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ARTICLE INFO ABSTRACT

Keywords: New strategies are necessary for the prevention of endodontic infections caused by Enterococcus faecalis, a
Enterococcus faecalis common resistant pathogen and biofilm producer. Aim of the present study was to compare the effects of Near-
Biofilm Infrared (NIR) Light-Emitting Diode (LED) irradiation and different concentrations of sodium hypochlorite
NIR-LED

(NaOCl) alone or combined to each other on the E. faecalis biofilm, on artificial and human dentin surfaces.

E. faecalis ATCC 29212 preformed biofilms, on polystyrene wells and on dentin discs, were treated with
880 nm NIR irradiation and NaOCI at 4%, 2.5%, 1% and 0.5% alone and combined to each other (NIR irradiation
plus NaOCl 1% or 0.5%) at 5 and 10 min. Treated biofilms were compared to the controls for (i) biofilm biomass
evaluation, (ii) CFU count for the quantification of cultivable cells and (iii) cells viability.

All the detected experimental conditions displayed a significant reduction of biofilm biomass (p < 0.001)
and CFUs/mL (p < 0.01) in respect to the controls on both tested surfaces. The effects on the E. faecalis biomass,
colony count and cell viability were not time-dependent except for NaOCl 2.5% and 1% in the biofilm biomass
reductions on human dentin discs. NIR-LED irradiation alone showed a reduction of E. faecalis aggregates
without interfering with cell viability whereas NaOCI alone expressed a killing effect in a concentration de-
pendent way. The combination of NIR-LED irradiation with NaOCl 1% and 0.5% displayed a double effect of
cluster disaggregation and cell killing.

In particular, NIR-LED irradiation combined with NaOCl 0.5% displayed an anti-biofilm activity major than
those expressed by NaOCl 0.5% alone (p = 0.001) with a reduction of biomass 93% vs 71% and 97% vs 25%
after 10 min, on polystyrene wells and human dentin discs, respectively.

The innovative use of NIR-LED irradiation combined at short times with low concentration of NaOCl (1% and
0.5%) is capable to reach a significant effect on E. faecalis biofilm, especially on human dentin discs.

Sodium hypochlorite
Photodynamic therapy
Endodontic infections

1. Introduction for their ability to induce photoreactions in nucleic acids or proteins;

moreover, shorter wavelengths (< 700 nm), are unable to penetrate

Light-Emitting Diodes (LEDs) are semiconductors able to convert
the electric energy in non-coherent light. These devices have been
known since the seventies, but in the early times only red, green and
yellow lights were able to be produced, so they were adopted only for
limited use, such as TV lights [1].

Then, technology permitted to produce a wide range of light wa-
velengths from ultraviolet (UVs), to visible, to near-infrared (NIR), in-
creasing the possible applications of these devices.

However, it is known that UVs (< 400 nm) are potentially harmful

deeper tissues, because they are easily absorbed and scattered by cer-
tain endogenous light absorbers, like water, lipids, and protein mole-
cules, limiting the in vivo therapeutic applications [2-4].

On the contrary, NIR lights (700-1000 nm) are able to penetrate
deeper tissues and are generally less harmful, because they usually
carry insufficient energy to initialize chemical bonds broken, but en-
ough to induce a cellular stimulus [5-7]. However, in conjunction with
the use of nano-platforms, they have been successfully used for novel
anticancer therapies [4]. Other medical applications of LEDs range from
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pain relief, anti-inflammatory action, wound healing, skin rejuvenation,
viral disease treatment, allergic rhinitis to other allergic conditions [8].

These effects are comparable to those of low-level laser therapy, and
for this reason, the term photobiomodulation (PBM), that comprehends
both laser and led irradiation, has been introduced [9-11].

Also an antimicrobial activity of NIR-LED irradiation has been de-
scribed and for this reason, this device could represent an important
tool to overlap the increasing problem of antibiotic resistance [12-15].

The real mechanism of LED antimicrobial activity is still unknown,
however, it has been supposed that photons could stimulate in-
tracellular or exogenous chromophores, causing the production of re-
active oxygen species (ROS), capable of damaging the cell membrane,
nucleus, and enzymes of bacteria [16-18].

Another hypothesis is that the photoinactivation enhanced by LED
devices is promoted by a photophysical action: membrane molecules
undergo a vibrational and rotational change in their energy level, fol-
lowing the absorption of photons emitted by LED through photo-
acceptor membranes. This mechanism, that activates transport systems,
increases cell energy requirement and the mitochondrial ATP produc-
tion, lead to cytoplasmatic and extracellular changes and culminates
with the production of ROS species that damage bacterial cells and
reduce the bacterial count [8].

Our previous studies have shown that 880 nm LED irradiation was
able to decrease, in vitro, the planktonic suspension of Enterococcus
faecalis and Pseudomonas aeruginosa, two microbial species responsible
of oral infections and very difficult to treat [12,13,15]. Moreover, lit-
erature has shown that E. faecalis has a great ability to form biofilm and,
the tolerance of bacteria in the biofilm to antimicrobial agents,
1000-1500 times higher than the planktonic counterpart, is due to the
production of the extracellular matrix that acts as a physical and che-
mical barrier, composed by polysaccharides, proteins and nucleic acids
[19,20].

Enterococcus faecalis is the causative agent in 20-70% of endodontic
failures and the prevention of secondary endodontic infection caused by
this bacterium is a challenge [21]. It is a common resistant pathogen in
the root canal system of the teeth, where its biofilm-type growth has
been well documented [22]. Basically, E. faecalis cannot synthesize
porphyrins. However, if the microorganism is supplied with a culture
broth containing heme, the cells can synthesize a water-soluble heme B-
containing catalase, that is a porphyrin [23].

On the basis of these considerations, E. faecalis can be chosen as a
gold standard bacterium in endodontic research [24,25].

The need to identify new strategies for the prevention of secondary
endodontic infections related to E. faecalis biofilm aimed the present
study.

The first goal of this work evaluates the effects of NIR-LED irra-
diation on the E. faecalis biofilm grown on artificial and human dentin
surfaces, compared to sodium hypochlorite (NaOCl) action.

Sodium hypochlorite represents the most used root canal irrigant, at
concentration ranges from 0.5 to 5.25%, with controversial considera-
tions about its cytotoxicity at high concentrations [26-28].

The second purpose was to demonstrate the benefits of combining
NIR-LED irradiation and lower NaOCI concentrations, respect to tradi-
tional protocols.

2. Materials and Methods
2.1. Strain Culture Condition

The reference strain Enterococcus faecalis ATCC 29212 was used for
this study. The strain, stored at —80 °C, was cultured in Brain Heart
Infusion broth (BHI, Oxoid, Milan, Italy), overnight at 37 °C under
aerobic condition. After incubation, the broth culture was diluted 1:10
in the same medium and refreshed for 2 h at 37 °C in shaking ther-
mostatic water bath (160 rpm). Then the broth culture was standar-
dized using a spectrophotometer (Eppendorf, Milan, Italy) to optical
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density ODggp = 0.12 corresponding to 5 X 107 CFU/mL and used for
experiments.

2.2. Dentin Discs Preparation

A total of 243 extracted single-rooted human teeth stored in 0.01%
sodium hypochlorite solution were used in this study.

The collection and use of extracted teeth was approved by the Inter
Institutional Ethics Committee of Faculdade Inga, UNINGA, PR,
BRAZIL, committee report No. 04609518.6.0000.5220.

Then, from the selected teeth, a total of 486 dentin discs were ob-
tained in the following way: the teeth were thoroughly rinsed with
distilled water before the experiments. The crowns of the selected teeth
were removed at the cementoenamel junction and the apical 3 mm of
the root end was resected. The root canal lumen was then enlarged to a
minimum of 0.5 mm using low speed burs (Gates Glidden Drills,
Dentsply Maillefer, Tulsa, OK, USA). Only the middle part was used in
the experiments. To prepare the dentin discs, the roots were cut per-
pendicularly to the long axis of the root under water cooling with the
Micromet M cutting-off machine, semi-automatic-remet (Bologna,
Italy), with diamond blade (150x20x0.51 X 5 mm). To expose dentinal
tubes, dentin specimens were immersed in 6% citric acid for 90 s and
polished with rubber polishing cup.

Two dentin discs of 1.5 mm thickness each were obtained from each
root. The specimens were placed in small dishes and irradiated with
ultraviolet light (UVC irradiation, 254 nm wavelength and 490 pW/cm?
at the distance of 25 cm) for 30 min on both sides. For sterility testing,
the dentin discs were cultivated in broth medium and stored in sterile
de-ionized water for 30 min.

Then, the sterile specimens were placed in 96-well polystyrene
microtiter plates and used for the experimental study.

2.3. Light Source and Irradiation Parameters

A NIR-LED device characterized by an 880 nm-wavelength was used
as the light source TR-LUX (Errevi, Bergamo, Italy). The hand-piece was
constituted by 6 LEDs (12-mm diameter) disposed in two lines. Each of
the six LEDs that are present in the hand piece used for irradiation,
emitted a power output of 2.37 (mW). The total energy for samples
irradiated 10 min was 8532 mj and 4266 mj for that irradiated 5 min. In
all of the experiments, the LED hand piece was mounted perpendicu-
larly to the wells through the use of a particular polystyrene box to
maintain a constant distance of irradiation of 10 mm. Irradiation was
performed under a laminar flow hood in the dark under aseptic con-
ditions in all experiments [12,13,15].

2.4. Study Design

The E. faecalis ATCC 29212 biofilm was performed through in vitro
and ex vivo assays. In particular, artificial polystyrene surface and
human dentin discs were used. The in vitro assays were performed in
order to reduce the risk of bias among studies by using a reproducible
support. In addition, the ex vivo assays provided a real condition for the
bacteria-substrate interaction [29], and enhanced bacterial growth by
the presence of dentinal tubules.

The antimicrobial and anti-biofilm activities of NaOCl and NIR-LED
irradiation alone and combined to each other against E. faecalis ATCC
29212, grown on artificial and human dentine substrates, was eval-
uated at two different times: 5 min (Group A); 10 min (Group B), ac-
cording to the following scheme:

A1, B1: LED irradiation,

A2, B2: LED irradiation plus NaOCl 1%,

A3, B3: LED irradiation plus NaOCl 0.5%,

A4, B4: NaOCl 4%,

A5, B5: NaOCl 2.5%,

A6, B6: NaOCl 1%,
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A7, B7: NaOCl 0.5%,

C+: positive control group: bacterial suspension of E. faecalis with
no treatment,

C—: negative control group: only sterile nutrient solution (BHI).

For assays, the biofilms were prepared as described later.

The irradiation was performed for 5 min and 10 min at a measured
energy output of 2.37 mW. NaOCl for endodontic use (Niclor 5%, Ogna,
Italy) was diluted to give accurate different concentrations. NaOCl was
neutralized after testing using sodium thiosulphate (Na,S,0) (Sigma
Aldrich, Milan, Italy) at 3.86%. Sterile Phosphate Buffer Solution (PBS)
was used for serial dilutions and for the treatment of negative and
positive control groups.

The effect of different concentrations of NaOCI and NIR-LED irra-
diation on preformed biofilm, on polystyrene and dentin surfaces, was
tested for (i) biofilm biomass evaluation by Hucker's crystal violet
staining method, (ii) the CFU count for the quantification of cultivable
cells and (iii) cells viability by LIVE/DEAD analysis.

Three independent experiments were performed in triplicate.

2.5. Biofilm Formation

For biofilm formation, 200 pL of standardized broth culture was
inoculated both on sterile flat-bottomed 96-well polystyrene microtiter
plates (tissue-culture-treated plates; Nunc, EuroClone SpA, Life-
Sciences-Division, Milano, Italy), and on dentin discs, inserted in ver-
tical position in individual wells of a 96-well polystyrene microtiter
plates to obtain equal biofilm formation on both surfaces. Then, the
plates were incubated at 37 °C for 24 h. After incubation, the non-ad-
herent cells were gently removed from each well, by washing with PBS
the formed biofilms and the respective negative control (BHI without
bacteria) were treated according to study design.

2.6. Biofilm Biomass Assay

After the treatments, wells and dentin discs were washed three
times with PBS, fixed by air drying, stained with crystal violet 0.1%
(Sigma Aldrich, Milan, Italy) for 1 min, washed with PBS and eluted
with ethanol for reading. After 10 min, the dentin samples were re-
moved and the biofilm formation was then quantified by measuring
absorbance at 570 nm with a microplate reader (SAFAS, Munich,
Germany).

For this detection in each condition, three dentin discs were ana-
lyzed with the respective control discs in triplicate, for a total of 162
discs.

2.7. Determination of Colony-Forming Units (CFU)

The effect of NaOCl and LED irradiation on E. faecalis viability was
determined by measuring the number of colony-forming units of each
sample.

After the treatments, wells were washed with PBS, the adhered
bacteria were scraped off and resuspended in 200 pL of PBS. The bac-
terial suspensions were transferred to test tubes and vortexed for 2 min.
The adhesive cells on human dentin discs were washed with PBS. The
discs were placed in a sterile test tube containing 1 mL PBS and then
treated with ultrasonic bath (Euronda, Italy) for 4 min and vortex for
2 min to detach the adhering bacteria from dentin discs.

Microscopic observations, through viable staining, prior to plating
confirmed that the microbial suspension consisted of a mixture of
single, microbial cells (data not shown). Then, selected 10-fold dilu-
tions were plated on Trypticase Soy agar (TSA) plates and incubated
overnight al 37 °C, followed by counting of CFU/mL [30].

All samples were analyzed immediately.

For this assay in each condition, three dentin discs were analyzed
with the respective control discs in triplicate, for a total of 162 discs.
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2.8. Cell Viability Assay and Fluorescent Microscopy

For cell viability assay, the biofilm was prepared on Petri dishes
(3.5 cm of diameter) and on human dentin discs, placed in 96-well
polystyrene microtiter plates, for all conditions tested as described
above. The cells viability in preformed biofilms was evaluated throught
fluorescent microscopy by using BacLight LIVE/DEAD Viability Kit
(Molecular Probes, Invitrogen detection technologies, USA). SYTO 9
stains viable cells with a green fluorescent signal, and propidium iodide
stains cells with impaired membrane activity with a red fluorescent
signal.

After treatments, the planktonic phase was removed and attached
bacteria, on Petri dishes and on human dentin discs, were washed with
PBS and stained as indicated by manufacturer. The images observed at
fluorescent Leica 4000 DM microscopy (Leica Microsystems, Milan,
Italy) were recorded at an emission wavelength of 500 nm for SYTO 9
(green fluorescence) and of 635 nm for propidium iodide (red fluores-
cence). The enumeration was performed by three blinded micro-
biologists throught the examination of, at the least, 10 fields of view
randomly chosen.

For this detection in each condition, three dentin discs were ana-
lyzed with the respective control discs in triplicate, for a total of 162
discs.

2.9. Statistical Analysis

The bacterial biomass was recorded and then expressed as percen-
tage of reduction; CFUs obtained were tabulated and expressed in log 1o
(CFU/mL); the cell viability was expressed as percentage of alive cells
on the total microbial population. Data was expressed as average va-
lues * standard deviation of the means.

Statistical analysis was performed using SPSS for Windows version
21 (IBM SPSS Inc., Chicago, IL, USA), analysis of variance (ANOVA) and
the Least Significant Difference (LSD) test were used to compare the
parameters analyzed in the study for intra- and inter-group analysis.
Data was analyzed using linear regression and descriptive statistics. p
values less than 0.05 were considered significant.

Three independent experiments were performed in triplicate.

3. Results
3.1. Biofilm Biomass Assay

The percentage of E. faecalis biomass reduction both on polystyrene
surfaces and dentin discs treated with LED irradiation and NaOCI alone
or combined to each other, has been calculated and showed in Fig. 1.

With regard to biomass reduction, both at 5 and 10 min of treat-
ment, in all experimental conditions, significant reductions of biofilm
biomass (p < 0.001) in respect to the controls were recorded.

In particular, on polystyrene surface (Fig. la), a similar trend in
terms of percentage of biofilm reductions was found among the Group
A and Group B in all tested conditions. NIR-LED irradiation alone
(Fig. la, A1B1), on the artificial surface, produced a weak biofilm
biomass with a 29% and 23% percentage of biomass reduction in re-
spect to the controls, after 5 and 10 min of treatment, respectively
(p < 0.001). Instead, NaOCl alone at different concentrations (A 4-7, B
4-7) showed a major effect in respect to the NIR-LED irradiation alone
in respect to the controls (p < 0.001).

On the contrary, on human dentin discs, after NIR-LED irradiation
(Fig. 1b) the decrease of biofilm biomass was of 80% and 88% after at 5
and 10 min of treatment, respectively. This effect was more remarkable
with NIR-LED irradiation alone in respect to the 2.5%, 1.0% and 0.5%
NaOCl treatment (A 5-7, B5-7,p < 0.001). NaOCl 4% alone (A4, B4)
produced a biomass decrease until 97%, due to its high killing effect
against the bacterium.

On human dentin discs, a time dependent effect was detected for
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Fig. 1. Percentage of biofilm biomass treated with NIR-LED irradiation and
NaOCl alone or combined to each other at 5 min (Group A) and 10 min (Group
B), on polystyrene surface (a) and on human dentin discs (b).

Percentage of biofilm biomass was calculated with the following equation: 100
— [(mean OD of treated well/mean OD of control well) x 100].

Statistical significance: all conditions expressed a significant reduction of bio-
film biomass in respect to the control.

°*A1B1 vs all conditions,

# B1 vs B2, B3 and B3 vs B7,

§ A3B3 vs A7B7.

@$ A1B1 vs A4-7 B4-7.

" A2B2 vs A6B6.

SA3B3 vs A7B7.

For legend, see MATERIALS AND METHODS section.

NaOCl 2.5% and 1% with 70% (B5) and 60% (B6) of biofilm biomass
reductions at 10 min in respect to 30% (A5) and 29% (A6) at 5 min
(p < 0.001).

When NIR-LED irradiation was combined to NaOCl 1% (A2) and
0.5% (A3), a biofilm biomass reduction of 92% and 79% and of 94%
and 85% was detected on polystyrene surface and on human dentin
discs, respectively. In particular, on polystyrene wells, NIR-LED irra-
diation plus NaOCl 0.5% (A3) determined a significant biomass re-
duction (79%) (p = 0.001) in respect to 59% of NaOCl 0.5% alone, at
5 min (A7). The reduction rate, recorded in presence of LED light plus
NaOCl 1% (A2), was greater than NaOCl 1% alone (89%) but not sig-
nificant (p = 0.537). NIR-LED irradiation plus NaOCl 1% and 0.5% at
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Fig. 2. Cultivable E. faecalis cells count of preformed biofilms, treated with NIR-
LED irradiation and NaOCl alone or combined to each other at 5 min (Group A)
and 10 min (Group B), on polystyrene surface (a) and on human dentin discs
(b).

Statistical significance: all conditions expressed a significant reduction of CFU/
mlL, in respect to the control.

** A4B4 and AS5B5 vs all conditions.

§£ A4B4 and A5BS5 vs all conditions.

For legend, see MATERIALS AND METHODS section.

10 min (B2, B3) was able to decrease the percentage of bacterial bio-
mass to 98% and 93%, respectively, with significant differences in re-
spect to the controls and B1 (p < 0.001).

In particular, on polystyrene surfaces, NIR-LED irradiation plus
NaOCl 0.5% (B3) showed a significant biomass decrease (93%)
(p = 0.001) in respect to 71% of NaOCl 0.5% alone, after 10 min (B7).
On the contrary, NIR-LED irradiation plus NaOCl 1% (B2) demonstrated
no statistical significant differences (p = 0.105) in respect to 89% of
NaOCl 1% alone, 10 min (B6).

On dentin surface, the percentage of biomass reduction after NIR-
LED irradiation plus NaOCl 1% and 0.5% at 10 min (B2, B3) was 100%
and 97%, respectively.

When tested on human dentin, NIR-LED irradiation plus NaOCl 1%
(A2, B2) (94 and 100%) and 0.5% (A3, B3) (85 and 97%) determined a
significant biomass reduction in respect to the NaOCl alone at the same
concentrations (A6, B6, A7, B7) (33%, 60%, 10%, 25%).

3.2. Determination of Colony-Forming Units (CFU)

The results of the CFU determination are shown in Fig. 2.

All treatments tested in this study, on polystyrene and on human
dentin surfaces, both at 5 and 10 min, lead to statistically significant
reduction of CFU/mL, in respect to the controls (p < 0.001). No dif-
ferences were recorded for Group A and Group B, both on in vitro and ex
vivo assays, hence the effect on the E. faecalis colony count of LED
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treatment and/or NaOCl was not time-dependent.

The Groups A and B, 4, 5 were the most performing treatments in
terms of reduction of CFU/mL (p < 0.001).

NIR-LED irradiation alone (A1, B1), when tested on both surfaces,
showed a modest inhibitory effect on cultivability of the biofilm cells.
The NIR-LED irradiation plus NaOCl 1% (A2, B2) and 0.5% (A3, B3)
decreased the CFU count (p < 0.05), but do not produce significant
differences in respect to NaOCl 1% (A6, B6) and NaOCl 0.5% (A7, B7)
alone, on in vitro and ex vivo biofilms.

3.3. Cell Viability Assay and Fluorescent Microscopy

The LIVE/DEAD staining revealed analogous effects when treat-
ments were performed for 5 min (Group A) and 10 min (Group B), on
polystyrene and human dentin surfaces.

A marked reduction of aggregates in the E. faecalis microbial po-
pulation with the retaining of viability was detected with NIR-LED
alone treatment (Al, B1), whereas a substantial killing activity in a
concentration dependent way was recorded with NaOCl alone treat-
ment (A 4-7, B 4-7), in respect to the controls, on both surfaces. The
combination of NIR-LED plus NaOClI (A 2-3, B 2-3), produced a double
effect of cluster desegregation and cell killing. Fig. 3 shows re-
presentative images of LIVE/DEAD staining of E. faecalis biofilm on
human dentin discs, after the different treatments. Also shown are
histograms with percentage values of viable (green) and dead (red) cells
at each detected experimental condition.

No statistically significant difference was recorded between NIR-
LED treatment (p = 0.363) and controls in terms of cell viability in E.
faecalis biofilm (Fig. 3 histogram). When the biofilm was treated with
NIR-LED and NaOCl (p < 0.001) and with NaOCl alone (p < 0.001),
the viability of the E. faecalis cells was affected in a statistically sig-
nificant way. In particular, 4% NaOCl (p < 0.001), and 2.5% NaOCl
(p < 0.001), induced the highest dead cells rate.

Similar results were obtained both on polystyrene and dentin discs
surfaces.

4. Discussion

Taking into account the high E. faecalis capability to form a well-
structured biofilm in the oral environment, the primary objective of this
study was focalized on the effects of 880 nm light irradiation on pre-
formed biofilms, developed on polystyrene and human dentin surfaces.

In our previous in vitro studies, we showed that NIR-LED irradiation
provided a significant decrease of planktonic E. faecalis cells [12,15]
but a mature biofilm is a structurally complex microenvironment in
which bacterial cells are disposed in a specific distribution with an al-
tered metabolic state therefore being less susceptible to the action of
destructive agents such as bactericidal irrigation solutions [31,32].

In this study, two different surfaces were tested because it is well
recognized that the biofilm forming capacity and its structural organi-
zation are influenced by the chemical nature of the substrate [33].

In this study, the effect of NIR-LED irradiation alone, both at 5 and
10 min, was able to determine a statistically significant reduction of
biomass and CFU/mL of E. faecalis biofilm, and no differences was
observed between the two different irradiation times.

Antimicrobial activity of NIR-LED irradiation represents an emer-
ging alternative to the antimicrobial resistance problem because bac-
terial resistance does not develop as a result of the treatment, due to the
production of widely acting and indirectly targeted cytotoxic singlet
oxygen or free radicals during photodynamic action [14,34,35].

As shown by Bornstein et al., the photoinactivation provided by NIR
irradiation could not be a consequence of an increase of the tempera-
ture of the samples, because with these experimental conditions the
antibacterial effect provided by the temperature variation is considered
irrisory [36].

Although the exact mechanisms of action exerted by PBM on
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bacteria have not been completely understood, recently Liebert et al.
demonstrated that the microbiome can be altered in a potentially
beneficial way, both in vitro, and in vivo. In particular, NIR irradiation in
mice was associated to an increase of bacteria associated with a healthy
microbiome while the proportion of those associated with a dysregu-
lated microbiome generally decreased [37].

However, in our previous study, the addition of NaOCl 1% per-
mitted to reach the total inactivation of the planktonic bacteria, so the
secondary outcome of this study was to evaluate the benefits of com-
bining LED and low concentrations of sodium hypochlorite on pre-
formed biofilm [12].

Different studies analyzed the effect of LED irradiation and NaOCl
on polystyrene surface, but this is the first work in which the different
combinations of NIR-LED irradiation with NaOCl on human dentin discs
were tested [19,38,40-42].

Ex vivo model of dentin discs represents a closer to in vivo condition
for antimicrobial evaluations of different treatments [6,33,43,44].

When tested on the polystyrene surface, the anti-biofilm effect was
yet inferior in respect to NaOCl alone, used at several concentrations.
On the contrary, on the human dentin discs, the anti-biofilm effect of
NIR-LED irradiation alone was greater than that at 2.5%, 1% and 0.5%
of NaOCl alone.

We have also tested the effect of NaOCl alone, and we confirmed
that concentrations of 4.0-0.5% were effective in reducing the biofilm
biomass and CFUs of E. faecalis biofilms, on both tested surfaces. On the
other hand, high concentrations are not advisable for clinical activity as
they are cytotoxic and produce irritation of the periapical tissues with
unfavorable odor and taste [6,26,27,45].

Interestingly, the addition of NIR-LED irradiation to low con-
centrations of NaOCl, found to be most toxic to planktonic growth, was
the most efficient on reducing the biofilm biomass, especially on human
dentin discs, and only modest on the replicative properties of the bio-
film cells [12,15].

The results demonstrated that the effect of NIR-LED treatment and
NaOCl on the E. faecalis biofilm was not time-dependent and the ad-
dition of NIR irradiation to 0.5% NaOCl was able to increase sig-
nificantly the anti-biofilm activity in respect to NaOCl alone, with
greater effectiveness when tested on the biofilm formed on human
dentin.

Moreover, the LIVE/DEAD images have shown that NIR-LED irra-
diation had a disruptive effect on biofilm structure, formed on both
tested surfaces, with the presence of few aggregates in respect to the
untreated biofilms. These results confirmed what was suggested by
Pourhajibagher et al. that hypothesized that light can be able to disrupt
E. faecalis biofilms by a disgregation of the exopolysaccharide matrix
[38]. Also, these results agree with the hypothesis that NIR light exerts
its action through a photophysical reaction that determines a vibra-
tional and rotational change to the cells [8].

The addition of LED treatment to NaOCI causes significant E. faecalis
biofilm disruption and a reduction in cell viability, with effects similar
to those caused by higher concentrations of NaOCl. The quantitative
reduction of viable cells was not as impressive as the microscopic bio-
film images. The sparsity of cells, most of which red stained, observed
in the images of biofilm treated with high concentrations of NaOCl,
were consistent with the loss of biomass and the reduction of CFU/mL,
on both tested surfaces.

It has also been postulated that the presence of some particular
tolerant cells would permit the repopulation of the bacterial environ-
ment, after the application of a lethal stimulus and create cells with
more resistant phenotypes [6,29,32].

Although moderate, the anti-biofilm action demonstrated in this
study by NIR light is extremely encouraging, because several authors
reported that LED treatment with different wavelengths, when used
alone, was unable to prove antimicrobial and anti-biofilm properties
[21,38,39,46].

These interesting results encourage to include, in future works,
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Fig. 3. Representative images of LIVE/DEAD staining of E. faecalis biofilms, on human dentin discs. Histograms represent the percentages of viable (green) and dead
(red) cells at each detected experimental condition after 5 min of treatment. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

The treatment of NaOCl alone at low concentrations was ineffective for the biofilm dispersion action with 60% of dead cells (histogram). The increasing of NaOCl
concentration reveals an increased killing effect also associated to a disaggregating action (NaOCl 4% not shown). The combination of lower concentrations of NaOCl
(1% and 0.5%) plus NIR-LED determined a double effect of killing action and cell disaggregation. The treatment with NIR-LED alone produced a dispersion of the
viable aggregates in respect to the control in which viable cells were clustered.

Similar data was recorded after 10 min and on polystyrene surface.
Original magnification, 1000 X . Scale bars = 10 pum.

* C+, LED vs all conditions.

# 4% NaOCl, 2.5% NaOCl vs all conditions.

indocyanine green to evaluate its potential synergistic action, such as
antimicrobial known sensitizers, specific for NIR wavelengths [47].

A potentiated significant anti-biofilm effect can be reached through
the combination of NIR-LED and low concentrations of NaOCl. This
combination allowed to achieve the antibacterial effects by using low
NaOCl concentrations without causing cytotoxicity: at 0.5% NaOCl was
a safe concentration for clinical use, maintaining the antimicrobial
action without harmful effects on the periapical tissues [6,28].

Further works are needed to confirm the effect of LED treatment on
E. faecalis clinical strains, isolated from infected root canals, without
side effects, also including NIR-LED irradiation repeated over time, in
order to exploit the disruptive effect of the light.

5. Conclusions

The combined action of short time NIR-LED irradiation with low
concentrations of NaOCl exerts a noticeable antibiofilm activity against
E. faecalis preformed biofilm on polystyrene and human dentin surfaces.

The effectiveness of NIR-LED irradiation on polystyrene surfaces
could open new opportunities for medical research for the findings of
efficacious methods of disinfection of implanted materials, catheters or
devices, that provide no side effects against patients.

The best performance obtained on human dentin discs, mimicking
the E. faecalis root canal environment, strongly encourages the use of
this combination in the control and treatment of preformed E. faecalis
biofilm in endodontic infections.
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This study demonstrated, through the proposed strategy, the bene-

fits of keeping low toxicity and high biofilm reduction rates.
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