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Abstract The aim of the present study was to evaluate the
influence of different treatment approaches on: (1) the re-
moval of early plaque biofilms grown on titanium implants,
and (2) the biocompatibility of the instrumented implant
surfaces. Five volunteers wore acrylic splints with sand-
blasted and acid-etched titanium discs for 24 h to build up
supragingival plaque. A total of 80 specimens were ran-
domly assigned to the following groups: (1) an Er:YAG
laser (100 mJ/pulse, 10 Hz) (Y), (2) an ultrasonic system
(U), (3) plastic curettes and rinsing with chlorhexidine
digluconate (P), or (4) unworn titanium discs (C). Auto-
claved specimens were incubated with SAOS2 cells for
three days. The following parameters were measured:
treatment time (T), residual plaque biofilm (RPB) and clean
implant surface (CIS) areas (%), and mitochondrial cell
activity (MA) (counts/s). Statistical analysis within and
between groups revealed the following mean scores (+SD):
RPB areas: P (61.1+11.4) > U (36.844.5) > Y (5.8£5.1);
ClSareas: Y (94.245.1)>U (63.2+4.5)>P (38.9£11.2); T: Y
(5.6£1.2) > U (2.4+0.5) > P (2.3+0.5); MA: C (1.528.636+
188.371)>U (831.594+370.228) > Y (678.250+367.902) >
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P (144.105%£120.961). Within the limits of the present study,
it may be concluded that Y seems to be most suitable for the
removal of supragingival early plaque biofilms grown on
SLA titanium implants, and (2) all treatment procedures
failed to restore the biocompatibility of previously-contami-
nated SLA titanium surfaces.
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Introduction

Nowadays, microbial colonization has been implicated as
the main causative factor in the pathogenesis of implant
failures [3, 8, 23]. Bacteria present on implant surfaces may
lead to an inflammation of the peri-implant mucosa, and, if
left untreated, the inflammation spreads apically and results
in bone loss, a process that has been named peri-implantitis
[2]. Therefore, the removal of bacterial biofilms seems to be
a prerequisite in the therapy of peri-implant infections [25].
However, decontamination of structured implant surfaces is
difficult to achieve. Since mechanical methods (plastic
curettes, polishing with rubber cups) alone have been prov-
en to be insufficient in the elimination of bacteria on
roughened implant surfaces, the adjunctive use of chemical
agents (irrigation with local disinfectants, local or systemic
antibiotic therapy) has been recommended in order to
enhance healing following treatment [12, 24, 34]. Further-
more, air-powder-flow was also successfully used for
implant surface decontamination in vitro [4, 28]. However,
there are limitations in their application because they can be
associated with an increased risk of emphysema [43].
Recently, in addition to these conventional tools, the use of
different laser systems has been proposed for the decon-
tamination of implant surfaces [17, 18, 27, 33]. Recent in
vitro studies have pointed out that (in an energy-dependent
manner) only the CO, (carbon-dioxide) laser, the diode
laser and the Er:YAG (erbium-doped: yttrium, aluminium
and garnet) laser may be suitable for the irradiation of
implant surfaces because their specific wavelengths are
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poorly absorbed by titanium and so the implant body
temperature does not increase significantly during irradia-
tion [16-19, 27, 33]. However, until now, bactericidal
effects on roughened implant surfaces in vitro have only
been reported for the CO,— and Er:YAG laser [16, 19].
Since neither CO, nor diode lasers are effective at removing
plaque biofilms from root surfaces or titanium implants,
both types of lasers were only used in conjunction with
mechanical treatment procedures [6, 26, 38, 42]. In contrast,
the ability of the Er:YAG laser to effectively ablate dental
calculus from periodontally-diseased root surfaces without
producing thermal side-effects to adjacent tissue has been
demonstrated in recent in vivo studies [11, 38]. Preliminary
results from a controlled clinical trial have also indicated
that nonsurgical treatment of peri-implantitis with an Er:
YAG laser may lead to significant clinical improvements, as
evidenced by bleeding on probing, probing depth reduction
and gain of clinical attachment [39]. However, until now, no
investigations evaluating the influence of an Er:YAG laser
on the removal of plaque biofilms from rough titanium
implants have been available. Therefore, the aim of the
present study was to evaluate the effectiveness of an Er:
YAG laser at removing plaque biofilms grown on titanium
implants in comparison to conventional treatment proce-
dures such as plastic curettes and rinsing with chlorhexidine
digluconate or an ultrasonic system. Furthermore, the bio-
compatibility of the instrumented titanium surfaces was
assessed through viability measurements of human osteo-
blast-like cells (SAOS2).

Materials and methods
Study population

Five healthy volunteers (three women, two men, mean age
31.5+1.8 years) were included in the study. Each participant
was given a detailed description of the procedure and was
required to sign an informed consent. The study protocol
was approved by the local ethics committee. The criteria
needed for inclusion were: (1) no systemic use of antibiotics
during the last six months, (2) good level of oral hygiene
(PI<1) [20], (3) no signs of destructive periodontitis or any
inflammatory conditions of the surrounding soft tissues,
and (4) non-smoker.

Splints and titanium discs

Prior to the investigation, the subjects received a profes-
sional tooth cleaning. The volunteers were provided with
acrylic appliances for the upper jaw with eight titanium
discs (Promote, Altatec, Wimsheim, Germany; sand-blast-
ed and acid-etched, 0.7 cm?, 2-mm thick) each in order to
collect a supragingival plaque biofilm [14]. Specimens were
inserted with sticky wax into depressions towards the palate
at a distance of approximately 1 mm, in order to provide a
nutritious aqueous environment (Fig. 1). The splints were
worn by the volunteers for 24 h [32, 41]. The subjects were

Fig. 1 Removable splints showing the location of the titanium discs
in the upper jaw. Eight specimens were inserted into depressions with
sticky wax towards the palate

allowed to maintain their regular diet and retained the
splints intra-orally throughout the whole experimental pe-
riod, except during their daily mechanical toothbrushing
(only with tap water, no toothpaste or mouth rinse was al-
lowed). Erythrosine dye was used to stain the plaque biofilm
grown on the implant surfaces. Only specimens exhibiting a
homogenous plaque biofilm, as evidenced by light micro-
scopic observation (Olympus BX50, Olympus, Hamburg,
Germany, original magnification x40), were included in the
study. A total of 60 titanium discs were collected and equally
and randomly assigned to the following treatment groups:
(1) an Er:YAG laser (test group 1), (2) an ultrasonic system
(test group 2), or (3) plastic curettes and rinsing with chlor-
hexidine digluconate (0.2%) (test group 3). Additionally,
20 unworn and untreated titanium discs served as positive
control (C).

Treatment procedures

An Er:YAG laser device (KEY3, KaVo, Biberach, Ger-
many) emitting pulsed infrared radiation at a wavelength of

Fig. 2 Laser handpiece with a cone-shaped glass fibre tip emitting a
radial and axial laser beam



Fig. 3 Straight polyether ethercetone fibre of the Vector ultrasonic
system

2.94 um was selected for laser treatment (Y). Laser param-
eters were set at 100 mJ/pulse (12.7 J/cm®), 10 Hz, and the
pulse energy at the tip was approximately 85 mJ/pulse [36,
37, 39]. The laser beam was guided onto the implant sur-
faces under water irrigation with a specially-designed peri-
odontal handpiece (P2061, KaVo, Biberach, Germany) and
a cone-shaped glass fibre tip emitting a radial and axial laser
beam (Fig. 2). For the treatment of test group 2, a special-
ly-designed ultrasonic system was used (Vector, Diirr,
Bietigheim-Bissingen, Germany) (U) with a straight poly-
ether ethercetone fibre (PEEK) and a polishing fluid (HA
particles<10 pum) (Fig. 3). In both groups, the fibre tips were
guided parallel to the titanium surfaces in contact mode. In
test group 3, the mechanical plaque biofilm removal was
performed using plastic curettes (Straumann, Waldenburg,
Switzerland) followed by irrigation with a 0.2% chlorhex-
idine digluconate solution (Corsodyl, GlaxoSmithKline
Consumer Healthcare, Biihl, Germany) (P). The end point of
the treatment was defined as the inability to remove residual
plaque biofilm areas.
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Measurement of residual plaque biofilm areas and
clean implant surface areas

For image acquisition, a digital camera (Nikon D100,
Nikon GmbH, Diisseldorf, Germany) was mounted on a
binocular light microscope (Olympus BXS50, Olympus,
Hamburg, Germany). Digital images (original magnifica-
tion x40) were evaluated using a software program (ImageJ,
Scion Corp., Maryland, USA). For each titanium disc, mean
initial plaque biofilm (IPB) areas, residual plaque biofilm
(RPB) areas and clean implant surface (CIS) areas were
measured as a percentage of the scanned surface at ten fields
selected at random. In order to calculate RPB and CSI areas,
respective IPB areas were defined as 100%. All measure-
ments were performed by one blinded and calibrated
examiner.

Cell cultures

Subsequent to measurement of residual plaque areas,
specimens were autoclaved and placed into 24-well plates
(Lap Tek Chamber Slide, Nalge Nunc, Naperville, IL, USA).
Human osteoblast-like SAOS2 cells (ATCC, No. HTB 85,
Manassas, USA) [2x10* cells, fourth passage] were sus-
pended in McCoy’s SA medium (MCM, Gibco No. 21017-
025, Life Technologies GmbH, Karlsruhe, Germany)
containing 1% penicillin/streptomycin (Gibco Invitrogen,
Karlsruhe, Germany) and 10% fetal bovine serum (Gibco
Invitrogen, Karlsruhe, Germany) and then inoculated onto
the well chambers. Culturing was set at 37 °C in a humified
atmosphere of 95% air and 5% CO,. Twenty unworn ti-
tanium discs served as positive control (C).

Cell viability assay

At day 3, the mitochondrial activity in the SAOS2 osteo-
blasts was measured using the CellTiter-Glo luminescent
cell viability assay (Promega, Madison, WI, USA). This
assay quantifies the ATP present, which signals the pres-
ence of metabolically active cells and is based on the
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Fig. Sa—e Light microscopic view of residual plaque biofilm (RPB)
areas and clean implant surface (CIS) areas (original magnification
x40): a control specimen, b homogeneously-stained plaque biofilm

luciferase-catalysed reaction of luciferin and ATP. In par-
ticular, mono-oxygenation of luciferin is catalysed by
luciferase in the presence of Mg®", ATP and molecular
oxygen. One hundred microlitres of CellTiter-Glo reagent
was added to the wells (n=80) and incubated for 10 min at
room temperature. The luminescent signal was recorded for
1 s per well in a counter (Top Count, Canberra-Packard
GmbH, Dreieich, Germany).

Statistical analysis

A software package (SPSS 11.0, SPSS Inc., Chicago, IL,
USA) was used for the statistical analysis, defining the
titanium discs as statistical units. Mean values and standard
deviations were calculated for each group. Analysis of
variance (ANOVA) and post hoc testing using Bonferroni’s

after 24 h, ¢ RPB and CSI areas following treatment with P, d RPB
and CSI areas following treatment with U, e RPB and CSI areas
following treatment with Y

correction for multiple comparisons were used for compar-
isons within and between groups. Results were considered
statistically significant at P<0.05.

Results

Residual plaque biofilm areas and clean implant
surface areas

After 24 h, the following mean IPB areas were measured: Y:
97.84+0.9; U: 97.5+0.9; P: 97.4£1.0 (P>0.05, respectively).
All treatment procedures resulted in a significant decrease
in [PB area (P<0.001, respectively). The mean percent RPB
and CIS areas for each treatment group are presented in
Fig. 4 (light microscopic views of the RPB and CIS areas for
each treatment group are shown in Fig. 5a—e). The highest
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percent RPB area was found for P, followed by U and Y. In
particular, the mean score for P was 61.1£11.4%, while U
exhibited 36.8+4.5%. In contrast, specimens treated with Y
showed a mean RPB area of 5.845.1%. Thus, highest per-
cent CIS areas was assessed for Y, followed by U and P. In
particular, the mean score for Y was 94.2+5.1%, while U
gave 63.244.5%. In contrast, specimens treated with P
showed a mean CIS area of 38.9+11.2% (Fig. 4). Differ-
ences between the groups were statistically significant
(P<0.001, respectively). The mean amount of time that was
needed for implant surface instrumentation is presented in
Fig. 6. An inability to remove RPB areas was felt by the
operator after 5.6+1.2 min in the Y group, after 2.440.5 min
in the U group, and after 2.3+0.5 min in the P group. The
differences between Y on the one hand, and U and P on the
other hand in terms of treatment time were statistically
significant (P<0.001, respectively).

Cell viability

During the experimental period, there were no signs of any
bacterial or fungal contamination of the well chambers. The
mitochondrial activity of SAOS2 osteoblasts expressed as
luminescent output (counts/s) is presented in Fig. 7. Highest
cell viability was measured for C, followed by U, Y and P.
In particular, measurement of luminescent output yielded
the following mean scores: C (1.528.636+188.371) > U
(831.594+370.228; P<0.001) >Y (678.250+367.902; n.s.)
> P (144.105£120.961; P<0.001) (Fig. 7).

Discussion

The results of the present study indicate that all treatment
procedures result in a significant decrease in plaque biofilm
area grown on SLA titanium implants. When interpreting
the present results, it must also be noted that, from a time-
dependent viewpoint, Y was more effective at removing
plaque biofilms than U or P. The design of the intraoral
splint used to collect an in vivo biofilm in the present

Treatment group

investigation followed, in general, the pattern described in
previous studies [5, 14]. However, some modifications
were made to the splint design in order to allow better and
more comfortable plaque growth. The inserted titanium
discs were turned towards the palate to avoid any distur-
bance by the tongue, but some space was permitted to
provide a nutritious aqueous environment. Generally, all
titanium discs were covered by a homogenous plaque
biofilm after 24 h in situ, highlighting that rough SLA
surface facilitates early plaque formation. This is in agree-
ment with the results of previous studies, which have shown
that early in vivo plaque accumulation is directly related to
the surface roughness of the different test specimens (enam-
el, dentine, prosthetic materials, rough titanium surfaces),
and that a homogenous and mature plaque biofilm is ex-
hibited after 24 h [32, 41]. The results of the present inves-
tigation corroborate, to a certain extent, previous findings
from a case report study evaluating the effectiveness of Y at
removing subgingival debris from titanium implants under
clinical conditions [36]. This investigation was conducted
on eight implants (SLA and titanium plasma flamed-TPS)
of two patients, considered for explantation due to severe
bone loss and inflammation. Immediately before explanta-
tion, six imzplants were instrumented subgingivally with Y
(12.7 J/em®), while two implants served as a control. In
comparison to the untreated control specimens, nonsurgical
instrumentation of titanium implants with this type of laser
resulted in effective removal of subgingival debris without
any thermal damage. However, all samples of the test group
revealed some residual debris [36]. To the best of our
knowledge, these are the first data reporting on the effec-
tiveness of U used with a PEEK probe and the HA polishing
fluid or P for the removal of plaque biofilms grown on SLA
titanium implants. Although morphometrical analysis re-
vealed significantly higher percentages of RPB areas on all
ultrasonically-treated titanium discs than for those in the Y
group, its effectiveness seemed to be significantly higher
than for P. In this context, it is important to point to the
results of a recent in vitro study which have shown that
treatment of periodontally diseased root surfaces with U
using a straight metal probe and the HA polishing fluid
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resulted in less effective removal of subgingival dental
calculus, but preservation of more tooth substance than a
conventional ultrasonic system or hand instruments [15].
There might be several explanations for this discrepancy.
First of all, it is important to realize that a supragingival
plaque biofilm, collected artificially after a period of 24 h, is
non-mineralized, whereas subgingival dental calculus is
defined as mineralized dental plaque that is permeated with
crystals of various calcium phosphates [35]. Furthermore, it
has been reported that subgingivally, rough titanium sur-
faces harbour 25 times more bacteria, with increased
proportions of Gram-negative anaerobic and facultative
anaerobic species [3, 30, 31]. Therefore, the removal of
subgingival plaque biofilms from rough titanium implants
appears to be more difficult to achieve than the removal of
non-mineralized supragingival plaque biofilms. On the
other hand, the polishing fluid used contained HA, which
also may have ameliorated the effectiveness of U, especially
on rough titanium surfaces. Further studies are needed to
clarify this issue. When interpreting the results of the pres-
ent study, it was also noted that human SAOS2 osteoblasts
responded differently to implant surfaces treated with either
Y, U or P, as evaluated by means of cell viability measure-
ment. Highest cell viability was measured for U, followed
by Y, and P exhibiting the least mitochondrial activity.
However, it must also be noted that the viability of SAOS2
osteoblasts in all test groups was significantly lower than for
unworn and untreated control specimens. There might be
several explanations for the present findings. First, it must
be emphasized that mitochondrial activity was measured
using an ATP-based luminescent cell viability assay, which
has been reported to be more sensitive than other methods
[1,9,21,29]. The luminescent signal generated during cell
lysis is proportional to the amount of ATP present. Further-
more, the amount of ATP has been shown to be directly
proportional to the number of viable cells present in the
culture [10]. To the best of our knowledge, there are no
other data investigating the effects of U, used with a PEEK
fibre tip, on the biocompatibility of SLA titanium implants.
However, in this context, it is important to point to the
results of a recent study evaluating the effects of Y and U,
used with a carbon fibre tip, on the attachment and pro-
liferation of human SAOS?2 osteoblasts on differently struc-
tured titanium implants [37]. It was reported that all of the
titanium discs treated with Y demonstrated almost the same
cell density per mm? as untreated control surfaces. How-
ever, there was a significant decrease in the number of cells
that attached to implant surfaces treated with U. The SEM
examination showed no visible differences between lased
and C titanium surfaces. In contrast, all surfaces treated with
U showed debris from the used carbon fibres. The authors
concluded that one possible explanation for the reduced cell
numbers in the U-treated group was a cytotoxic effect from
the debris of the used carbon fibres [37]. One possible
explanation for the reduced cell numbers in the Y, U and P
groups of the present study may be due to residual plaque
biofilm areas which might have influenced the viability of
SAOS?2 cells. Indeed, recent studies have demonstrated that
plaque biofilms may alter the surface characteristics of tita-

nium surfaces. It was presumed that bacterial contamination
of a titanium surface may affect its dioxide layer, resulting
in a lower surface energy and therefore reduced tissue in-
tegration [7, 40]. Another possible explanation for the re-
duced biocompatibility of the titanium discs may be surface
damage caused by Y, U or P. In this context, it must be
pointed out that one limitation of the present study was the
lack of a method to monitor morphological changes fol-
lowing treatment in all test groups. However, the results
from recent studies have shown that Y, used with a cone-
shaped glass fibre tip, did not cause any thermal surface
damages on differently structured titanium implants at an
energy density of 12.7 J/em?® [36, 37]. Similar results were
also reported for P, since plastic instruments hardly altered
the titanium implant surface following instrumentation [13,
22]. Furthermore, the results of the present study revealed
an inverse relation between remaining plaque and cell
viability between Y and U surfaces. This discrepancy might
be explained by the fact that the polishing fluid used during
ultrasonic instrumentation contains hydroxyapatite parti-
cles, which are basic in nature and may produce surface pH
changes more favourable to cellular attachment. However,
further studies are needed in order to determine whether
such chemical interactions can enhance cell attachment.

Conclusion

Within the limits of the present study, it may be concluded
that method Y (an Er:YAG laser at 100 mJ/pulse, 10 Hz)
appears to be most suitable technique for the removal of
supragingival early plaque biofilms grown on SLA titanium
implants, and (2) that all treatment procedures failed to
restore the biocompatibility of previously contaminated
SLA titanium surfaces.
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