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Abstract Preservation of implant biocompatibility following
peri-implantitis treatments is a crucial issue in
odontostomatological practice, being closely linked to implant
re-osseointegration. Our aim was to assess the responses of
osteoblast-like Saos2 cells and adult human bone marrow-
mesenchymal stromal cells (MSCs) to oxidized titanium sur-
faces (TiUnite®, TiU) pre-treated with a 808 + 10 nm GaAlAs
diode laser operating in non-contact mode, in continuous
2 W, 400 J/cmz; CW) or pulsed (20 kHz, 7 us, 0.44 W,
88 J/cmz; PW) wave, previously demonstrated to have a
strong bactericidal effect and proposed as optional treatment
for peri-implantitis. The biocompatibility of TiU surfaces pre-
treated with chlorhexidine digluconate (CHX) was also eval-
uated. In particular, in order to mimic the in vivo approach,
TiU surfaces were pre-treated with CHX (0.2%, 5 min); CHX
and rinse; and CHX, rinse and air drying. In some experi-
ments, the cells were cultured on untreated TiU before being
exposed to CHX. Cell viability (MTS assay), proliferation
(EdU incorporation assay; Ki67 confocal immunofluores-
cence analysis), adhesion (morphological analysis of actin cy-
toskeleton organization), and osteogenic differentiation
(osteopontin confocal immunofluorescence analysis; mineral-
ized bone-like nodule formation) analyses were performed.
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CHX resulted cytotoxic in all experimental conditions.
Diode laser irradiation preserved TiU surface biocompatibili-
ty. Notably, laser treatment appeared even to improve the
known osteoconductive properties of TiU surfaces. Within
the limitations of an in vitro experimentation, this study con-
tributes to provide additional experimental basis to support the
potential use of 808 + 10 nm GaAlAs diode laser at the indi-
cated irradiation setting, in the treatment of peri-implantitis
and to discourage the use of CHX.
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Introduction

Dental implant therapy represents nowadays the treatment of
choice for edentulous patients, which allows restoration of the
masticatory function and esthetics with satisfactory and often
spectacular outcomes. However, although the development of
new implant surfaces and the number of placed implants con-
tinue to increase, their use is still associated with the onset of
some complications, including peri-implantitis [1]. This path-
ological condition represents the most important local inflam-
matory disease of the hard and soft tissues supporting dental
implants, mainly caused by peri-odontopathogenic bacteria
accumulating on implant surface, which may lead, if not treat-
ed, to bone loss and, ultimately, to implant failure [2]. It is well
established that bacteria and bacterial toxin eradication from
implant surfaces represents a pre-requisite to arrest the pro-
gression of peri-implantitis and to allow the restoration of the
bone tissue surrounding the previously infected implant [3, 4].

Numerous studies have investigated the efficacy of differ-
ent implant decontamination procedures, including air-
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powered, chemical methods; mechanical cleaning with metal
and plastic curettes; or ultrasonic scalers and laser therapy, but
no gold standard has been proposed yet to this purpose.
Moreover, there is still a lack of information about how these
treatments impact on the biocompatibility of the dental im-
plant surface with the cells of peri-implant tissues [3-8].
Among different treatments, laser therapy has been recently
suggested as the most innovative and promising therapeutic
option especially in view of the powerful anti-microbial effect
of laser light [6, 9, 10]. However, at present, univocal guide-
lines for its use for dental implant bacterial decontamination in
the peri-implantitis treatment are not available. This is mainly
due to the complexity of medical lasers in terms of type, en-
ergy output modes, and setting parameters which has pro-
duced a multiplicity of protocols with totally different out-
comes, thus hampering the evaluation and comparison of the
results [11, 12]. Moreover, little is still known concerning the
effects of laser irradiation on implant surfaces in terms of
thermal effect and modifications of their physical, mechanical,
and chemical properties [13]. The knowledge of these effects
is critical for every clinician who wants to perform a laser
treatment on dental implants. In fact, the physical and chem-
ical characteristics of each implant surface lead to substantial
differences in their laser energy absorption/reflection features
and hence susceptibility to heating and to heat-induced dam-
age on surrounding soft and hard tissues [14, 15]. In addition,
topographical configuration, geometry, and chemical compo-
sition of implant surface have been demonstrated to influence
the initial response of the cells involved in bone formation,
namely mesenchymal cells and osteoblasts at the cell-material
interface. This can in turn affect the rate and quality of the
newly formed bone tissue and therefore the bone-to-implant
anchorage (osseointegration and re-osseointegration) which is
mandatory for implant long-term success [16—18]. Diode la-
sers are widely used in periodontics and have been reported to
perform effective implant surface decontamination [19, 20]. In
line with this, we have recently demonstrated that irradiation
with a 808 = 10 nm GaAlAs diode laser, set at 2 W output
energy in continuous (2 W, 400 J/cm?) or pulsed (20 kHz,
7 us, 0.44 W, 88 J/cm?) wave operating in a non-contact mode
with an airflow cooling system, can achieve the decontamina-
tion of Staphylococcus aureus biofilm and detoxification of
Escherichia coli lipopolysaccharide on commercially used
TiUnite® dental implants (Nobel Biocare, Goteborg,
Sweden) while maintaining the disc temperature below the
tissue damage threshold and without inducing any morpho-
logical alterations of the implant surface [14, 21]. TiUnite®,
corresponding to the osseous interface of the implant, is tita-
nium oxide (TiO,), rendered into a porous osteoconductive
biomaterial through spark anodization, to hasten
osseointegration [17, 18, 22].

On such premises, the present in vitro study is aimed to
extend the knowledge on the effects of 808 = 10 nm GaAlAs
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diode laser irradiation (with the same parameters as above) of
TiUnite® surfaces, by evaluating its impact on the implant
biocompatibility with osteoblasts and mesenchymal stromal
cells (MSCs) (i.e., cell viability, proliferation, adhesion, and
osteogenic differentiation). In parallel, we evaluated also the
biocompatibility of TiUnite® surfaces treated with one of the
most frequently used implant chemical decontaminating
agents such as chlorhexidine digluconate [23, 24].

Material and methods
Oxidized titanium discs

The experiments were performed on 6 mm in diameter,
2-mm-thick oxidized titanium discs with the same
chemical composition and physical characteristics of
the commercial TiUnite® dental implants (TiU, Nobel
Biocare, Goteborg, Sweden) as described in detail pre-
viously [14]. Before using, the discs were ultrasonically
cleaned in acetone, rinsed in distilled water, and
autoclaved (120 °C for 15 min).

808 = 10 nm GaAlAs diode laser treatment

The laser treatment with diode GaAlAs laser emitting at
A = 808 = 10 nm (Dental Laser System 4 x 4™
General Project Ltd., Montespertoli, Florence, Italy)
was carried out as described in detail previously [21].
The irradiation of TiU discs was performed for 1 min in
non-contact mode and in continuous (CW) or pulsed
(PW) wave operation mode, through a polyamide-
coated silica fiber (@ = 600 pum) positioned perpendic-
ular to the TiU disc surface and kept at a constant
distance of about 2—5 mm from the surface. Other laser
specification and irradiation parameters are reported in
Table 1.

Cell cultures

Human osteoblast-like Saos2 cells from American Type
Culture Collection (ATCC; Manassas, VA, USA) were routinely
cultured in cell culture plates in growth medium containing F12-
Coon’s modification medium (Sigma, Milan Italy) supplemented
with 10% fetal bovine serum (FBS; Sigma), 1% L-glutamine,
and 100 U/ml penicillin-streptomycin (Sigma).

Human bone marrow (BM) mesenchymal stromal cells
(MSCs) were obtained from normal donors from iliac crest
and aspirates, cultured and immunophenotypically and mor-
phologically characterized as previously described [25].

Cells were cultured in growth medium containing
Dulbecco’s modified Eagle’s medium (DMEM)
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Table 1 Laser specifications

MoModality Continuous wave (CW) Pulsed wave (PW)
Frequency (kHz) N.A. 20
Pulse on duration (ps) N.A. 7
Duty cycle (%) N.A. 14
Peak radiant power (W) N.A. 3.1
Average radiant power (W) 2 0.44
Numeric aperture 0.22 0.22
Beam divergence (deg) 25 25
Target diameter (mm) 6 6
Target area (sz) 0.3 0.3
Fluence at target surface (J/cm®) 400 88

supplemented with 10% FBS, 2 mM L-glutamine, and
100 U/ml penicillin-streptomycin (Sigma).

Experimental group sampling

Both human osteoblast-like Saos2 cells and MSCs were har-
vested prior to confluence and cultured onto TiU disc surfaces
in their specific growth medium. The discs were randomly
assigned to one of the following groups:

*  Chlorhexidine digluconate (CHX) group. In order to mim-
ic the in vivo peri-implantitis treatment conditions, prior to
cell seeding, TiU discs were pre-treated with CHX as
follows:

1. 0.2% CHX (Sigma) for 5 min

2. 0.2% CHX for 5 min and gently rinsed with PBS

3. 0.2% CHX for 5 min, gently rinsed with PBS, and air
dried for 1 h and 30 min

Given that, CHX local treatment in vivo could also affect the
cells around the implant, and in some experiments, the cells were
seeded on untreated TiU and cultured for 24 h in growth medium
to allow cell adhesion; after that, the discs with the cells were
gently washed with PBS and incubated for 5 min with 0.2%
CHX solution and then shifted in growth medium for additional
2 and 24 h.

* Laser group. Both cell types were cultured onto
808 + 10 nm GaAlAs diode laser-treated TiU disc surfaces
(CW-TiU and PW-TiU) in their specific growth medium
for 24 h. To promote osteogenic differentiation, the cells
were cultured for 7 and 21 days in their specific growth
medium supplemented with 100 pg/ml ascorbic acid,
10 mM (-glycerophosphate, and 10 nM dexamethasone
(Sigma). The differentiation medium was replaced every
3—4 days. The cells were seeded on TiU discs immediately
after each disc treatment.

*  Control group. Cells cultured on untreated TiU, on plastic
culture plates, or on glass coverslips served as controls.

MTS cell viability assay

Cell viability was determined by 3-(4.5-dimethylthiazol-2-y1)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2Htetrazolium (MTS) assay (Promega Corp., Madison, WI,
USA), essentially as previously reported [26]. The optical
density (OD) of soluble colored formazan resulting from tet-
razolium reduction by mitochondrial enzymes of viable cells
was measured using a multi-well scanning spectrophotometer
(ELISA reader; Amersham, Pharmacia Biotech, Cambridge,
UK) at 492 nm wavelength.

EdU (5-ethynyl-2'-deoxyuridine) incorporation assay

The assay was performed by using the fluorescent Click-iT
EdU Cell Proliferation Assay (Life Technologies) according
to the manufacturer’s instructions. The cells on TiU discs or
on glass coverslips were incubated in the presence of the pro-
vided solution of 10 uM EdU (24 h), washed with PBS, fixed
with 0.5% buffered paraformaldehyde (PFA, 10 min at RT),
permeabilized with cold acetone (3 min), and then incubated
with the Alexa Fluor 488 EdU detection solution (30 min at
RT). The samples were observed under a confocal Leica TCS
SP5 microscope (Leica Microsystems, Mannheim, Germany).
The number of the cells with EQU positive nuclei was evalu-
ated in 10 random 200 x 200-pum-square microscopic fields
(63 ocular) in each cell preparation and expressed as percent-
age of the total cell number evaluated by labeling nuclei with
propidium iodide (PI, 1:30; Molecular Probes). Counting was
performed by two different operators in at least three different
cell preparations for each experiment; experiments were per-
formed in triplicate.
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Fig.1 Effect of CHX on cell viability (MTS assay). Saos2 osteoblasts (a)
and human bone marrow-derived MSCs (b) were seeded on untreated
TiU or on TiU pre-treated as follows: (i) with 0.2% CHX for 5 min (TiU-
CHX); (ii) with 0.2% CHX for 5 min and gently rinsed with PBS (TiU-
CHX-PBS); (iii) with 0.2% CHX for 5 min, gently rinsed with PBS, and
air dried for 1 h and 30 min (TiU-CHX-PBS-AIR). The cells were then
cultured for 24 h in the cell-specific growth medium. In some
experiments, the cells were seeded on untreated TiU discs and cultured
for 24 h in growth medium to allow cell adhesion; after that, the discs
were incubated for 5 min with 0.2% CHX solution and then shifted in
growth medium for additional 2 and 24 h [TiU-Saos2 or MSC-CHX (2 h)
or (24 h)]. Control refers to cells cultured on plastic culture plates and
CHX (24 h) to the cells on plastic culture plate, treated with 0.2% CHX
for 5 min and cultured for 24 h in growth medium. Cell viability of control
cells and of cells on untreated TiU corresponded to 100%. Viability of
cells subjected to different treatments was expressed as a percentage with
respect of that of control cells or cells cultured on untreated TiU. The
values are expressed as mean = S.E.M. obtained from three independent
experiments carried out in triplicates. Significance of differences:
#p < 0.05 vs control; °p < 0.05 vs Untreated TiU; *p < 0.05 vs TiU-CHX

Confocal laser scanning microscope analysis

Immunofluorescence analysis on fixed cells, on TiU discs,
or on glass coverslips was performed essentially as report-
ed previously [26] with the following primary antibodies:
rabbit polyclonal anti-Ki67 (1:100; Abcam, Cambridge,
UK) or rabbit polyclonal anti-osteopontin (1:50; Santa
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Cruz Biotechnology, Santa Cruz, CA, USA) primary an-
tibodies. The immunoreactions were revealed by incuba-
tion with specific anti-rabbit Alexa Fluor 488-conjugated
IgG (1:200; Molecular Probes, Eugene, OR, USA) for 1 h
at RT. Actin filament organization was evaluated by la-
beling the cells with Alexa Fluor 488- or
tetramethylrhodamine isothiocyanate (TRITC)-labeled
phalloidin (1:100; Sigma). In some experiments, the cells
were stained with PI (1:30; Molecular Probes) to reveal
nuclei. TiU discs containing the labeled cells were placed
in microscopic slides, rehydrated with a drop of water,
and observed under a confocal Leica TCS SPS5 micro-
scope equipped with a HeNe/Ar laser source for fluores-
cence measurements and with differential interference
contrast (DIC) optics. The glass coverslips containing la-
beled cells were mounted with an antifade mounting me-
dium (Biomeda Gel mount, Electron Microscopy
Sciences, Foster City, CA, USA) before observations.
Observations were performed using a Leica Plan Apo
63X/1.43NA oil immersion objective. Series of optical
sections (1024 x 1024 pixels each; pixel size 204.3 nm)
0.4 um in thickness were taken through the depth of the
cells at intervals of 0.4 pm. Images were then projected
onto a single “extended focus” image. The number of the
cells with Ki67-positive nuclei was evaluated in 10 ran-
dom 200 x 200-um-square microscopic fields (63% ocu-
lar) in each cell preparation and expressed as number of
Ki67-positive nuclei per optical field. Counting was per-
formed by two different operators in at least three differ-
ent cell preparations for each experimental condition; ex-
periments were performed in triplicate. Densitometric
analysis of the intensity of osteopontin fluorescent signal
was performed on digitized images using ImagelJ software
http://rsbweb.nih.gov/ij) in 20 regions of interest (ROIs)
of 100 umz for each confocal stacks (at least 10).

Fluorescent mineralized nodules assay

The evaluation was performed by Fluorescent Osteolmage™
Mineralization assay (Lonza Walkersville, Inc., Walkersville,
MD, USA), based on the specific binding of the fluorescent
Osteolmage™ staining reagent to the hydroxyapatite portion
of the bone-like nodules (Ca** deposits) deposited by cells,
according to the manufacturer’s instructions. The cells cul-
tured for 21 days in osteogenic differentiation medium on
TiU discs or on glass coverslips were fixed with 0.5% buffered
PFA and then incubated with the staining reagent (30 min at
RT). Labeled cells were then observed under the confocal
laser scanning microscope. Densitometric analysis of miner-
alized nodule (Ca®* deposits) fluorescent signal intensity was
performed on digitized images using ImageJ software http:/
rsbweb.nih.gov/ij) in 20 regions of interest (ROI) of 100 pm?
for each confocal stack (at least 10).
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FiU-CHX-Saos?

CHX (2h)

Fig. 2 Effect of CHX on Saos2 osteoblast morphology. Saos2
osteoblasts were seeded on a untreated TiU or on TiU pre-treated with
b 0.2% CHX for 5 min (TiU-CHX-Sao0s2); ¢ 0.2% CHX for 5 min and
gently rinsed with PBS (TiU-CHX-PBS-Saos2); and d 0.2% CHX for
5 min, gently rinsed with PBS, and air dried for 1 h and 30 min (TiU-
CHX-PBS-AIR-Saos2). The cells were then cultured for 24 h in the cell-
specific growth medium. e, f The cells were seeded on untreated TiU and
cultured for 24 h in growth medium to allow cell adhesion; after that, the
discs were incubated for 5 min with 0.2% CHX solution and then shifted
in growth medium for additional e 2 h and f 24 h [TiU-Saos2-CHX (2 h)

Statistical analysis

The values are expressed as mean = standard error of the mean
(S.E.M.) obtained from at least three independent experiments
carried out in triplicates. Statistical analysis of differences be-
tween the experimental groups was performed using one-way
ANOVA followed by Newman-Keuls multiple comparison test;
results were considered statistically significant if p < 0.05.
Calculations were performed using the GraphPad Prism 4.0 sta-
tistical software (GraphPad, San Diego, CA, USA).

.’.

CHX (24h)

or (24 h)]. g Control osteoblasts cultured on glass coverslips. h, i
Osteoblasts cultured on glass coverslips treated with 0.2% CHX for
5 min and cultured for 2 h [CHX (2 h)] or 24 h [CHX (24 h)] in growth
medium. Fixed cells were stained with PI to reveal nuclei (red) and Alexa
488-conjugated phalloidin to detect cytoskeleton actin filaments (green)
and observed under a confocal laser scanning microscope. Arrows in b
and ¢ indicate apoptotic bodies. Scale bar 50 um. The images are
representative of at least three independent experiments performed in
triplicate

Results

Cell viability and morphological analysis of osteoblasts
and MSCs on CHX-treated TiU discs

The results of the MTS cell viability assay showed that both
osteoblasts and MSCs cultured on all CHX pre-treated TiU, as
indicated in the “Materials and methods” section or cultured
onuntreated TiU and then exposed to CHX, showed a reduced
viability as compared to the cells cultured on untreated TiU
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Fig. 3 Effect of CHX on MSC morphology. MSCs were seeded on a
untreated TiU or on TiU pre-treated with b 0.2% CHX for 5 min (TiU-
CHX-MSCs); ¢ 0.2% CHX for 5 min and gently rinsed with PBS (TiU-
CHX-PBS-MSCs); and d 0.2% CHX for 5 min, gently rinsed with PBS,
and air dried for 1 h and 30 min (TiU-CHX-PBS-AIR-MSCs). The cells
were then cultured for 24 h in the cell-specific growth medium. e The
cells were seeded on untreated TiU and cultured for 24 h in growth
medium to allow cell adhesion; after that, the discs were incubated for

Control

(Fig. 1a, b), suggesting a cytotoxic effect of CHX in our ex-
perimental conditions. In particular, the higher reduction in
cell viability was revealed in the cells seeded on TiU pre-
treated with CHX without rinse. A significant reduction of cell
viability was also evident when the cells were cultured on
glass coverslip and exposed to CHX solution according to
our previous data [27]. Reduced viability was associated with
dramatic morphological alterations, as judged by confocal la-
ser scanning microscopy analysis of the cells labeled with PI
to reveal nuclei and Alexa 488-conjugated phalloidin to stain
cytoskeleton actin filaments (Figs. 2 and 3). In particular, we
observed that osteoblasts were able to attach to untreated TiU;
in fact, the cells were spread over the surface and displayed
actin filaments arranged in a web-like structure or in parallel
arrays (Fig. 2a) quite similar to those of the control cells on
glass coverslips (Fig. 2g). By contrast, osteoblasts cultured on
TiU pre-treated with CHX in all conditions showed a robust
actin cytoskeleton disarrangement as compared to those on
untreated TiU (Fig. 2b—d). In detail, the pre-treatment of TiU
with CHX without rinsing displayed the highest cytotoxic
effects, likely due to the persistence of the pharmacological
agent on the surface and to its direct contact with the cells, able
to affect cell adhesion and to induce a massive cell death
(Fig. 2b). In fact, some cells showed the typical features of
necrotic death (intact nuclei, round shape, actin filament dis-
assembly or disappearance), whereas others displayed signs of
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TiU-CHX-PBS-MSC TiU-CHX-PBS-AIR-MSC

CHX (2h) CHX (24h)

5 min with 0.2% CHX solution and then shifted in growth medium for
additional 24 h [TiU-MSCs-CHX (24 h)]. f Control MSCs cultured on
glass coverslips. g, h MSCs cultured on glass coverslips treated with
0.2% CHX for 5 min and cultured for 2 h [CHX (2 h)] or 24 h [CHX
(24 h)] in growth medium. Fixed cells were stained with PI to reveal
nuclei (red) and Alexa 488-conjugated phalloidin to detect cytoskeleton
actin filaments (green). Scale bar 50 um. The images are representative of
at least three independent experiments performed in triplicate

apoptosis (apoptotic bodies) (Fig. 2b). CHX-induced cell
damage appeared to be attenuated by PBS rinsing (Fig. 2¢)
and even more by the subsequent air drying (Fig. 2d), but not
totally prevented, again suggesting the persistence of the cy-
totoxic agent on the implant surface. Finally, osteoblasts cul-
tured on TiU discs for 24 h in growth medium, then exposed to
0.2% CHZX solution for 5 min, and further cultured for 2 h or

Fig. 4 Cytoskeleton organization and proliferation analysis ofp»
osteoblasts and MSCs cultured on 808 + 10 nm GaAlAs diode laser
irradiated-TiU discs. Saos2 osteoblasts and MSCs were cultured for
24 h on untreated TiU discs or on TiU discs irradiated with
808 + 10 nm GaAlAs diode laser in continuous wave (CW-TiU) or pulsed
wave (PW-TiU) modality. a, b Representative confocal laser scanning
microscopy images of osteoblasts a stained with Alexa 488-conjugated
phalloidin to detect cytoskeleton actin filaments (green) and b showing
nuclear incorporation of EdU (green); counterstaining was performed
with PI to label nuclei. ¢, d Representative confocal laser scanning mi-
croscopy images of MSCs ¢ immunostained with antibody against Ki67
(green) and labeled with TRITC-conjugated phalloidin to detect cytoskel-
eton actin filaments (red) and d showing nuclear incorporation of EdU
(green) and counterstained with PI to reveal nuclei (red). b, d Yellow-
orange color indicates co-localization between red and green fluores-
cence signals. Scale bar 50 um. e, g Quantitative analysis of EdU positive
nuclei of e osteoblasts and g MSCs, expressed as percentage of the total
nuclei number. f Quantitative analysis showing the number of Ki67-
positive nuclei of MSCs per optical field. The data are representative of
at least three independent experiments, performed in triplicate. The values
are expressed as mean + S.E.M.
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24 h before being fixed showed dramatic morphological alter-
ations as compared to cells on untreated TiU, mainly
consisting in actin disarrangement (Fig. 2e, f). The cytotoxic-
ity of CHX, in terms of morphological changes, was

confirmed also on osteoblasts cultured on glass coverslips
(Fig. 2g—i) according to previously reported data [27]. MSCs
on CHX-pretreated discs showed similar morphological alter-
ations as osteoblasts (Fig. 3). In particular, on the untreated
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Fig. 5 Confocal fluorescence analysis of osteogenic differentiation. a—d
Representative confocal immunofluorescence images of Saos2
osteoblasts cultured in osteogenic differentiation medium for 7 days on
a untreated TiU discs or b, ¢ TiU discs irradiated with 808 + 10 nm
GaAlAs diode laser in b continuous wave (CW-TiU-Saos2) or ¢ pulsed
wave (PW-TiU-Saos2) modality or d on glass coverslip (control-Saos2),
fixed and stained with antibody against osteopontin (OPN, green) and
with PI (red) to label nuclei. e-1 Representative confocal laser scanning
microscope images of e-h Saos2 osteoblasts and i-1 MSCs cultured for
21 days on e, i untreated TiU discs or f, g, j, k TiU discs irradiated with
808 £ 10 nm GaAlAs diode laser in f, j CW (CW-TiU) or g, k PW (PW-
TiU) modality or h, 1 on glass coverslips (control), fixed and stained with
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the fluorescent Osteolmage™ staining reagent (green) binding the
hydroxyapatite portion of the bone-like nodule structures deposited by
cells (Ca** deposits). In i-k, nuclei were counterstained in red with PI. In
h and 1, the confocal fluorescence images are superimposed to DIC
images. Scale bar: in a—d, 20 pm; in e-l, 30 um. m, n Histograms
reporting the densitometric analyses of the intensity of the fluorescence
signal of m OPN and n Ca** deposits performed on digitized images. The
data are representative of at least three independent experiments,
performed in triplicate. The values are expressed as mean = S.E.M.
Significance of differences: *p < 0.05 vs untreated TiU; °p < 0.05 vs
CW-TiU
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TiU discs, the cells displayed well-structured F-actin filaments
spanning through the length of the cells (Fig. 3a) which ap-
peared significantly reduced and disarranged in the cells cul-
tured on CHX-treated TiU discs (Fig. 3b). PBS rinse (Fig. 3c)
or subsequent air drying (Fig. 3d) was able to reduce CHX-
induced damages but not to prevent them. Of note, the treat-
ment with CHX of the cells adhering on TiU, the discs caused
the disappearance of cytoskeleton structures, suggesting a
high sensitivity of the cells to this agent (Fig. 3e). The cyto-
toxicity of CHX was confirmed for MSCs cultured on glass
coverslip (Fig. 3f-h).

Altogether, these data suggested the cytotoxicity of CHX
and the reduced biocompatibility of CHX pre-treated TiU
discs with osteoblasts and MSCs.

Osteoblast and MSC responses to 808 = 10 nm GaAlAs
diode laser-irradiated TiU discs

MTS assay revealed that the viability of the cell-
cultured TiU surfaces pre-treated with 808 + 10 nm
GaAlAs diode laser in CW or PW mode (CW-TiU and
PW-TiU) was comparable to that of cells cultured on
untreated TiU discs (OD 492 nm, Saos2 osteoblasts:
untreated TiU, 0.459 + 0.07; CW-TiU, 0.392 + 0.09;
PW-TiU, 0.438 = 0.05. MSCs: untreated TiU,
0.398 + 0.06; CW-TiU, 0.407 + 0.05; PW-TiU,
0.397 £ 0.04. p > 0.05). The capability of both cell
types to colonize and adhere to CW-TiU and PW-TiU
was preserved as evaluated by the morphological analy-
sis at confocal laser scanning microscopy, showing the
presence of numerous cells with a well organized and
structured cytoskeleton on diode pre-treated discs as on
untreated ones (Fig. 4a, c). Moreover, we observed that
the cells were also able to undergo proliferation on CW-
TiU and PW-TiU. Indeed, the percentage of both oste-
oblasts (Fig. 4b, e) and MSCs (Fig. 4d, g) with nuclei
positive for EdU, a pyrimidine analogue incorporated
into the newly synthesized DNA in place of thymidine
by the S phase cells, on CW-TiU and PW-TiU, was
quite comparable to that on untreated TiU. Unaltered
proliferative ability of MSCs on CW-TiU and PW-TiU
was further confirmed by confocal immunofluorescence
analysis of the expression of Ki67 antigen, a nuclear
protein present during all active phases of the cell cycle
(G1, S, G,, and mitosis) but absent from resting cells
(Gy) (Fig. 4c, 1).

The results of osteogenic differentiation evaluation
assessed by confocal immunofluorescence analysis of the ex-
pression of osteopontin, a bone matrix non-collagenous glyco-
phosphoprotein secreted by osteoblasts during bone mineral-
ization and remodeling [28] and by the fluorescent analysis of
inorganic hydroxyapatite mineralized nodule formation
showed that: (i) osteoblasts cultured on CW- or PW-TiU for

7 days in osteogenic differentiation medium expressed osteo-
pontin which appeared punctiform and scattered throughout
the cytoplasm similarly to the cells on untreated TiU (Fig. Sa—
d, m); (i7) both osteoblasts (Fig. Se—g, n) and MSCs (Fig. 5i-k,
n) on CW- or PW-TiU culture for 21 days in osteogenic dif-
ferentiation medium displayed deposition of mineralized
bone-like nodule structures (Ca** deposits) on implant surface
as observed in controls (Fig. 5h, 1). Surprisingly, the Ca**
deposit fluorescent signal intensity/optical field related to the
cells cultured on CW- and even more on PW-TiU appeared
higher than that on untreated TiU suggesting a possible im-
provement of the osteoinductive properties of these treated
surfaces.

Discussion

A necessary condition for the long-term clinical success of
dental implant after peri-implantitis treatments is its re-
osseointegration, a process critically related to the biological
behavior of the cells of soft and hard tissues surrounding im-
plant involved in the restoration the bone support. In particu-
lar, re-osseointegration essentially proceeds following the
same phases of peri-implant osteogenesis occurring after the
first implant placement, which involves different cell types
namely mesenchymal cells, pre-osteoblasts, and osteoblasts
which, at that site, adhere, proliferate, and differentiate to
build bone matrix, leading to biological fixation/anchorage
of the device [29]. The occurrence and achievement of im-
plant re-osseointegration following peri-implantitis treatments
is a very critical point, and data are still controversial [30, 31].
This is mostly because (i) implant surface characteristics in-
cluding topographical configuration, micro-texture, chemical
composition, and physical properties have been demonstrated
to be determinant factors for the initial cell response at the
cell/material interface, thus ultimately affecting the rate and
quality of the de novo tissue [17, 18, 22] and (ii) there is still a
lack of information about the effect of different peri-
implantitis treatments on the biocompatibility of the dental
implant surface with the cells of peri-implant tissues [3—8].
On these bases, the results of the present in vitro study appear
intriguing and of potential clinical interest. Indeed, they dem-
onstrate that the irradiation of TiU implant surface with
GaAlAs diode laser emitting at A = 808 = 10 nm operating
in CW and PW mode preserved the viability of both tested cell
types as well as their capability to colonize the surface and
adhere on it. In fact, the cells seeded on the laser pre-treated
surfaces showed morphological features similar to those of the
cells cultured on untreated TiU with a well-organized cyto-
skeleton and intact nuclei according with previous observa-
tions [17, 32, 33]. We observed also that the cells did not
change their proliferation rate on the diode laser-treated sur-
faces; indeed, the percentage of both osteoblasts and MSC
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cells with nuclei positive for the pyrimidine analog EdU or for
the Ki67 factor was similar to that of the cells cultured on
untreated TiU. Moreover, the osteogenic differentiation exper-
iments indicated that the diode laser treatment of the TiU
surfaces did not affect their well-known osteoconductive
properties [17, 18, 22]. Osteoblasts and MSCs maintained in
fact the capability to undergo osteogenic differentiation as
showed by the expression the bone matrix non-collagenous
glyco-phosphoprotein osteopontin as well as by the apposition
of mineralized bone-like nodules on the treated surface. Of
note, data showing an increase of the Ca>* deposit fluorescent
signal intensity per optical field in the cells cultured on CW-
and even more on PW-TiU as compared to those on untreated
TiU seemed to suggest the capability of the laser treatment to
improve the osteoconductive properties of TiU surface. These
data are consistent with previous observations showing that
light irradiation of TiO, surface may positively influence im-
plant biocompatibility [33—-35]. The mechanisms by which
laser could exert this action remain still to be elucidated. It
can be hypothesized the occurrence of a laser induced-
functionalization of titanium similarly to
photofunctionalization as previously described [36, 37]: the
light could modify the energy or chemical composition of
the surface, stimulating the deposition and aggregation of
mineralized nodules.

This study demonstrated also the cytotoxicity in vitro of
CHX (0.2%), the conventional chemotherapic antiseptic agent
used for peri-implantitis treatment [23, 24] both when applied
on TiU surface before cell seeding and directly on the cells
cultured on the TiU discs, supporting previous data from our
research group and others [27, 38—42]. Indeed, in all our ex-
perimental conditions for both cell types, CHX treatment in-
duced a drastic reduction of viability as compared to untreated
cells associated with dramatic morphological alterations,
consisting in the disarrangement of actin cytoskeleton in cor-
relation with the reduced ability of the cells to adhere to the
implant surface. Osteoblasts showed also typical features of
necrotic death and signs of apoptosis. The fact that the major
damage was observed in the osteoblasts cultured on CHX-pre-
treated TiU surfaces rather than in those cultured on untreated
surface subsequently exposed to the antiseptic agent could be
explained by the reported data showing that CHX did not alter
titanium surface characteristics and was capable of being
uptaken, adsorbed, and released by rough TiU surfaces owing
to their larger surface area, higher number of binding sites, and
micro-cavities [24, 41]. In particular, it has been reported that
a higher percentage of the available CHX (in particular ap-
plied at the concentration of 0.2%) become adsorbed and
slowly released over 24 h, when contacting a rough titanium
surface as compared to a smooth surface [41]. If, on one side,
such CHX retention by titanium surfaces could raise interest
in the antimicrobial action of this chemical agent on implant
surfaces, on the other, it is worth to underline that it could
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impair implant biocompatibility with osteoblasts. In particular
CHX could reduce cell substrate adhesion ability likely affect-
ing several matrix components and cell adhesion receptors
such as integrin, as previously reported also for other cell
types [42—45]. Moreover, it is also reasonable that cells cul-
tured for 24 h on untreated TiU surface before being exposed
to the chemotherapic agent can become firmly attached to the
surface therefore displaying a reduced susceptibility to the
toxic agent. On the other hand, in the latter experimental con-
ditions, MSCs showed a different behavior as compared to
osteoblasts; indeed, they displayed the complete disappear-
ance of cytoskeleton, thus suggesting a very high sensitivity
of these cells to CHX. However, further investigations are
required to clarify this cell response.

In conclusion, the results of this study contribute to provide
further experimental evidence for considering the potential of
808 + 10 nm GaAlAs diode laser at the indicated parameter
setting, as a valuable treatment option for tissue peri-
implantitis mainly when considering that an ideal clinical
treatment should exhibit selective cytotoxicity and maintain
a good balance among implant bacterial decontamination and
biocompatibility and to discourage the use of CHX. In any
case, it must be considered that the present in vitro study has
been performed in standardized laboratory conditions using
clean discs. Such situation is consistently different from the
clinical condition of laser or CHX-aided implant surgery, in
which a whole implant, with its global mass and correspond-
ing forces acting on it, interacts with peri-implant tissues and
could come in contact with blood, inflammatory cells, and
proteins. For this reason, the translation of experimental re-
sults to the clinical practice must proceed with a great caution.
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