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Abstract: Dental implants are crucial therapeutic devices for successful substitution of missing
teeth. Failure cases are mainly pathogen-associated events, allowing clinical progression toward
peri-mucositis or peri-implantitis. The aim of this study was to compare the performance of two
mechanical decontamination systems, Nickel-Titanium brush (Brush) and Air-Polishing system
with 40 µm bicarbonate powder (BIC-40), by means of a novel bioluminescence-based model that
measures microbial load in real time. Briefly, 30 disks were contaminated using the bioluminescent
Pseudomonas aeruginosa strain (BLI-P. aeruginosa), treated with Brush (30 s rounds, for 90 s) or BIC-40
(30 s, at 5 mm distance) procedure, and then assessed for microbial load, particularly, biofilm removal
and re-growth. Our results showed that Brush and BIC-40 treatment reduced microbial load of about
1 and more than 3 logs, respectively. Furthermore, microbial re-growth onto Brush-treated disks
rapidly occurred, while BIC-40-treated disks were slowly recolonized, reaching levels of microbial
load consistently below those observed with the controls. In conclusion, we provide evidence on the
good performance of BIC-40 as titanium device-decontamination system, the clinical implication for
such findings will be discussed.
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1. Introduction

To achieve a successful oral rehabilitation, aimed at substituting one or more missing teeth via
dental implants, such as titanium (Ti) element or titanium alloys [1], it is important not only to obtain
implant osseointegration but also to limit, as much as possible, the risk of peri-implant disease [2]. As
recently underlined [3], much has to be done in such topic. Peri-implantitis is a chronic, irreversible,
multifactorial condition, triggered by microbial biofilm formation, and persistent inflammation around
dental implants [3–5], especially in patients with insufficiently poor oral hygiene, smoking, diabetes,
history of periodontitis, trauma, or fracture due to uncontrolled implant-overload [6,7]. Massive
and long-lasting inflammation of the surrounding area will bring to local tissue de-structuration,
bone-degradation and eventually loss of the involved implant(s) [8]. It has also been hypothesized that
some subjects are genetically predisposed to the onset and progression of peri-implantitis. This would
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be due to an incorrect modulation of the RANK/RANKL systems, regulators of immune responses,
and bone physiology [9–13]. In particular, three molecules, the receptor activator of NF-kappa B
(RANK), its ligand RANKL, and the decoy receptor of RANKL, osteoprotegerin (OPG), attracted the
attention of scientists and pharmaceutical companies alike. Genetic experiments evolving around
these molecules established their pivotal role as central regulators of osteoclast function [14].

Notoriously, microbial contamination and biofilm formation may take place onto biotic and abiotic
surfaces, including dental implants. Once established as a sessile structure, microbial community
acquires enhanced resistance to cleansing techniques, antimicrobial drugs, and host immune defenses
with respect to their planktonic counterpart [15,16]. Several studies [17,18] focused on implant and
abutment colonization, stating that the characteristics of their surface(s) significantly influence clinical
outcome, affecting microbial localization on the device(s) and around the peri-implant area. Moreover,
by an experimental study in dogs, Albouy et al. [19] demonstrated that peri-implantitis progression is
more rapid when using rough surface implants rather than machined ones.

Over the years, different methods, such as mechanical and chemical systems or antimicrobial
solutions, have been used for implant decontamination, thus achieving good results [20,21].
Nevertheless, undesired alteration(s) of implant surfaces can happen to a different extent [22]. Current
efforts are aimed to implement microbial biofilm removal, minimizing changes/damages on implant
surface-structure(s) and, at meantime, maintaining the implant biologically adequate and favorable for
adhesion and persistence of reparative host cells [23,24].

Among several decontamination systems, Nickel Titanium brushes (Brush) and Air Polishing
system with 40 µm bicarbonate powder (BIC-40) are receiving interesting attention. The former is
known to be resistant and high flexible material when undergoing heating/cooling variations [25].
The latter, employing bicarbonate powder, is often used by clinicians for its efficacy in mechanical
removal of biofilm, providing satisfactory clinical outcomes [26].

The set-up of new experimental models, such as the recently described use of an engineered
laboratory strain of Pseudomonas aeruginosa (P. aeruginosa) to assess, in real time, biofilm formation onto
medical devices [27], opens new pathways for a better comprehension of the events involved in microbial
biofilm formation onto abiotic surfaces and its abatement by chemical and/or mechanical procedures.

The aim of the present study was to compare two decontamination systems, Brush and BIC-40,
in their ability to impair P. aeruginosa contamination onto titanium disks by a bioluminescence-based
assay. The null hypothesis was that biofilm persistence and microbial re-growth on titanium disks
were comparable, irrespectively of the decontamination system employed.

2. Materials and Methods

2.1. Titanium Disks

We tested 30 disks (MegaGen Co. Ltd., Daegu, South Korea), with Calcium-incorporated titanium
surface, having dimensions of 13 mm in diameter, 3 mm in thickness, and an arithmetic average (Ra)
value of 0.93 µ. The titanium disks were firstly sterilized by autoclave. Then, microbial contamination
and cleaning/decontamination were performed as below.

2.2. Pseudomonas Aeruginosa

We used the bioluminescent P. aeruginosa strain P1242 (BLI-Pseudomonas). As previously
described [28], such cells were engineered in order to express the luciferase gene and its substrate under
the control of a constitutive P1 integron promoter 2, thus constitutively producing a bioluminescent
signal. Bacteria from –80 ◦C glycerol stocks were initially seeded onto Tryptic Soy Agar (TSA) (OXOID,
Milan, Italy) plates and incubated overnight at 37 ◦C. Then, isolated colonies were collected, suspended
with 10 mL of Tryptic Soy Broth (TSB) (OXOID, Milan, Italy), and allowed to grow overnight at
37 ◦C with gentle shaking. Bacterial concentrations were then assessed by the McFarland standard
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curve and working dilutions (1 × 106/mL, in TSB) were prepared and used according to the protocols
detailed below.

2.3. Microbial Growth and Biofilm Formation onto Titanium Disks

Overnight cultures of BLI-Pseudomonas (106/mL) were seeded in 96 black well-plates, in the
presence or not of titanium disks (1 disk/well), to allow microbial growth and biofilm formation.
The plates were then incubated at 35 ◦C for 24 h, into the Fluoroskan Luminescence reader (Thermo
Fisher Scientific, Waltham, MA, USA), and the bioluminescence was detected hourly. The BLI signal
was automatically recorded (total microbial load). At time 24 h, the disks were washed twice with
phosphate buffered saline (PBS) (EuroClone, Wetherby, UK) at room temperature (RT) to eliminate
the planktonic cells, transferred into new wells and the bioluminescence signal was again measured
(biofilm produced onto disk surfaces). The recorded bioluminescence values were expressed as Relative
Luminescence Units/sec (RLU/sec) and converted in colony forming units (CFU/disk), based on an
internal reference curve.

2.4. Titanium Disk Decontamination Systems

BLI-Pseudomonas contaminated disks were treated with Nickel-Titanium Brushes, named Brush
(Implant Cleaning Technique, Hans Korea Co. Ltd., Gyeonggi-do, Korea/De Ore, Verona, Italy) and
Air-Polishing system (Combi-Touch, Mectron spa, Carasco, Genova, Italy) with 40 µm bicarbonate
powder (BIC-40). The Brush, composed of about 40 super elastic filaments with a diameter of
0.07–0.13 mm, was used at 400 and 600 rpm, for three sequential rounds of 30 s each with 25 g pressure
calibrated on an electronic scale of 100 N torque. The BIC-40 system (30 s at a distance of 5 mm)
consisted in the mechanical action of compressed air spreading a flow of particles onto the titanium
surface, as previously demonstrated by the authors [25]. The BIC-40 system was executed for 30 s
at a distance of 5 mm, consisting in the mechanical action of compressed air spreading the flow of
particles onto the titanium surface. When the particles hit the surface, their kinetic energy is dissipated
almost completely, thus producing a gentle and effective cleansing action. The cleaning treatment was
completed by a water jet that was arranged in the form of a bell around the main flow. This flow used
the pressure drop originated around the nozzle to prevent the powder cloud from bouncing and being
dispelled and, at the same time, to dissolve the powder by washing the surface.

All the decontamination treatments were performed by the same operator.

2.5. Residual Biofilm and Microbial Re-Growth after Decontamination

The BLI-Pseudomonas-contaminated titanium disks were divided into three groups and processed
as: untreated controls, Brush-treated, and BIC-40-treated groups. Upon treatment, the disks were
transferred in new wells containing fresh medium and immediately analyzed by the Fluoroskan reader
(residual biofilm). Subsequently, the disks were incubated at 35 ◦C into the Fluoroskan reader and
hourly evaluated for BLI signal for further 24 h (microbial regrowth). The values obtained were
expressed as RLU/sec and CFU/disk.

2.6. Statistical Analysis

Each experiment was performed twice; each protocol included 15 disks. Each condition (i.e.,
control, Brush and BIC-40) was tested using five replicates. Data that had a normal distribution were
expressed as RLU/sec or CFU/disk. The results are shown as mean ± standard error (SEM). Statistical
analysis was performed using the Student’s t-test that allowed to compare treated vs untreated groups.
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3. Results

3.1. Total Microbial Growth and Biofilm Formation onto Titanium Disks

Initially, to exclude any effect of titanium on total microbial growth, BLI-P. aeruginosa (106/mL)
was seeded at time 0 in two sets of wells, containing or not titanium disks (1 disk/well). Then, the plate
was incubated at 35 ◦C for 24 h, and microbial growth was kinetically assessed, by bioluminescence
analysis. Super-imposable and time-related trends were observed in the two groups (both above 108

CFU/mL, at time 24 h), indicating that the presence of titanium disks did not affect P. aeruginosa growth.
Next, the formation of P. aeruginosa biofilm onto titanium disks was assessed. In particular, at 24 h,
the disks were washed twice with PBS to eliminate the non-adherent microbial cells, transferred into
new wells, and then tested for residual bioluminescent signal. As shown in Figure 1 (upper panel,
control group), BLI-RLU remained at levels as high as 0.8 ± 0.12 RLU/s, indicating that a strong biofilm
had been formed onto the disks. In order to express the BLI results as microbial load/disk, an internal
calibration curve was used, and the CFU/disk were calculated, as shown in Figure 1 (lower panel,
control group).

Figure 1. P. aeruginosa biofilm formation onto Titanium disks and residual microbial load, following
Ni-Ti brush and AirPol BIC-40 decontamination treatments. Microbial load was assessed on treated
and untreated disks, by bioluminescence assay; the results are given as RLU/s and number of viable
cells (CFU/disk).

3.2. Microbial Biofilm Removal from Titanium Disks by the Two Decontamination Systems

To assess the efficacy of the two cleaning systems, two sets of disks, housing a 24 h-old P. aeruginosa
biofilm, were treated with Brush or BIC-40 procedures, as detailed in Section 2. In parallel, a third set
of disks remained untreated (control group). Then, each disk was transferred into a new well, with
fresh medium, and the RLU/s were immediately detected. As shown in Figure 1, when compared to
the untreated control group, both decontamination systems were capable of impairing biofilm level,
although to a different extent. In particular, when expressing such decreases as percent, the Brush
procedure caused 76% biofilm reduction, while the BIC-40 treatment allowed 99.9% of biofilm reduction.

3.3. Microbial Re-Growth onto Treated Titanium Disks

The microbial re-growth onto decontaminated titanium disks was measured hourly, for additional
24 h, incubating again the plate at 35 ◦C in the Fluoroskan reader. The results are given as microbial
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load ratio between treated and untreated disks, as shown in Figure 2. We found that, following the
Brush procedure, the microbial load ratios rapidly increased, up to about 1.5 logs within the initial
5 h. Then, between treated and untreated groups, values remained constantly close to 1 up to 24 h,
indicating that microbial load in treated and untreated disks was comparable.

Figure 2. Kinetic evaluation of P. aeruginosa biofilm re-growth onto titanium disks, following
decontamination by Ni-Ti Brush and AirPol BIC-40 systems. Microbial load was kinetically assessed on
treated and untreated disks, by bioluminescence assay. The results are expressed as microbial load ratio
between treated and untreated disks. The ratio = 1 (dotted line) indicates superimposable microbial
load in treated and untreated groups.

Differently, when using the BIC-40 procedure, the microbial load ratios further decreased at time
2–4 hours of incubation. Then, a gradual but slow enhancement was observed up to 12–13 hours.
After that, the values decreased again and remained stable by the time, the ratio between treated and
untreated disks ranging between 0.1 and 0.01 log. These data indicated that BIC-40–treated disks
maintained, by the time, a significantly lower microbial load with respect to both the Brush-treated as
well as the untreated control counterpart.

4. Discussion

Here, we show that BIC-40 system performs better than Brush in reducing P. aeruginosa biofilm
and microbial re-growth onto titanium disks.

Dental implants are widely used in different clinical situations; osseointegration ability and
long-lasting integrity bring about successful results [29]. Vice versa, microbial localization on the
implant affects the surrounding area, eventually leading to osseointegration loss [3,4]. As described
in [30], microbial biofilm may happen, despite titanium disks’ surface sharpness. This outline needs a
targeted clinical action for patient benefit. Besides antibiotics or other therapies [31], decontamination
techniques of dental implant surfaces deserve special attention as local cleaning systems. Such
treatments seem to be less effective when applied to rough surfaces rather than to smooth surfaces.
Furthermore, depending upon cleaning procedure used, undesirable effects may occur on implant
surface morphology [32–34].

By a recently established model assessing in real time microbial biofilm formation onto medical
devices [27], here we show that BLI-Pseudomonas has the ability to adhere onto the titanium disks,
thus rapidly forming a consistent biofilm on their surfaces within 24 h. Moreover, we provide the first
evidence on the different efficacy of the two decontamination treatments, since Brush and BIC-40 are
capable of impairing biofilm up to 76% and 99.9%, respectively. In particular, as evaluated by RLU
analysis and subsequent conversion in CFU/disk, we show that microbial load is reduced of about 1 log
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following Brush treatment, while more than 3 logs decrease occurs upon BIC-40 treatment. Furthermore,
kinetic assessment of BLI signal demonstrates that microbial re-growth onto BIC-40-treated disks
is delayed and remains mostly below the control values (about 1 log). In the Brush-treated disks,
microbial re-growth occurs, rapidly reaching levels similar to those observed in the untreated control
disks. It should be noted that Pseudomonas produces one of the most complex and difficult to treat
biofilms [35] even on dental implants [36]. Thus, we assume that the successful decontamination
obtained by BIC-40, in our model, would likely be as effective when applied against other clinically
relevant biofilms, including those produced during peri-mucositis/peri-implantitis.

As recently published [25], a mechanical treatment for decontamination of titanium disks, such as
the use of Brush, deeply affects the device surface producing deep grooves on it. In contrast, lack of
damage occurs in BIC-40 treated titanium surface(s). Taken together, our previous [25] and present
data favor the conclusion that the use of BIC-40, avoiding formation of niches onto device surface,
would in turn prevent/minimize microbial adhesion, survival, and persistence. Moreover, we favor the
hypothesis that the good performance of BIC-40 can also be related to the fact that sodium bicarbonate
particles, remaining onto BIC-40-treated titanium disks [25], likely render the device surface hostile to
subsequent microbial re-growth. In any case, using a BLI-based system that allows kinetic monitoring
of microbial load onto medical devices [27], we have been able to show a different efficacy of the two
decontamination procedures not only in impairing preformed biofilm but also in limiting subsequent
re-growth onto titanium disks.

Finally, it is worth noting that the present data have been obtained using titanium disks with
rough surfaces, as representative of the worst condition clinically possible. Indeed, previous studies
investigating the correlation between implant surface morphologies and microbial localization around
the peri-implant areas demonstrate a more pronounced progression of the pathology around rough
surface rather than machined ones [17–19]. From here, we assume that BIC-40 performance would
further improve when used to decontaminate machinated implants.

5. Conclusions

This in vitro study provides evidence on the relevance of BIC-40 as dental implant decontamination
system. Besides avoiding titanium surface damage [25], such treatment consistently impairs biofilm and
microbial re-growth. Given the relevance of microbial contamination in implant failure, these findings
open to a clinical use of BIC-40 in the treatment of pathogen-related peri-mucositis and peri-implantitis.
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