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Abstract: Oral hygiene and regular maintenance are crucial for

preserving good peri-implant health. However, available pro-

phylaxis products and toothpastes, which are optimized for

cleaning teeth, tend to contaminate and abrade implant sur-

faces due to their organic components and silica microparti-

cles, respectively. This study aims to develop an organic-free

implant-paste based on two-dimensional nanocrystalline mag-

nesium phosphate gel and hydrated silica nanoparticles

(20–30% w/w) for cleaning oral biofilm on titanium dental

implants. The surface chemistry, morphology, and bacterial

load of contaminated Ti disks before and after decontamina-

tion using prophylaxis brushing with toothpaste and implant-

paste were characterized by X-ray photoelectron spectroscopy

(XPS), scanning electron microscopy, and fluorescence spec-

troscopy. Both commercial toothpastes and implant-paste

remove bacteria, however, only implant-paste protects Ti

metal from abrasion and removes organic contaminants. XPS

showed a significant decrease of carbon contamination from

73% ± 2 to 20% ± 2 after mechanical brushing with implant-

paste compared to 41% ± 11 when brushing with commercial

toothpastes (p < 0.05). Fluorescence microscopy revealed that

bacteria load on biofilm contaminated Ti (44 × 103 ± 27 × 103/

μm2) was significantly reduced with the implant-paste to

2 × 103 ± 1 × 102/μm2 and with a commercial toothpaste to

2.9 × 103 ± 7·102/μm2. This decay is relatively higher than the

removal achieved using rotary prophylaxis brush alone

(5 × 103 ± 1 × 103/μm2, p < 0.05). Accordingly, this novel

implant-paste shows a great promise as an efficient decontam-

ination approach. © 2018 Wiley Periodicals, Inc. J. Biomed. Mater.

Res Part B: 00B: 000–000, 2018.
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INTRODUCTION

Implant-supported restorations have become the gold stan-
dard in modern dentistry in order to restore missing natural
teeth. Accordingly, the global dental implant market was val-
ued at USD 4.5 billion in 2014 and is expected to reach USD
7.8 billion by 2020.1 In the US alone, 3 million Americans
have dental implants with a growth rate of 0.5 million per
year.2

Despite their high-success rates, 20% of dental implants
will fail due to the development of peri-implantitis.3 This
destructive inflammatory process occurs when bacterial bio-
film accumulates and develops on the surface of Ti implants

and affects both the soft and hard tissues surrounding dental
implants (i.e., peri-implant mucositis, peri-implantitis).4

Therefore, personal and professional oral hygiene measures
capable of removing bacterial biofilm without reducing
implant biocompatibility5,6 are essential to increase implant
survival.

Toothpaste and prophylaxis paste (used in dental clinics
by professionals) have been developed to assist the mechani-
cal removal of biofilm.7 These pastes contain abrasives
(hydrated silica, calcium carbonate), surfactants (sorbitol),
organic thickeners (xanthan, cellulose gums), and antimicro-
bials (fluoride, triclosan).8 However, such ingredients were
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reported to detrimentally affect the surface stability and
chemical properties of titanium implants 9–13 For instance,
the organic components of the pastes adsorb tightly to the
implant surface and alter seriously its physicochemical prop-
erties.14 Fluoride ions initiate surface corrosion of Ti15,16

and induce metallic ions release.15,17 These abrasives allow
effective plaque and stain removal but might damage signifi-
cantly the implant surface and increase its roughness.10,18

Indeed, prophylaxis paste and toothpaste are generally
categorized as fine, medium or coarse-grade, depending on
the size of their abrasive microparticles (1–177 μm).18,19

Consequently, they should be carefully selected when
implant restorations are present. Accordingly, we hypothe-
sized that prophylaxis pastes free of fluoride, organic com-
pounds, and having an optimized concentration of silica
nanoparticles would be more efficient to clean dental
implants.

Recently, we have discovered a new type of “clay-like”
material composed of 2D nanocrystals magnesium phos-
phate (NMP) with a unique biocompatibility and a bone heal-
ing capability around implants.20 The NMP gel forms highly
stable inorganic colloidal suspensions with interesting rheo-
logical properties (i.e thixotropy) that are ideal for tooth-
paste and prophylaxis pastes applications and does not
require the addition of organic thickeners. The gel formula-
tion was optimized to have an alkaline pH of 9.6 and a high
concentration of nanocrystals. The NMP gel is also rich in
Na+ cations, which have toxic effect on bacteria21 and can
disturb the biofilm structure by displacing divalent cations
(Ca2+).22

Herein, we aim at developing a new “Implant-paste”
based on NMP and an optimized concentration of silica
nanoparticles for dental implants decontamination. This
implant-paste offers several advantages over previous
methods such as, simplicity, low cost and the ability to clean
a wide range of microorganisms forming in the oral biofilm
on dental implants.

MATERIALS AND METHODS

The study design was reviewed and approved by the
Research Ethics Board Committee of McGill University
(application 14–464 GEN). Two healthy non-smoker adults,
one male and one female between 25 and 35 years of age
volunteered for this study and signed an informed written
consent before their participation. The participants were not
implant-users and were selected on the basis of good sys-
temic health, good oral hygiene and no history of periodontal
disease.

Materials synthesis
The implant-paste was developed by combining a thickening
agent made of 2D nanocrystalline magnesium phosphate
(NMP) inorganic gel and hydrated silica nanoparticles
(Sigma-Aldrich, Oakville, Canada) according to a previously
published protocol.20 In a typical procedure to synthesize
the NMP gel, 270 mg of Mg(OH)2 (4.6 mmol) was dissolved
in 7.5 mL of H3PO4 1.5 M (11.3 mmol), followed by the

addition of 13.5 mL NaOH solution 1.5 M (20.3 mmol). The
addition of the NaOH solution induces the instantaneous for-
mation of a white liquid suspension of nanocrystals with a
uniform size of 50 nm. The pH of the suspension remains
constant for 4 min at 10.1 then slowly decreases and stabi-
lizes at 9.6 after 30 min. At this point the suspension
becomes a grey translucent gel that attains a solid and thixo-
tropic behavior. This material is composed of 2D nanocrys-
tals.20 To tailor the abrasiveness of the paste different
concentrations of hydrated silica nanoparticles were added
(20, 30, 50, and 60% [w/v]) with average aggregate particles
size of 200–300 nm. The addition of hydrated silica nanopar-
ticles increased the viscosity of the gel without affecting its
thixotropic behavior and pH.

Samples preparation
Machined and polished titanium discs (grade 2, � 5.0 and
1.0 mm thick; McMaster-Carr, Cleveland, OH) were used in
this study depending on the characterization methods. The
analysis of surface chemistry, surface morphology and bacte-
rial load were done on machined surfaces while the evalua-
tion of surface roughness using confocal microscope was
performed on polished surfaces that most likely resemble
the abutment surface, which is the first surface that gets in
contact with cleaning instruments and products during
implant maintenance procedures. The polished surfaces also
allow for more accurate measurements of scratches induced
by cleaning.

All discs were sequentially ultrasonicated in deionized
water, acetone and ethanol for 15 min each, before drying
over-night in a vacuum oven (Isotemp, Fisher Scientific).

Biofilm contamination
Oral biofilm was developed on titanium surfaces following a
previously described standard protocol.23–26 Alginate
impressions were taken from participants to produce study
models for the upper jaw. Thermoplastic co-polyester splints
(1 mm thick) covering all maxillary teeth were produced.
The splints were used to fix the Ti discs at the buccal aspect
of the premolar and molar areas, each splint housed for
12 Ti discs.

The participants were asked to wear the splints for 24 h
in order to allow for soft biofilm to accumulate on the Ti sur-
faces. Upon drinking or eating, the participants were
instructed to remove the splints and store them in phos-
phate buffered solution. The splints were collected after
wearing periods of 24 h. The discs were washed with sterile
saline (0.9%) and analyzed.

Samples cleaning
The control samples (clean Ti discs that are exposed to
ambient contaminants) and biofilm-contaminated samples
were cleaned using a rotary brush that was set up at a speed
of �2500 rpm. The brush was held perpendicularly to the
contaminated surface and allowed to touch it gently while
moving in circular motion. The control samples were initially
brushed without any paste for 1, 2 and 5 min in order to
identify the brushing time needed to clean the adventitious
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contaminants (n = 6 for each group). Then, two toothpastes
were loaded on the prophy brush to assess their cleaning
effectiveness. Colgate Total toothpaste (Colgate-Palmolive,
New York; n = 6 per group) is representative toothpaste that
is widely used for personal daily care to reduce plaque and
prevent gum infections. It is composed of antimicrobials
(sodium fluoride, triclosan), organic thickeners (cellulose
gum and copolymers), abrasives (hydrated silica and tita-
nium dioxide), and humectants (glycerine and sorbitol). Blue
M (Bluem® Zwolle, Netherlands) toothpaste is used for
cleaning teeth but more specifically dental implants, since it
contains the same organics components as Colgate Total but
lacks abrasives and fluoride that might abrade and corrode
the implants. Hawe Implant Paste (KerrHawe SA, Bioggio,
Switzerland) is a special fluoride-free, pumice-free prophy
paste for professional cleaning of dental implants.

The implant-paste formulations; NMP gel containing
20, 30, 50, and 60% (w/w) of hydrated silica nanoparticles
were then assessed with the optimized brushing parameters
(n = 3 per group). Finally, the biofilm contaminated samples
were brushed with the optimized implant-paste and com-
pared to surfaces brushed with or without a commercial
toothpaste (n = 6 per group).

Analysis methods
For each set of experiments using each method of analyses
(X-ray photoelectron spectroscopy [XPS] or Florescence
Microscopy), the contaminated Ti discs collected from the
two splints (24 discs; each splint accommodated 12 discs)
were randomly and equally allocated to the experimental
comparison groups, therefore 6 discs were allocated to each
experimental group and each set of experiments had
4 groups. However, for the optimization of implant-paste for-
mulation, only 3 discs were allocated to each experimental
group. Ti surfaces were analyzed before and after biofilm
contamination and subsequent brushing with or without the
addition of the pastes. Analysis were performed using XPS,
live/dead bacterial assay, fluorescence microscopy, scanning
electron microscopy, and confocal laser scanning
microscopy:

X-ray photoelectron spectroscopy. XPS is one of the most
widely used techniques to measure surface elemental compo-
sition, chemical and electronic state of the elements.27 It is a
very powerful technique for detecting surface molecules and
it has been widely used to characterize the surface contami-
nation of implants.28 The chemical composition of Ti surfaces
(n = 6 for each treatment group) was analyzed using X-ray
Photoelectron Spectrometer (Thermo Fischer Scientific
Inc., East Grinstead, UK). The instrument is equipped with
a monochromatic Al Kα X-Ray radiation source
(1486.6 eV, λ = 0.834 nm) and an ultrahigh vacuum chamber
(10−9 Torr). For all specimens, the area of analyzed spot was
400 μm2. Survey scans were recorded on three different
spots on each Ti disc, over the range of 0–1200 eV with a
pass energy of 200 eV and a resolution of 1.0 eV. A flood gun
was used to neutralize the surface charging in all samples.
Binding energies, peak areas and atom concentration ratios

were obtained using the curve fitting function of Avantage
(5.932v) analysis software (Thermo Fisher Scientific, Wal-
tham, MA).

Live/dead bacterial assays and fluorescence microscopy
(FM). Live/dead staining (BacLight Bacterial Viability Kit
L7012, Molecular Probes, Carlsbad) and fluorescence micros-
copy were used to evaluate the viability and attachment of
bacteria on the contaminated and cleaned Ti discs (n = 6 for
each group). The live/dead stain was prepared by diluting
1 μL of SYTO 9 (excitation (λ) = 485 nm, emission = 498
nm) and 1 μL of propidium iodide (excitation = 535 nm,
emission = 617 nm) in 1 mL of distilled water. Discs were
placed in 48-well plate, and 500 μL of the staining mixture
was added to each well followed by incubation in the dark
at room temperature for 15 min. Careful preparations were
considered to stain all the biofilm contaminated discs imme-
diately after collection of splints from the volunteers to
avoid the change in bacterial viability. Each disc was then
carefully placed on a glass slide, then mounted using anti-
fade solution (BacLight™ mounting oil, Invitrogen), follow-
ing the manufacturer’s instructions and stored in a dark
space at 4˚C until processing. Discs were then evaluated
using an upright fluorescence microscope (Carl Zeiss Micros-
copy GmbH, Gottingen, Germany) within the first 2 h after
staining. The microscope is equipped with a digital camera
(AxioCam MRm Rev. 3, Carl Zeiss Microscopy, Gottingen, Ger-
many) and operated with an image processing software
(ZEN; Carl Zeiss Microscopy GmbH, Gottingen, Germany). For
each specimen, five randomly-selected sites were captured;
one at the center and the other four from the quarters of the
Ti surface using a 20x objective. Means of red fluorescent
areas (dead cells), green fluorescent areas (viable cells), and
total fluorescence (total bacteria) per standard microscopic
field area (448 × 335 = 0.15 mm2) were calculated using
Cell Profiler image analysis software (Broad Institute of MIT
and Harvard, Massachusetts).

Scanning electron microscope (SEM). Ti surfaces were
scanned before and after biofilm contamination, and after
each cleaning procedure to visualize the surface contami-
nants and topographical changes. Clean Ti discs were
scanned with SEM (FE-SEM S-4700, Hitachi, Japan) without
further preparation while the contaminated discs were pre-
pared as follows; the discs were fixed in glutaraldehyde
(2.5% in phosphate buffered solution [PBS]; PAA Laborato-
ries GmbH, Pasching, Austria) for 2 h and washed 5 times
for 10 min in PBS, before dehydrating them in ascending
concentrations of ethanol (30–100 v/v %, 15 min each). The
discs were then dried using critical point CO2 (Ladd
Research Critical Point Dryer, Williston, Vermont). All discs
were mounted on SEM-sample stubs and sputtered with
gold. The SE mode with an acceleration voltage of 20 kV was
selected, and the vacuum pressure was maintained below
1 × 10−5 Torr. For direct comparison of surface topography,
the same magnification of ×10,000 was selected for all
samples.
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Confocal laser scanning microscope. LEXT 3 D Confocal
Microscope (Olympus America Inc., PA, Canada) was used to
evaluate the surface roughness of polished Ti discs before
and after decontamination. The surface roughness was char-
acterized with roughness profile parameters (average rough-
ness [Ra] and root mean square roughness [Rq]); a method
extensively used for assessing the surface roughness of
implants.29 All values were determined at a cut-off length of
0.08 mm in 50 sections (evaluation length of 4 mm), and
evaluated using the LEXT OLS4000 software (Olympus,
America Inc., PA. Canada). Four discs were used for each
group, and measurements were taken at five random areas
from each disc.

Statistical analysis
The primary outcome variables were surface chemical com-
position, surface roughness, bacterial attachment, and viabil-
ity. For the statistical analysis, the SPSS software (version
22; SPSS Inc., IBM Corporation, NY) and Origin (version 9.0;
Origin lab, Northampton, MA) were used, describing the Ti
discs as statistical units. Means and standard deviations
were calculated for all groups and plotted in the graphs.

For each cleaning technique, data of the primary vari-
ables was statistically analyzed based on paired design for
comparison of the measurements from before and after con-
tamination and decontamination. The outcomes of different
decontamination methods were also analyzed and compared.
For the optimization of brushing time using prophy brush

FIGURE 1. X-ray photoelectron spectroscopy (XPS) surveys (A), bar chart (B), scanning electron microscope images at a magnification of ×10,000
(C), and photographs (D), illustrating the cleaning effect of rotary prophylaxis brush at different brushing time on the elemental composition and

topography of biofilm-contaminated Ti surfaces. a, significantly different from control Ti; b, significantly different from biofilm-contaminated group;

c, significantly different from Ti surfaces brushed for 1 min; and d, significantly different from Ti surfaces brushed for 2 min (p < 0.05).
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alone, the surface chemical composition was assessed before
and after contamination and decontamination, and compared
using repeated measures ANOVA and Paired samples t test,
while one-way ANOVA and independent samples t test were
performed to compare the outcomes of different groups and
techniques in the rest of experiments. The data analyses
were carried out using SPSS software version 22 (SPSS Inc.,
IBM Corporation, Somers, NY) and Origin 9.0 (Origin lab,
Northampton, MA). A p values of < 0.05 was set to represent
a statistically significant difference between groups.

RESULTS

Effect of current decontamination methods on Ti surface
Cleaning with prophy brush alone. The XPS survey spectra
of control clean Ti samples showed the presence of the fol-
lowing major peaks: O1s (O), C1s (C), Ti2p (Ti) and N1s
(N) [Fig. 1(A,B)]. The Ti2p and O1s peaks are attributed to
TiO2 oxide layer,30,31 whereas C1s and N1s indicates the
presence of adventitious unavoidable contamination from
atmosphere. A significant amount of carbon is normally
detected in the surface analysis of metal devices. In the case
of Ti implants, this adsorption further lowers the percent Ti
concentration below the theoretical limit of 33%.32

Biofilm formation on Ti surfaces significantly increased C
and N levels at the expense of O and Ti. The Ti2p [Fig. 1(A,B)]
signal almost disappeared from the spectra surveys of biofilm
contaminated Ti indicating the presence of a thick organic film
[Fig. 1(A)].

Brushing Ti with a prophylaxis brush for 1 min signifi-
cantly decreased the concentrations of C and N and
increased the concentrations of O and Ti [Fig. 1(B)]. Increas-
ing the brushing time to 2 and 5 min did not achieve further
cleaning benefits but causes some surface scratches as
shown by SEM [Fig. 1(C,D)]. For the subsequent experiments,
the brushing time was fixed at 1 min.

Cleaning with prophy brush combined with toothpastes
and a prophy paste. Colgate and Blue M toothpastes, which
are generally used for daily cleaning of teeth and dental
implants respectively, were loaded on a prophy brush and
used for cleaning control Ti (Fig. 2), and in another experi-
ment the prophy brush was loaded with Hawe implant pro-
phy paste that is recommended for professional cleaning of
dental implants in clinics [Fig. S1(A)]. All pastes were not
effective in cleaning the adventitious contamination present
on Ti surface. More unexpectedly, it seems that they increase
the concentration of C, likely due to the potential contamina-
tion of Ti surface with the organic components of these
pastes.

Development of new implant-paste formulation
Synthesis and characterization of the “clay-like” NMP
phase. Recently, we reported the synthesis of ultra-thin 2D
nanocrystals made of nanocrystalline magnesium phosphate
(NMP) by studying the ternary diagram of NaOH-Mg(OH)2-
H3PO4 system.20 The clay-like NMP phase was obtained in a
small region of the ternary diagram [Fig. 3(A, blue)]. The TEM
characterization of the gel shows a clay like structure where

the flakes are likely to be hold together due to the simulta-
neous presence of positive and negative charges of sodium,
magnesium and phosphates [Fig. 3(B)]. The gel behaves as
thixotropic materials; it can be liquefied by applying mechani-
cal energy and when the mechanical stress is removed Brow-
nian motions drive the particles into contact to reform the 3D
network of gel like texture [Fig. 3(C)].

Effect of hydrated silica on the decontamination efficiency
of NMP. The biofilm-contaminated surfaces were brushed
using NMP gel with different concentrations of hydrated sil-
ica nanoparticles. SEM images showed that surfaces brushed
with the NMP gel alone and the gel with 20–30% of
hydrated silica were cleaned without noticeable changes in
their topography [Fig. 4(B,C)]. Moreover, XPS showed a sig-
nificant decrease of C and N concentrations accompanied
with an increase of Ti and O for samples cleaned with the
gel containing 20–30% of hydrated silica compared to con-
taminated samples. No improvement in the cleaning effi-
ciency was observed for gels with higher concentration of
silica (i.e., 50 and 60%), however, they induced a significant
increase in the concentration of Na and Si respectively
[Fig. 4(A)] due to surface contamination with implant-paste
residues as shown in the SEM image [Fig. 4(B)]. Based on
these results, the optimized implant-paste formulation was
prepared using NMP gel and 20–30% hydrated silica
nanoparticles.

Cleaning biofilm-contaminated Ti with the optimized
implant-paste
Cleaning biofilm contaminated Ti with prophylaxis brush
alone and combined with implant, and toothpastes resulted
in a significant decrease of C and N and increase of O and Ti
indicating the efficient removing of biofilm [Fig. 5(A,B)]. The
highest decay of carbon concentration was observed when
biofilm contaminated Ti were cleaned with implant-paste;

FIGURE 2. XPS bar chart showing the change in the elemental composi-

tion of uncontaminated (control) Ti surfaces after prophy brushing with

Colgate and Blue M toothpastes (brushing time is 1 min). a, signifi-

cantly different from control Ti; and b, significantly different from Ti

surfaces brushed with Colgate toothpaste (p < 0.05).
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carbon contaminates decreased from 73 ± 2% to 20% ± 2
compared to 41% ± 11 when brushing with commercial
toothpastes (p < 0.05). The carbon concentration after clean-
ing with commercial toothpastes was even significantly
higher than that on control Ti (34% ± 2, p < 0.05).

On the other hand, both implant-paste and toothpaste
showed a significant removal of attached bacteria from
implants surfaces in comparison to the cleaning with prophy
brush alone as shown by fluorescence microscopy [Fig. 6(A,
B)]. The bacteria load on biofilm contaminated Ti
(44·103 ± 27·103/μm2) declined to 2·103 ± 1·102/μm2 and
2.9·103 ± 7·102/μm2 using the implant-paste and a commer-
cial toothpaste respectively, while the bacterial load was
reduced to 5·103 ± 1·103/μm2 after cleaning with the rotary
prophylaxis brush alone.

Finally, brushing with implant-paste did not change the
roughness of Ti in contrast to toothpaste [Fig. 7(A,B)] and
prophy paste [Fig. S1(B)], which caused a significant increase

of surface roughness. All these results support the efficacy of
implant-paste in cleaning biofilm and adventitious contami-
nants without damaging the surface of Ti implants.

DISCUSSION

Here we present a novel implant-paste specially designed
and optimized for implant surface decontamination. This
implant-paste can effectively decontaminate biofilm contami-
nated Ti without damaging its surface integrity compared to
the rotary prophylaxis brush alone and the brush combined
with commercial toothpastes.

Previous studies have demonstrated that the microbio-
logical structure is different in peri-implantitis and healthy
implant/tooth biofilm.33,34 Peri-implantitis biofilm contains
more pathogenic species which are harder to control.33 How-
ever, the formation of the oral biofilm is initiated by attach-
ment of early colonizers, which predominantly are gram-
positive cocci and bacillus.35 The secondary colonizers,

FIGURE 3. Identification, characterization, nanocrystals morphology, and structure of the “clay-like” NMP implant-paste. A: Ternary diagram of the

pH as a function of the molar fraction of Mg(OH)2, NaOH, and H3PO4. The stable NMP suspension can be obtained in a range of pH comprised

between 7.80 and 11.20. B: Representative TEM micrograph of a freeze-fractured carbon-platinum replica of a 10% w/w NMP suspension showing

the 3D structure and interactions of the nanocrystals composing the NMP gel. C: From the left to right; photographs of the rotary brush loaded with

the NMP gel, developed implant-paste, and the commercial toothpaste. Eppendorf tubes showing the physical aspect of the NMP gel, implant-

paste, and toothpaste; the toothpaste flows without applying mechanical shear while the other pastes do not flow.
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including the pathogens bind and co-aggregate with the early
colonizers forming the biofilm.36 Current implant cleaning
methods are able to eliminate bacteria24,37 but not necessar-
ily all organic contaminants that tightly attach to the Ti
metal.14 Moreover, these techniques often fail to achieve for-
mation of new bone onto previously biofilm-contaminated
implant surfaces (re-osseointegration) 38,39 but re-
osseointegration could be consistently achieved in sites pre-
viously affected by peri-implantitis as long as a pristine
implant surface is used.40 In this sense, our implant-paste
could be an effective decontamination technique for implant
surfaces because it is able to remove all contaminants; bacte-
ria and residual biofilm.

In this study, we used XPS to assess the biofilm organic
compounds attached to the implant surfaces. XPS is com-
monly used to identify and quantify the elements present on
metal surfaces (outermost 5–10 nm). It could detect any
change in the surface elemental composition due to contami-
nation, and give an extremely accurate evaluation on the
degree of surface cleanliness after cleaning.41,42 Before

biofilm contamination, control Ti surfaces showed Ti2p and
O1s peaks, which are attributed to TiO2 oxide layer,30,31 and
C1s and N1s peaks that indicate the presence of adventitious
unavoidable contamination from atmosphere. A significant
amount of carbon is normally detected in the surface analy-
sis of metal devices. In the case of Ti implants, this adsorp-
tion further lowers the percent Ti concentration below the
theoretical limit of 33%.32 After biofilm contamination, XPS
surveys showed a significant increase in C and N levels and
almost absence of Ti2P peak, which indicate that Ti surface
is almost completely covered with the biofilm organic com-
pounds. This finding is in agreement with previous XPS
reports on failed implants contaminated with microbial bio-
film.43 The surface elemental composition of biofilm contam-
inated Ti changed after brushing with different pastes as
described below.

Effect of current decontamination methods on Ti surface
Effect of prophy brush alone. Rotatory brushes and rubber
cups are commonly used to remove biofilm from implant

FIGURE 4. A: XPS bar chart comparing the cleaning efficiency of the NMP gel containing different concentrations of hydrated silica. B: Scanning

electron microscope images (magnification × 10,000) and (B) photographs showing the topography of the biofilm-contaminated Ti surfaces and

after brushing with the NMP gel, the gel containing different concentrations of hydrated silica (brushing time is 1 min). Small arrows indicate the

areas where the remnant silica and toothpaste residues accumulate on Ti surfaces. a, significantly different from control Ti; b, significantly different

from biofilm contaminated group; c, significantly different from Ti surfaces brushed with NMP gel alone; d, significantly different from Ti surfaces

brushed with the gel containing 20% hydrated silica; e, significantly different from Ti surfaces brushed with the gel containing 30% hydrated silica;

and f, significantly different compared to Ti surfaces brushed with the gel containing 50% (p < 0.05).
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surface with or without using prophylaxis paste. In this
study, we used rotary brush for cleaning Ti surface because
they are inexpensive and accessible compared to titanium
brush, and their Nylon bristles are gentle on Ti implant.

The purpose of this step was to optimize the brushing
time and exclude the possible damaging effect of brushing
procedure. To the best of our knowledge, this is the first
study that optimized the time required for Ti decontamina-
tion using prophylaxis brush. Brushing the contaminated
samples for one minute was enough to remove most contam-
inants [Fig. 1(A,B)] without inducing a noticeable surface
damage [Fig. 1(C,D)]. The average surface roughness
(Ra) after one-minute brushing was only 0.018 ± 0.004 μm,
which falls within the reported threshold Ra (� 0.2 μm) that
does not cause further alteration in surface microbiological
load.44 Increasing the brushing time induced visible
scratches on Ti surface with slight improvement in the clean-
ing outcome. This is due to the softness of Ti metal and its
low resistance to physical wear caused by the brushes’ bris-
tles.45,46 It has been previously reported that toothbrush
bristles cause changes in the texture of Ti surface47 and can
produce superficial grooves on the Ti abutments.48

Effect of prophy brush combined with toothpastes and a
prophy paste. A dentifrice is usually combined with brushes
to adjunct the physical removal of plaque and stains through
their chemical and physical additives, or to apply therapeutic
and preventive agents to tooth surface.45,49 Typically, denti-
frice needs two main ingredients to achieve the mechanical
cleaning; an abrasive agent and thickener to hold the abra-
sives in suspension during brushing.50

In this study, we investigated the effect of two cleaning
toothpastes on Ti surface. Colgate Total toothpaste is a rep-
resentative toothpaste that is widely used for personal daily
care and Blue M toothpaste, more specifically used for

cleaning dental implants. The effect of an implant prophy
paste (Hawe implant prophy paste) was also investigated
because this paste is the only available specialized product
for professional cleaning of dental implants in clinics.

Cleaning dental implants with these pastes contaminates
the implants surfaces due the organic components
(i.e., organic thickeners, humectants) used for maintaining
the texture of these pastes [Fig. 2; Fig. S1(A)]. Furthermore,
the abrasiveness of the regular toothpaste (i.e., Colgate) and
the prophy paste increases the roughness of Ti surface
[Fig. 7; Fig. S1(B)], which damages the integrity of Ti implant
and decreases its life time.51

Cleaning biofilm-contaminated Ti with the optimized
implant-paste
Optimization of implant-paste formulation. In this study,
we developed a new prophylaxis paste to decontaminate
implant surface (implant-paste) and enhance the cleaning
efficiency of the brush using NMP gel and hydrated silica
nanoparticles (Fig. 3). The NMP gel composition was opti-
mized to obtain an alkaline pH of 9.6 because the corrosion
resistance of Ti is high at this pH.52 In addition, the implant-
paste can be in contact with intraoral structures and teeth
for several hours when used for daily cleaning of Ti
implants. Consequently, it is important for this optimized
implant-paste to have a relatively alkaline pH to minimize
potential tooth or implant damage. The optimized NMP gel
has similar biocompatibility20 and thixotropic properties of
toothpastes without the need for additional organic thick-
eners which minimizes the risks of contaminating the
implant surface.53,54

The other key component of the implant-paste that con-
tributes to the physical removal of biofilm is the abrasive
agent. The abrasives are usually added to physically scrub the
external surface of tooth or implant and remove bacteria as

FIGURE 5. Effect of different cleaning methods on the surface composition of biofilm-contaminated Titanium. XPS surveys (A) and bar chart (B),

comparing the cleaning efficacy of the prophylaxis brush, the optimized implant-paste and toothpaste (brushing time is 1 min). a, significantly dif-

ferent from control Ti; b, significantly different from biofilm-contaminated group; c, significantly different from Ti surfaces cleaned with the prophy-

laxis brush; and d, significantly different from Ti surfaces brushed with the optimized implant-paste (p < 0.05).
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well as other extrinsic stains. Carbonates, silica, phosphates
and metal oxides microparticles are the common abrasive ele-
ments used in the conventional dentifrices.49,53 For our
implant-paste, hydrated silica nanoparticles (�200–300 nm)
were chosen because they are moderately abrasive and
nontoxic.55

We optimized the concentration of hydrated silica in the
implant-paste in order to obtain mild abrasiveness that
removes plaque without damaging the Ti surface. Our abra-
sive optimization results showed that the best decontamina-
tion outcome was obtained with the combination of NMP gel
and 20–30% w/w hydrated silica. This formula showed an
efficient removal of the organic contaminants and bacteria
from Ti surface, that were detected as carbon and nitrogen
compounds using XPS, with the least topographical changes.
The cleaning effectiveness of this formula is further con-
firmed by its ability to reduce the level of carbon-containing
compound beyond that on the control Ti surfaces (adventi-
tious contaminants) [Fig. 4(A); Fig. S1(A)], while being gentle

and non-damaging to the implant surface [Figs. 4(B), 7;
Fig. S1(B)]. Such contamination has been reported to have
potential risk in dental implantation and could also contrib-
ute to implant failure.56 This finding confirms our hypothesis
that the inorganic paste would be more efficient in cleaning
Ti. Accordingly, this formula is considered as the optimized
implant-paste.

Cleaning biofilm-contaminated Ti implant using NMP-
based implant-paste. To mimic the implant contamination
we used an in vivo biofilm model for contaminating implant
surface because it offers the opportunity to evaluate implant
surface in realistic clinical conditions; formation of composite
plaque, co-adherence of microorganisms and salivary pellicle
under the removal forces of salivary flow and chewing activi-
ties.57 We found that the optimized implant-paste decreases
the level of organic contaminants (Fig. 5) in comparison to the
rotary prophylaxis brush alone, and when combined with a
commercial toothpaste. The significant increase in the carbon

FIGURE 6. Bar charts (A) and live/dead staining (fluorescence) images (B), comparing the bacterial removal efficiency of the prophylaxis brush, the

optimized implant-paste and toothpaste (brushing time is 1 min). a, significantly different from control Ti; b, significantly different from biofilm-

contaminated group; c, significantly different from Ti surfaces cleaned with the prophylaxis brush; and d, significantly different from Ti surfaces

brushed with the optimized implant-paste (p < 0.05). Field area is 0.15 mm2.
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levels after cleaning with the representative toothpaste is due
to potential contamination of Ti surface with organic contents
of toothpaste.8 Moreover, the number of bacteria attached to
the surface decreased significantly after brushing with both
the optimized implant-paste and commercial toothpaste
(Fig. 6). The ability of toothpaste to significantly remove the
attached bacteria from contaminated implant surfaces was also
shown in a previous study.58 However, the surface chemistry
analysis of the Ti surface was not evaluated in this study to
show the ability of dentifrices to remove other organic surface
contaminants such as the biofilm matrix, lipopolysaccharides
and endotoxins.

The removal efficiency of the optimized implant-paste
could be attributed to the high surface area nature of the
two-dimensional NMP gel enables the implant-paste to
adsorb to the biofilm adhering to Ti surface, which facilitates
its removal by the mechanical brushing. However, we sug-
gest further studies to investigate the effectiveness of this
new material in removing more pathogenic (i.e., peri-implan-
titis) biofilms.

Clinical implications and future studies. The new inorganic
implant-paste developed in this study can remove biofilm
from contaminated Ti implants without affecting their sur-
face integrity. Cleaning dental implants with regular organic-
based toothpastes contaminates the implant surface, changes
their surface roughness, and chemistry, which could have
negative impact on re-osseointegration.10,18

This is the first paste ever specifically designed and opti-
mized for implant surface decontamination. It could allow
dentists and patients to remove biofilm from Ti implants
and abutments and control the peri-implant infections.
Accordingly, this novel implant-paste could be recommended
for surgical decontamination of implant surface and profes-
sional cleaning of implants during maintenance visits mainly
for patients with implant overdentures.

Our previous animal studies20 showed that NMP gel can
improve bone healing and osteointegration of Ti implants in
rat tibia through enhancing collagen formation, osteoblasts
differentiation, and osteoclasts proliferation through up-
regulation of COL1A1, RunX2, ALP, OCN, and OPN. Therefore,

FIGURE 7. Effect of different cleaning methods on Ti surface roughness. Bar charts (A) and confocal laser scanning microscope images

(B) comparing the surface roughness of control Ti surfaces (freshly polished) after brushing with the prophylaxis brush alone, or in combination

with either implant past or tooth paste (brushing time is 1 min). a, significantly different from control Ti surfaces; b, significantly different from

Ti surfaces cleaned with the prophylaxis brush; and c, significantly different from Ti surfaces brushed with the optimized implant-paste

(p < 0.05).
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the implant-paste could favor re-osseointegration in case of
bone loss. However, we recommend clinical and biocompati-
bility studies to further investigate the effect of this material
on bone and cells in a peri-implantitis site.

In this study, the surface roughness before and after clean-
ing was evaluated on polished implant surfaces. However, we
recommend further studies to investigate the effectiveness and
impact of our implant-paste on rough implant surfaces.

Furthermore, in this study live/dead bacterial assays
were used to investigate the antibacterial efficacy of the
implant-paste on the biofilm. However, we recommend
future studies to further investigate specific bacterial species
using quantitative methods such as fluorescence in situ
hybridization (FISH) or quantitative real-time polymerase
chain reaction (qPCR).59–61

CONCLUSIONS

We designed and optimized a novel implant-paste for decon-
tamination of Ti implants. The implant-paste significantly
cleans biofilm contaminated Ti without damaging its surface
integrity compared to the rotary brush alone or the brush
combined with a commercial toothpaste. It shows an effec-
tive removal of the organic contaminants and attached bacte-
ria from these contaminated surfaces.
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