a bandgap of 8 nm
that overlaps the absorption band of TBO. The selected range of energy from 36, 108, and 180 J/cm2

was also calculated considering the LED parameters and irradiation periods congruent with several
previous reports in the literature.

Our series of investigations on the range of different energy density doses found higher S. mutans
biofilm inhibition associated with increasing the energy dose. With aPDT at 36 J/cm2 (corresponding to
1 min irradiation time), the treatment has delivered a significant log10 reduction in relation to control;
but the increase of TBO concentration was not relevant. The lack of enhancement of the bacterial
reduction outcomes may be attributed to insufficient energy to excite the cells’ photosensitizer uptake
even at the highest concentration.

On the other hand, when the energy dose is triplicate and delivered at 108 J/cm2, the TBO
concentration started to play a critical role in the bacterial reduction. Increasing the TBO concentration
was relevant to reach a greater log10 reduction. With aPDT applying 180 J/cm2, bacterial reduction
follows a similar trend to that observed with 108 J/cm2. The TBO concentrations of 100 and 150 µg/mL
combined with 180 J/cm2 delivered in 5 min of irradiation promoted 3 and 3.5-log10 bacterial reduction,
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respectively. Herein, the irradiation time was not increased to more than 5 min as it may carry physical
hazards to the operator [36] such as generating non-ionizing radiation by the LED, increasing the
risk of heating the dental pulp [37], and imparting discomfort to the patient with a long period of
operation time.

Another parameter frequently reported with high variability is the incubation time [38].
The incubation time represents the period where the TBO remains in contact with the S. mutans
biofilm before irradiation [38]. During this period, the TBO may bind to the plasma membrane and/or
penetrate the bacterial cells. Here, we investigated the three most commonly reported periods for
TBO incubation, 1, 3, and 5 min [21], associated with our most efficient and biocompatible parameters
(180 J/cm2; TBO at 100 µg/mL). It was shown in this study that increasing the incubation time had no
direct effect on aPDT outcomes. Likewise, previous reports have shown no expressive effect of the
incubation time on the bacterial reduction of cariogenic biofilms [39,40]. Although we aim to shorten
the incubation time for practicality, further investigations are needed to explore other approaches to
enhance the TBO penetration through the cariogenic biofilm.

As limitations, while we can attest to the robust effect of aPDT on cariogenic pathogens in vitro,
some drawbacks encountered in clinical situations may compromise the effect in vivo. For instance,
well-described environmental stress factors present in vivo conditions activate the biofilm mode
of growth, such as frequency and amount of sugar intake, sublethal doses of antimicrobials,
nutrient shortage, and inflammatory response or impaired availability of O2 on some deep layers
of mature biofilms [41,42]. As a result, agents demonstrating suitable antibacterial activities against
monospecies biofilm may face difficulties to exert similar action against multispecies biofilms. Moreover,
the propagation of light to the infection site could be hampered by local factors such as interproximal
spaces, where the tooth–material interface is prone to biofilm accumulation, and the potential
inactivation of ROS by saliva and gingival crevicular fluid should be taken into account [41,42].

The reported outcomes are not surprising but critical for TBO-mediated aPDT targeting
caries-related biofilms. In most studies, the determining parameters are not reported or only performed
to support other assays. Investigators, then, feel the need to start a set of experiments to define a start
point for their experiments. By utilizing determining parameters, the aPDT performance can be further
investigated in future studies, and other influencing factors can also be considered.

Finally, in light of our observations, we suggest that the dosimetry is based on incubation time
of 1 min; TBO concentration at 100 µg/mL; energy dose of 180 J/cm2 delivered over 5 min irradiation
might be effective and safe for photo-killing of caries-related biofilms. Future studies should support
investigations on new approaches to improve or overcome the constraints of opportunities offered
by photodynamic inactivation of caries-related biofilms when the maximum bacterial reduction is
not reached.

4. Material and Methods

4.1. Photosensitizer TBO and Light-Emitting Diode (LED)

The photosensitizer TBO (#T3260, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in deionized
water, filtered, and stored in the dark. TBO has the following chemical formula; (C6H4(CH3)NH2)2

(the C.A.S. no. 92-31-9) as it is illustrated in Figure 2A,B. It presents a molar mass of 305.83 g/mol.
The TBO absorption peaks (594 and 632 nm) were assessed via ultraviolet-visible optical absorption
spectrometry (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). The TBO spectrum also was
captured by Fourier-transform infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo Fisher Scientific,
Waltham, MA, USA).

The light source selected in this study was a light-emitting diode (LED; photo-activated disinfection
(PADLight-F3WW, Beijing, China). This light source has a narrow spectrum emission ranging from
664 to 670 nm and a predominant wavelength at 667 nm. The LED light has a cylindrical tip with a
diameter of 6.0 mm to distribute the light. Irradiation was performed in a non-contact mode with a
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diffused beam at 2.0 mm working distance. A power meter Lasermate (Coherent Inc., Santa Clara,
CA, USA) was used to measure the peak power. The maximum output power of 180 mW at 2 mm
distance was determined. The red LED’s fluorescence emission spectrum was investigated using a
light spectrometer (Thorlabs Inc., Newton, NJ, USA).

The surface area of the LED tip was calculated as 0.302 cm2
(
A = πr2

)
.

Three energy density doses (36, 108, and 180 J/cm2 with a respective irradiation time
of 1, 3, and 5 min) were calculated based on the following equation:

Energy density
( J

cm2

)
= Fluency =

power density (W) × time (sec)
A (cm2)

where power density is:

Power density =
light intensity (W)

A (cm2)

4.2. Light and Dark Cell Cytotoxicity Assay

The cytotoxicity of TBO was examined via MTT colorimetric assay, as previously described [43],
with minor modification. At a density of 10,000 cells/well, RAW 264.7 mouse monocyte-macrophage
cells (ATCC® TIB-71TM) were seeded in a 24-well culture plate containing Dulbecco’s Modified Eagle
Medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and supplemented with 10%
fetal bovine serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 µg/mL penicillin,
and 100 µg/mL streptomycin.

On the following day, different concentrations of TBO (50, 100, 150, 200 µg/mL dissolved in sterile
water) were added, and the wells were either kept in the dark (dark cytotoxicity) or exposed to indoor
room light (light cytotoxicity) for 48 h (n = 4). Then, the old stained cell medium was aspirated,
the cells were washed with phosphate-buffered saline (PBS), and a new fresh medium was added.
The number of viable cells was quantified using MTT colorimetric assay by the cleavage of tetrazolium
salts. 3-(4-5-dimethlthiazol-2-yl) 2-5-diphenyl tetrazolium bromide (MTT) salt was added to each well
and incubated for 3 h at 37 ◦C to form the blue formazan. The chemical reaction was stopped by
adding MTT solubilization solution, and the absorbance was measured at 570 nm via a microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).

4.3. S. mutans Biofilm Model

S. mutans UA159 obtained from the American Type Culture Collection (A.T.C.C., Manassas,
VA, USA) was cultured overnight in brain heart infusion (BHI) broth (Sigma-Aldrich, St. Louis,
MO, USA.) at 37 ◦C and 5% CO2 incubator. The S. mutans culture was adjusted to 1× 108 colony-forming
units (CFU)/mL (OD600 = 0.9) [44] and diluted 1:20 with a fresh BHI broth supplemented with 2%
sucrose. Each well of a black 96-well plate with a clear bottom received 200 µL of the inoculum and
was incubated for 24 h at 37 ◦C in a 5 % CO2 incubator. Media was changed after 24 h, and 48 h
incubation was continued. After 48 h, planktonic bacteria were aspirated and removed, and each well
was washed gently with sterile saline 0.9%, and the attached biofilm was kept [39].

4.4. In Vitro Photosensitization of S. mutans Biofilms for Optimization of the Dosimetry

The following parameters were investigated during the in vitro photosensitization:
(1) TBO concentrations at three levels: 50, 100, and 150 µg/mL and (2) energy density at three levels:
36, 108, and 180 (Watts × second)/cm2 (Figure 1A). After determining the most effective concentration
and energy density, the incubation time (pre-irradiation time) was investigated at three levels
1, 3, and 5 min considering only one concentration, 100 µg/mL.

Briefly, the biofilms were treated with the addition of 50 µL of 0.9% saline only (control) or TBO
solution (photosensitizer) at prescreened concentrations of 50, 100, 150 µg/mL followed by the selected
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LED irradiation doses (aPDT treatment). Next, 50 µL of the photosensitizer solution was added to wells
in which photosensitizer was tested alone to investigate their effect against the biofilm independently.
Wells that were exposed to light without photosensitizer also served as control. Next, the experiment
sets were repeated to investigate the preselected incubation times (1, 3, and 5 min prior to irradiation).

4.5. CFU Counting Assay

After treatment, the biofilms were removed and resuspended with 0.9% saline solution.
Subsequently, the suspension was serially diluted (1:10, 1:100, 1:1000, 1:10,000, and 1:100,000) with
0.9% saline solution. Samples were plated in triplicate on B.H.I. agar and incubated for 48 h at 37 ◦C in
a 5% CO2 incubator. Colonies of S. mutans were counted using a colony counter.

4.6. Live/Dead Staining of Biofilms

Random samples of 2-day biofilms treated via aPDT (100 µg/mL) and respective controls were
washed with 0.9% saline and then stained with the BacLight live/dead kit (Molecular Probes, Eugene,
OR, USA). A mixture of 2.5 µM SYTO 9 and 2.5 µM propidium iodide at a ratio of 1:1 was used to stain
the wells for 10 min [40]. The green fluorescence of SYTO9 indicates the presence of viable S. mutans.
The compromised S. mutans biofilms were indicated by red fluorescence. The images were taken using
an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA).

4.7. Statistical Analysis

Shapiro–Wilk test was used to evaluate the data normality and distribution. Then, two-way
ANOVA and Tukey’s post hoc test were used to analyze the effect of TBO concentration and energy
density on biofilm inhibition. For the cytotoxicity and the effect of the incubation time, one-way ANOVA
and Tukey’s post hoc test were used. All tests were conducted using the statistical software package
Sigma Plot 12.0 (S.Y.S.T.A.T., Chicago, IL, USA), and the statistical significance was set at p < 0.05.

5. Conclusions

Collectively, our data support the selection of primary determinants on the inactivation of
S. mutans biofilms. Increasing the concentration of TBO and light energy dose was associated with
increased biofilm inhibition. Increasing the incubation time was not associated with an increased
antibacterial effect. The highest amount of biofilm inhibition with acceptable biocompatibility was
achieved using 100 µg/mL of TBO activated by 180 J/cm2 energy dose. Future studies may consider
investigating strategies to improve aPDT performance without manipulating the determinants related
to dosimetry.

Author Contributions: Conceptualization: A.A.B., and M.A.S.M.; Methodology: A.A.B., M.S.A., F.C.M.
and M.A.S.M.; Investigation: A.A.B., M.S.A., and M.S.I.; Analysis and Graphs: A.A.B. and M.A.S.M.; Writing:
A.A.B. and M.A.S.M.; Writing—Review and Editing, M.S.A., M.S.I., M.D.W., H.H.K.X., and M.A.S.M.; Funding
Acquisition: M.A.S.M.; Resources: M.D.W., H.H.K.X., and F.C.M.; Supervision: M.D.W. and M.A.S.M.; Project
Administration: M.A.S.M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the support of the University of Maryland School of Dentistry IN-SPIRE
internal grant program.

Acknowledgments: A.A.B., M.S.A., and M.S.I. acknowledge the scholarship during their Ph.D. studies from the
Imam Abdul Rahman bin Faisal University, Dammam, Saudi Arabia, and the Saudi Arabia Cultural Mission.
F.C.M. and M.A.S.M. acknowledge the University of Maryland School of Dentistry IN-SPIRE grant program.
The authors thank Meenakshi A. Chellaiah (Department of Oncology and Diagnostic Sciences, University of
Maryland School of Dentistry, Baltimore) for donating the macrophage cells. The authors also thank Steven
Rolston, Physics Department, University of Maryland College Park, for assistance on LED light emission
spectra acquisition.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Int. J. Mol. Sci. 2020, 21, 7612 12 of 14

References

1. Nedeljkovic, I.; De Munck, J.; Vanloy, A.; Declerck, D.; Lambrechts, P.; Peumans, M.; Teughels, W.;
Van Meerbeek, B.; Van Landuyt, K.L. Secondary caries: Prevalence, characteristics, and approach.
Clin. Oral Investig. 2020, 24, 683–691. [CrossRef] [PubMed]

2. Wrasse, E.O.; Garcia, I.M.; Baierle, R.J.; de Souza, V.S.; Scholten, J.D.; Collares, F.M. Quantum chemistry
study of the interaction between ionic liquid-functionalized TiO2 quantum dots and methacrylate resin:
Implications for dental materials. Biophys. Chem. 2020, 265, 106435. [CrossRef]

3. Garcia, I.M.; Rodrigues, S.B.; Balbinot, G.d.S.; Visioli, F.; Leitune, V.C.B.; Collares, F.M. Quaternary ammonium
compound as antimicrobial agent in resin-based sealants. Clin. Oral Investig. 2020, 24, 777–784. [CrossRef]
[PubMed]

4. He, J.; Hwang, G.; Liu, Y.; Gao, L.; Kilpatrick-Liverman, L.; Santarpia, P.; Zhou, X.; Koo, H. l-Arginine
Modifies the Exopolysaccharide Matrix and Thwarts Streptococcus mutans Outgrowth within Mixed-Species
Oral Biofilms. J. Bacteriol. 2016, 198, 2651–2661. [CrossRef] [PubMed]

5. Cai, J.-N.; Jung, J.-E.; Lee, M.-H.; Choi, H.-M.; Jeon, J.-G. Sucrose challenges to Streptococcus mutans biofilms
and the curve fitting for the biofilm changes. FEMS Microbiol. Ecol. 2018, 94. [CrossRef] [PubMed]

6. Huang, R.; Li, M.; Gregory, R.L. Bacterial interactions in dental biofilm. Virulence 2011, 2, 435–444. [CrossRef]
[PubMed]

7. Ito, S.; Misaki, T.; Naka, S.; Wato, K.; Nagasawa, Y.; Nomura, R.; Otsugu, M.; Matsumoto-Nakano, M.;
Nakano, K.; Kumagai, H.; et al. Specific strains of Streptococcus mutans, a pathogen of dental caries, in the
tonsils, are associated with IgA nephropathy. Sci. Rep. 2019, 9, 20130. [CrossRef]

8. Lemos, J.A.; Burne, R.A. A model of efficiency: Stress tolerance by Streptococcus mutans. Microbiol. Read. Engl.
2008, 154, 3247–3255. [CrossRef]

9. Du, Q.; Fu, M.; Zhou, Y.; Cao, Y.; Guo, T.; Zhou, Z.; Li, M.; Peng, X.; Zheng, X.; Li, Y.; et al. Sucrose promotes
caries progression by disrupting the microecological balance in oral biofilms: An in vitro study. Sci. Rep.
2020, 10, 2961. [CrossRef] [PubMed]

10. Mitwalli, H.; Alsahafi, R.; Balhaddad, A.A.; Weir, M.D.; Xu, H.H.K.; Melo, M.A.S. Emerging Contact-Killing
Antibacterial Strategies for Developing Anti-Biofilm Dental Polymeric Restorative Materials. Bioengineering
2020, 7, 83. [CrossRef]

11. Di Nisio, C.; De Colli, M.; di Giacomo, V.; Rapino, M.; Di Valerio, V.; Marconi, G.D.; Gallorini, M.; Di Giulio, M.;
Cataldi, A.; Zara, S. A dual role for β1 integrin in an in vitro Streptococcus mitis/human gingival fibroblasts
co-culture model in response to TEGDMA. Int. Endod. J. 2015, 48, 839–849. [CrossRef] [PubMed]

12. Øilo, M.; Bakken, V. Biofilm and Dental Biomaterials. Materials 2015, 8, 2887–2900. [CrossRef]
13. Cieplik, F.; Deng, D.; Crielaard, W.; Buchalla, W.; Hellwig, E.; Al-Ahmad, A.; Maisch, T. Antimicrobial

photodynamic therapy—What we know and what we don’t. Crit. Rev. Microbiol. 2018, 44, 571–589.
[CrossRef]

14. Misba, L.; Kulshrestha, S.; Khan, A.U. Antibiofilm action of a toluidine blue O-silver nanoparticle conjugate on
Streptococcus mutans: A mechanism of type I photodynamic therapy. Biofouling 2016, 32, 313–328. [CrossRef]

15. Liu, Y.; Qin, R.; Zaat, S.A.J.; Breukink, E.; Heger, M. Antibacterial photodynamic therapy: Overview of a
promising approach to fight antibiotic-resistant bacterial infections. J. Clin. Transl. Res. 2015, 1, 140–167.

16. Steiner-Oliveira, C.; Longo, P.L.; Aranha, A.C.C.; Ramalho, K.M.; Mayer, M.P.A.; Eduardo, C.d.P. Randomized
in vivo evaluation of photodynamic antimicrobial chemotherapy on deciduous carious dentin. J. Biomed. Opt.
2015, 20, 108003. [CrossRef] [PubMed]

17. Melo, M.A.S.; Rolim, J.P.M.L.; Passos, V.F.; Lima, R.A.; Zanin, I.C.J.; Codes, B.M.; Rocha, S.S.; Rodrigues, L.K.A.
Photodynamic antimicrobial chemotherapy and ultraconservative caries removal linked for management of
deep caries lesions. Photodiagnosis Photodyn. 2015, 12, 581–586. [CrossRef]

18. Wozniak, A.; Grinholc, M. Combined Antimicrobial Activity of Photodynamic Inactivation and
Antimicrobials–State of the Art. Front. Microbiol. 2018, 9. [CrossRef] [PubMed]

19. de Melo, M.A.S.; Rolim, J.P.M.L.; Zanin, I.C.J.; Barros, E.B.; da-Costa, E.F.; Rodrigues, L.K.A. Characterization
of antimicrobial photodynamic therapy-treated Streptococci mutans: An atomic force microscopy study.
Photomed. Laser Surg. 2013, 31, 105–109. [CrossRef]

http://dx.doi.org/10.1007/s00784-019-02894-0
http://www.ncbi.nlm.nih.gov/pubmed/31123872
http://dx.doi.org/10.1016/j.bpc.2020.106435
http://dx.doi.org/10.1007/s00784-019-02971-4
http://www.ncbi.nlm.nih.gov/pubmed/31154540
http://dx.doi.org/10.1128/JB.00021-16
http://www.ncbi.nlm.nih.gov/pubmed/27161116
http://dx.doi.org/10.1093/femsec/fiy091
http://www.ncbi.nlm.nih.gov/pubmed/29788432
http://dx.doi.org/10.4161/viru.2.5.16140
http://www.ncbi.nlm.nih.gov/pubmed/21778817
http://dx.doi.org/10.1038/s41598-019-56679-2
http://dx.doi.org/10.1099/mic.0.2008/023770-0
http://dx.doi.org/10.1038/s41598-020-59733-6
http://www.ncbi.nlm.nih.gov/pubmed/32076013
http://dx.doi.org/10.3390/bioengineering7030083
http://dx.doi.org/10.1111/iej.12379
http://www.ncbi.nlm.nih.gov/pubmed/25231818
http://dx.doi.org/10.3390/ma8062887
http://dx.doi.org/10.1080/1040841X.2018.1467876
http://dx.doi.org/10.1080/08927014.2016.1141899
http://dx.doi.org/10.1117/1.JBO.20.10.108003
http://www.ncbi.nlm.nih.gov/pubmed/26502235
http://dx.doi.org/10.1016/j.pdpdt.2015.09.005
http://dx.doi.org/10.3389/fmicb.2018.00930
http://www.ncbi.nlm.nih.gov/pubmed/29867839
http://dx.doi.org/10.1089/pho.2012.3377


Int. J. Mol. Sci. 2020, 21, 7612 13 of 14

20. Balhaddad, A.A.; Garcia, I.M.; Ibrahim, M.S.; Rolim, J.P.M.L.; Gomes, E.A.B.; Martinho, F.C.; Collares, F.M.;
Xu, H.; Melo, M.A.S. Prospects on Nano-Based Platforms for Antimicrobial Photodynamic Therapy against
Oral Biofilms. Photobiomodul Photomed. Laser Surg. 2020. [CrossRef]

21. Hamblin, M.R. Antimicrobial photodynamic inactivation: A bright new technique to kill resistant microbes.
Curr. Opin. Microbiol. 2016, 33, 67–73. [CrossRef] [PubMed]

22. Allison, R.R.; Moghissi, K. Photodynamic Therapy (PDT): PDT Mechanisms. Clin. Endosc. 2013, 46, 24–29.
[CrossRef] [PubMed]

23. de Oliveira, A.B.; Ferrisse, T.M.; Marques, R.S.; de Annunzio, S.R.; Brighenti, F.L.; Fontana, C.R. Effect of
Photodynamic Therapy on Microorganisms Responsible for Dental Caries: A Systematic Review and
Meta-Analysis. Int. J. Mol. Sci. 2019, 20, 3585. [CrossRef] [PubMed]

24. Kikuchi, T.; Mogi, M.; Okabe, I.; Okada, K.; Goto, H.; Sasaki, Y.; Fujimura, T.; Fukuda, M.; Mitani, A.
Adjunctive Application of Antimicrobial Photodynamic Therapy in Nonsurgical Periodontal Treatment:
A Review of Literature. Int. J. Mol. Sci. 2015, 16, 24111–24126. [CrossRef]

25. Rolim, J.P.M.L.; de-Melo, M.A.S.; Guedes, S.F.; Albuquerque-Filho, F.B.; de Souza, J.R.; Nogueira, N.A.P.;
Zanin, I.C.J.; Rodrigues, L.K.A. The antimicrobial activity of photodynamic therapy against Streptococcus
mutans using different photosensitizers. J. Photochem. Photobiol. Biol. 2012, 106, 40–46. [CrossRef]

26. Lima, J.P.M.; Melo, M.A.S.D.; Borges, F.M.C.; Teixeira, A.H.; Steiner-Oliveira, C.; Santos, M.N.D.;
Rodrigues, L.K.A.; Zanin, I.C.J. Evaluation of the antimicrobial effect of photodynamic antimicrobial
therapy in an in situ model of dentine caries. Eur. J. Oral Sci. 2009, 117, 568–574. [CrossRef] [PubMed]

27. Fekrazad, R.; Seraj, B.; Chiniforush, N.; Rokouei, M.; Mousavi, N.; Ghadimi, S. Effect of antimicrobial
photodynamic therapy on the counts of salivary Streptococcus mutans in children with severe early childhood
caries. Photodiagnosis Photodyn. 2017, 18, 319–322. [CrossRef]

28. Darmani, H.; Tawalbeh, K.H.; Al-Hiyasat, A.S.; Al-Akhras, M.-A. Comparison of the Photosensitivity of
Biofilms of Different Genera of Cariogenic Bacteria in Tooth Slices. Pol. J. Microbiol. 2018, 67, 455–462.
[CrossRef]

29. Reis, A.C.M.; Regis, W.F.M.; Rodrigues, L.K.A. Scientific evidence in antimicrobial photodynamic therapy:
An alternative approach for reducing cariogenic bacteria. Photodiagnosis Photodyn. 2019, 26, 179–189.
[CrossRef]

30. O’Connor, A.E.; Gallagher, W.M.; Byrne, A.T. Porphyrin and nonporphyrin photosensitizers in oncology:
Preclinical and clinical advances in photodynamic therapy. Photochem. Photobiol. 2009, 85, 1053–1074.
[CrossRef]

31. Zanin, I.C.J.; Lobo, M.M.; Rodrigues, L.K.A.; Pimenta, L.A.F.; Höfling, J.F.; Gonçalves, R.B. Photosensitization
of in vitro biofilms by toluidine blue O combined with a light-emitting diode. Eur. J. Oral Sci. 2006, 114, 64–69.
[CrossRef] [PubMed]

32. Tremblay, J.-F.; Dussault, S.; Viau, G.; Gad, F.; Boushira, M.; Bissonnette, R. Photodynamic therapy
with toluidine blue in Jurkat cells: Cytotoxicity, subcellular localization and apoptosis induction.
Photochem. Photobiol. Sci. 2002, 1, 852–856. [CrossRef] [PubMed]

33. Chepurna, O.; Grebinyk, A.; Petrushko, Y.; Prylutska, S.; Grebinyk, S.; Yashchuk, V.M.; Matyshevska, O.;
Ritter, U.; Dandekar, T.; Frohme, M.; et al. LED-based portable light source for photodynamic therapy.
In Proceedings of the Optics in Health Care and Biomedical Optics IX., International Society for Optics and
Photonics, Hangzhou, China, 21–23 October 2019; Volume 11190, p. 111901A.

34. Breskey, J.D.; Lacey, S.E.; Vesper, B.J.; Paradise, W.A.; Radosevich, J.A.; Colvard, M.D. Photodynamic Therapy:
Occupational Hazards and Preventative Recommendations for Clinical Administration by Healthcare
Providers. Photomed. Laser Surg. 2013, 31, 398–407. [CrossRef]

35. de-Paula, D.M.; Melo, M.A.S.; Lima, J.P.M.; Nobre-dos-Santos, M.; Zanin, I.C.J.; Rodrigues, L.K.A. In vitro
assessment of thermal changes in human teeth during photodynamic antimicrobial chemotherapy performed
with red light sources. Laser Phys. 2010, 20, 1475–1480. [CrossRef]

36. Fumes, A.C.; da Silva Telles, P.D.; Corona, S.A.M.; Borsatto, M.C. Effect of aPDT on Streptococcus mutans and
Candida albicans present in the dental biofilm: Systematic review. Photodiagnosis Photodyn. 2018, 21, 363–366.
[CrossRef]

37. Nagata, J.Y.; Hioka, N.; Kimura, E.; Batistela, V.R.; Terada, R.S.S.; Graciano, A.X.; Baesso, M.L.; Hayacibara, M.F.
Antibacterial photodynamic therapy for dental caries: Evaluation of the photosensitizers used and light
source properties. Photodiagnosis Photodyn. 2012, 9, 122–131. [CrossRef]

http://dx.doi.org/10.1089/photob.2020.4815
http://dx.doi.org/10.1016/j.mib.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27421070
http://dx.doi.org/10.5946/ce.2013.46.1.24
http://www.ncbi.nlm.nih.gov/pubmed/23422955
http://dx.doi.org/10.3390/ijms20143585
http://www.ncbi.nlm.nih.gov/pubmed/31340425
http://dx.doi.org/10.3390/ijms161024111
http://dx.doi.org/10.1016/j.jphotobiol.2011.10.001
http://dx.doi.org/10.1111/j.1600-0722.2009.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/19758254
http://dx.doi.org/10.1016/j.pdpdt.2017.03.007
http://dx.doi.org/10.21307/pjm-2018-053
http://dx.doi.org/10.1016/j.pdpdt.2019.03.012
http://dx.doi.org/10.1111/j.1751-1097.2009.00585.x
http://dx.doi.org/10.1111/j.1600-0722.2006.00263.x
http://www.ncbi.nlm.nih.gov/pubmed/16460343
http://dx.doi.org/10.1039/b204385h
http://www.ncbi.nlm.nih.gov/pubmed/12659523
http://dx.doi.org/10.1089/pho.2013.3496
http://dx.doi.org/10.1134/S1054660X10110046
http://dx.doi.org/10.1016/j.pdpdt.2018.01.013
http://dx.doi.org/10.1016/j.pdpdt.2011.11.006


Int. J. Mol. Sci. 2020, 21, 7612 14 of 14

38. Soria-Lozano, P.; Gilaberte, Y.; Paz-Cristobal, M.P.; Pérez-Artiaga, L.; Lampaya-Pérez, V.; Aporta, J.;
Pérez-Laguna, V.; García-Luque, I.; Revillo, M.J.; Rezusta, A. In vitro effect photodynamic therapy with
differents photosensitizers on cariogenic microorganisms. BMC Microbiol. 2015, 15, 187. [CrossRef]

39. Burmølle, M.; Ren, D.; Bjarnsholt, T.; Sørensen, S.J. Interactions in multispecies biofilms: Do they actually
matter? Trends Microbiol. 2014, 22, 84–91. [CrossRef] [PubMed]

40. Elias, S.; Banin, E. Multi-species biofilms: Living with friendly neighbors. FEMS Microbiol. Rev. 2012,
36, 990–1004. [CrossRef]

41. AlQranei, M.S.; Aljohani, H.; Majumdar, S.; Senbanjo, L.T.; Chellaiah, M.A. C-phycocyanin attenuates
RANKL-induced osteoclastogenesis and bone resorption in vitro through inhibiting ROS levels, NFATc1 and
NF-κB activation. Sci. Rep. 2020, 10, 2513. [CrossRef] [PubMed]

42. Ahn, S.-J.; Rice, K.C. Understanding the Streptococcus mutans Cid/Lrg System through CidB Function.
Appl. Environ. Microbiol 2016, 82, 6189–6203. [CrossRef] [PubMed]

43. Felix Gomez, G.G.; Lippert, F.; Ando, M.; Zandona, A.F.; Eckert, G.J.; Gregory, R.L. Photoinhibition of
Streptococcus mutans Biofilm-Induced Lesions in Human Dentin by Violet-Blue Light. Dent. J. 2019, 7, 113.
[CrossRef] [PubMed]

44. Balhaddad, A.A.; Ibrahim, M.S.; Weir, M.D.; Xu, H.H.K.; Melo, M.A.S. Concentration dependence of
quaternary ammonium monomer on the design of high-performance bioactive composite for root caries
restorations. Dent. Mater. 2020, 36, e266–e278. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12866-015-0524-3
http://dx.doi.org/10.1016/j.tim.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24440178
http://dx.doi.org/10.1111/j.1574-6976.2012.00325.x
http://dx.doi.org/10.1038/s41598-020-59363-y
http://www.ncbi.nlm.nih.gov/pubmed/32054921
http://dx.doi.org/10.1128/AEM.01499-16
http://www.ncbi.nlm.nih.gov/pubmed/27520814
http://dx.doi.org/10.3390/dj7040113
http://www.ncbi.nlm.nih.gov/pubmed/31835833
http://dx.doi.org/10.1016/j.dental.2020.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32527499
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Spectra of TBO and LED 
	TBO Cytotoxicity 
	TBO Determining Parameters and S. mutans Photoinactivation 
	Live/Dead Assays for the S. mutans Biofilm 

	Discussion 
	Material and Methods 
	Photosensitizer TBO and Light-Emitting Diode (LED) 
	Light and Dark Cell Cytotoxicity Assay 
	S. mutans Biofilm Model 
	In Vitro Photosensitization of S. mutans Biofilms for Optimization of the Dosimetry 
	CFU Counting Assay 
	Live/Dead Staining of Biofilms 
	Statistical Analysis 

	Conclusions 
	References

