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Abstract Effective decontamination of biofilm and bacterial
toxins from the surface of dental implants is a yet unresolved
issue. This in vitro study aims at providing the experimental
basis for possible use of diode laser (λ 808 nm) in the treat-
ment of peri-implantitis. Staphylococcus aureus biofilm was
grown for 48 h on titanium discs with porous surface corre-
sponding to the bone-implant interface and then irradiated
with a diode laser (λ 808 nm) in noncontact modewith airflow
cooling for 1 min using a Ø 600-μm fiber. Setting parameters
were 2 W (400 J/cm2) for continuous wave mode; 22 μJ,
20 kHz, 7 μs (88 J/cm2) for pulsed wave mode. Bactericidal
effect was evaluated using fluorescence microscopy and
counting the residual colony-forming units. Biofilm and tita-
nium surface morphology were analyzed by scanning electron
microscopy (SEM). In parallel experiments, the titanium discs
were coated with Escherichia coli lipopolysaccharide (LPS),
laser-irradiated and seeded with RAW 264.7 macrophages to

quantify LPS-driven inflammatory cell activation by measur-
ing the enhanced generation of nitric oxide (NO). Diode laser
irradiation in both continuous and pulsed modes induced a
statistically significant reduction of viable bacteria and nitrite
levels. These results indicate that in addition to its bactericidal
effect laser irradiation can also inhibit LPS-induced macro-
phage activation and thus blunt the inflammatory response.
The λ 808-nm diode laser emerges as a valuable tool for
decontamination/detoxification of the titanium implant sur-
face and may be used in the treatment of peri-implantitis.
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Introduction

Peri-implantitis is one of the most severe complications of
implant therapy: It is defined as an inflammatory reaction
associated with loss of supporting bone around an implant in
function [1]. According to the Consensus Report of the Sixth
European Workshop in Periodontology (2008), implant ther-
apy is associated with up to 80 % incidence of mucositis and
28–56 % incidence of peri-implantitis [2].

A substantial body of literature has shown that bacterial
pathogens and their pro-inflammatory products, such as the
bacterial endotoxin lipopolysaccharide (LPS), play a central
role in pathogenesis of peri-implantitis and failing implants
[3–5]. Many studies have shown that Staphylococcus aureus
is one of the most common bacterial pathogens involved in the
early failure of dental implants [6–9] as it efficiently attaches
onto different titanium surfaces [10]. LPS is also regarded as a
key factor implicated in peri-implantitis, since it has been
reported to adhere tenaciously to dental titanium implants
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and identified as a major factor of bacterial origin influencing
bone resorption [11–13].

On these premises, an effective treatment of peri-
implantitis should reach a dual goal: (i) remove bacteria and
(ii) inactivate LPS present at the titanium interface with the
host tissues [14]. Several methods of implant decontamination
have been proposed for the treatment of peri-implantitis, in-
cluding air-powered abrasive treatments, citric acid, mechan-
ical cleaning with metal and plastic curettes or ultrasonic
scalers [15–18], in combination with local and systemic anti-
biotic therapy [19, 20]. However, none of these methods gave
satisfactory results in terms of eradication of bacteria from the
contaminated implant surfaces [21, 22]. Paradoxically, a fur-
ther release of LPS from dead bacteria might even enhance the
inflammatory reaction around the dental implant. In the last
decade, the positive effects of laser irradiation in cleaning and
decontaminating the implant surfaces have been widely re-
ported [23–26]. Various laser systems are in use in dental
practice for different purposes: (i) Er:YAG laser was mainly
used to ablate dental and bone hard tissues and to remove
bacterial deposits and calculus from the dental and implant
surfaces [23, 26]; (ii) Nd:YAG laser at low-power with high
frequency irradiation was recognized to have bactericidal ef-
fects [27]; and (iii) diode laser was shown to be effective in the
decontamination of implant surfaces with no side effects on
the surrounding tissues [28]. In a previous study, we showed
that irradiation with Nd:YAG laser, in addition to inducing
bacterial implant decontamination, was capable of attenuating
the LPS-induced inflammatory response [29]. Moreover, a
recent study of our group has demonstrated that different tita-
nium surfaces can greatly influence the temperature range
measurable on the titanium target in response to laser diode
(λ 808 nm) irradiation, highlighting the need to identify spe-
cific setting parameters to maintain the temperature below the
tissue damage threshold, i.e. 50 °C [30]. Despite the numerous
reports in the literature on the clinical use of lasers in
implantology [31–34], little is known about the mechanisms
by which lasers exert their effects on dental implant surfaces.
Moreover, considering that the physical characteristics of im-
plants vary greatly among different producers, there is no con-
sensus on a standard laser-aided treatment for peri-implantitis.

In thepresent invitrostudy,weinvestigatedtheeffectsofdiode
laser (λ 808 nm) in noncontactmode and in continuous or pulsed
wave emission on both S. aureus biofilm and LPS adherent to
titaniumdiscswith rough titaniumoxide coating reproducing the
osseous interfaceofdental implants, inorder tomimic the clinical
conditions occurring at the implant/tissue interface.

Materials and methods

Materials The experiments were performed on titanium discs,
6 mm in diameter, 2 mm thick, with the same surface finish as

the osseous interface (TiUnite) of dental implants (Nobel
Biocare Services AG, Zürich, Switzerland). The discs were
ultrasonically cleaned in acetone, rinsed in distilled water,
and autoclaved at 121 °C for 15 min.

Bacterial biofilm formation Staphylococcus aureus strain
ATCC 25923 was used for biofilm experiments. In a typical
experiment, a suspension of about 3 × 105 CFU/ml was pre-
pared in Tryptic Soy Broth (TSB, Oxoid, Milan, Italy) plus
0.5 % of D-glucose, in Tryptic Soy Agar (TSA, Oxoid). The
bacterial suspension was dispensed in sterile 12-well polysty-
rene tissue culture plates (IWAKI microplate, Bibby Scientific
Limited, Staffordshire, UK) (1.5 ml/well), and three discs
were placed in each well. Biofilms were grown for 48 h at
35 °C (50 rpm in humid atmosphere), adding fresh medium
(1.5 ml/well) after the first 24 h of incubation.

Laser treatment Prior to laser treatment, planktonic or loose-
ly adherent bacterial cells were removed by gently rinsing
twice the discs with 1.5-ml sterile phosphate-buffered saline
(PBS). After that, the samples of S. aureus biofilm grown on
titanium discs were placed on sterile slides and irradiated. The
treatment was carried out for 1 min with a diode laser emitting
at λ 808 nm (Dental Laser System 4 × 4™, General Project
Ltd., Montespertoli, Florence, Italy) in noncontact mode
through a polyimide-coated silica fiber (Ø 600 μm) positioned
perpendicular to the disc surface. The fiber tip was kept at a
distance of about 2–5 mm from the disc surface. To minimize
heating, the laser beam was continuously moved to draw ad-
jacent horizontal lines over the whole disc surface at a speed of
2.5 mm/s, under airflow cooling. Respect to random move-
ments on the surface, this procedure assures a systematic irra-
diation of the whole disc without untreated zones. The de-
tailed laser specification and irradiation parameters are report-
ed in Table 1. During the treatment, the temperature of the
titanium surface was measured by a thermal probe included

Table 1 Laser irradiation parameters

Operation mode Continuous Pulsed

Center wavelength (nm) 808 ± 10 808 ± 10

Frequency (Hz) N.A. 20 kHz

Pulse on duration (μs) N.A. 7

Duty cycle (%) N.A. 14 %

Peak radiant power(W) N.A. 3.1

Average radiant power (W) 2 0.44

Fiber diameter (μm) 600 600

Numeric aperture 0.22 0.22

Beam divergence (°) 25 25

Target diameter (mm) 6 6

Target area (cm2) 0.3 0.3

Fluence at target surface (J/cm2) 400 88
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in the console of the laser and monitored by a thermal camera
(Ti9, Fluke Corp., Everett, USA). The mean temperature was
maintained below the 50 °C thermal damage threshold, as
reported in preliminary experiments [30].

Viable cell count (CFU) after laser irradiation Following
the laser treatment, the discs were transferred in 1.5-ml sterile
tubes (one disc/tube) containing 500 μl of TSB plus 0.1 %
Tween 20 (Sigma-Aldrich, Milan, Italy) as recovery medium
[35]. To allow biofilm disgregation, each tube was vortexed
for 30 s and sonicated for 30 min at 30 KHz and 300W (Elma
Transsonic T 460, Singen, Germany). After the second cycle
of 30-s vortexing, serial dilutions in sterile saline solution
were prepared, and 100 μl of each dilution was plated onto
TSA and incubated for 24 h at 35 °C for CFU count (limit of
detection = 5.0 CFU/disc). The experiments were performed
in triplicate. Controls consisted of biofilms processed in the
same way, excluding laser irradiation.

Fluorescence analysis Subsequent to the laser treatment,
S. aureus biofilms formed on the titanium discs (n = 9) were
stained with the fluorescent LIVE/DEAD BacLight™
(Invitrogen/Molecular Probes, Milan, Italy) solution for
2 min at 37 °C. The fluorescent kit contains a mixture of
two dyes: SYTO 9 (green: excitation λ 488 nm, emission λ
500–540 nm) and propidium iodide (red: excitation λ 561 nm,
emission λ 600–695 nm). SYTO 9 labels all bacteria, whereas
propidium iodide enters only bacteria with damaged mem-
branes. Thus, viable bacteria with intact cell membranes show
green fluorescence, whereas dead bacteria with damaged
membranes show red-yellow fluorescence. Labeled biofilms
were washed twice with PBS, fixed with 0.5 % paraformalde-
hyde for 10 min and observed with a fluorescent microscope
equipped with a digital camera (4000 B, Leica Microsystems,
Milan, Italy). From each disc, three digital images (RGB col-
or) from randomly selected microscopic fields were taken.
Using ImageJ 1.42q software (http://rsb.info.nih.gov/ij), the
green and red channels were split and the resulting two
images were separately subjected to densitometry to evaluate
the staining intensity of SYTO 9 and propidium iodide,
corresponding to live and dead bacteria, respectively. Values
were reported as means ± standard error of the mean (s.e.m.).

SEM To evaluate the possible morphological changes of the
titanium surface and the bacterial biofilm after laser treatment,
biofilm-coated titanium discs (n = 9) were subjected (n = 6) or
not (n = 3) to laser irradiation. The negative control was an
uncoated, un-irradiated disc. Upon sputter-coating with plati-
num (10 nm), the discs were examined with a Supra 40VP
scanning electron microscope (Zeiss, Oberkochen, Germany)
by a trained observer blinded to the experimental conditions.

Experiments on LPS-coated titanium discs In these exper-
iments, we applied minor changes to the previously described
method to study the effects of different laser treatments on
LPS-induced inflammatory activation [5, 29]. Briefly, mouse
RAW 264.7 macrophages obtained from the European
Collection of Cell Cultures (ECACC, Salisbury, UK) were
maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS, Gibco
Invitrogen, Milan, Italy), 100 U/ml penicillin-streptomycin,
200 mM L-glutamine (Sigma-Aldrich, Milan, Italy) and
4.5 g/l glucose, and cultured in 5 % CO2 atmosphere at
37 °C. In each set of experiments, macrophages were seeded
on titanium discs subjected to different pretreatments:

1. One disc was washed in sterile PBS, dried at 37 °C, and
used as negative control.

2. Two discs were coated with LPS via immersion in a so-
lution of E. coli LPS (Sigma-Aldrich, 50 μg/ml in PBS)
for 15 min and dried at 37 °C for 1 h (positive control).

3. Six discs were LPS-coated, dried at 37 °C, and subjected
to irradiation treatments detailed in Table 1.

The discs were then individually placed into the wells of a
96-well plate and RAW 264.7 macrophages (8 × 104 cells) were
seeded on the discs and cultured in 250 μl of DMEM without
phenol red, supplemented with 20 % of FBS, for 24 h. RAW
264.7 macrophages cultured alone in the same conditions with-
out discs were used as basal controls. The generation of nitric
oxide (NO), a typical reaction product of activated macrophages
[36], was evaluated by measurement of nitrites, stable end-
products of NO metabolism, in the conditioned medium of
RAW 264.7 cells. The amounts of nitrites were determined
spectrophotometrically by the Griess reaction, as previously de-
scribed [37], and the optical density of the reaction product was
measured at λ 546 nm with a Bio-Rad 550 microplate reader
(Bio-Rad,Milan, Italy). Nitrite concentrations in the conditioned
media were determined by comparison with standard concen-
trations of NaNO2 dissolved in culture medium and expressed
as nMol/ml. To assess RAW 264.7 cell viability upon the dif-
ferent treatments, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (Sigma-Aldrich) was used
according to the manufacturer’s instructions. After 24-h incuba-
tion and removal of the conditioned medium, MTT stock solu-
tion was added to each well and incubated for 4 h at 37 °C.
Dimethyl sulfoxide was added to each well to dissolve the
formazan crystals. The plate was gently shaken for 10 min and
read at λ 550 nm with the microplate reader (Bio-Rad). Optical
density (OD) was assumed as indicator of cell viability. The
MTT data were used to normalize the production of nitrites by
the amount of viable RAW 264.7 cells.

Statistical analysis The values are expressed as mean ± stan-
dard error of the mean (s.e.m.) of triplicate experiments.

Lasers Med Sci (2016) 31:1613–1619 1615

http://rsb.info.nih.gov/ij


Statistical analysis of differences between the experimental
groups was performed using one-way ANOVA followed by
Newman-Keuls multiple comparison test, and results were
considered statistically significant if p ≤ 0.05. Calculations
were performed using the GraphPad Prism 4.0 statistical soft-
ware (GraphPad, San Diego, CA, USA).

Results

Effect of laser treatment on S. aureus biofilm viability
Adherent S. aureus biofilm onto TiUnite titanium discs
(n = 27) was 7.3 ± 0.1 log CFU/disc (Fig. 1). The treatment
with diode laser in both pulsed and continuous mode induced
a statistically significant reduction of viable cell as compared
with the untreated biofilm (1.5 and 2.2 log CFU/disc reduc-
tion, respectively: p < 0.01) (Fig. 1). In particular, the irradia-
tion in continuous mode appeared to have a higher efficacy in
terms of viability reduction, even if the comparison between
the two treatments did not reach statistical significance
(p > 0.05).

Fluorescence analysis of S. aureus biofilm viability The
fluorescence analysis with BacLight staining method showed
that, in comparison with the nonirradiated control discs, the
diode laser used in pulsed or in continuous mode on S. aureus
biofilm adherent to titanium discs caused a well-appreciable
increase in the amount of red-stained dead bacteria in respect
with green-stained viable ones (Fig. 2a). This visual finding
was confirmed by densitometric analysis, which showed a
remarkable, statistically significant increase (p < 0.01) in the
percentage of dead over viable bacteria (Fig. 2b).

SEM examination of S. aureus biofilm morphology The
surface of the titanium discs, analyzed by scanning electron
microscope, revealed the presence of a titanium oxide layer
with numerous micro-cavities, designed to favor colonization
by cells of the peri-implant tissues and hence to increase
osteoconductivity (Fig. 3a). Analysis of the titanium discs
with 48-h bacterial coating (Fig. 3b) revealed the presence of
an adherent layer of closely packed bacteria with the typical
features of a biofilm, which partially filled the cavities present
on the titanium surface. The laser treatment both in continuous
(Fig. 3c) and pulsed (Fig. 3d) wave mode caused a sharp
reduction of the amount of adherent bacteria. No clear differ-
ence was evident between the continuous and pulsed wave
mode of irradiation.

Effect of laser treatment on LPS-induced macrophage ac-
tivation Endogenous generation of NO/nitrites by activated
RAW 264.7 macrophages was determined to investigate if the
λ 808-nm diode laser was capable of inactivating the LPS
adherent to titanium discs, thereby inhibiting macrophage ac-
tivation (Fig. 4); the diode laser used in both continuous and
pulsed wavemode caused a statistically significant decrease in
nitrite production in comparison with the nonirradiated LPS-
coated discs used as positive controls (p < 0.001).

Discussion

Decontamination of bacteria and bacterial toxins from implant
surfaces is a prerequisite to arrest the progression of peri-
implantitis and for a successful treatment of failing implants.
It has been shown that S. aureus, a Gram-positive bacterium,
has an increased affinity to titanium substrates, being consis-
tently found adherent to the surface of implants, particularly
those with a rough surface finish [10, 38, 39]. S. aureus has
been frequently isolated from failing dental implant sites and
associated with poor clinical outcome [40]. LPS, the Gram-
negative endotoxin, has received considerable attention be-
cause of its crucial role as a mediator of peri-implant inflam-
mation [41]. Therefore, for a successful treatment of peri-
implant disease, it is mandatory to eliminate bacteria and, in
the meantime, remove all bacterial by-products and toxins
which can hinder tissue regrowth on implant surfaces and
osteo-integration.

The present findings offer evidence that the λ 808-nm di-
ode laser can achieve an efficient reduction of S. aureus bio-
film and detoxification of LPS on the tested titanium surface.
In particular, 1-min irradiation of the biofilm-coated discs was
able to reduce the number of colony forming units of 99 and
94 % for continuous and pulsed wave mode, respectively.
Scanning electron microscopy (SEM) analysis of the titanium
discs revealed that, with the adopted irradiation procedure, the
λ 808-nm diode laser did not alter the original features of the

Fig. 1 Effect of the different laser treatments on decontamination of the
titanium surface coated with S. aureus biofilm evaluated by residual
bacterial growth. The columns represent the number of postirradiation
S. aureus colonies grown upon 24-h incubation in selective medium.
Values are means ± s.e.m. *p < 0.05; **p < 0.01 vs. controls
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titanium oxide surface layer, characterized by micro-
roughness and micro-pores. However, despite the remarkable
reduction of microbial load upon laser treatment, the present
findings showed that a complete decontamination and
cleaning of the titanium discs were not achieved, as can be
argued by the detection of residual organic remnants of the
bacterial biofilm on the targeted surfaces by SEM and fluores-
cence analyses. On the other hand, our data indicated that both
continuous and pulsed wave laser irradiation were capable of
inactivating the titanium-adherent LPS, as judged by failed
induction of inflammatory activation of RAW 264.7 macro-
phages used as a probe to measure LPS bioactivity.

A decontaminating potential of λ 808-nm diode laser had
been previously shown in vitro [42] as well as on intraoral
biofilms grown on rough titanium surfaces [43]. The present
findings confirm and extend this notion, although our results
are difficult to compare with the previous ones because of
substantially different irradiation parameters, treatment mo-
dalities and physical-chemical characteristics of the targeted
titanium surfaces. It has been reported that Gram-negative
species show immediate structural damage after treatment
with λ 808-nm diode laser, whereas Gram-positive micro-or-
ganisms require repeated irradiations [44]. Our study provides
experimental evidence that, with proper irradiation modes and
parameters, the λ 808-nm diode laser is endowed with a

reasonable activity against the S. aureus biofilm and pro-
inflammatory bacterial by-products, such as LPS, adherent
to the titanium surface. This effect was exerted in the absence
of alterations of titanium surface morphology and below the
threshold for thermal tissue damage. This decrease in bacterial
load can reestablish a more favorable balance between peri-
implant microbiota and host defenses, allowing a stable clin-
ical improvement over time [45].

A limitation of the present study is the fact that the treatments
were performed on new, clean discs in simplified and highly
standardized laboratory conditions, which are substantially dif-
ferent from a real clinic situation of laser-aided implant surgery,
where a dental implant has a markedly different mass and sur-
face geometry, is interlocked with peri-implant bone, and can be
covered by subgingival plaque, blood, inflammatory cells, pro-
teins, and calculus. Another limitation comes from the fact that
we did not compare this laser treatment with other
decontaminating procedures. Therefore, caution is required
when extrapolating the present findings to clinical practice. In
addition, further studies are necessary to evaluate the effects of λ
808-nm diode laser on a broader spectrum of oral micro-
organisms and for longer irradiation times.

In conclusion, our data suggest that the λ 808-nm
diode laser can be considered a valuable tool for
bacteria/LPS reduction adherent to the titanium oxide

Fig. 2 Effect of the different laser
treatments on decontamination of
the titanium surface coated with
S. aureus biofilm evaluated by
BacLight fluorescent vital stain. a
Untreated control shows mostly
viable bacteria (green). Upon
irradiation in pulsed (b) or
continuous (c) wave modes, most
bacteria appear dead (red).
Bars = 100 μm. In d, the
corresponding densitometric
analysis is shown. Values are
means ± s.e.m. **p < 0.01 vs.
controls
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implant surface, which in turn may increase the odds of
successful control of peri-implant disease.
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