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Abstract

been reported as CFU/ml.

Objective: Streptococcus mutans is one of the principal causative agents of dental caries (tooth decay) found in the
oral cavity. Therefore, this study investigates whether selenium nanoparticles (SeNPs) enhance the efficacy of photo-
dynamic therapy (PDT) against both planktonic communities and the one-day-old biofilm of S. mutans. In this study,
the planktonic and 24-h biofilm of S. mutans have been prepared in 96-cell microplates. These forms were treated by
methylene blue (MB) and SeNPs and then were exposed to light-emitting diode (LED) lighting. Finally, the results have

Results: The outcomes demonstrated that MB-induced PDT and SeNPs significantly reduced the number of plank-
tonic bacteria (P-value <0.001). The comparison between the treated and untreated groups showed that combin-
ing therapy with SeNPs and PDT remarkably decreased colony-forming units of one-day-old S. mutans biofilm
(P-value <0.05). The findings revealed that PDT modified by SeNPs had a high potential to destroy S. mutans biofilm.
This combination therapy showed promising results to overcome oral infection in dental science.
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Introduction

Dental caries is defined as one of the most tangible
chronic oral diseases affecting the health of children and
adults [1]. Streptococcus mutans are customarily found
in various oral cavity sites and are the most common
bacterium related to the initiation of dental caries [2, 3].
This bacterium is a Gram-positive coccus, acidogenic,
and aciduric bacteria commonly found in the oral cav-
ity. S. mutans produces extracellular polysaccharides by
fermenting dietary carbohydrates (mainly sucrose). The
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extracellular polysaccharides have a high adhesion capa-
bility to the tooth surface, leading to the oral biofilm. The
biofilm formed on tooth surfaces plays a crucial role in
dental caries [4, 5].

There are various techniques to control the den-
tal biofilm. However, some of these techniques (e.g.,
the mechanical disruption of oral biofilms or the use of
therapeutic antimicrobials in the oral cavity) are sub-
jected to several restrictions [5]. In this regard, alterna-
tive antibacterial strategies (e.g., photodynamic therapy
(PDT)) are employed to control microbial growth in the
oral cavity [6]. PDT has three principle nontoxic com-
ponents, including visible light, a photosensitizer (PS),
and molecular oxygen. In PDT, light with an appropriate
wavelength excited a light-sensitive compound called PS.
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Then, it induced the formation of reactive oxygen spe-
cies (ROS) or other singlet oxygen that could kill target
cells [7, 8]. However, other particular protective factors
like efflux pumps and extracellular polymeric substances
(EPS) can affect bacterial biofilm susceptibility toward
PDT [9]. Also, the self-aggregation of PS in an aqueous
medium may decrease the efficacy of PDT treatment.
This issue leads to the lower production of ROS [9, 10]. In
this regard, various nanotechnology platforms have been
developed to overcome these limitations [11-13].

Recently, several studies reported the antibacterial and
anti-biofilm effects of selenium nanoparticles (SeNPs)
[14-16]. Also, some studies showed that SeNPs could
increase the PDT treatment effect [6, 17]. There is limited
data on combine used of SeNPs and PDT; therefore, the
present study evaluates the activity of SeNPs in combin-
ing with PDT against both planktonic communities and
the biofilm of S. mutans.

Main text

Methods

Synthesis and characterization of SeNPs

The chemical reduction method has been utilized to
synthesize chitosan-coated SeNPs. The dynamic light
scattering (DLS) and transmission electron microscope
(TEM) have been employed to characterize the synthe-
sized SeNPs. The synthesis and characterization details of
SeNPs have been represented in the previous study per-
formed by the authors. It is essential to note that human
fibroblast cells (human gingival fibroblast cells HGF1.PI1
(NCBI C165)) and MTT assay have been used to assess
the SeNPs cytotoxicity [17-19].

Light source and photosensitizer

In the present study, methylene blue (MB) (Dr. Mojallali,
Iran) has been used as the photosensitizing agent. The
sterile phosphate-buffered saline (PBS) (pH 7.4) at a con-
centration of 0.5 mg/ml and membrane filter of 0.22 pm
(MS, USA) have been utilized for the solution prepara-
tion and filtration procedures, respectively. Finally, the
LED lamp (630 nm) (Fotosan 630, Korea, MDD, CMS
Dental Denmark) has been employed with an output
power of 200 mW/cm? as the light source based on the
instruction protocols [20].

Assessment of photodynamic deactivation of S. mutans

Broth microdilution assays have been used for the anal-
ysis process based on the clinical and laboratory stand-
ards institute (CLSI) guidelines [21]. Also, the S. mutans
(PTCC 1683) has been employed as the bacterial stand-
ard strains. The wells of 96-well tissue culture plates
have been divided into four groups, including LED treat-
ment, MB-induced PDT, PDT with SeNPs, and a control
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group that did not receive any treatment. In the first step,
Brain Heart Infusion (BHI) broth (Merck, Germany) has
been used to prepare the fresh bacterial suspension and
achieve the turbidity of 0.5 McFarland (1.5 x 10® CFU/
ml). Then, the amount of 90 pl of BHI broth was added
to all wells. Also, 90 pul of SeNPs and MB were added
to the desired wells based on various groups and then
were serially diluted. Afterward, the amount of 10 ul of
bacteria with a proper concentration (5 x 105 CFU/mL)
was added to each well. The microplates were incubated
at 37 °C for 15 min, and then the wells were exposed to
LED lighting for 1 min. Finally, the amounts of 10 pl of
the treated and untreated (control) wells were cultured
on BHI agar (Condalab, Spain) and incubated at 37 °C
in the presence of 5% CO, for 48 h. After incubation, a
colony counter (Teif-Azma Teb, Iran) with an accuracy
rate of 10~* has been used for the colony count, showing
as CFU/ml. It is necessary to note that in this step, the
tests were accomplished in triplicate for each treatment,
and the SeNPs concentration with the highest antibac-
terial effect has been detected and used in the following
process.

Photodynamic therapy for disrupting the S. mutans biofilm
In this section, the S. mutans suspension has been pre-
pared for biofilm formation in BHI broth supplemented
with 5% sucrose. The amount of 200 pl of bacterial sus-
pensions (0.5 McFarland) was injected into flat-bottomed
and sterile 96-well cell culture microplates. Then, they
were incubated in a candle jar at 37 °C for 24 h. The bac-
terial culture medium was carefully aspirated after bio-
film formation. Then, all wells were washed twice with
a sterile PBS (pH 7.4) to remove bacteria that were not
attached to the well. Subsequently, the biofilm treat-
ment has been performed using a single MB (100 pl) or
a combination of MB and SeNPs (100 pl), and the plates
were incubated at 37 °C for 15 min. Afterward, each well
content was removed, and the biofilm was exposed to
LED irradiation for 1 min. Then, the amount of 100 pl of
fresh BHI broth was added to the wells, and the biofilm
was carefully scraped for 30 s, and eventually, the sam-
ples were vortexed to be homogenized. Finally, control
(untreated) and treated wells were subcultured on the
BHI agar and incubated for 48 h with 5% CO, at 37 °C
[22, 23].

Statistical analysis

The PDT and PDTs by SeNPs effects on the planktonic
and biofilm forms of S. mutans were compared to the
control group. In this case, the obtained data were ana-
lyzed using ANOVA and Kruskal-Wallis tests. SPSS
Statistics version 20.0 (SPSS Inc. Chicago, IL, USA) and
GraphPad Prism version 8.3.0 have been employed to
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implement the statistical analyses. The findings were
reported as CFU/ml, and a p-value less than or equal to
0.05 is statistically significant.

Results

Photodynamic inactivation of S. mutans

The synthesized SeNPs were monodispersed and almost
spherical. TEM micrograph was analyzed by digital
micrograph. Also, the average size obtained for chi-
tosan-coated SeNPs was 77427 nm. Besides, the aver-
age hydrodynamic diameter of SeNPs based on dynamic
light scattering (DLS) measurement and the zeta poten-
tial were 80/3 nm and 4 70=£0.6, respectively. Addition-
ally, the cytotoxicity of SeNPs was evaluated by MTT
assay. The authors’ investigation results demonstrated
that about 50% of human fibroblast cells were survived at
a concentration of 128 pg/ml of SeNPs compared to the
untreated group [17].

The outcomes showed that light irradiation alone had
no remarkable antibacterial effects against planktonic
communities of S. mutans. Nevertheless, MB-induced
PDT alone and a combination of MB-induced PDT and
SeNPs (128 and 64 pg/ml) considerably reduced the
number of planktonic S. mutans compared to the con-
trol group (p-value<0.001). PDT +SeNPs 128 pg/ml
showed the highest antibacterial effect. However, a sig-
nificant difference was not observed between two other
groups treated by PDT and combination therapy with
PDT + SeNPs 128 ug/ml (Fig. 1).
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Fig. 1 The CFUs of the planktonic form of S. mutans after treatment
by MB-induced PDT, SeNPs, and combination therapy compared to
the control group. (ns: not significant, NANO: SeNPs, MB: methylene
blue, *** P-value <0.001)
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Anti-biofilm efficacy of PDT 4 SeNPs

A single MB or a combination of MB and LED
had no remarkable effect on 1-day S. mutans bio-
film (p-value>0.05). Nevertheless, PDT + SeNPs at
both concentrations (128 and 64 pg/ml) significantly
reduced microbial communities in S. mutans biofilm
(p-value<0.05). Noteworthy, PDT + SeNPs 128 pg/ml
had the highest anti-biofilm effect. But the statistical
analysis did not show a considerable difference between
this group and other treated groups (Fig. 2).

Discussion

In this study, the effects of a single PDT and a combi-
nation of PDT and SeNPs have been assessed against S.
mutans planktonic communities and one-day biofilm.
Notably, the PDT is known as a host-friendly method
used for the inhibition and treatment of oral infections
[24, 25]. Since SeNPs have antibacterial and anti-biofilm
effects, they can be employed as a powerful option for
increasing the efficacy of PDT [26].

The previous studies reported appropriate anti-biofilm
activity for MB. It is shown that efflux pumps are very
active in bacterial biofilm. Besides, MB is a phenothiazin-
ium salt and acts as a substrate of efflux pumps in bacte-
ria. Therefore, the MB has been employed as a PS in the
present study [23, 27, 28]. The LED lamp 630 Fotosan has
been selected as the light source. This selection process
has been accomplished based on the results of the previ-
ous studies. For example, Asnaashari et al. evaluated the
antibacterial effect of two types of light sources, includ-
ing LED lamp 630 nm and a combination of diode laser
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Fig. 2 The CFUs of the one-day S. mutans biofilm after treatment by
MB-induced PDT, SeNPs, and combination therapy compared to the
control group. (ns: not significant, NANO: SeNPs, MB: methylene blue,
*P-value < 0.05.)
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Table 1 Recent studies that use the combination of photodynamic therapy and nanoparticles for inhibition of microbial biofilm

Year of Nanoparticles Bacterial species Outcome

publication

(References)

2021 SeNPs Enterococcus faecalis  Combination therapy remarkably decreased CFUs of one-day-old and root canal biofilm
[17] of E. faecalis in comparison with the control group

2021 AgNPs Enterococcus faecalis  Activation with PIPS and PUl increased the AgNPs efficacy irrigating solution for £. faecalis
[31] elimination from the root canal system

2020 AgNPs Candida species PDT with the combination of MB and AgNPs did not have any effect on C. albicans. How-
[32] ever, this combination therapy decreased the MIC value of C. parapsilosis

2020 AgNPs Enterococcus faecalis  The use of AgNPs leads to an increased in PDT efficacy

[33]

2020 PNP Streptococcus mutans  The combination of PDT with PNP could improve PDT outcomes

[34]

2020 BSA nanoparticles Candida albicans This drug delivery system could suppress the biofilm formation of C. albicans

[35] loaded-methylene

blue

SeNPs, selenium nanoparticles; CFUs, Colony-Forming Units; AgNPs, Silver nanoparticles; PIPS, passive ultrasonic irrigation; PUI, photon-induced photoacoustic
streaming; PDT, Photodynamic therapy; MB, methylene blue; MIC, minimum inhibitory concentration; PNP, Propolis nanoparticle

810 nm and toluidine blue (TBO) against Enterococcus
faecalis. Their findings showed that the LED group sig-
nificantly reduced bacterial load [20]. In another study,
the antibacterial activities of LED and helium/neon laser
in PDT have been investigated against E. faecalis bio-
film. The achieved results indicated the same antibacte-
rial effect in both light sources, while some researchers
reported that the LED was a more appropriate light
source than the complex laser system (due to its simplic-
ity and lower costs of treatment) [29].

The SeNPs with concentrations of 128 and 64 pg/ml
had the same antibacterial effect. Indeed, concentration-
dependent effects were not observed between SeNPs.
Therefore, it is suggested that SeNPs with lower concen-
trations are used in PDT. It is a proper procedure because
of their lower cell cytotoxicity. Also, the findings showed
that the combination therapy of PDT and SeNPs remark-
ably decreased CFUs of S. mutans biofilm compared to
the use of a single PDT. This result was in agreement with
the study conducted by Haris et al. that assessed the effect
of the combination of TBO-induced PDT and SeNPs on
the S. mutans biofilm. Also, their results revealed that
SeNPs increased the anti-biofilm effect of PDT [6]. In
another study, the effect of TBO-induced combined with
silver nanoparticles (TBO-AgNPs) has been evaluated
on the S. mutans biofilm. The results demonstrated that
TBO-AgNPs had more phototoxic against S. mutans bio-
film than the single TBO [13]. Another study assessed the
effect of the combination of the MB-mediated antimicro-
bial photodynamic inactivation (MB-APDI) and chitosan
nanoparticles (CSNPs) against Pseudomonas aeruginosa
and Staphylococcus aureus biofilms. The findings indi-
cated that CSNPs boost the activity of MB-APDI. Also,

the mixture of MB and CSNPs showed a significant anti-
biofilm reduction in the presence of irradiation [12].

Finally, Tran et al. reported that SeNPs showed antibac-
terial effect against S. aureus only after five hours [26]. It
is essential to note that Tran et al. studied the effect of
SeNPs on planktonic bacteria, while the present study
investigates the antibacterial influences of SeNPs on the
biofilm of S. mutans. The planktonic form of bacteria is
more sensitive to medicaments and antimicrobial agents.
However, bacteria in biofilm communities had higher
resistance to disinfectants than the other group. There-
fore, the antibacterial activity of antimicrobial agents on
planktonic bacteria is different from that of biofilm [30].
Noteworthy, recent studies that use the combination of
PDT and nanoparticles for inhibition of microbial biofilm
are listed in Table 1.

Conclusions

The study results revealed that the total number of plank-
tonic bacteria in all treatment groups was remarkably
less than in the control group. On the other hand, the S.
mutans in biofilm communities showed more resistance
to the MB-induced PDT. However, SeNPs increased PDT
activity and provided a considerable antibiofilm effect
against S. mutans. Therefore, the results of the present
investigation propose that the combination of PDT with
SeNPs with the low cytotoxicity effects and the highest
antibacterial activities would increase PDT performance,
leading to synergistic effects and impairing the biofilm of
S. mutans. However, more studies are required to deter-
mine the exact function of PDT and NPs combination
therapy.
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Limitation

The biofilms of S. mutans were not formed on dentinal
tubules in the present study. So, future studies should
evaluate the antibiofilm effect of PDT + SeNPs in the
dentine tubule biofilm of S. mutans.
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