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implants with a chemically modified surface with a monolayer
of multi-phosphonate molecules: a preclinical in vivo investigation
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Abstract
Objectives The purpose of this experimental in vivo investigation was to evaluate the influence of modifying the implant surface
by adding a monolayer of multi-phosphonate molecules on the development of experimental peri-implantitis.
Material and methods Eight beagle dogs received 5 tests and 5 control implants each following a split-mouth design 3 months
after premolar and molar extraction. On the most mesial implant of each side, a 3-mm buccal dehiscence was artificially created.
Experimental peri-implantitis was induced by silk ligatures over a 4-month period; after ligature removal, peri-implantitis was left
to progress for another 4 months without plaque control. Clinical, histological, and radiographic outcomes were evaluated.
Results Radiographically, both implant groups showed a similar bone loss (BL) at the end of the induction and progression
phases. BL measured on the histological sections of the test and control groups was 3.14 ± 0.42 mm and 3.26 ± 0.28 mm,
respectively; the difference was not statistically significant (p > 0.05). The remaining buccal bone to implant contact (bBIC)
percentage of the test and control groups was 59.38 ± 18.62 and 47.44 ± 20.46%, respectively; the difference, however, was not
statistically significant (p > 0.05). Bone loss observed at dehiscent sites compared to non-dehiscent ones showed no statistically
significant difference (p > 0.05).
Conclusions Addition of a monophosphonate layer to a moderately rough implant surface did not affect development of exper-
imental peri-implantitis.
Clinical relevance Influence of implant surface on peri-implantitis may condition implant selection by the clinician, especially on
patients with disease risk factors. In that sense, monophosphate layer implants do not show higher peri-implantitis risk than
control implants.
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Introduction

Dental implants have demonstrated long-term predictable suc-
cess due to the attainment of a bone-to-implant interface
termed osseointegration; the latter was described as direct
contact between the living bone and the surface of a load-
carrying implant [1, 2]. The biological process to reach
osseointegration has been studied in different experimental
in vivo models, and changes of the surface microtopography
have shown to enhance bone healing with faster and more
predictable osseointegration [3]. Recently, studies have inves-
tigated how changes at the nano-scale level or the surface
chemistry may further enhance the bone response [4–7].
One of these attempts has been to add a monolayer of
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permanently bound multi-phosphonic acid molecules to a
standard moderately rough implant surface (SurfLink®,
Nano Bridging Molecules, Gland, Switzerland). The aim
was to mimic a bone surface and develop nano-bridging mol-
ecules between the bone and the implant surface with the
objective to increase the BIC and improve the stability of
osseointegration. In vitro results and preclinical in vivo studies
using this chemically modified surface have shown increased
velocity of osseointegration [8] and a higher bone to implant
contact (BIC) [9]. However, when implants with this modified
surface were placed in patients and compared to similar im-
plants with a standard moderately rough surface, clinical per-
formance was similar [10].

The current challenge in implant dentistry, however, is not
to increase the percentage of osseointegration, since this is a
highly predictable outcome; rather, it is to develop a strong
bond between the implant surface and the bone that is resistant
to inflammation and bone resorption. Peri-implantitis was re-
cently defined at the World Workshop on the Classification of
Periodontal and Peri-implant Diseases and Conditions [11] as
a plaque-associated pathological condition that causes inflam-
mation and progressive bone loss in peri-implant tissues; it is a
frequent condition that affects about 20% of the patients that
have been restored with an implant-supported prosthesis in
function for more than 5 years [12]. Pathogenesis of peri-
implantitis has been linked to the following risk factors, his-
tory of periodontitis, lack of oral hygiene, and lack of compli-
ance with regular recalls (ref). An additional series of indica-
tors with still controversial impact on its incidence do also
exist; one of these factors is the implant surface. Several stud-
ies have shown that rougher surfaces increase biofilm deposi-
tion; the latter leads to a higher risk of developing inflamma-
tion and bone resorption [13, 14]. What is less clear is whether
modifications in the chemical composition of the im-
plant surface will develop a stronger bond between the
bone and the implant surface and thus, reduce the inci-
dence of bone resorption, in spite of the presence of
bacteria-induced inflammation.

The aim of the present investigation was then to evaluate
this modified implant surface using a well-validated experi-
mental peri-implantitis preclinical experimental model. The
objective was to assess the impact of this surface on clinical,
radiological, and histological outcomes during the initiation
and progression of experimental peri-implantitis.

Material and methods

Study design and randomization

The study was designed as a preclinical split-mouth random-
ized controlled trial comparing two implants with identical
macro-design but different surface characteristics. The study

protocol consisted on four interventions: (i) tooth extraction,
(ii) implant placement, (iii) ligature-induced peri-implantitis,
and (iv) euthanasia followed by histological processing and
evaluation. The experimental sites were randomly allocated to
either test or control according to a computer-generated ran-
domization list (IBM SPSS Statistics® V20. JM. Domenech).
Randomization sequence was generated using a
blocking, balanced restricted randomization, stratified
by hemi-mandible and implant position (P1‑P5).
Allocation to the treatment was concealed by the mean
of sealed envelopes containing the implant type which
were opened during the surgical procedure once the
flaps were raised and the bone was exposed (Fig. 1).

Experimental sample

A total of 8 healthy adult female beagle dogs of 72 months of
age (weight between 12 and 15 kg) were used in this investi-
gation, in full compliance with the ARRIVE guidelines [15].
All experimental animals were acquired from the Service of
Animal Experimentation of the University of Cordoba, Spain.
Then, they were housed in the Animal Experimentation
Service Facility of the Rof Codina Foundation (Lugo, Spain)
and after an adaptation/quarantine period of 3 weeks, the ex-
perimental segment of the study took place fromMay 2016 to
June 2017. The Ethical Committee of the Rof Codina
Foundation (Lugo, Spain) approved the study protocol
(AELU001/04/16). All the experiments were performed ac-
cording to Spanish and European regulations on use and care
of research animals, being the dogs monitored daily during the
study by a veterinarian accredited in laboratory animal sci-
ence. These animals were maintained in a group kennel with
outdoor and indoor areas, with a controlled temperature of 18
± 2 °Cwith natural light and air renewal. The animals were fed
using a granulated dog food, previously wetted in water, with
individual bowls and free supply of water.

Study devices

All implants had the same surface and macroscopic design
(C1 implants, MIS®); implants of the test group received an
additional covalently bonded phosphonate layer that cre-
ated a nanometer thin molecular nanolayer of
monophosphona t e mo l ecu l e s (Nano Br idg ing
Molecules, Gland, Switzerland) (Fig. 2g).

Surgical procedures

All surgical interventions were performed under sterile condi-
tions, in an animal-operating theater. First, pre-medication
with medetomidine (20 μg/kg/i.m., Domtor, Esteve,
Barcelona, Spain) and pain control with morphine
(0.4 mg/kg/i.m., Morfina Braun 2%, B. Braun Medical,
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Barcelona, Spain) was administered, and then general anes-
thesia was induced by propofol (3–5 mg/kg/i.v., Propovet®,
Abbott Laboratories, Kent, UK), and maintained with a con-
centration of 2.5–4% of isoflurane (Isoba-vet®, Schering-
Plough, Madrid, Spain). During anesthesia, the animals were
cared by a veterinarian doctor (B or C category), who

continuously monitored the animals with electrocardiography,
capnography, pulsioxymetry, and non-invasive blood pres-
sure. Prophylactic cefazolin (20 mg/kg/i.v., Kurgan,
Normon, Madrid, Spain) and cefovezin (8 mg/kg/s.i.d./s.c.,
Convenia, Zoetis, Madrid, Spain) were administered intraop-
eratively. At the end of the intervention, atipamezole

Fig. 2 Clinical stages of implant placement. a Baseline situation. b Teeth
hemisection prior to extraction. c Suture after teeth extraction. d Healed
crest 3 months after extractions. e Bone crest after flap raising. f Implant
osteotomies. g Identical macroscopic design of test and control implants.

h Buccal bone dehiscence on most mesial implant. i Implant placement. j
Abutment placement. k Suture after implant placement. l Radiographic
control after implant placement

Fig. 1 Outline of the study
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(50 mg/kg/i.m., Esteve, Barcelona, Spain) was administered
to revert the effects of medetomidine. Postoperative pain was
controlled by administration of morphine (0.2 mg/kg/i.m./6 h,
Morfina Braun 2% B. Braun Medical, Barcelona, Spain) and
meloxicam as anti-inflammatory and analgesic treatment
(0.2 mg/kg/i.m./SID, Metacam, Boehringer Ingelheim,
Barcelona, Spain) for 5 days.

The surgical protocol used in this study has been reported
in detail in a recent publication from our research group [16].
In brief:

Phase 1: tooth extraction

Extraction of the mandibular 2nd, 3rd, and 4th premolars and
the 1st molar (PM2-M1) after being hemisected in both jaws
using forceps and root elevators within a flapless procedure
was conducted. Prophylactic administration of cefazolin
(20 mg/kg/i.v., Kurgan, Normon, Madrid, Spain) and
cefovezin (8 mg/kg/s.i.d./s.c., Convenia, Zoetis, Madrid,
Spain) was performed intraoperatively (Fig. 2 a‑d).

Phase 2: implant placement

Three months after tooth extraction, full-thickness flaps were
elevated bilaterally in each hemi-mandible. After randomiza-
tion and implant allocation, a total of 40 controls and 40 test
implants were installed. In each hemi-mandible, five implants
with 3 mm height platform-switching healing abutments were
placed. In the most mesial location at both sides, buccal bone
was removed prior to implant placement, resulting in a dehis-
cence defect (approximately 3 mm wide and 3 mm high) with
the buccal implant surface exposed. Mucoperiosteal flaps
were then repositioned and primary wound closure was
achieved with absorbable suture (Coated Vicryl™ Raptide,
Ethicon, US, LLC 2014) (Fig. 2 e‑k). The animals were sub-
sequently enrolled in an oral hygiene program consisting in
tooth cleaning three times a week with gauzes embedded in
chlorhexidine oral rinse 0.12% (Perio-Aid Treatment®,
Dentaid, Cerdanyola del Valles, Spain) during the first 2weeks
and subsequently, three times a week with toothbrush and
chlorhexidine gel.

Phase 3: experimental peri-implantitis

After 3 months of healing, the oral hygiene regime was
interrupted, and 4-0 silk ligatures were placed submarginally
around the neck of each implant following to the method
described by Lindhe et al. [17]. Ligatures were replaced each
month for 4 months (induction phase) (Fig. 3 a‑e). During the
three first months, platform-switching healing abutments were
covering the implants; however, on the last month of induc-
tion, these abutments were replaced by platform-matching
abutments to increase progression of the disease (Fig. 3 f, g).

Thereafter, the ligatures were removed, and the animals were
left for 4 additional months without plaque control (progres-
sion phase) (Fig. 3 h, i). Every month of the induction period
and at the end of the experiment, clinical and radiographical
variables were recorded.

Phase 4: euthanasia

At the end of the progression phase, the experimental animals
were first sedated with medetomidine (30 μg/kg/i.m., Esteve,
Barcelona, Spain) and then euthanized with an intravenous
overdose of sodium pentobarbital (40–60 mg/kg/i.v.,
Dolethal, Vetoquinol, France). Subsequently, the lower jaws
were dissected and retrieved with intact soft tissues and fixed
in buffered 10% formaldehyde solution. Previous to fixation,
the 80 implants were retrieved with intact soft tissues and
individually separated using a band saw.

Clinical outcome variables

Clinical measurements were obtained from 6 sites per implant
(mesio-buccal, buccal, disto-buccal, mesio-lingual, lingual,
and disto-lingual) by means of a PCPUNC15 periodontal
probe (Hu-Friedy Co., Chicago, IL, USA). Measurements
were performed before ligature placement and then once every
month during the experimental peri-implantitis period.

The following clinical outcome variables were recorded by
one calibrated examiner (JS):

& Modified gingival index (GI)
& Probing depth (PD) measured from the mucosal margin

(M) to the bottom of the pocket (BP)
& Recession (Rec) measured from the top of the implant

abutment (A) to the mucosal margin (M)

Radiographical analysis

Periapical X-rays were taken during each visit of the study to
assess bone loss and progression of the peri-implantitis
(Fig. 4). Interproximal bone levels were measured at each
implant, from the implant shoulder to the first visible bone
to implant contact. The mean radiographic bone level was
calculated averaging the mesial and distal measurements. All
radiographs were measured by the same calibrated ex-
aminer (J.S.) using a computer image analysis software
(Image J., National Institutes of Health, Bethesda, MD)
after calibrating the images using the previously known
distance (length of the implant) to compensate for image
distortion and magnification.
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Histological processing

Using a randomization protocol, half of the blocks containing
the implant and the surrounding hard and soft tissues were
dissected and processed for ground sectioning following the

method described by Donath and Breuner [18]. The samples
were dehydrated in a graded series of ethanol solutions and
embedded in a light-curing resin (Technovit 7200 VLC;
Heraeus-Kulzer GMBH, Werheim, Germany). From each
specimen, one central bucco-lingual section through the

Fig. 4 Radiographic assessment.
a Baseline visit, 3 months after
implant placement. Ligatures
were placed during this visit. b
1 month after ligature placement.
Change of ligatures. c 2 months
after ligature placement. Change
of ligatures. d 3 months after
ligature placement. Change of
abutments and change of
ligatures. e 4 months after ligature
placement, 1 month with
platform-matching abutments.
Ligatures were removed in this
visit. f 8 months after ligature
placement visit, 4 months after
ligature removal

Fig. 3 Clinical stages of experimental peri-implantitis. a 3 months after
implant placement (visit baseline). b Submarginal placement of silk
ligatures. Start of induction phase. c 1 month after ligature placement.
Change of ligatures. d 2 months after ligature placement. Change of
ligatures. e 3 months after ligature placement. Change of abutments and
change of ligatures. f Abutment change diagram; from platform-

switching design, to platform-matching design. g Clinical abutment
change. h 4 months after ligature placement, 1 month with platform-
matching abutments. Ligatures were removed in this visit. End of induc-
tion phase and start of progression phase. i 8 months after ligature place-
ment visit, 4 months after ligature removal. End of progression phase
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implant was sectioned using a band saw (Exakt Apparatebau,
Norderstedt, Germany) and subsequently polished mechani-
cally using 1200 and 4000 grit silicon carbide papers (Struers,
Copenhagen, Denmark), obtaining specimens with a thick-
ness of approximately 50 μm. The slides were stained accord-
ing to the Levai Laczkó method [19]. The other half of the
specimens were prepared for decalcification following the
method “fracture technique” as described in [20].

Histomorphometry

Histomorphometry was carried out using a Nikon Eclipse Ti
microscope (Nikon, Heidelberg, Germany) equipped with im-
age analysis software (Q-500MC; Nikon). One bucco-lingual
section per implant was analyzed.

The following landmarks were identified on both the buc-
cal and lingual sides of each implant (Fig. 5 a) [16]:

& Implant shoulder (IS),
& The most coronal level of bone in contact with the implant

(fBIC),
& Bone crest, defined as the most coronal point of the bone

(BC).

Linear measurements in millimeters were calculated by
drawing a line along the long axis of the implant, from IS to
fBIC (i.e., defect length (DL)) and from IS to BC (i.e., bone
crest distance (BCD)). The intraosseous defect (ID) linear var-
iable was calculated between DL and BCD.

The amount of BIC was measured as the proportion of
the total implant surface in direct contact with mineralized
tissue on both the buccal and lingual aspects (% BIC).
The percentage of denuded implant surface (% BL) was

measured as a percentage of the DL implant surface on
both the buccal and lingual aspects (Fig. 5 b).

All histometric measurements were evaluated by one cali-
brated investigator blinded to the specific experimental condi-
tions (G.A.). The calibration test consisted on repeated evalu-
ation of the defect length (IS-fBIC) of the first section of each
animal. Intra-examiner intra-class correlation coefficient was
0.998 (95% confidence intervals: 0.997–1.000).

Statistical analysis

Data from clinical, radiographic, and histological analysis were
expressed in means (± SD), considering the dog as the statistical
unit of analysis (n= 8). The Shapiro-Wilk test datawas used to test
normality of the data. For the longitudinal measurements (clinical
and radiographic), comparisons between experimental and control
implants were analyzed using the two-way ANOVA test and
compared using general linear model with intragroup compari-
sons. Bonferroni post hoc analysis was further performed to eval-
uate differences between the time intervals. For histomorphometric
analysis, comparisons were made by means of Mann-Whitney U
test for independent samples. Differences were considered statisti-
cally significant when p was < 0.05. This statistical analysis was
performed using the software SPSS (SPSS® 20.0, SPSS Inc.,
Chicago, IL, USA). Data from dehiscence implants (most mesial
implants) was analyzed independently.

Results

Clinical observations

There were no adverse events in any experimental ani-
mal during all phases of the study. All implants were

Fig. 5 a Histological landmarks:
IS: implant shoulder. BC: bone
crest. fBIC: first bone to implant
contact. b Histological surface
measurements. % histological
bone loss (red surface) and %
bone to implant contact (yellow
surface)
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osseointegrated and were available for assessment all
over the experimental phase.

Bleeding on probing was absent at baseline visit; then, it
increased significantly in both groups over the experiment.
Almost all explored sites bled during the induction and pro-
gression phases regardless of the group (Table 1). Probing
depths were shallow at the baseline evaluation for both the
test and control implants (2.33 ± 0.15 mm and 2.30 ±
0.18 mm, respectively). During the induction phase, an in-
crease in probing depth was observed in both implant groups;
the maximum value was reached at the end of induction phase
(4.77 ± 0.51 mm and 4.61 ± 0.55 mm, respectively). After re-
moving the ligatures, probing depth did not increase in any of
the groups during the progression phase (4.53 ± 0.2 and 4.38
± 0.5 mm, respectively) (Table 2). During both the induction
and progression phases, the position of the mucosal margin in
relation to the top of the abutment (clinical recession) did not
change substantially (Table 3); it was about 1.5 mm in both
groups at all study visits. There were no statistically signifi-
cant differences between the implant groups for any of the
clinical variables measured.

Radiographic analysis

A progressive increase in radiographic bone loss was ob-
served all over the experimental peri-implantitis experiment.
At the end of the induction, bone loss in the test group was
2.53 ± 0.39mm, while in the control group, it was 2.55 ± 0.30.
Bone loss developed during the progression phase, although
the change was less marked (test: 0.21 ± 0.32 mm vs. control:
0.15 ± 0.3 mm). The higher increase in bone level change
(bone loss) was observed in the test and control groups be-
tween the third (1.94 SD = 0.23 vs. 1.94 SD = 0.26 mm re-
spectively) and the fourth month of the induction period (3.00
SD = 0.35 vs. 2.87 SD = 0.26 mm respectively); it coincided
with the abutment change (Fig. 4). Once ligatures were re-
moved, radiographic bone loss continued, but to a slower
pace, being approximately 35% of the implant surface bone

loss in both groups (Table 4). The only statistically significant
difference between groups was observed at the baseline visit,
with test implants showing slightly higher bone remodeling
than control implant (0.47 SD = 0.09 vs. 0.32 SD = 0.16 mm
respectively), although these differences do not have any clin-
ical relevance.

Histological findings

Histological bone loss was observed in all sections. Typical
peri-implantitis bone resorption lacunae lesions were fre-
quently observed. The bone loss pattern in the buccal aspect
was more pronounced leading to predominantly supra-
osseous lesions, whereas in the lingual aspect, bone loss was
less evident and presence of intraosseous lesions was fre-
quently observed. In some sections, images compatible with
active bone modeling and remodeling were observed (bone
areas intensively stained), probably resulting from healing af-
ter ligature removal (Fig. 5 a). The supracrestal soft tissues
were predominantly separated from the implant surface. The
connective tissue covering the bone was very thin and, in
some sections, the bone was directly exposed to the peri-
implant pocket (Fig. 5 a, b).

Histometric results

Thirty-nine specimens were evaluated after undecalcified
ground sectioning. From these, 7 corresponded to the implants
with experimental dehiscence lesion (3 tests and 4 controls)
and 32 (16 tests and 16 controls) to the rest.

Non-dehiscence implants

In both implant groups, defect length (DL) was higher in the
buccal aspect, while formation of intraosseous defects (ID)
was more marked in the lingual aspects. In the buccal aspect,
the test implants had lower mean DL and ID values compared
to control ones (DL = 3.14 ± 0.42 mm and 3.26 ± 0.28 mm,

Table 1 %clinical bleeding on probing (mean ± SD) in different groups
along study visits: baseline visit (before ligature placement), 3 months
visit (abutment change and third ligature change), 4 months visit (ligature
removal, start of progression phase), and 8 months visit (end of

progression phase, end of study). Bleeding on probing is expressed as
% of locations showing positive bleeding after probing. Means of all
implants are presented. Data presented belongs to non-dehiscence
implants

Group Baseline (%) 3 months (%) 4 months (%) 8 months (%)

Test 0 ± 0 100 ± 0 100 ± 0 100 ± 0

Control 3.13 ± 8.84 93.75 ± 17.68 100 ± 0 100 ± 0

Δ test-control − 3.125 6.25 0 0

95% CI (− 9.83, 3.58) (− 7.15, 19.65) (0, 0) (0, 0)

No statistically significant differences were found

*Comparisons between groups (two-way ANOVA, Bonferroni corrected): test vs. control
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ID = 0.42 ± 0.5 mm vs. 0.63 ± 0.62 mm, respectively), but
these differences were not statistically significant (Table 5).
The percentage of buccal bone loss (BL) was similarly lower
in test compared with the control implants, although differ-
ences were without statistical significance (28.13 ± 4.61% vs.
29.73 ± 2.78%, respectively). The remaining buccal bone to
implant contact (% BIC) was also superior in the test vs. the
control implants (59.38 ± 18.62 and 47.44 ± 20.46, respective-
ly). When both buccal and lingual aspects were considered
together, only minor differences were noted (56.39 ± 13.41
and 52.82 ± 13.54, respectively) (Table 6).

Dehiscence vs. non-dehiscence implants

Behavior of the test compared to the control implants in the
dehiscence implant sites was similar. When both test and control
implants from these dehiscence sites were compared with the rest
of the non-dehiscence sites, dehiscence implants showed in-
creased buccal DL (3.35 ± 0.68 vs. 3.20 ± 0.35), decreased buc-
cal ID (0.37 ± 0.5 vs. 0.53 ± 0.56), and slightly more bucco-
lingual BL% (28.24 ± 8.58 vs. 27.21 ± 3.79). Remaining %
BIC was also slightly lower compared to non-dehiscence im-
plants (47.95 ± 5.99 vs. 54.61 ± 13.15) (Table 7). Differences
between dehiscence and non-dehiscence implants were not sta-
tistically significant (p > 0.05).

Discussion

The present preclinical in vivo investigation was designed to
address the clinical, radiographical, and histological behavior
of a new implant surface treatment based on a monolayer of
multi-phosphonate molecules, compared to a standard moder-
ately rough implant surface, when exposed to experimental
peri-implantitis, combining the traumatic effect of ligature
placement and bacterial challenge due to the lack of hygienic
measures during both the induction and progression phases.
The test implants had a similar clinical and radiological be-
havior when compared to the control implant group. In both
test and control implant groups, there was a significant in-
crease in probing depths and radiographic bone loss, mainly
during the ligature-induced peri-implantitis period (induction
phase) (2.53 ± 0.39 mm and 2.55 ± 0.3 mm, respectively).
After ligature removal, progression of the disease continued,
both clinically and radiographically, although at a much lesser
pace (0.21 ± 0.32 mm and 0.15 ± 0.3 mm, respectively). This
radiological bone loss during the induction phase of experi-
mental peri-implantitis was comparable to the results reported
by Albouy [13], with 3.00 mm for a turned surface and
3.27 mm for rough surface implants. During the progression
phase, these authors also reported radiographic bone loss
(0.03 mm) similar to the present study in the turned surface

Table 2 Clinical probing depth (mean ± SD) in different groups along
study visits: baseline visit (before ligature placement), 3 months visit
(abutment change and third ligature change), 4 months visit (ligature
removal, start of progression phase), and 8 months visit (end of

progression phase, end of study). Probing depth is expressed as mean
millimeters measured from the gingival margin to the bottom of the
pocket. Data presented belongs to non-dehiscence implants

Group Baseline (mm) 3 months (mm) 4 months (mm) 8 months (mm)

Test 2.33 ± 0.15 3.86 ± 0.31 4.77 ± 0.51 4.53 ± 0.27

Control 2.30 ± 0.18 3.86 ± 0.29 4.61 ± 0.55 4.38 ± 0.50

Δ test-control 0.031 0.00 0.16 0.16

95% CI (− 0.15, 0.21) (− 0.32, 0.32) (− 0.41, 0.72) (− 0.28, 0.59)

No statistically significant differences were found

*Comparisons between groups (two-way ANOVA, Bonferroni corrected): test vs. control

Table 3 Clinical recession (mean ± SD) in different groups along study
visits: baseline visit (before ligature placement), 3 months visit (abutment
change and third ligature change), 4 months visit (ligature removal, start
of progression phase), and 8 months visit (end of progression phase, end

of study). Recession is expressed as mean millimeters measured from the
top of implant abutment to the mucosal margin. Data presented belongs to
non-dehiscence implants

Group Baseline (mm) 3 months (mm) 4 months (mm) 8 months (mm)

Test 1.62 ± 0.26 1.67 ± 0.37 1.31 ± 0.46 1.47 ± 0.27

Control 1.48 ± 0.29 1.56 ± 0.33 1.36 ± 0.36 1.67 ± 0.36

Δ test-control 0.14 0.11 − 0.05 − 0.20
95% CI (− 0.16, 0.44) (− 0.27, 0.49) (− 0.49, 0.39) (− 0.54, 0.14)

No statistically significant differences were found

*Comparisons between groups (two-way ANOVA, Bonferroni corrected): test vs. control
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implants and some moderately rough surface implants, while
reporting a higher radiographic bone loss associated with a
specific rough surface microtopography (1.47 mm) [21].
These results clearly indicate that factors other than surface
roughness may influence the development and progression of
experimental peri-implantitis.

The histological results corroborated the clinical and
radiographical data, depicting that the novel implant surface
had lower buccal bone loss and higher remaining bone to
implant contact at the end of the experimental peri-
implantitis period, when compared to the control implants,
although these differences were not statistically significant.
Implants withmodified surface based on coating with a mono-
layer of multi-phosphonate molecules have been shown in
preclinical models to increase bone to implant contact and
removal torque after osseointegration [9]. The hypothesis of
this investigation was based on this likely increased bone re-
sponse that would reduce the incidence and progression of
peri-implantitis. However, this significant added value was
not demonstrated in human clinical trials, in which these
chemically modified surface implants did not perform signif-
icantly better than control implants, but proved to be safe and
achieved a high degree of osseointegration [10]. In the present
study, although the phosphonate surface treatment showed
better buccal bone to implant contact (BIC), when compared
to control implants (50.4% vs. 47.4%), this difference did not

imply a higher resistance to experimental peri-implantitis,
since the defect length values were similar in both groups
(3.14 vs. 3.26). This expected effect on early osseointegration,
with increased BIC percentages, did not result in preventing
bone resorption in response to the combination of the trauma
of ligature placement and the biofilm-derived inflammation,
what indicates that implants with monophosphonate coating
did not have a higher resistance to peri-implantitis when com-
pared with control implants. In terms of clinical rele-
vance, these results may provide clinicians with relevant
information on their choice of implants. If this choice is
based on the search for an improved early bone re-
sponse, this surface treatment has shown an improved
response, when compared to controls. However, if the
choice is based on the search for an implant more re-
sistant to peri-implantitis, this coated implant did not
demonstrate an added value when compared to controls.

Other attempts have been made to develop implants with a
lesser susceptibility to peri-implantitis by modifying the im-
plant surface, mainly through the addition of coatings with
antimicrobial effect. Similar to the results of this investigation,
addition of hydroxyapatite (OH-AP) coatings did not confer a
significantly lesser susceptibility when compared to conven-
tional moderately rough surface implants [22–24]. The only
surface modification that has shown resistance to bacterial
hurdle is silver coatings. Godoy-Gallardo et al. reported that

Table 4 Radiographic bone level (mean ± SD) in different groups along
study visits: baseline visit (before ligature placement), 3 months visit
(abutment change and third ligature change), 4 months visit (ligature
removal, start of progression phase), and 8 months visit (end of

progression phase, end of study). Bone level is expressed as mean
millimeters measured from implant platform to first bone to implant
contact. Data presented belongs to non-dehiscence implants

Group Baseline 3 months 4 months BL (ΔBline-4 months) 8 months BL (ΔBline-8 months)

Test 0.47* ± 0.09 1.94 ± 0.23 3.00 ± 0.35 2.53 ± 0.39 3.22 ± 0.28 2.74 ± 0.29

Control 0.32* ± 0.16 1.94 ± 0.26 2.87 ± 0.26 2.55 ± 0.30 3.03 ± 0.39 2.70 ± 0.43

Δ test-control 0.154* − 0.007 0.13 − 0.02 0.19 0.038

95% CI (0.012, 0.295) (− 0.27, 0.26) (− 0.2, 0.46) (− 0.40, 0.35) (− 0.17, 0.5) (− 0.36, 0.43)

*Comparisons between groups (two-way ANOVA, Bonferroni corrected): test vs. control

Table 5 Histometric linear measurements in millimeters: defect length
(DL-IS-fBIC-) (mean ± SD), bone crest distance (BCD-IS-BC-) (mean ±
SD), and intraosseous defect measurement (ID-DL-BDC-) (mean ± SD)

in different groups: buccal and lingual. Data presented belongs to non-
dehiscence implants

Group DL buccal DL lingual BCD buccal BCD lingual ID buccal ID lingual

Test 3.14 ± 0.42 2.91 ± 0.45 2.71 ± 0.66 1.38 ± 0.32 0.42 ± 0.5 1.53 ± 0.51

Control 3.26 ± 0.28 2.82 ± 0.52 2.63 ± 0.57 1.53 ± 0.64 0.63 ± 0.62 1.29 ± 0.29

Δ test-control − 0.12 0.09 0.088 − 0.15 − 0.21 0.24

95% CI (− 0.51, 0.26) (− 0.43, 0.61) (− 0.57, 0.76) (− 0.69, 0.39) (− 0.82, 0.39) (− 0.21, 0.69)

No statistically significant differences were found

*Comparisons between groups (unpaired Mann-Whitney U test): test vs. control
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silver-coated implants (3.2 ± 0.7 mm of histological bone loss)
and silanized-coated implants (3.2 ± 0.7 mm) had less bone
loss when compared with conventional titanium implants
(3.9 ± 1.0 mm) [25]. The results from the present investigation
reported a similar degree of histological bone loss (3.14 ± 0.42
in test vs. 3.26 ± 0.28 in control) compared with the coated
surface implants, although the long-term behavior of these
coated surfaces is uncertain once the metallic ions have been
fully released. Similarly, other investigators have tested glass/
n-Ag-coated titanium abutments using the experimental peri-
implantitis model. The histological bone loss observed in im-
plants covered with the biocide-coating abutment (1.32 mm)
was about twice lower than control abutments (3.47 mm), in
spite of having a higher roughness [26]. Abutments, however,
have shown different bone response dependent not only on
their surface, but also on their also configuration, mainly its
height and the type of implant to abutment connection, with
longer abutments showing a lesser marginal bone loss [27]
and tighter implant to abutment and platform-switching con-
nections being associated with lesser bone loss [28, 29]. In the
present study, the results of the bone loss associated with the
change of abutment from platform-switching to a platform-
matching abutment carried out between the 3rd and 4th
months visit of the induction phase clearly showed a signifi-
cant impact in the progression of the experimental peri-
implantitis, with twice the radiographic bone loss which was
twice (1 mm) compared with the previous month (0.5 mm).

This investigation also aimed to evaluate the possible in-
fluence of a buccal dehiscence, as a locus of minor resistance
to experimental peri-implantitis. Implants with a buccal dehis-
cence of 3 mm did not show a different pattern of bone loss
when exposed to experimental peri-implantitis compared with
implants fully covered with bone. It was not the purpose to
compare the impact of the chemically modified implant sur-
face, since only 3 implants were available with the
monophosphonate molecule treatment, which in fact revealed
a very similar behavior compared with the control implants
(n = 4). These results were comparable with those reported in
a clinical trial reporting similar outcomes when comparing
bone level changes in implants presenting bone dehiscence
defects compared with implants where similar dehiscence de-
fects had been regenerated using guided bone regeneration
(GBR) [30]. Nevertheless, buccal bone wall thickness has
been reported as a relevant factor for preventing peri-implant
bone loss, with an established critical bone wall thickness of
1.5 mm to prevent inflammatory complications [31].

The results obtained in the present investigation should be
interpreted with caution due to the inherent limitations of this
experimental model, since ligature-induced peri-implantitis al-
lows for a reproducible peri-implant disease initiation and pro-
gression but the possible traumatic effect of the ligatures does not
occur in the biofilm-induced inflammatory peri-implant disease.
Also the higher bone metabolism of the experimental animals
compared to humans may distort the results. In addition, due to

Table 7 Histometric linear measurements in millimeters: defect length
(DL = IS-fBIC) (mean ± SD), bone crest distance (BCD = IS-BC) (mean
± SD), intraosseous defect measurement (ID =DL-BDC) (mean ± SD),

and buccal and lingual. % bone loss surface (% BL) (mean ± SD) and %
bone to implant contact (% BIC) (mean ± SD). Comparison between
dehiscence and no dehiscence implants

Group DL buccal BCD buccal ID buccal BL bucco-lingual (%) BIC bucco-lingual (%)

No dehiscence implants 3.20 ± 0.35 2.67 ± 0.60 0.53 ± 0.56 27.21 ± 3.79 54.61 ± 13.15

Dehiscence implants 3.35 ± 0.68 2.99 ± 0.91 0.37 ± 0.5 28.24 ± 8.58 47.95 ± 5.99

Δ No dehiscence vs. dehiscence − 0.15 − 0.32 0.16 − 1.03 6.66

95% CI (− 0.6, 0.28) (− 0.98, 0.34) (− 0.35, 0.67) (− 6.3, 4.24) (− 4.24, 17.56)

No statistically significant differences were found

*Comparisons between groups (unpaired Mann-Whitney U test): dehiscence implants vs. non-dehiscence implants

Table 6 Histometric surface measurements in millimeters: % bone loss surface (% BL) (mean ± SD) and % bone to implant contact (% BIC) (mean ±
SD) in different groups: buccal, lingual, and both implant surfaces. Data presented belongs to non-dehiscence implants

Group BL buccal (%) BL lingual (%) BL total (%) BIC buccal (%) BIC lingual (%) BIC total (%)

Test 28.13 ± 4.61 26.67 ± 3.88 27.41 ± 3.56 59.38 ± 18.62 53.31 ± 13.73 56.39 ± 13.41

Control 29.73 ± 2.78 25.32 ± 6.07 27.01 ± 4.24 47.44 ± 20.46 61.89 ± 21.61 52.82 ± 13.54

Δ test-control − 1.59 1.35 0.41 11.94 − 8.58 3.57

95% CI (− 5.67, 2.49) (− 4.11, 6.82) (− 3.79, 4.60) (− 9.04, 32.93) (− 28.00, 10.83) (− 10.88, 18.02)

No statistically significant differences were found

*Comparisons between groups (unpaired Mann-Whitney U test): test vs. control
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the fact that histological sample was split in half to perform
subsequent histological soft tissue analysis, the number of im-
plants was reduced to 50%, resulting in a small sample size,
which may have reduced the possibility to reach statistical sig-
nificance in the comparisons between the test and control groups.
Within these clear limitations, the results from the present exper-
imental in vivo investigation allow us to conclude that (i) addi-
tion of a monophosphonate layer to a moderately rough implant,
although attaining a lesser buccal bone loss, did not influence the
initiation and progression of peri-implantitis; (ii) buccal dehis-
cence existing at the time of implant placement did not increase
the bone loss pattern; and (iii) the change from switching-
platform tomatching-platform abutments increased the bone loss
progression during the induction of experimental peri-implantitis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00784-020-03708-4.
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